
lable at ScienceDirect

Animal Behaviour 82 (2011) 801e809
Contents lists avai
Animal Behaviour

journal homepage: www.elsevier .com/locate/anbehav
Is grooming used as a commodity in wild white-handed gibbons, Hylobates lar?

Claudia Barelli a,b,*, Ulrich H. Reichard c,1, Roger Mundry d,2

aReproductive Biology Unit, German Primate Centre
b Sezione di Biodiversità Tropicale, Museo delle Scienze
cDepartment of Anthropology, Southern Illinois University Carbondale
dMax Planck Institute for Evolutionary Anthropology
a r t i c l e i n f o

Article history:
Received 13 December 2010
Initial acceptance 4 February 2011
Final acceptance 1 July 2011
Available online 17 August 2011
MS. number: 10-00867R

Keywords:
biological market
commodity
gibbon
grooming
Hylobates lar
interchange
reciprocation
reproductive status
sex
* Correspondence and present address: C. Barelli, S
cale, Museo delle Scienze, Via Calepina 14, 38122 Tre

E-mail address: cbarelli@dpz.eu (C. Barelli).
1 U. H. Reichard is at the Southern Illinois Univers

dale, IL 62901-4502, U.S.A.
2 R. Mundry is at the Max Planck Institute for

Deutscher Platz 6, 04103 Leipzig, Germany.

0003-3472/$38.00 � 2011 The Association for the Stu
doi:10.1016/j.anbehav.2011.07.012
Biological market theory is an extension of the idea of reciprocal altruism, as a mechanism to explain
altruistic acts between unrelated individuals in a more flexible system of exchanging commodities. In
nonhuman primates, social grooming has been used to test predictions in both contexts: reciprocal
altruism or biological markets. Specifically, in species in which males cannot coerce females to mate,
males may attempt to interchange grooming for mating, particularly when females are fertile and mating
opportunities are more likely to arise. We tested whether wild white-handed gibbon males from Khao
Yai National Park, Thailand, increased their grooming activity when the female partner was fertile. Adult
females and males of our study population are codominant (in terms of aggression), they live in pairs or
small multimale groups and mate promiscuously. We analysed grooming episodes during 2760
observation-hours in 12 groups separately for females’ reproductive condition (cycling/pregnant/
lactating) based on noninvasive measures of ovarian hormone activity. We found that males groomed
females more than vice versa and more grooming was exchanged when females were cycling than
during pregnancy or lactation. The number of copulations/day was elevated when females were cycling,
and females copulated more frequently with males on days when they received more grooming. When
males increased their grooming efforts, females also increased their grooming of males, perhaps to
equalize give and take. Although grooming might be reciprocated because of intrinsic benefits of
receiving grooming, we conclude that males also interchange grooming as a commodity for sexual
opportunities during a female’s fertile period.
� 2011 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Trading commodities and services in identical or different
currencies has been suggested as a mechanism adopted in animals
to solve conflicts of interest and resulting in successful reproductive
strategies (Noë 2006a). In nonhuman primates, for example, social
grooming is an affiliative behaviour commonly offered and
exchanged for itself in reciprocal fashion (Gomes et al. 2009; Schino
et al. 2009) or interchanged, for example, for tolerance (Ventura
et al. 2006; Port et al. 2009), coalitionary support (Seyfarth &
Cheney 1984; Hemelrijk 1994;), food (de Waal 1997) and mating
opportunities (Gumert 2007; Norscia et al. 2009). Proposed bene-
fits of receiving grooming are broad and range from ectoparasite
and debris removal (Reichard & Sommer 1994; Mooring et al. 1996;
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Hawlena et al. 2007) to tension reduction through the release of
b-endorphins (Schino et al. 1988; Keverne et al. 1989). Taking into
account associated costs of social grooming such as decreased
vigilance and time lost for other activities (Maestripieri 1993; Cords
1995), its evolution and maintenance has traditionally been
explained by kin selection and reciprocal altruism (Kapsalis &
Berman 1996; Brosnan & de Waal 2002). More recently, the idea
of biological markets has been offered as an extension to ‘classical’
reciprocal altruism theory, in which social behaviours such as acts
of grooming are valuable commodities that can be exchanged to
form and/or maintain partnerships (Noë et al. 1991; Noë &
Hammerstein 1994, 1995; Noë 2001, 2006a; Barrett & Henzi
2001). The smallest biological market may include only two
players (Hammerstein 2001), although most biological markets
usually have more than two traders, which can exchange
commodities to their mutual benefit. Competition may occur
between members of the same trader class, while cooperation may
occur between members of different trader classes. Empirical
studies assessing whether biological markets can explain the
dynamics of primate maleefemale interactions are still limited, but
by Elsevier Ltd. All rights reserved.

mailto:cbarelli@dpz.eu
www.sciencedirect.com/science/journal/00033472
http://www.elsevier.com/locate/anbehav
http://dx.doi.org/10.1016/j.anbehav.2011.07.012
http://dx.doi.org/10.1016/j.anbehav.2011.07.012
http://dx.doi.org/10.1016/j.anbehav.2011.07.012


C. Barelli et al. / Animal Behaviour 82 (2011) 801e809802
the economic paradigm has been successful in demonstrating, for
example, interchanges of social acts for mating opportunities in
some species (Barrett & Henzi 2001, 2006; Noë 2001, 2006a). None
the less, debate and disagreements about the circumstances in
which the two approaches, biological market theory and reciprocal
altruism, can be applied to biological systems still persist (e.g. Noë
2006b; Schino & Aureli 2010). We chose to apply biological market
theory to our data set with the intention of adding empirical data to
the discussion and to promote further clarification of each
approach. In short, the key difference between the two theories is
encapsulated in the opportunity, in biological market theory, to
provide service to others in the absence of force and to be able to
choose among partners, at least theoretically, through amechanism
of outbidding each other in the value of the same or an equivalent
commodity offered and received. Lastly, in biological market
theory, the exchange of commodities between members of
different trader classes should be influenced by supply and
demand, such that individuals offering a rare commodity are
expected to be able to increase their demands for resources or
services received from trading partners.

Owing to a slower reproductive rate and greater overall parental
effort (through pregnancy and lactation), receptive mammalian
females are generally considered a limiting resource for male
reproductive success (Trivers 1972), which may allow females to
influence male behaviour by exercising mate choice. The potential
of mate choice as a selective force has been recognized since
Darwin (1871), andmarket effects have been accredited throughout
the literature to sexual selection, which may have led to males that
have evolved traits and skills that increase their ability to attract
and obtain females as sociosexual partners (Setchell 2005). This
suggests that under conditions inwhichmales cannot force females
to copulate, sexual selection promotes males who invest in efforts
to gain mating opportunities.

Grooming can be a commodity interchanged for mating
opportunities (e.g. longtailed macaques, Macaca fascicularis:
Gumert 2007; Verreaux’s sifaka, Propithecus verreauxi: Norscia et al.
2009). Broad support comes from observations of primate species
in which males groom females more frequently when females are
swollen or receptive to mate (i.e. chimpanzees, Pan troglodytes:
Hemelrijk et al. 1992; hamadryas baboons, Papio hamadryas:
Colmenares et al. 2002). These observations are in line with
predictions of biological market theory asserting that if an
exchange of grooming and mating occurs, partner value would
influence grooming payments if multiple exchange partners are
available. An important variable in partner value is the precise
female reproductive state, which has not been addressed
adequately in previous groomingemating interchange studies, and
assessing variation in the price of a social commodity based on the
influence of partner supply is a central point of the theory of bio-
logical markets.

The aim of this study was to test whether grooming functions as
a commodity in wild white-handed gibbons at Khao Yai National
Park, Thailand, and how results may be interpreted more appro-
priately under biological market or classical reciprocal altruism
theory. More specifically, we were interested in assessing how
male-to-female grooming activity would vary across females’
reproductive states (i.e. cycling, pregnancy and lactation) and
whether grooming was interchanged for mating opportunities.
Gibbons of this population provide an interesting opportunity to
study grooming in relation to mating opportunities for several
reasons. First, pressure for males to invest in grooming as
a commodity varies across groups owing to variation in the number
of males. White-handed gibbons at Khao Yai National Park live in
single- and multimale groups of usually two or three adult males
(Reichard 2009). Males in single-male groups face less competition
for mating opportunities than males in multimale groups. Conse-
quently, one would expect, at least theoretically, more competition
between members of this trader class (i.e. males) and that all males
inmultimale groups would invest more in social grooming with the
female. Males in multimale groups can be categorized as primary or
secondary male partners based on interaction patterns with the
female (Barelli et al. 2008a). Primary males regularly duet and
engage in a larger share of grooming and copulations with a female
whereas secondary males duet with the female only under rare
circumstances and copulate less frequently with her (Barelli et al.
2008a; Reichard 2009). Because of the predictable involvement of
primary males in grooming and copulations versus a low involve-
ment of secondary males, we focused primarily on potential
femaleeprimary-male exchanges/interchanges. Second, gibbon
groups are organized as single-female breeding units, which reduce
males’ opportunities to find additional mates or trading partners
within a social unit. Although extrapair copulations have been
observed in this and other gibbon species (Palombit 1994; Reichard
1995; Lappan 2007), mating opportunities occurring with neigh-
bouring females do not contribute to a potential interchange
system of grooming and mating opportunities, because grooming
has so far never been observed between neighbouring males and
females, suggesting that female extrapair copulations (EPCs) are
unrelated to grooming. Thus, if a biological market for trading
sexual opportunities across groups exists, a different currency than
social grooming must be used. Third, white-handed gibbons have
a very slow, ape-typical life history with long gestation and
particularly long lactation periods (Reichard & Barelli 2008).
Because gibbon females have long interbirth intervals it is more
likely that adjustments in grooming intensity will occur according
to female reproductive stage and that these will be more easily
detected than in primate species withmore temporally compressed
reproductive events such as annual breeders. Fourth, sexual activity
in white-handed gibbons is not confined to specific months or
seasons and extends beyond the fertile phase. Copulations occur at
similar frequencies during cycling and pregnant stages, and in both
reproductive conditions females mate multiple times (Barelli et al.
2008a). Moreover, they display moderate sexual swellings, which
males use to allocate their mating activities (Barelli et al. 2008a).
Thus, gibbon males detect changes in female reproductive status
and adjust their mating behaviour accordingly. What is not clear,
however, is whether social grooming follows a similar trend and
contributes to males’ mating opportunities. Finally, gibbons are
considered a codominant species (Carpenter 1940), because sexual
dimorphism in body and canine size is minimal, which prevents
males from forcing females to copulate and thereby fulfils
a precondition of biological market theory.

To testwhether grooming is a commodity in this species,wemade
the following predictions. (1) If grooming is exchanged/interchanged
followingbiologicalmarket rules indyadicmaleefemale interactions,
grooming should be adjusted according to changes in the value of
exchanged/interchanged good(s). Since female white-handed
gibbons may copulate during all reproductive conditions, but only
fertile periods are critical for males to accomplish fertilization, males
will increase grooming efforts during periods of increased female
fertility, that is, increasedmale-to-female grooming will be observed
when females are cycling compared to other reproductive states. (2)
Because primary males in multimale groups experience more direct
maleemale competition over access to mating opportunities than
males in single-male groups, we predicted that primary males’
grooming investment will be on average higher than that of males in
single-male groups or secondary males in multimale groups. Thus, if
grooming functionsasa commodity thatenhancesamale’s chancesof
mating, testing the different types of group composition will clarify
whether biological market effects do exist. However, considering the
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definition of reciprocal altruism as follows ‘when an actor incurs
immediate costs (while the recipient gains immediate benefits) and
receives delayed benefits that depend on the future behavior of the
recipient’ (Schino & Aureli 2009, page 46), we should not exclude the
possibility that this somewhat simpler approach may sufficiently
explain gibbons’ exchange of commodities, in which case we would
predict that grooming should be exchanged either for itself or for
other services regardless of a female’s reproductive state. We thus
predicted that females wouldmatchmales’ grooming during periods
of high fertility as well as during periods of nonfertility, and they
would also interchange grooming for copulation regardless of the
female’s reproductive state.
METHODS

Study Site and Animals

We studied a population of white-handed gibbons residing in
the Mo SingtoeKlong E-Tau study area of Khao Yai National Park,
Thailand (2168 km2; 101�220E, 14�260N; ca. 130 km northeast of
Bangkok). The Park is part of the large Dong PhayayeneKhao Yai
Forest Complex (DPKY) World Heritage site (UNESCO World
Heritage Centre 2005) which covers an area of 6199 km2 (Lynam
et al. 2006). The Mo SingtoeKlong E-Tau study area spans
approximately 8.5 km2 of continuous seasonally wet evergreen
forest in slightly hilly terrain (730e890 m above sea level) located
in the central portion of the Khao Yai Mountains. Precipitation
varies from 2000 to 4900 mm annually (Kitamura et al. 2004), and
mostly occurs during the wet season (MayeOctober).

Approximately 2800 h of direct observations of 12 habituated
white-handed gibbon groups were made from July 2003 to April
2005. Seven groups were pair living while five comprised two adult
males unrelated to the respective group’s female and were
considered multimale (Barelli et al. 2007, 2008a; Table 1). In mul-
timale groups, we distinguished between primary and secondary
males based on singing and mating patterns, that is, primary males
engaged in duet singing and performed the majority of copulations
with the group female (Barelli et al. 2008a).

Behavioural observations were carried out by C.B. and three
experienced Thai field assistants. Each observer followed one of the
12 study females from dawn to dusk (average observation time:
8.24 h/day) while collecting faecal samples for assessing female
reproductive condition and concurrently recording sexual swelling
scores. All mating activity involving the focal animal was recorded
as well as all grooming acts (bout frequency and duration) that
involved the focal female or the adult male(s) present in the group.
Table 1
Group composition and female reproductive status of wild white-handed gibbons at
Khao Yai National Park, Thailand

Group Group
composition

Reproductive
stage

1 A 2AM, 1AF C
2 B 1AM, 1AF X
3 C 1AM, 1AF C, L
4 D 2AM, 1AF P, L
5 H 1AM, 1AF C, P, L
6 J 2AM, 1AF P, L
7 N 1AM, 1AF C
8 NOS 2AM, 1AF C, P
9 R 1AM, 1AF C, L
10 S 1AM, 1AF C
11 T 2AM, 1AF C, L
12 W 1AM, 1AF P, L

AM: adult male; AF: adult female; C: cycling; P: pregnant; L: lactating;
X: postreproductive.
A grooming act was considered to have ended if there was no
grooming activity for more than 1 min. To determine whether
male-to-female grooming events occurred when females were
more sexually receptive than in periods in which they were not,
female reproductive status was assessed using previously validated
measures of faecal progesterone metabolites. This enabled us to
determine reliably whether a female was cycling, including the day
of ovulation, pregnant or in a state of lactational amenorrhea
(Barelli et al. 2007; Barelli & Heistermann 2009). The fertile phase
of an ovarian cyclewas defined as a period of 5 days, comprising the
presumed day of ovulation plus the following day and the 3 days
preceding ovulation (Barelli et al. 2007). Days outside the 5-day
fertile period were considered the nonfertile phase of the female
menstrual cycle. Sexual swellings were scored daily after visual
inspection of anogenital tumescence, and swelling size was
assessed intraindividually in comparison to the size of a female’s
ischial callosities following a previously established procedure
(Barelli et al. 2007). Three swelling stages were distinguished: ‘no
swelling’, ‘partial swelling’ and ‘maximum swelling’ (for details see
Barelli et al. 2007, 2008a).

Twelve focal females were followed systematically during one
or more reproductive conditions for approximately 3 months each.
Data on reproductive status were available for eight cycling stages,
seven lactating stages and five pregnancies, plus one potentially
postreproductive status (Table 1). Although hormonal concentra-
tions of two females (Brenda (group T) and Sofi (group S)) were
within the ranges of those shown by cycling females, their profiles
were not regular. However, because they did not carry a nursing
infant and precise back counting from well-known subsequent
births indicated that they could not have been pregnant during data
collection, we considered them cycling and therefore included their
data.

After controlling for factors such as reproductive status, repro-
ductive phase, and sexual swelling, we found that grooming
interactions between females and secondary males were too rare
and variable to be reliably modelled. Thus, we excluded secondary
males from our quantitative analyses, but consistently maintained
social organization (pair-living versus multimale groups) as a vari-
able in statistical analyses. Contributions and participation of
secondary males in exchange/interchange of grooming with
females was evaluated qualitatively in the discussion of results.

Statistical and Data Analyses

Grooming rates and female reproductive status
To test whether grooming rates (min/h observed, calculated per

day) differed across females’ reproductive states we used a gener-
alized linear mixed model (GLMM, Baayen 2008a) with a Gaussian
error structure, identity link function and female identity included
as a random effect. We restricted our analyses to groups in which
females were observed in at least two reproductive states and for at
least 4 days each, which left us with data for eight groups and
a total of 227 observation-days. We ran three models of grooming
rate as the response variable: (1) one that included all grooming in
which females were involved; (2) one with only the grooming that
females gave to primary males; and (3) onewith only the grooming
that females received from primary males (square-root trans-
formed). We tested the significance of reproductive status on
grooming interactions using likelihood ratio tests comparing the fit
of the full model to the corresponding reduced model excluding
reproductive status. Since likelihood ratio tests for fixed effects in
a mixedmodel are potentially unreliable, particularly if the number
of cases per level of the random effect is relatively small (Bolker
et al. 2008), we also used Markov chain Monte Carlo (MCMC)
sampling to test statistical significance. This method allows reliable



Table 2
Grooming exchanged between female and male gibbons at Khao Yai National Park,
Thailand

Group Social
organization

Grooming given to Grooming received from

Primary
males
(min/h)

Secondary
males
(min/h)

Primary
males
(min/h)

Secondary
males
(min/h)

A Mm 0.36 0.89 1.25 1.17
D Mm 2.65 1.04 1.67 0.32
J Mm 0.73 0.97 0.14 0.88
T Mm 1.64 1.25 1.19 1.07
NOS Mm 5.04 0.88 3.02 0.00
B P-l 3.16 2.44
C P-l 2.84 1.19
H P-l 2.14 2.95
N P-l 0.49 0.71
R P-l 2.38 2.27
S P-l 3.34 1.70
W P-l 1.01 0.92

Mm:multimale group; P-l: pair-living group. Amount of grooming between females
and primary males and between females and secondary males is combined for all
reproductive stages, phases and sexual swelling conditions.
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estimation of confidence intervals and P values for fixed effects in
mixed models (Baayen 2008a). In these models we generally
considered autocorrelation (see below).

Mating activity and female reproductive status
To test whether number of copulations per day differed between

reproductive states we used a GLMM with Poisson error structure,
log-link function and social group included as a random effect.
However, since the data were overdispersed, we used a permuta-
tion test to establish statistical significance (Adams & Anthony
1996; Manly 1997). We permuted the number of copulations per
day across reproductive status but only within social groups, using
1000 permutations and including the original data as one permu-
tation. As a test statistic we used the difference in AIC (Akaike’s
information criterion) between the two models without and with
reproductive status included (further on termed DAIC). Again, we
restricted the analysis to groups inwhich females were observed in
at least two reproductive states and in each of them for at least
4 days (leaving a total of eight groups and 227 observation-days).

Grooming rates and mating activity
To test whether grooming received by females from primary

males (min/h observed, calculated per day) correlated with the
number of copulations, we first correlated the two variables (using
the Spearman correlation coefficient) separately for each combina-
tion of group and reproductive status. We restricted the analysis to
dyads in which (1) at least one copulation occurred, (2) at least one
grooming event was performed, and for which (3) we had at least
3 observation-days. To account for multiple testing, we combined
results by first comparing numbers of positive and negative corre-
lations, using binomial tests, and second by combining P values
using Fisher’s omnibus test. This method combines a number of
independent P values into a single chi-square-distributed variable
with degrees of freedom equalling twice the number of P values
(Haccou & Meelis 1994). To rule out confounding effects of sexual
swelling and reproductive phase (fertile or nonfertile), we also ran
correlations separately for each combination of group, reproductive
status (cycling, pregnant and lactating), sexual swelling and repro-
ductive phase, including only combinations fulfilling the afore-
mentioned criteria. Since sample sizes per correlation were partly
rather small we used a binomial test comparing the proportions of
positive and negative correlation coefficients.

Grooming exchange between sexes
To test whether grooming that females received from primary

males correlated with grooming that females gave to primary
males, we used essentially the same analysis as for the correlation
between grooming and number of copulations. Here, we consid-
ered only data sets with at least 3 days per dyad and in which both
female and male groomed at least once. To test grooming exchange
asymmetries between females and primary males we used a Wil-
coxon signed-ranks test applied for the same set of data with the
exception that here we considered only samples with at least
6 days per dyad (the smallest sample size potentially revealing
significance). In these analyses we could not account for temporal
autocorrelation (see below).

Grooming rate and female swelling stage
We tested for a relation between female swelling status and the

rate of grooming (min/h observed) using a GLMM with Gaussian
error function and identity link. In this we included female swelling
stage (as a covariate, i.e. continuous predictor), female reproductive
status and an autocorrelation term (see below) as fixed effects and
female identity as a random effect. For the analysis we square-root
transformed grooming rate.
Further considerations
The behaviours we analysed (i. e. grooming and copulations)

were likely to show some temporal autocorrelation (i. e. residuals
for data points observed close to one another in time being more
similar than residuals from more distant data points). To protect
our analyses against a lack of independence, we introduced an
autocorrelation term into the GLMMs, which we derived as follows.
First, we ran the full model and derived the residuals from it. We
then calculated, for each data point separately, the weighted
average of the residuals of all other data points, with the weight
being equal to 1/time lag to the other data points, whereby only
residuals for data points from the same social group were consid-
ered. The resulting variable was then included as an additional
fixed effect in the full model. Time lag was measured in days.

We calculated GLMMs using the function ‘lmer’ provided by the
package ‘lme4’ (Bates et al. 2008) for R version 2.8.1 (R Development
Core Team 2008). We derived MCMC P values using functions
‘pvals.fnc’ and ‘aovlmer.fnc’ from the R package ‘languageR’ (Baayen
2008b). The ‘autocorrelation term’ and permutation test were calcu-
lated using an R function and an R script written by R.M. For GLMMs
with Gaussian error structure we checked for the assumptions of
normally distributed and homogeneous residuals being fulfilled by
visual inspection of plots of residuals against fitted values. Also, after
transformations the latter assumption was occasionally not fully ful-
filled, but deviations were generally moderate and hence we are
confident that the results can be trusted. Wilcoxon tests were
generally exact (Mundry & Fischer 1998) and calculated using SPSS
15.0 for Windows (SPSS Inc., Chicago, IL, U.S.A.). Spearman correla-
tions were exact for sample sizes up to eight, based on 10 000
permutations for larger samples, andwere calculatedusingaprogram
written by R.M. We present two-tailed P values throughout.

RESULTS

On average, Khao Yai white-handed gibbons groomed for
4.1 min/h (N ¼ 12 groups, N ¼ 2760 observation-hours), which was
about 7% of the average daily activity period of about 8.24 h. With
regard to grooming given and received by females to and from
primary and secondary males, no obvious pattern emerged
(Table 2). Qualitative inspection of grooming activities confirmed
an earlier observation (Reichard 2009) that some secondary males
would not groom a female (see group NOS) and that primary males
usually gave more grooming to females than secondary males (but
see group J). Also, females’ allocation of grooming to secondary and
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primarymales was very flexible: two females groomed a secondary
male more and, in one case, the amount of grooming given to
primary and secondary males was almost equal. In the group in
which the female (group A) groomed the secondary male more
than the primary male, the secondary and primary males groomed
the female equally. Finally, in the group in which the female
groomed both males about equally (group J), she received more
grooming from the secondary male (Table 2).

Effects of Sex and Female Reproductive State

Overall, primarymales groomed females significantlymore than
females groomed primary males (16 Wilcoxon tests, conducted
separately for each combination of group (N ¼ 12) and reproductive
status, combined using Fisher’s omnibus test:c2

32 ¼ 233, P < 0.001).
In fact, of 16 combinations of group and reproductive status, females
groomed primary males more often in only one case. To rule out
confounding effects of sexual swelling and reproductive phase, we
also compared grooming rates after splitting the data by sexual
swelling and reproductive phase (fertile or nonfertile), in addition to
group and reproductive status. Still, in 17 of 20 data sets the primary
male groomed the female more than vice versa (N ¼ 10 groups,
Fisher’s omnibus test: c2

40 ¼ 146.8, P < 0.001), which indicates that
our observation of primarymales generally grooming females more
than females grooming them is a robust finding for this population.

Grooming was clearly elevated when females were cycling
compared to when females were lactating or pregnant (GLMM:
PMCMC < 0.001; Fig. 1). This was also the case when considering
only the rate at which females groomed primary males or only the
rate at which primary males groomed females (both PMCMC and
Plikelihood ratio test < 0.001). Similarly, the number of copulations per
day between females and primary males was larger when females
were cycling than when they were pregnant or lactating (permu-
tation test: DAIC ¼ 70.2, P ¼ 0.001; Fig. 2).

Exchanging Grooming for itself

On days on which females received more grooming from
primary males they also gave more grooming in return (Spearman
Cycling Pregnant Lactating
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Figure 1. Rate of grooming between females and primary males in relation to female
reproductive status. Each group is represented by two or three symbols, connected by
a dashed line. N ¼ 8 groups (groups in which females were observed in only one
reproductive status were not included) and 2e7 observation-days.
correlations, conducted separately for each combination of group
(N ¼ 12) and reproductive status: all 20 correlations > 0; average
rS ¼ 0.66; Fisher’s omnibus test: c2

40 ¼ 193, P ¼ 0.001). Repeating
this analysis separately for each combination of group, reproduc-
tive status, sexual swelling and reproductive phase, we found 33
positive, one correlation equal to zero, and only three negative
correlations (binomial test: P < 0.001, average rS ¼ 0.60; Fig. 3).

Exchanging Grooming for Mating Opportunities

Females copulated more with primary males on days when they
received more grooming from those males. When correlating the
number of copulations with the rate of primary male-to-female
grooming, we found a positive correlation in 14 of 15 combina-
tions of group (N ¼ 12) and reproductive status (binomial test:
P < 0.001; average rS ¼ 0.29), and overall the correlations were
highly significant (Fisher’s omnibus test: c2

30 ¼ 52.1, P ¼ 0.007).
Repeating this analysis separately for each combination of group,
reproductive status, sexual swellings and reproductive phase
(fertile, nonfertile), we found 17 positive and only seven negative
correlations (binomial test: P ¼ 0.064, average rS ¼ 0.20).

Grooming, Sexual Swellings and Mating

Primary males did not groom females more when females were
maximally swollen than when they were not swollen
(PMCMC ¼ 0.63, N ¼ 8 groups, 215 observation-days), despite the
fact that male grooming generally increased during the fertile
period of females compared to nonfertile reproductive stages.

DISCUSSION

Our first question was does grooming in wild white-handed
gibbons qualify as a commodity? The results of this study support
this idea; in fact, grooming was interchanged for other goods and
for itself. Unfortunately, whether biological market theory exclu-
sively explains gibbons’ trading of services remained somewhat
unclear. We detected a strong link between the intensity of primary
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male-to-female grooming and female reproductive status, with
males adjusting their grooming activity to the changing repro-
ductive value of females. When females were cycling and their
reproductive valuewas high, males increased their grooming effort,
which supports predictions of biological market theory. However,
females also responded to increased male grooming with an
increase in their own grooming of males, which is more difficult to
reconcile with a biological market framework. Although females’
tendency to match their partners’ grooming contribution has been
suggested (under biological market theory) to be a requirement for
being considered a fair/good trading partner (Barrett et al. 1999;
Barrett & Henzi 2001, 2006), further investigation is needed to
clarify this pattern. In a follow-up step it would be important to
investigate which direct or indirect benefits females may receive
from males in exchange for grooming and whether, for example,
males may interchange female grooming for priority of access to
food or protection of resources and/or infants. In a previous study
we showed that gibbon females of this population have priority of
access to food (Barelli et al. 2008b); at present, however, it is
unclear whethermales trade access to food sources for grooming or
whether, because of codominance of the sexes, females can simply
demand priority of access to preferred food sources. Based on our
current results, we predict that females’ priority of access to food is
also part of a complex interchange system in gibbon pairs.

Another question we asked was do primary males groom
females to exchange grooming for itself or for other goods, in
particular mating opportunities? Our results seem to support both
predictions. Primary males groomed females more than vice versa,
and females likewise increased grooming, perhaps in an effort to
match males’ increased grooming during periods when they were
cycling. Concurrently, we found strong support for an interchange
of grooming for mating opportunities from the observation
that mating frequencies increased on days when higher levels of
male-to-female grooming occurred. Perhaps not all instances of
grooming correspond to trading, but represent events related to
other purposes such as social bonding, health or tension reduction.
In fact, although a biological market framework may predict
groomingemating interchanges, it does not account for the
mechanisms driving such an exchange. The proximate mechanism
that enables individuals to engage in groomingemating inter-
changes could be attitudinal reciprocity (de Waal 2000; Schino
et al. 2007), rather than a calculated system of exchange. Since
grooming is known to reduce tension (Schino et al. 1988), lower
heart rate (Aureli et al. 1999) and decrease stress levels (Shutt et al.
2007), it could also promote a cooperative attitude between part-
ners. This may explain our result that females groomed more on
days when they were groomed more themselves. In fact, grooming
seems to be associated with secretion of b-endorphins, which leads
to a stronger positive emotional feeling towards the groomer
(Keverne et al. 1989). Physiological mechanisms such as these may
have evolved to motivate individuals to cooperate through reward
and stress reduction, facilitating male sexual advances and conse-
quently social interchange.

Another aspect we investigated was the relationship between
female sexual swellings and male grooming effort because
a previous study had suggested that males use sexual swellings as
a cue to allocate mating activities (Barelli et al. 2008a). Based on
these observations we expected that males would groom maxi-
mally swollen females more than nonswollen females. To our
surprise, however, no relationship between sexual swelling size
and primary male-to-female grooming was found. Grooming and
variations in female genital swellings may indeed be independent
of each other and males may use rather broad categories of cycling
versus noncycling stages to gauge their grooming efforts. Perhaps
a fine-tuned grooming adjustment in relation to female swelling
size is uneconomical if males use a rule of thumb to allocate
grooming. It may also be hypothesized that primary males must
sustain elevated grooming levels throughout a female’s cycling
period to ensure continuous spatial proximity and thereby main-
tain copulation opportunities. It is difficult to reconcile, however,
the finding of a link between maximum sexual swellings and
copulation frequencies in a previous study (Barelli et al. 2008a) and
our current finding of a link between copulation frequency and
male grooming effort, but no corresponding link between groom-
ing and sexual swellings. A similar result was also found in long-
tailed macaques (Gumert 2007), in which female swellings did not
influence a market of grooming and males did not groom swollen
females more than nonswollen females despite a groomingemat-
ing interchange. Clearly, more data are needed to understand better
the potential links between female sexual swellings and groo-
mingemating interchange markets in primates.

Limitations of the Study and Further Analyses

One limitation of our study is that it was not possible to inte-
grate secondary males’ grooming activity into the detailed
grooming-market analyses because of their marginal involvement
with females. Consequently, we could only provide preliminary,
descriptive information on secondary males’ grooming and were
unable to test how secondary males fit into the biological market
idea. This is unsatisfying because previous research has shown that
secondary males are not excluded from mating with females
(Barelli et al. 2008a). Thus, if a groomingemating interchange
market exists in gibbons secondary males should be active partic-
ipants in it. Several lines of reasoning may explain the broad lack of
or low participation of secondary males in grooming females.
Perhaps our conclusion of a groomingemating interchange system
in gibbons is false and we overlooked a third variable that drives
both primary males’ grooming and mating patterns, although we
believe this is unlikely. If such a third variable exists, we are not
aware of it. An alternative, simple explanation would be that
secondary males wanted to participate in groomingemating
interchanges but were prevented from doing so by primary males.
Although plausible, we currently have no indication that primary
males are able or willing to suppress grooming activities between
females and secondary males. Overt aggression between primary
and secondary males has so far only been observed during initial
stages of multimale group formation (Reichard 2009), which was
not the case during this data collection period. However, we cannot
exclude the possibility that subtle dominance cues are given by
primary males causing secondary males to engage less in grooming
with females. It is also possible that secondary males trade
commodities other than grooming for mating opportunities.
Perhaps participation in territorial/resource defence for females,
which has been hypothesized to be a driving force for the formation
andmaintenance of multimale gibbon groups (Savini et al. 2009), is
sufficient for secondary males in interchange for mating opportu-
nities. Finally, limitations of our data set may have caused an
incomplete picture of secondary males’ involvement in grooming
and mating with females, which a longer study could address. In
summary, it is currently unclear why secondary males are not
involved more in the groomingemating market that we have
hypothesized operates for primary males and females, and further
elucidation must await the collection of more data.

A second limitation might be related to variation in social
organization. Because of a small sample size we combined primary
males from single-male groups and multimale groups into a single
category. However, with an expanded sample size it should be
possible to differentiate the effects of multimale and single-male
organization. In single-male groups the male has more leverage,



C. Barelli et al. / Animal Behaviour 82 (2011) 801e809808
as the female’s options to avoid grooming with themale are limited
owing to a lack of alternative partners. In multimale groups,
however, females have greater leverage, as primary and secondary
males theoretically compete for mating opportunities, which is
predicted to raise the grooming effort of males. A general prediction
that needs testing with an extended data set is therefore that,
overall, males in multimale groups would invest more in grooming
than the single male of a pair-living group. Since biological markets
are sensitive to ‘demand’ and ‘supply’, a fine gradient betweenmale
grooming effort and mating opportunities is expected to exist for
each class of male, that is, sole male in a single-male group, primary
male in a multimale group and secondary male in a multimale
group. We were not able to address the outcome of market forces
precisely with regard to the three classes of males.

Finally, we have presented a primarily male-centred analysis
based on the notion that males have a strong incentive to trade
commodities for mating opportunities. However, females are equal
partners in biological markets between the sexes and their interests
must also be investigated. If we consider that perhaps a majority of
gibbon species are pair bonded and female choice might be more
limited to a small number of sexual partners compared to larger
multimale/multifemale societies, copulations are as valuable to
females as they are to males, and females must ensure they achieve
fertilization during a relatively short ovulation window. Moreover,
in species in which females benefit directly from male services, for
example the carrying or feeding of infants (e.g. Ginther & Snowdon
2009), it is easier to hypothesize interchange systems from the
female’s perspective. However, in white-handed gibbons, males do
not participate directly in the rearing of young. Thus, direct benefits
for females from grooming exchanges or interchanges with males
are not obvious. Future studies must therefore address whether
female gibbons engage in exchange of grooming or rather inter-
change for other commodities. We suggest that priority of access to
food resources but also protection from resource exploitation by
neighbouring females/groups or protection against male infanti-
cide may be potential areas to explore.

Conclusions

Our study shows that biological market theory, which
commonly focuses on large multimale/multifemale primates
(Gumert 2007), may also be applied to a socially monogamous, but
reproductively promiscuous primate. Gibbons are a sexually
monomorphic species (Plavcan & van Schaik 1997) and intersexual
dominance is absent. This gives males little direct control over
females and sets the stage for a cooperative relationship between
males and females that needs to be negotiated repeatedly and
consistently between equal participants. In such a social environ-
ment the powers of demand and supply of goods and services are
expected to become visible, and, as predicted by biological market
theory, market forces exert more influence in situations in which
social commodities can be obtained through cooperative trading of
acts, rather than being acquired by force. Thus, biological
market theory may be an appropriate model to investigate
cooperation-based exchange systems in primates such as gibbons.

In accord with biological market theory, we observed that
gibbon males increased their grooming effort as females became
a more valuable resource to them. Why females responded to this
with an increase in grooming and copulation frequency needs
further investigation. At present, we conclude that males benefit
from a groomingemating interchange. Taken together, a variety of
forces may influence the dynamics of grooming interactions in
nonhuman primate species, which may respond flexibly to the
changing relative value of social resources. In some dyads and some
contexts, partners may reciprocate grooming, while in others
interchanges may occur for other benefits, including mating
opportunities.
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