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ABSTRACT Macaques are similar to humans both
physiologically and behaviorally. In South and Southeast
Asia they are also synanthropic, ecologically associated
with humans. Synanthropy with humans raises the pos-
sibility that macaques come into contact with anthropo-
genic toxicants, such as lead and mercury, and might be
appropriate sentinels for human exposures to certain
toxic materials. We measured lead (Pb) and mercury
(Hg) levels and characterized the stable isotopic composi-
tions of d15N and d13C in hair from three groups of free-
ranging macaques at the Swoyambhu temple in Kath-
mandhu, Nepal, an urban population that has abundant
contact with humans. Hair lead levels were significantly

higher among young macaques and differed among the
three groups of macaques that were sampled. Hair Hg
levels were low. No statistical association was found
between stable isotopic compositions (d15N and d13C) and
Pb and Hg levels. Our data did not find evidence that
lead levels were associated with diet. We conclude that,
in this population of macaques, behavioral and/or physio-
logic factors may play a significant role in determining
exposure to lead. Chemical analysis of hair is a promis-
ing, noninvasive technique for determining exposure to
toxic elements in free-ranging nonhuman primates. Am
J Phys Anthropol 142:453–460, 2010. VVC 2009 Wiley-Liss,

Inc.

Over the past decades, the public’s increasing aware-
ness of the potential adverse health effects of anthropo-
genic (human-derived) pollutants has prompted efforts to
better detect environmental hazards and promote an
understanding of the routes and mechanisms by which
toxicants exert their adverse health effects. Ecotoxicolo-
gists have gained insight into these phenomena using
wildlife as models for ecological and physiological effects
(e.g., ecosystem health). Various animal populations
have been proposed as ‘‘sentinels’’ for human exposure to
toxicants present in the environment. (Aguirre et al.,
2001). These ‘‘canaries in the coal mine’’ can potentially
help to identify toxic threats to both public health and
wildlife populations.
Not all animal species are relevant models for human

toxicant exposures. The utility of an animal population
as a sentinel depends on many factors, including its
genetic and physiological characteristics and how closely
its ecological niche mirrors that of sympatric human
populations (Aguirre et al., 2001). In South and South-
east Asia, free-ranging macaques (genus Macaca), partic-
ularly rhesus (M. mulatta) and long-tailed macaques
(M. fascicularis), are often synanthropic with humans,
meaning that they flourish in ecological niches created
when humans alter the environment (Southwick
and Siddiqi, 1994; Engel et al., 2006; Fuentes, 2007;
Jones-Engel et al., 2006, 2007, 2008; Sha et al., 2009).
Macaques also share important immunological and phys-
iological similarities with humans, particularly in the
ways in which they respond to toxic exposures (Laughlin
et al., 1987; Levin et al., 1987; Reuhl et al., 1989; Rice,
1992). All of these factors contribute to making maca-

ques potentially valuable as sentinels for toxic exposures
and predictors of physiologic responses to chemicals in
humans.

Lead and mercury-potentially significant
environmental toxicants

Lead occurs naturally in the earth’s crust. However, in
urban environments much higher concentrations of lead
can accumulate. Common sources of lead include dust
containing paint chips or lead released into the atmos-
phere from industrial or automotive emissions (during
the era of leaded gasoline). Lead is an ingredient or
byproduct of a variety of industrial processes, including
welding, plumbing and construction as well as the man-
ufacture of plastics, batteries, and electronics. Municipal
waste incineration releases lead into the environment.
Leaded pipes or metal pipes soldered with lead can
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introduce lead into drinking water. Containers sealed
with lead solder and lead-glazed ceramics are other sour-
ces. Certain cosmetic products and ayurvedic medicines,
used in South Asia, contain lead (Saper et al., 2008).
Lead toxicity (plumbism) remains a significant public

health issue around the world (Mitra et al., 2009).
Intense, acute exposure to lead is known to damage
vertebrate nervous, renal, circulatory, hepatic, and
reproductive systems. These consequences are well rec-
ognized and often clinically obvious in humans and ani-
mals with acute exposure (Goyer, 1990). The effects of
lower levels of Pb exposure are more subtle, but may be
significant. Research on the effects of lead in children
continues to lower the levels of blood lead considered to
be safe. Work by Lanphear et al. (2006) examined the
correlation between lead levels and intellectual function
in children and linked decrements in intellectual func-
tion to blood lead levels as they increased from 2.4 to 30
lg/dL. More recently, a large prospective study suggested
that blood levels well below the 10 lg/dL threshold set
by the Centers for Disease Control and Prevention are
associated with decreased intellectual functioning in
children (Jusko, 2008).
Several authors have addressed the issue of lead expo-

sure in domestic and wildlife species. D’Havé et al.
(2005) found that soil lead concentrations were positively
correlated with lead levels in hair and spines of Euro-
pean hedgehogs living in proximity of a nonferrous met-
allurgic factory. Measurements of lead levels in dogs in
India have shown that stray dogs in urban areas have
higher blood levels than strays in unpolluted rural local-
ities or pet dogs from either urban or rural areas
(Swarup et al., 2000; Balagangatharathilagar et al.,
2006) with the authors suggesting that these peridomes-
tic species might be appropriate sentinels for human
lead exposure. There is a dearth of research on toxic
exposures among nonlaboratory primates (but see Zook
et al., 1974; Fisher, 1954; Hindle and Stevenson, 1930).
In the limited number of published studies, nearly all
from zoo populations, the authors relied on postmortem
samples because clinical signs of illness were difficult to
detect or were of sudden onset and animal death
followed quickly. Our literature search produced no
publicly accessible articles on lead levels in free ranging
primate populations.
Mercury has been shown to damage the immune and

nervous systems, and cause birth defects (Ratcliffe et al.,
1996). The toxic effects of mercury depend on its chemi-
cal form and the route of exposure. Methylmercury
[CH3Hg] is the most toxic form. Exposure to methylmer-
cury is usually by ingestion, and it is absorbed more
readily and excreted more slowly than other forms of
mercury. Elemental mercury, Hg(0), the form released
from broken thermometers, causes tremors, gingivitis,
and excitability when vapors are inhaled over a long pe-
riod of time (Ratcliffe et al., 1996). Although it is less
toxic than methylmercury, elemental mercury may be
found in higher concentrations in environments such as
gold mine sites, where it has been used to extract gold
(Palheta and Taylor, 1995). If elemental mercury is
ingested, it is absorbed relatively slowly and may pass
through the digestive system without causing damage.
More than half of the world’s emissions of mercury

occur in Asia (Pacyna and Pacyna, 2004). Mercury,
which is a naturally occurring element, can be released
into the environment through a variety of industrial
and/or mineral extraction activities including the produc-

tion of cement, the extraction of coal, copper, zinc, and
gold. Mercury can also be released into the environment
during oil and gas extractions because it is often associ-
ated with petroleum formation. Mercury that enters the
environment can be transformed by aquatic bacteria into
methylmercury, the form of mercury that is of greatest
public health concern. Methylmercury is soluble and can
be transmitted by surface waters and contaminate
groundwater sources (Warner et al., 2008).

Using hair as a biomarker for lead and
mercury exposure

While various tissues, including blood, hair, nails, sa-
liva, bone and urine, feces, and exfoliated teeth have
been proposed as matrices in which to detect lead expo-
sure in mammals, some controversy exists regarding
which are appropriate as biomarkers. Most research
linking lead to physiologic effects in humans has been
based on blood lead levels. Several authors, including
Bergdahl et al. (2008) have provided evidence that hair
lead levels parallel blood lead levels, and thus provide a
potential alternative to blood as a matrix for sampling
lead. Potential advantages of measuring lead levels in
hair include the ability to obtain hair noninvasively and
to store and transport it easily and with little infectious
risk, important considerations when working with free
ranging nonhuman primates. In addition, because lead
is excreted in hair as it grows, each hair ‘‘captures’’ lead
levels during an extended time frame—weeks to months.
In comparison, blood lead levels may rise and fall rela-
tively quickly following an acute exposure, decreasing
the likelihood that a random sampling would detect an
acute exposure. A potential disadvantage of measuring
lead levels in hair is that most of the literature in this
area focuses on blood lead levels; there is a dearth of
published data specifically linking hair lead levels with
physiologic effects.
Hair has been used to measure methylmercury in a

variety of human and nonhuman populations in Asia
(Sakai et al., 1995; Feng et al., 1998; Lee et al., 2000).
Exposure and absorption of methylmercury occurs
through diet and in turn is quickly distributed through-
out the body. Although blood levels of mercury decline
rapidly, the half-life of methylmercury is approximately
50 days. Hair provides an excellent biological record of
previous exposures and is an ideal tool for field sampling
(Foo et al., 1993).
Our study focuses on a specific population of macaques

in Kathmandu, Nepal. Rhesus macaques have ranged on
and around the religious temple at Swoyambhu for cen-
turies (Chalise and Ghimire, 1998). Swoyambhu temple
sits on a hilltop in Kathmandu, surrounded by the
densely populated city (more than 13,000 people per
sq.km). Massive population growth, industrialization,
poverty, lack of infrastructure, and dearth of environ-
mental protection have contributed to making the Kath-
mandu valley one of the world’s most polluted areas
(http://www.cleanairnet.org/caiasia). Measurements of
lead levels in lichens growing along heavily traveled
roads in the Kathmandu valley show high levels of lead
(Chettri et al., 2001). Ground water samples from the
Kathmandu Valley have been shown to contain iron,
manganese and mercury concentrations that exceeded
WHO recommendation (Khatlwada et al., 2002).
The ecological niche of the Swoyambhu macaques

overlaps significantly with that of the surrounding
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human population. Considering this urban niche and
synanthropic association with humans, we hypothesized
that hair from the Swoyambhu macaques would contain
lead and mercury, elements that have been shown to be
toxic to humans and are commonly found in urban
environments. We further hypothesized that the concen-
tration of lead (Pb) and mercury (Hg) in macaque hair
samples would vary among different demographic and
ecologic groups, reflecting differences in physiology, feed-
ing ecology, and behavior. We analyzed isotopic composi-
tions of carbon and nitrogen in macaque hair to test the
hypothesis that hair Hg and Pb levels are associated
with differences in diet.

MATERIALS AND METHODS

Site and sample description

Swoyambhu temple, situated atop a hill approximately
3 km west of densely populated central Kathmandu
(Fig. 1), is one of two temple sites in the Kathmandu val-
ley with a large population of free-ranging rhesus mon-
keys (Macaca mulatta). This 2,000-year-old complex of
Buddhist stupas, Hindu shrines, shops, and residences is
a vibrant part of Kathmandu’s cultural life. The most
recent census estimated the total population of macaques
at Swoyambhu to be between 308 and 387 (Chalise,
2006).
There are three principal water sources at

Swoyambhu. Tap water, supplied by the Nepal Drinking
Water Corporation and the Federation of Swoyambhu
Management and Conservation Committee, is available
intermittently in some homes. A stream flowing at the
base of the hill is also commonly used by local residents
as well as by the Swoyambhu macaques. This stream
receives some sewage from local homes and runoff from

a nearby factory that produces gunpowder. An open
cement cistern near the shrine, fed by rainwater, pro-
vides a third water source used by both monkeys and
humans. The greater part of the Swoyambhu macaques’
diet comprises foods acquired directly or indirectly from
the people who live and work on the site. This includes
items scavenged from open refuse piles, raided from
homes, snatched from food hawkers, or cajoled from
visitors. Natural forage at Swoyambhu is very limited;
macaques and humans share the seasonally available
berries, nuts, and plants that grow in and around the
wooded site.

Demographic profile of study population

Three groups of macaques share overlapping ranges
within and around the Swoyambhu temple complex
(Chalise and Ghimire, 1998) (Fig. 1). Hair from 37
rhesus macaques was collected during a 4-day period in
May 2003 as part of a comprehensive health screening
effort conducted at the request of the Federation of
Swoyambhu Management and Conservation Committee.
Trapping (catch and release), sedation and sampling
methodologies have been reported elsewhere for this
population (Jones-Engel et al., 2005). Groups were
trapped on different days and in different locations. For
statistical purposes, the study population was divided
into young (\5 years, N 5 15) and older (�5 years, N 5
22) macaques. The number of males:females:juveniles:a-
dults of animals sampled in Group 1 was 7:4:6:5. In
Groups 2 and 3, the ratios were 5:5:4:6 and 4:12:5:11,
respectively. There was no statistically significant differ-
ence in age composition (v2 5 0.4801) or sex (v2 5
0.1144) among the three groups.

Fig. 1. Location of the Swoyambhu temple site in densely populated Kathmandu. The Swoyambhu sample populations and their
trapping sites are indicated. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Sample collection

Hair samples were obtained from sedated macaques
by manually extracting 50–75 strands of hair from each
macaque’s shoulder. The hair from each animal was
placed into an individual, small zip-lock bag and labeled
with the animal’s unique identification code. Hair growth
rates are affected by several factors, including genetic
variation, environment, season, nutritional state, infec-
tion, and even psychological stress. Studies on hair
growth in macaques show significant variation by sea-
son. For purposes of estimation, if we assume an average
sampled hair length of 50 mm, and a growth rate of
0.5 mm/day, an average hair in this study represents
about 100 days, or 3 months’ time frame. The hair sam-
ples were stored at room temperature. Each macaque’s
body weight was measured. Dental formulas were
recorded and used to estimate age, based on observed
dental eruption sequences and tooth wear.

Hair digestion protocol

Hair was rinsed with diluted RBS-35 (Pierce Biotech-
nology, contains 0.1–1% NaOH, manufacturer’s direc-
tions were used for dilution) and ultrapure water to
eliminate surface oils and other exogenous substances.
After rinsing, hair was frozen and freeze-dried to remove
water before weighing the individual samples. Hair
(0.03–0.05 g) was weighed into a polytetrafluoroethyl-
ene-lined digestion vessel of a PerkinElmer Multiwave
3000, where the samples were digested with nitric acid:
hydrogen peroxide (3:1, v/v). Digestates were diluted to
20 ml with ultrapure water (Barnstead International).

Analytical chemistry

Chemical analyses were performed at the University
of Alaska Fairbanks (UAF). In general, our element
analyses followed the hair digestion protocol described in
Cardona-Marek et al. (2009). Measurements of Pb con-
centrations were made using methods described in
Moses et al. (2009) and Woshner et al. (2008). Limited
details are provided later for the sake of brevity.

Stable isotope analysis

Naturally occurring variations in the ratio of heavy to
light isotopes of carbon (13C/12C) are useful indicators of
feeding ecology as different kinds of plants fix carbon in
characteristic patterns (Bentzen et al., 2008). Variations
in nitrogen isotope concentrations (15N/14N) reflect pro-
tein sources and trophic relationships (Hoekstra et al.,
2003). Freeze dried hair samples of 0.320.5 mg (weighed
using a Sartorius M2P electronic microbalance) were
loaded into small tin capsules and analyzed at the
Alaska Stable Isotopes Facility at the University of
Alaska Fairbanks. Nitrogen (N) and carbon (C) isotopic
compositions were measured from means of duplicate
samples by EA-IRMS using a Costech Elemental Ana-
lyzer (ESC 4010), and Finnigan MAT Conflo III interface
with a Delta1XP Mass Spectrometer. Stable-isotopic
compositions were expressed in d notation as parts per
thousand according to the following:

dX ¼ ½ðRsample=RstandardÞ � 1� 3 1000

where X 5 15N or 13C, and R 5 the corresponding ratio
15N/14N or 13C/12C. The standards for 15N and 13C are

those for atmospheric N2 (air) and Pee Dee Belemnite
(PDB) standard, respectively. Peptone (d15N 5 7.0, d13C
5 15.8; meat-based protein; Sigma Chemical Company)
was used as a working laboratory standard to ensure
appropriate quality control and assurance. Duplicate
samples differed by less than 0.5% for d15N and d13C.
The means of duplicate values were reported for each
tissue.

Measurement of lead concentrations

Hair was analyzed for Pb according to U.S. Environ-
mental Protection Agency (US EPA) procedures as previ-
ously described by Dehn et al. (2005) and Moses et al.
(2009) with minor modifications. Approximately between
0.01 and 0.05 g of hair was digested by a microwave pro-
cedure using nitric acid (HNO3), hydrogen peroxide
(H2O2), and hydrochloric acid (HCl). Element concentra-
tions were analyzed at the University of Alaska Fair-
banks using flame ionization Perkin Elmer A Analyst
800 AAS and reported as dry weight (dw). QA/QC fol-
lowed standard laboratory procedures as described ear-
lier and included method blanks, method duplicate,
standard reference materials, spiked blanks, and spiked
samples. Standard reference materials (SRMs) used for
lead and copper analysis were the same ones as for mer-
cury analysis. Recovery rates for lead in SRMs could not
be calculated because the amount of SRM used was not
enough for lead detection. Alternatively, blank spikes
and matrix spikes recovery rates were within a range of
97–131%. Method detection limit for Pb was 0.05 ppm.

Measurement of mercury concentrations

Hair was rinsed with diluted RBS-35 and ultrapure
water to eliminate surface oils and other exogenous sub-
stances as mentioned earlier. Hair (0.0120.04 g) was
loaded into a PTFE-lined digestion vessel of a Perkin
Elmer Multiwave 3000, where the samples were digested
with nitric acid and hydrogen peroxide. Digestates were
diluted to 20 mL with ultrapure water. Mercury in a
digestate volume of 0.05 mL was reduced with stannous
chloride to form Hg0, preconcentrated onto a gold trap,
and detected by cold vapor atomic fluorescence spectrom-
etry following a modified EPA Method 1631 for THg (all
mercury species, organic and inorganic), on a Brooks
Rand 1630 system (Model III Mercury Detector and
GuruTM Software; Seattle, WA). QA/QC followed stand-
ard laboratory procedures as described in the study of
Woshner et al. (2008), and included method blanks,
method duplicate, standard reference materials, spiked
blanks, and spiked samples. SRMs included a human
hair (SRM IAEA-085 from the International Atomic
Energy Agency) and bovine liver (SRM 1577b from the
National Institute of Standards & Technology). Both
SRMs were included in each batch of samples digested.
Recovery rates for SRMs ranged from 69 to 141% for
mercury in hair analysis. Method detection limit was
approximately 47 pg, calculated as three times the
standard deviation of the blanks. Data are presented on
a dry weight basis for hair.

Statistical methods

Comparisons of Pb levels among population subgroups
were conducted using the JMP-IN 4 statistical software
package (SAS Institute, Cary, NC, version 4). Chi square
tests contained in the SPSS statistics software package
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(release 11.0.1, Chicago, IL) were used to test for statisti-
cal significance of differences in Pb levels among popula-
tion subgroups. Statistical significance of differences in
average Pb levels and d13C and d15N between subgroups
was determined using ANOVA (SPSS). Mercury concen-
trations were low, and no statistical assessments were
conducted.

RESULTS

Lead and mercury concentrations in hair

Mean Pb, d15N and d13C by sex, age and trapping
group are shown in Table 1. Lead concentrations in hair
from the Swoyambhu macaques averaged approximately
4.5 ppm, with a maximum concentration of 10.2 ppm
and minimum of 1.34 ppm. Lead concentrations in hair
were significantly higher for young macaques (6.00 6
1.54 ppm) compared with older animals (3.57 6 1.36
ppm), F(1,31) 5 21.9, P\ 0.0001. There were no statisti-
cally significant differences in lead concentrations
between males and females F(1, 31) 5 0.8058, P [
0.3763. In both older (F(2,17) 5 0.0574) and younger
(F(2,10) 5 0.0314) animals, lead concentrations differed
statistically by trapping group, being highest in trapping
Group 2 and lowest in trapping Group 3. Post-hoc Tukey
comparison showed that macaques tested in trapping
Group 3 had significantly lower mean Pb levels (3.46 6
1.40 ppm) than group 1 (4.89 6 1.50 ppm) and Group 2
(5.59 6 2.13 ppm). No statistically significant relation-
ship was detected between d15N and lead concentration
F(1,31) 5 2.7457, P [ 0.1076 or between d13C and lead
concentration F(1,31) 5 0.1114, P\ 0.7408. Mercury lev-
els in hair samples were very low, ranging from 0.043
ppm to 0.594 ppm (Table 1).

Stable isotope analysis

Oneway analysis of variance of d15N showed a higher
enrichment of the heavy isotope (15N) in the youngest
animals (\2 years old) F(2,34) 5 55.0774, P \ 0.0001,
which is likely a lactational effect, as nursing individuals
feed on milk protein produced by their mothers, and
thus feed at a higher trophic level than their mothers.
No differences in d15N were detected between the sexes,
F(1,35) 5 0.001, P \ 0.9935 or among the trapping
groups F(2,34) 5 0.2561, P \ 0.7756. No differences in
d13C were detected between younger macaques and older
animals, F(1,35) 5 1.01, P \ 0.32. However, d13C was
higher among males than females F(1,35) 5 6.45, P \
0.016 and lower in Group 3 than Groups 1 and 2 F(2,34)
5 13.433, P\ 0.0001.

DISCUSSION

Why study free-ranging rhesus macaques?

This study was performed in the context of ongoing
multidisciplinary research on the human/primate
interface in Southeast and South Asia. Our previous
publications address issues such as bidirectional disease
transmission and interspecies aggression between
humans and synanthropic primate populations (Jones-
Engel and Engel, 2009). We have focused our research
on macaque populations at monkey temples (religious
sites where monkeys, typically macaques, range freely,
often provisioned by visitors and protected by local popu-
lations) and in urban areas precisely because human/
macaque interactions in these contexts are often intense
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(Southwick and Siddiqi, 1994; Singla et al., 1997; South-
wick et al., 2005; Fuentes, 2006).
Although macaques and humans have lived commen-

sally in Asia for centuries, relatively little is known
about the complex ways that synathropic macaques
interact with surrounding human populations and how
living in human-shaped environments (urban, agricul-
tural, etc.), impacts their health and ecology. Such
information is significant for several reasons. These pop-
ulations of macaques are important to local communities.
They are cherished as a valuable natural heritage and
considered to have inherent spiritual value relating to
religious beliefs. In many communities macaques have
become a tourist attraction, contributing significantly to
the local economy (Jones-Engel et al., 2006). Finally, the
Swoyambhu macaques illustrate important aspects of
the human-primate interface. Data obtained from these
animals, with their intense interaction and frequent con-
tact with humans, provide a window on the multiple
ways in which humans impact other nonhuman primate
species at the primate/human interface, including endan-
gered species.

Environmental sources of lead and mercury

Our research protocol did not include a search for pos-
sible sources of lead and mercury in the Swoyambhu
area. However, other researchers have shown that lead
is prevalent in the environment in the Kathmandu Val-
ley (Chettri et al., 2001). The macaques of Swoyambhu
could be exposed to lead in a variety of contexts includ-
ing soils contaminated from lead emissions as a result of
the continued use of leaded and adulterated fuels in
Nepal as well as other potential sources of lead in the
Swoyambhu site including dust containing lead paint,
open refuse piles with point sources, such as batteries
and tin cans that use lead solder. Ayurvedic medicines
are common in South an SE Asia. Saper et al. (2008)
showed that more than 20% of ayurvedic medicines that
originated in South Asia contained toxic levels of lead,
mercury, and arsenic. Discarded medicines and wrappers
are a common sight in Swoyhambu (Jones-Engel, per-
sonal observation). The low levels of Hg in macaque hair
detected in this study suggest that either Hg is not pres-
ent to a significant degree around the microenvironment
represented by Swoyambhu, or that it is present, but the
macaques do not come into contact with or ingest it.

Juvenile macaques as sentinels for lead
exposure

The data presented here suggest that demographic
and/or behavioral variables are associated with lead ex-
posure in the Swoyambhu macaques. Lead levels in
younger Swoyambhu macaques were higher than those
measured in older animals and an independent effect
was seen with trapping location. A few hypotheses might
explain these observations. First, lead absorption from
the gastrointestinal tract has been shown to be greater
among juvenile than among adult macaques (Pound et
al., 1978). Second, behavior or ranging patterns may
bring some animals into more frequent or intense con-
tact with sources of lead. For example, it is possible that
young macaques, often seen playing in a rough and tum-
ble fashion, may come into more frequent contact with
lead-containing soil and dust than older animals. Lead
may also be ingested when the animal subsequently

cleans itself. It is possible that point sources of lead are
located in the ranges of one or more of the groups.
Potential sample bias from nonrandom sampling of indi-
viduals’ hair length could also influence results.
Differences in feeding behaviors offer another possible

explanation. Juvenile macaques in general are less suc-
cessful foragers than adults (Jansen and Van Schaik,
1993). They spend more time foraging but forage less
efficiently. They may explore a variety of foods not eaten
by adults and may mix foraging with play behavior.
‘‘Play’’ feeding may include ingestion or mouthing of
items that adults do not consume. It is possible, though
no research to date has examined this hypothesis, that
this less selective play feeding, on less desirable foods
such as batteries, wrappers, etc., might lead to increased
consumption of contaminants, including lead. Less selec-
tive, more exploratory feeding is also observed in human
juveniles, particularly toddlers, who spend more time on
the ground and may place a variety of items (including
paint chips) into their mouths (Agency for Toxic Sub-
stances and Disease Registry, 1988). Young macaques, in
particular, may be good sentinels for human exposure to
lead because their behavior and physiology are similar
to those of human children, especially young children,
who share a propensity for curiosity, and have a pench-
ant for picking up objects and inserting them into their
mouths. The activities of children often bring them into
contact with soil. The Swoyambhu site may thus provide
opportunities for both macaques and small children to
come into contact with toxicants in the environment,
including lead.
Although lead levels were associated with age and

trapping location, our data revealed no statistical associ-
ation between lead level and stable isotopic composi-
tions. These data fail to support the hypothesis that lead
levels are associated with dietary composition.

Future directions

Further research is needed to better appreciate
whether and how behavior and feeding ecology influence
lead exposure among the Swoyambhu macaques. More
detailed data on feeding ecology and ranging behaviors
should be acquired and a thorough search for sources of
lead in and around Swoyambhu should be undertaken.
Comparing lead levels in macaques to those in local
human populations, including children, will help to test
whether macaques are suitable sentinels for lead expo-
sure in humans. Measurement of other environmental
contaminants, such as arsenic and cadmium, could pro-
vide further insight into the ecotoxicology of these maca-
ques. Refinements in the research protocol should
include measurement of lead concentrations in both hair
and blood, and could include other biomarkers for
lead exposure, including porphyrins or aminolevulinate,
d-dehydratase (ALAD).
In this study we have shown that hair, which can be

obtained noninvasively, is a viable means of detecting
exposure to potential toxins such as lead and mercury.
This technique could be applied to other species of pri-
mates, particularly endangered species, to monitor levels
of toxins in those vulnerable populations.

CONCLUSIONS

Macaques are a potentially suitable sentinel for lead
exposure in humans, and hair offers advantages for
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measuring lead levels in these animals. Here we report
hair lead and mercury levels in macaques at the
Swoyambhu temple in Kathmandhu, Nepal. Lead levels
were higher in young macaques and differed among the
three groups of macaques that range over and around
the Swoyambhu site. Mercury was present in very small
amounts. No association between lead and mercury level
and the isotopic compositions of carbon/nitrogen was
detected. Behavioral and/or physiologic factors may play
a role in determining the lead levels in macaque hair.
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