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ABSTRACT We report isotopic data (d2H, d18O n 5
196; d13C, d15N n 5 142; d34S n 5 85) from human hair
and drinking water (d2H, d18O n 5 67) collected across
China, India, Mongolia, and Pakistan. Hair isotope
ratios reflected the large environmental isotopic
gradients and dietary differences. Geographic informa-
tion was recorded in H and O and to a lesser extent, S
isotopes. H and O data were entered into a recently
developed model describing the relationship between the
H and O isotope composition of human hair and drinking
water in modern USA and pre-globalized populations.
This has anthropological and forensic applications
including reconstructing environment and diet in
modern and ancient human hair. However, it has not
been applied to a modern population outside of the USA,
where we expect different diet. Relationships between H
and O isotope ratios in drinking water and hair of

modern human populations in Asia were different to
both modern USA and pre-globalized populations.
However, the Asian dataset was closer to the modern
USA than to pre-globalized populations. Model parame-
ters suggested slightly higher consumption of locally
produced foods in our sampled population than modern
USA residents, but lower than pre-globalized popula-
tions. The degree of in vivo amino acid synthesis was
comparable to both the modern USA and pre-globalized
populations. C isotope ratios reflected the predominantly
C3-based regional agriculture and C4 consumption in
northern China. C, N, and S isotope ratios supported
marine food consumption in some coastal locales. N iso-
tope ratios suggested a relatively low consumption of
animal-derived products compared to western popula-
tions. Am J Phys Anthropol 141:440–451, 2010. VVC 2009

Wiley-Liss, Inc.

Hair samples were collected from locations in China,
India, Mongolia, and Pakistan (see Fig. 1) and analyzed
for stable isotope ratios (d2H, d18O, d13C, d15N, and d34S).
The purpose of the study was twofold. First, we expected
that the wide variations in diet and environment across
the region would be recorded in the stable isotope ratios
of human hair keratin. Most reported stable isotope data
from modern human keratins have been measured from
samples collected in Western Europe (e.g. Bol and
Pfleiger, 2002; Petzke et al., 2005a; Bol et al., 2007) and
the Americas (e.g. Schoeller et al., 1986; Nardoto et al.,
2006; Ehleringer et al., 2008), with a few exceptions
from Asia and Australasia (Nakamura et al., 1982; Min-
agawa, 1992; Yoshinaga et al., 1996). Our Asian survey
provided an opportunity to expand the modern human
global datasets available and to explore isotopic varia-
tion in hair from individuals spanning very large
climatic and dietary gradients. Across the region, the
high altitude, dry steppe lands of Mongolia contrast with
the tropical climates across much of India. China has
many ecological zones including tropical, temperate, and
desert, whereas Pakistan is more arid and consists of
shrub land and desert. As urbanization increases across
the region the consumption of a more western-style diet
is becoming common, although a wide variety of dietary
habits still exist (Pingali, 2004). Mongolian climate and
geography do not allow for extensive agriculture and
therefore much of Mongolia is dominated by a pastoralist

economy. Recent reports indicate that the typical Mongo-
lian diet remains rooted in the traditional nomadic
dependence on animal products. Per capita, Mongolians
consume the largest quantities of meat and milk of any
of the Asian countries studied here (Sheehy, 1996;
Speedy, 2003; FAO, 2006c). In contrast, large sections of
both the Indian and Chinese populations are engaged in
agriculture and these countries produce and consume
large quantities of rice and wheat (FAO, 2006a,b). Tradi-
tionally, a large part of India’s population is vegetarian
due to both religious and economic constraints. Although
dairy products are widely consumed, Indians consume
the least meat of the four countries on a per capita basis
(USDA, 2002; Speedy, 2003). The Chinese diet typically
does not include significant amounts of dairy products
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and relatively little meat is eaten, although these trends
are changing (Leppman, 2005). On a per capita basis,
the Chinese consume about half as much meat as the
Mongolian population (Speedy, 2003) and only slightly
less meat than the Pakistani population (FAO, 2006d).
In terms of rice and wheat consumption, the typical indi-
vidual diet in China is similar to India (Speedy, 2003;
FAO, 2006b).

Second, this was an opportunity to compare our
hydrogen (H) and oxygen (O) isotope ratio data with other
published data. The relationships between H and O iso-
topes in hair and drinking water are not expected to be
the same in all human populations due to differences in
subsistence and diet. Establishing these differences is im-
portant in terms of applying such models to archaeological
or forensic samples to reconstruct environment. Two com-
parable datasets have been used to develop a semime-
chanistic model predicting H and O isotope ratios in hair
keratin, modern American human hair samples (Ehler-
inger et al., 2008) and pre-globalized populations (Bowen
et al., 2009). However, this model has not been applied to
modern non-USA samples. Differences in the diet of our
sampled Asian populations, described above, compared to
USA residents are expected that are likely to influence
the isotopic relationships that are observed.

The model incorporates the isotopic contributions of
both food and drinking water to human hair keratin.
Briefly, it considers that H and O within ingested pro-
teins undergo exchange with H and O in body water
pools which contain a mixture of H and O from drinking
water, from food water, from metabolized food, and an O
contribution from diatomic oxygen as food is broken into
individual amino acids. For O, this occurs as a near-com-
plete exchange of carboxyl-bound O during peptide hy-
drolysis. For H, only a subset of H atoms in functional
groups is freely exchanged between the point of amino
acid hydrolysis and the ultimate protein condensation.
As most nonessential amino acids not supplied by the
diet are synthesized from the carbon skeletons of meta-
bolic intermediaries, it is assumed that all H and O
atoms within amino acids synthesized in vivo are
derived from body water. Because H atoms from drink-
ing water have a direct influence on the H atoms within
amino acids only through exchange with body water, the
more nonessential amino acids that are biosynthesized,
the more the H isotope signal is predicted to reflect
drinking water. In contrast, the near-complete exchange

of amino acid O with body water for both essential and
nonessential amino acids implies that the relationship
between O isotope ratios in keratin and of drinking
water should be relatively insensitive to the extent of
in vivo synthesis.

We hypothesized that our samples would have charac-
teristics that lay in between the modern USA residents
and the pre-globalized populations and that this would
be reflected in two model parameters required to repro-
duce the observed data. First, the degree to which isoto-
pically ‘‘local’’ versus ‘‘imported’’ foods were consumed.
Here, ‘‘locally’’ produced food is defined as being food
produced within the same isotopic region as the con-
sumer. This is in contrast to the concept of food that is
imported into the consumer’s region and consumed as a
significant part of diet as in the case of the ‘‘super-
market’’ diet proposed in societies such as the modern
USA. The relationships between both H and O isotopes
in drinking water and hair are predicted to become
steeper as more locally produced food is consumed,
within boundaries prescribed by physiological processes.
The analysis of hair samples collected in the mid-20th
Century from indigenous populations around the world
by Bowen et al. (2009) supported this prediction. The
local dietary component was added to the Ehleringer et
al. (2008) model that estimated the contribution of local
diet, which strongly influenced the slope produced of
modeled data. Although food habits across Asia are rap-
idly moving towards a more western ‘‘supermarket’’ diet
(Pingali, 2004), we thought it likely that the study popu-
lation consumed more local foods compared to modern
USA residents, but less than the pre-globalized popula-
tions who had little access to world food markets. Sec-
ond, differences in diet meant that the level of in vivo
amino acid synthesis was likely to be higher than in the
modern USA residents. On average, although this is
rapidly changing, considerably less animal protein is
consumed in Asia compared to the modern USA (Speedy,
2003).

Stable isotope systematics

The mechanisms for isotopic variation in water isotopes
are well understood and are driven by factors such as lati-
tude, longitude, and elevation during phase changes of
water in the hydrological cycle (Gat, 1996). The H and O
isotope ratios of meteoric water covary strongly along geo-
graphic gradients and tend to be lower at high latitudes
and altitudes and higher towards lower latitudes and
coastal regions (Bowen and Revenaugh, 2003). H and O
stable isotope ratios of local water propagate throughout
an ecosystem. They are incorporated into plant tissues,
the tissues of herbivores that consume plants and drink
local water, and predators, carrying the initial water-
derived signal throughout all levels of a food chain. H and
O isotope ratio analysis has been applied to questions of
origin or migration in nonhuman keratin tissues such as
bird feathers (Hobson et al., 1999a, 2004) and butterfly
wing keratin (Hobson et al., 1999b). However, data from
human hair (Sharp et al., 2003; O’Brien and Wooller,
2007; Ehleringer et al., 2008) and nail keratin (Fraser
et al., 2006; Fraser and Meier-Augenstein, 2007) have
recently been published.

While one focus of this study is on hydrogen and oxygen
isotopes in hair as they relate to geography, it is impor-

Fig. 1. Sites where human hair and tap water samples ana-
lyzed in this study were collected.
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tant to note that carbon, nitrogen, and sulfur stable
isotope ratios are useful in reconstructing the dietary
choices of consumers. Stable carbon (d13C) and nitrogen
(d15N) isotope ratios from human hair and fingernail ker-
atins have been extensively reported to give insight into
both modern and ancient human diets (Nakamura et al.,
1982; White, 1993; Macko et al., 1999; O’Connell and
Hedges, 1999; White et al., 1999; O’Connell et al., 2001;
Bol and Pfleiger, 2002; Petzke et al., 2005a,b; Roy et al.,
2005; Nardoto et al., 2006; Bol et al., 2007; Buchardt
et al., 2007). In the context of human diet carbon isotope
ratios broadly indicate the source of C being consumed,
reflecting 13C-depleted values in C3 plants (e.g. wheat,
temperate grasses) or 13C-enriched values in C4 plants
(e.g. maize, sorghum). Nitrogen isotope ratios in hair may
broadly reflect a consumer’s trophic level, as a consumer’s
tissues are generally 15N-enriched compared to dietary
protein (Post, 2002). Thus, N isotope ratios in human tis-
sues such as hair can potentially discriminate between
omnivores and vegans (O’Connell and Hedges, 1999; Bol
and Pfleiger, 2002; Petzke et al., 2005a,b; Nardoto et al.,
2006) and those consuming large quantities of marine
foods (Buchardt et al., 2007). Other studies have found
further subtle discrimination distinguishing ovo-lacto-
vegetarians from omnivores (Bol and Pfleiger, 2002;
Petzke et al., 2005a,b), although one found no difference
(O’Connell and Hedges, 1999). However, the degree to
which this tropic enrichment occurs varies widely even
within identically maintained experimental animals
(Sponheimer et al., 2003). The variation is thought to be
related to dietary protein adequacy, although there is con-
flicting experimental evidence that suggests that
increased protein quality is related to either increased
(Sponheimer et al., 2003) or decreased (Robbins et al.,
2005) fractionation. N isotope values in human hair are
also affected by relatively short-term changes in health
status and metabolism. This was demonstrated in recent
studies showing 15N enrichment in the hair of anorexics
suffering from extreme protein malnutrition (Hatch et al.,
2006; Mekota et al., 2006) and pregnant women who were
considered to be under nutritional stress (Fuller et al.,
2005). Broad relationships between aridity and N isotope
ratios in plant (Heaton, 1987) and animal tissues (Gröcke
et al., 1997) have long been observed. Environmentally-
driven changes in N isotope values that are expressed
may be natural, such seasonal aridity (Cerling et al.,
2006) or due to anthropogenic changes such as the use of
manufactured fertilizers (Vitoria et al., 2004). N isotope
ratios in human hair therefore represent a complex inte-
gration of trophic level, physiological and environmental
baseline influences.

Sulfur isotope ratios d34S from various human tissues
including hair and nail keratin have been reported in
both extant (Krouse and Levinson, 1984; Krouse et al.,
1987; Katzenberg and Krouse, 1989; Vitoria et al., 2004;
Bol et al., 2007; Buchardt et al., 2007) and archaeologi-
cal populations (Richards et al., 2001; Wilson et al.,
2007). Variations in d34S reflect regional differences in
sulfur in the human food chain contributed from the
pedosphere and biosphere and anthropogenic sources
such as ammonium sulfate fertilizer (Thode, 1991; Miz-
ota and Saaki, 1996; Vitoria et al., 2004). Apart from the
large fractionations associated with bacterial dissimila-
tory sulfate reduction, there is little biological fractiona-
tion of S and so d34S is generally conserved along food
chains (Krouse, 1980; Krouse et al., 1991; Thode, 1991;
McCutchan, et al., 2003). Coastal regions have elevated

d34S signals driven by the high d34S value of marine
sulfate 121%, deposited by the ‘‘sea-spray effect,’’ which
may also be observed at inland locations where ancient
seas existed (Krouse et al., 1991). Similarly, the con-
sumption of marine foods produces elevated d34S values.
Inland regions typically have lower values and may even
be negative depending upon location, so terrestrial diets
tend to have lower d34S values.

METHODS

We collected hair samples in paper envelopes from
anonymous volunteers and barbershops in China, India,
Mongolia, and Pakistan. No donor information was col-
lected as this was not permitted under the IRB approval
that was issued. Samples were washed twice for
�10 min in a 2:1 chloroform/methanol solvent mixture to
remove surface contamination and allowed to air dry.
Samples were then ground to a fine powder using a ball
mill and stored in vials until they were weighed for
analysis to 610% of the stated target weight. Measure-
ment of nonexchangeable d2H and total d18O values
required 150 lg of sample, weighed in duplicate into sil-
ver capsules treated to remove oxides. Samples for H
and O isotope ratio analysis were equilibrated following
established methods (Bowen et al., 2005) and stored
under vacuum for at least 5 days prior to analysis to
remove adsorbed water. Laboratory reference materials
for which d2H of the nonexchangeable hydrogen fraction
and total d18O were known were also loaded. For d13C
and d15N analysis, 500 lg of sample was required and
d34S analysis required 900 lg of sample, weighed into
pressed tin capsules. Laboratory reference materials of
known isotopic values, defined by measurement against
international standards, were included at predefined
intervals. Tap water samples were collected in glass
vials, capped, then sealed with parafilm, and refriger-
ated to prevent evaporation prior to analysis. A 400-ll
sub-sample of each water sample was loaded into sealed
GC vials for analysis of two replicate injections.
Reference waters of known isotopic values, calibrated
against international standards, were included at
defined intervals.

The H and O isotope ratios of hair and water samples
were measured using an isotope ratio mass spectrometer
(IRMS; ThermoFinnigan, Delta Plus XL, Bremen, Ger-
many) operated in continuous-flow (CF) mode. Samples
were pyrolyzed in a temperature conversion elemental
analyzer (TC/EA; ThermoFinnigan, Bremen, Germany).
Solid samples were introduced to the pyrolysis column
via a zero-blank autosampler (Costech Analytical, Valen-
cia, CA). Replicate water samples were injected into the
TC/EA by a PAL autosampler (LEAP Technologies, Carr-
boro, NC). Carbon/nitrogen and sulfur were measured
using separate CF-IRMS instruments (Finnigan MAT
delta S, Bremen, Germany). Samples were loaded onto a
zeroblank autosampler and flash combusted in an
elemental analyzer (EA; Carlo Erba 1108, Milan, Italy).

Stable isotope values are reported using standard
delta d notation in units of per mil %, calculated as fol-
lows: d X 5 [Rstandard/Rsample 2 1] 3 1,000, where R is
the molar ratio of the heavy to light isotope e.g. 2H/1H.
Data are reported against international standards d2H
and d18O, VSMOW; d13C, VPDB; d15N, AIR; d34S, VCDT.
Analytical precisions based on long-term measurements
of laboratory reference materials were as follows for
solid organic materials: d13C 6 0.1 %, d15N 6 0.2%, d34S
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6 0.3%, d2H 6 4%, and d18O 6 0.4%. For water analy-
ses, analytical precision was 61.55% for d2H and
60.17% for d18O.

The analyses comparing the relationship between hair
and water isotope ratios only used locations where data
from a minimum of two hair and water samples were
available. The Data Analysis Toolpak in Microsoft Excel
for Windows and JMP 7.0 software (SAS Institute, Cary,
NC), were used for statistical analyses.

RESULTS

Hair samples were collected from 46 separate locations
within China, India, Mongolia, and Pakistan (see Fig. 1).
Water samples were collected from 38 locations. Hair iso-
tope ratio data are summarized by country (Table 1) and
all data are given by location (Table 2).

Hydrogen and oxygen isotope ratios

The H and O isotope data measured from drinking
water and hair samples are shown in Figure 2. Drinking
water samples spanned a range of 2114% to 14% and
215.1% to 117% for d2H and d18O, respectively. The
water isotope ratios followed a similar geographic pattern
to those from hair. The highest isotope ratios came from
India and those with the lowest ratios from Mongolia
which bracketed samples from China and Pakistan. The
calculated local meteoric water line was d2H 5 6.9 3 d18O
2 5.5% [Eq. (1), r2 5 0.92, P < 0.01]. Their position to the
right of the local meteoric water line indicated that some
of the drinking water samples from India and Mongolia
were 18O-enriched and appeared to have been affected by
evaporation at their source (see Fig. 2). Some variation in
water values within locations was observed and standard
deviations within a sampling location ranged from 0 to
6% for H and 0 to 1.4% for O isotope ratio values. In all
cases, the data measured reflected the water supply avail-
able to an inhabitant. As hair was treated as being isoto-
pically homogenous, all the available water data were
used to calculate a mean value per location.

The most 2H- and 18O-enriched hair samples origi-
nated from Indian individuals, while the most depleted
values were measured in hair of individuals from Ulaan-
baatar in Mongolia, bracketing samples from China and
Pakistan. The H isotope ratios from hair ranged from

2141 to 263% and the O data ranged from 14.7 to
120.0%. The standard deviations for hair d2H and d18O
values varied per collection site 1.7–17.5% and 0.2–
2.5%, respectively. The d2H and d18O data were strongly
correlated and a linear regression through the data gave
a relationship of d2H 5 5.64 3 d18O 2 172% [Eq. (2), r2

5 0.80, P < 0.01]. The variations observed in H and O
isotope ratios from hair suggested a strong geographical
pattern (see Fig. 2). To further investigate this, a sub-
sample of data from 23 cities/towns where a minimum of
two of both tap water and hair samples were collected
was analyzed (Figs. 3 and 4). Data from Ulaanbaatar in
Mongolia were excluded from the H isotope ratio regres-
sion as a Mahalanobis distance test indicated the data
point was an outlier. Although there was some scatter
among the data, strong, significant correlations existed
between the H and O isotope ratio values of tap water
(d2Hw and d18Ow) and H and O isotope ratio values of
hair (d2Hh and d18Oh). Least squared regression
analyses produced the following relationships: d2Hh 5 0.42
3 d2Hw 2 75% (Eq. (3), r2 5 0.75, P < 0.01) and d18Oh 5
0.39 3 d18Ow 1 16.3% (Eq. (4), r2 5 0.79, P < 0.01).

To compare the results of this study with the isotope
ratio data previously measured from modern USA inhab-
itants (Ehleringer et al., 2008) and globally collected in-
digenous populations (Bowen et al., 2009), the data were
entered into the modified Ehleringer et al. model (Bowen
et al., 2009). This model has adjustable parameters,
including the amount of locally produced food that is
consumed l and the average rate of amino acid synthesis
represented by fs, the fraction of nonexchangeable H
atoms fixed in vivo. These values give information about
general dietary patterns, giving insight into population-
level characteristics. The parameters were adjusted for
our dataset until the best fit between the predicted and
measured results was produced (Table 3).

Carbon and nitrogen isotope ratios

A subset of 142 hair samples was analyzed for d13C
and d15N values (Fig. 5, Table 1). Overall, the data
showed no significant relationship between these two pa-
rameters (r2 5 0.00, P > 0.01). However, when the data
were examined on a country-by-country basis, a positive
relationship between C and N isotope ratios was
observed for hair samples from India (r2 5 0.29, P <

TABLE 1. Summary of hair isotope ratio data collected in this study by country

Country d2H (%) d18O (%) d13C (%) d15N (%) d34S (%)

China Mean 298 6 10 (n 5 112) 13.1 61.0 (n 5 112) 220.3 6 1.5 (n 5 74) 8.1 6 1.1 (n 5 74) 6.7 6 2.1 (n 5 28)a

Min 2122 10.4 223.8 5.2 3.3
Max 271 15.3 217.4 10.6 11.8
Range 51 4.9 6.4 5.4 8.5

India Mean 280 6 11 (n 5 48) 15.9 6 2.0 (n 5 48) 219.8 6 1.2 (n 5 38) 8.1 6 1.7 (n 5 38) 10.1 6 1.7 (n 5 26)b

Min 2109 10.9 222.6 5.8 5.3
Max 263 20.0 217.2 12.2 13.8
Range 47 9.1 5.3 6.2 8.5

Mongolia Mean 2117 6 12 (n 5 18) 9.8 6 2.1 (n 5 18) 220 6 1.0 (n 5 20) 9.6 6 1.4 (n 5 20) 6.0 6 1.0 (n 5 19)b

Min 2140 4.7 221.7 7.3 3.7
Max 289 13.5 217.4 13.3 7.2
Range 52 8.9 4.3 6.0 3.5

Pakistan Mean 293 6 14 (n 5 12) 13.6 6 1.3 (n 5 12) 220.6 6 0.7 (n 5 11) 8.2 6 0.7 (n 5 11) 4.0 6 0.6 (n 5 12)c

Min 2121 11.4 221.7 6.7 3.2
Max 278 15.1 219.6 9.2 5.3
Range 43 3.7 2.1 2.5 2.1

With results of Tukey-Kramer Honestly Significant Difference test for d34S.
a–c Mean values in columns with a different letter are significantly different (P 5 < 0.0001).
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0.01), although there were no statistically significant
patterns in China (r2 5 0.00, P > 0.1), Mongolia (r2 5
0.06, P > 0.1), or Pakistan (r2 5 0.01, P > 0.1). The
mean d13C values for all four countries were relatively
low and there was no significant difference in the carbon
isotope values between countries, reflecting the predomi-
nantly wheat and rice C3-based agriculture of the region.
Except for Pakistan, where C isotope ratios for all indi-
viduals were lower, a small number of individuals with
more enriched 13C-enriched isotope values indicative of
some C4 dietary input were observed in all the popula-
tions. In the samples collected from China, there was a
positive correlation between carbon isotopic composition
and latitude (r2 5 0.52, P < 0.01). No significant rela-
tionships between d13C values and latitude or longitude
were observed elsewhere. The N isotope values in hair
spanned a large total range of 8.0%. India, Pakistan,

and China had almost identical means values, whilst the
mean value observed in Mongolia was more than 1%
higher than those seen in the other locations, with
two very 15N-enriched samples measured, both from ru-
ral regions. No correlation between N and H isotope
ratios or N and ‘‘residual’’ d2Hres (here d2Hres 5 d2H 2
d18O 3 5.64 2 172, from Eq. (2)), was observed (see
Fig. 6).

Sulfur isotope ratios

A subset of 85 hair samples was analyzed for d34S val-
ues. Individuals from India had the highest d34S values
and those from Pakistan the lowest (Table 1). A one-way
ANOVA and post hoc Tukey-Kramer Honestly Significant
Difference Test (THSD) found that whilst S isotope
ratios of individuals from China and Mongolia were not

TABLE 2. Isotope ratio data from collection locations across the Asian transect

Hair Water

Country City

d2H d18O d13C d15N d34S d2H d18O

Mean
(%) SD n

Mean
(%) SD n

Mean
(%) SD n

Mean
(%) SD n

Mean
(%) SD n

Mean
(%) SD n

Mean
(%) SD n

China Beijing 2105 4.8 13 12.7 0.9 13 219.8 1.0 12 7.4 0.7 12 8.6 0.4 5 259 5 7 27.4 0.9 7
China Chang de 296 5.0 5 13.8 0.3 5 223.3 0.4 5 8.9 0.6 5 4.5 – 2 239 – 2 25.7 – 2
China Chang sha 292 4.1 5 13.9 0.8 5 220.7 0.4 4 8.5 0.3 4 – – – 230 – 2 24.8 – 2
China Changchun 2110 7.6 5 11.9 0.9 5 219.5 1.3 4 8.4 0.3 4 7.8 – 1 260 – 2 27.0 – 2
China Chifeng 2108 5.0 5 11.9 0.5 5 218.4 0.3 5 7.5 0.2 5 7.4 – 2 281 – 2 210.5 – 2
China Chong qing 298 4.9 5 14.0 0.9 5 221.3 0.7 5 8.5 0.7 5 6.3 / 2 243 – 2 26.1 – 2
China Duguitala 299 5.3 3 12.9 0.5 3 219.3 – 1 8.6 / 1 7.9 / 1 275 – 1 29.3 – 1
China Erenhot 2105 – 1 10.5 – 1 – – – – – – – – – 289 – 1 210.8 – 1
China Heng yang 295 4.9 5 13.6 0.6 5 221.5 0.5 5 9.0 0.6 5 6.6 0.3 3 237 – 2 25.5 – 2
China Jinan 294 – 1 12.7 – 1 – – – – – – – – – – – – – – –
China Lanzhou 292 4.8 5 13.1 0.7 5 221.5 0.5 5 7.3 0.5 5 5.3 0.4 5 250 – 2 27.8 – 2
China Linyi 2107 – 1 13.9 – 1 – – – – – – – – – – – – – – –
China Luoyang 2103 8.6 5 12.6 0.4 5 220.8 0.5 5 5.6 0.4 5 11.2 0.7 3 270 – 2 29.6 – 2
China Nan Xiong 2101 – 2 14.0 – 2 – – – – – – – – – – – – – – –
China Qian Shan 2101 1.7 3 13.4 0.4 3 – – – – – – – – – 245 – 1 26.4 – 1
China Ri zhao 2100 11.4 4 13.4 0.4 4 220.2 0.7 4 7.6 0.8 4 7.2 1.3 4 249 – 2 26.7 – 2
China Shanghai 282 – 1 13.8 – 1 – – – – – – – – – 231 – 1 4.0 – 1
China Wanchai 289 7.0 28 13.6 0.6 28 218.8 0.7 11 8.8 0.3 11 7.1 0.6 3 244 – 2 26.7 – 2
China Xinjie 2102 – 2 14.3 – 2 218.5 – 1 7.9 – 1 – – – 276 – 2 210.0 – 2
China Yinchuan 2108 8.1 10 12.3 0.9 10 219.9 0.6 3 8.8 1.5 3 6.9 0.3 3 269 – 1 28.6 – 1
China Zhenyuan 2104 4.4 5 12.7 0.7 5 222.2 0.5 3 9.4 1.0 3 3.9 0.6 3 237 – 2 25.7 – 1
India Bangalore 272 2.8 4 16.0 0.9 4 220.6 / 1 7.4 – 1 10.7 – 1 29 – 2 21.7 – 2
India Bhuj 275 – 1 15.5 – 1 – – – – – – – – – 235 – 1 24.3 – 1
India Chennai 280 2.4 4 16.8 0.6 4 219.5 0.6 4 11.1 1.1 4 12.0 0.7 4 – – – – – –
India Coimbatore 285 11.7 6 15.0 1.8 6 219.8 0.9 5 7.9 0.8 5 9.5 1.0 3 222 – 1 24.0 – 1
India Hyderabad 274 8.2 4 17.0 1.6 4 219.8 1.4 4 7.4 0.9 4 9.9 0.7 4 17 – 2 4.2 – 2
India Indore 289 12.4 5 13.8 2.5 5 220.9 0.9 4 6.8 0.8 4 10.4 – 2 223 – 2 22.7 – 2
India Jaipur 273 2.4 3 16.8 2.3 3 219.5 0.7 3 8.0 1.6 3 9.7 1.2 3 234 – 2 23.7 – 2
India Mumbai 275 17.5 3 15.9 1.8 3 219.4 1.3 3 7.6 0.7 3 8.9 – 1 22 5 3 20.4 0.2 3
India Nagpur 285 13.4 5 15.5 2.5 5 221.0 1.2 4 6.5 0.3 4 10.0 – 1 227 6 3 22.9 0.6 3
India New Delhi 298 13.4 3 13.1 2.1 3 218.9 – 2 8.2 – 2 8.7 – 2 250 4 3 27.1 0.9 3
India Rajahmundry 278 – 1 15.5 – 1 – – – – – – – – – – – – – – –
India Udaipur 275 7.8 5 18.2 1.2 5 220.4 1.0 4 6.8 0.7 4 6.8 – 2 4 5 5 3.5 1.4 5
India Vellore 274 9.5 4 16.5 0.4 4 218.3 1.0 4 10.4 0.5 4 11.3 1.8 4 – – – – – –
Mongolia Dund Shandny 2117 – 1 11.4 – 1 219.7 – 1 12.6 – 1 7.0 – 1 288 / 1 211.4 – 1
Mongolia Erdenet 2112 – 1 9.5 – 1 220.3 – 1 8.7 – 1 5.1 – 1 – – – – – –
Mongolia Kharkhorin 2118 – 1 10.3 – 1 220.2 – 1 10.4 – 1 5.4 – 1 295 – 1 212.2 – 1
Mongolia Mandal Ovoo 2114 – 1 11.8 – 1 219.5 – 1 13.3 – 1 6.2 – 1 291 – 1 211.2 – 1
Mongolia Toilogt 2135 – 2 6.9 – 2 220.5 – 2 8.0 – 2 6.7 – 2 276 – 1 27.5 – 1
Mongolia Tsegeen Nuur 2129 – 1 5.2 – 1 220.7 – 1 8.4 – 1 6.5 – 1 233 – 1 20.2 – 1
Mongolia Tsenkher Sum 2127 – 1 10.6 – 1 221.7 – 1 8.5 – 1 6.6 – 1 2101 – 1 213.1 – 1
Mongolia Ulaanbaatar 2112 10.2 11 10.3 1.4 11 219.8 1.0 11 9.5 0.4 11 5.8 1.1 10 2114 2 3 215.1 0.1 3
Mongolia Uus 288 – 1 11.7 – 1 218.4 – 1 8.8 – 1 7.2 / 1 – – – – – –
Pakistan Islamabad 282 4.3 3 14.8 0.2 3 220.2 0.6 3 7.9 0.8 3 3.7 0.7 3 218 5 9 23.2 1.4 9
Pakistan Mazar 2108 9.5 5 12.0 0.6 4 221.4 0.2 4 8.2 0.3 4 4.2 0.1 4 263 – 2 29.6 – 2
Pakistan Peshawar 284 4.4 5 14.2 0.6 5 220.1 0.3 4 8.2 1.1 4 4.0 0.8 5 250 – 1 28.1 – 1

SD 5 standard deviation; n 5 number of samples.
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significantly different from each other, sulfur isotope
ratios of individuals from both Pakistan and India were
significantly different from both the other populations
and each other. The highest d34S values in India were
measured in samples from coastal Chennai and nearby
Vellore. Even if the data from these two locations were
excluded from the analyses, the mean d34S value for
India was 9.3%, higher than the mean values of between
4.0 and 6.7% measured from other countries. A one-way
ANOVA showed that the Indian populations were signifi-
cantly different from other sampled populations. Equally
elevated d34S values were observed in inland regions of
China, which was also where the lowest d15N values
were measured.

The d34S data appeared to have value as a geographi-
cal marker and were treated together with the H and O
isotope values also measured for this subset. A principal
component analysis was used to determine the extent to
which d34S values enhanced the geographic signal meas-
ured from the H and O isotope data (Fig. 7, Table 4). A
plot of the first two principal components indicated that
the four national populations sampled could be further
separated based on the combination of these isotopic
parameters. The first principal component was corre-
lated with the H and O isotope data, whereas the second
principal component was correlated to the S isotope ratio
data.

DISCUSSION

Patterns in hydrogen and oxygen isotope ratios

Water samples. In general, the most 2H- and 18O-
depleted water samples originated from Mongolia where
high altitude and inland locations accounted for the
isotopic depletion observed and the most 2H- and 18O-
enriched samples were from inland regions of India.
Regression analysis of the water samples produced a
slope of 6.9, slightly lower than the global meteoric
water line slope of 8 (Craig, 1961; GMWL). This was due
to the inclusion of samples from India and Mongolia in
the dataset that contained an excess of 18O due to evapo-

ration (circled in Fig. 2) and hence fell off to the right
of the local meteoric water line. The Mongolian water
samples from Toilogt and Tsegeen Nuur were collected
from lakes that were clearly subject to evaporation. The
evaporatively enriched samples from India were col-
lected from Hyderabad and Udaipur where local water
sources originate from reservoir systems and lakes,
respectively, both sources subject to evaporation.

Hair samples. The Ehleringer et al. (2008) study of
modern Americans found a strong relationship between
the isotope ratios of hair and local drinking waters,
despite no knowledge of the individuals involved. This
phenomenon was also observed in indigenous historical
populations by Bowen et al. (2009). Here, for the Asian
survey with its significant gradient in water isotope val-
ues, we also expected a significant relationship between
these parameters. In fact, the hair samples correlated

Fig. 2. Mean d2H v. d18O values measured from water (left,
d2H 5 6.90 3 d18O 2 5.5, r2 5 0.97, P < 0.01) and hair (right,
d2H 5 5.64 3 d18O 2 177, r2 5 0.80, P < 0.01) samples collected
from China, India, Mongolia, and Pakistan. (Circled water data
points indicate isotopically enriched samples, discussed in text).

Fig. 3. Mean d2H values measured from paired hair (d2Hh)
and tap water samples (d2Hw) (d2Hh 5 0.42 3 d2Hw 2 75 %, r2

5 0.75, P < 0.01). Data points are mean per site and the d2H
value for hair is for nonexchangeable H atoms.

Fig. 4. Mean d18O values measured from paired hair (d18Oh)
and tap water (d18Ow) samples (d18Oh 5 0.40 3 d18Ow 1 16.4%,
r2 5 0.79, P < 0.01). Data points are mean per site.
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well with the geographic pattern observed in the water
samples in the Asian survey (see Fig. 2). The highest H
and O isotope ratios were measured from Indian hair
samples from Udaipur and Bangalore, where highly iso-
topically enriched water samples were collected. The
lowest H and O isotope ratios were generally measured
from Mongolian hair samples. The most depleted values
were from Toilogt, where evaporatively enriched water
samples were noted. This confirmed that in locations
with only single samples available, the observed
relationships may not be typical.

The relationships between H and O isotope ratios
measured from hair were compared to those previously
reported from human hair (USA; d2H 5 5.73 3 d18O 2
166%; (Ehleringer et al., 2008) and pre-globalized popu-
lations; d2H 5 8.86 3 d18O 2 203%; (Bowen et al., 2009)
(Table 3)). We had no a priori reason to expect that the
relationships observed in the study population should be
similar to the patterns observed elsewhere. Yet, the
relationships between H and O isotope ratios in local
drinking waters and hair in the Asian dataset were
closer to those observed in the USA (Ehleringer et al.,
2008) than the historic populations analyzed by Bowen
et al. (2009). The dietary and physiological factors that
drive these relationships were therefore also likely to be
closer in our sampled Asian population and the modern
USA residents than in our dataset and the pre-global-
ized populations.

The relationships between the H and O isotope ratios
of hair and water collected from the same locations were
analyzed (Figs. 3 and 4, Table 3). These further
supported the similarity between our study population
and the modern USA residents (Ehleringer et al., 2008)
versus the difference to the historic ‘‘global transect’’
analyzed by Bowen et al. (2009). The slope of the d2Hh

versus d2Hw relationship in the study population was
slightly higher than the USA population, but much

shallower than the steep slope observed in the historic
indigenous population. The intercept of the same
relationship was almost identical for the Asian survey
and the USA population and lower than the value for
the population analyzed by Bowen et al. (2009). The
differences in slopes in these relationships reflect the dif-
ferences in the amount of H in hair that is directly
related to local drinking water. This value was 42% for
the Asian survey. By contrast, 27% of H atoms in hair
were directly related to drinking water in the modern
USA survey (Ehleringer et al., 2008), in close agreement
with the previously published value of 31% calculated
using data from a single individual (Sharp et al., 2003).
A value of 78% was observed in Bowen et al.’s historical
indigenous populations (2009). The slopes and intercepts
of the regression relationships between d18Oh and d18Ow

also showed our population to be more similar to the
modern USA population than the historic global indige-
nous populations (Fig. 4, Table 3). The values of the
intercepts and slopes of the Asian survey and USA tran-
sect relationships were close, the latter reflecting the re-
spective 39% and 35% of O in hair that could be directly
related to drinking water and were significantly lower
than the 70% observed by Bowen et al. (2009).

To help interpret these observations, the modified
version of the Ehleringer et al. (2008) model developed

TABLE 3. Regression coefficients (a) and y-intercept values (b) of the relationships between H and O isotope ratios in human hair
and drinking water and best-fit derived model parameters from Ehleringer et al. (2008) and Bowen et al. (2009) models

Hair Hair vs. drinking water Best fit

d2H vs. d18O
d2Hh vs.

d2Hw

d18Oh vs.
d18Ow

model
parameters

Study Population a b (%) a b (%) a b (%) fs l

Ehleringer et al. 2008 Modern USA inhabitants 5.73 2166 0.27 279 0.35 115.2 0.30 0.00a

Bowen et al. 2009 Globally collected historic indigenous
populations

8.86 2203 0.78 249 0.70 119.2 0.37 0.67

This study Modern Asian populations 5.64 2172 0.42 275 0.40 116.4 0.35 0.15

fs 5 fraction of H atoms fixed during in vivo amino acid synthesis, l 5 fraction of dietary H and O derived from locally
produced diet.
a l 5 0 is a product of the assumed isotopically-homogenous ‘‘supermarket’’ diet of modern USA inhabitants.

TABLE 4. Correlation coefficients, explained variances of first
two principal components, correlations, and eigenvectors values

of each contributing dataset

Variable First component Second component

Explained variance
Eigenvalues 2.16 0.71
Variance % 72.1 23.8
Cumulative variance 72.1 95.9

Eigenvectors
d2H 0.630 20.335
d18O 0.636 20.293
d34S 0.445 0.895

Fig. 5. d13C and d15N values measured from a sub-set of
human hair samples.
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by Bowen et al. (2009) was applied to the Asian dataset
and the values required to closely reproduce the
observed results in modeled data were summarized (Ta-
ble 3). This model has a number of assumptions includ-
ing: 1) H and O in hair keratin are fixed before keratin
synthesis, 2) hair samples are from individuals in a
steady state that are resident in the location from which
a sample was collected, 3) isotope ratios of drinking
water samples are representative of a local water supply,
and 4) an average, fixed isotope ratio food based on foods
analyzed from the USA can be used to describe non-local
foods. Mean tap water isotope ratios were used as the
input for drinking water for locations where two or more
data points were available. The H and O isotope ratios
for diet in the model of 2115% and 126%, respectively
were the same as previously used by Ehleringer et al.
(2008). These represented approximate mean values for

a modern American ‘‘supermarket’’ diet, assumed to be
globally-derived and isotopically diverse and were also
used by Bowen et al. (2009) to represent all ‘‘non-local’’
food sources. Here the agreements between the inter-
cepts of modeled and measured H and O isotope data
were improved where H and O isotope ratios of food
were changed to 2130% and 128%, respectively, sug-
gesting that mean dietary values for this region were
slightly different to the ‘‘supermarket’’ values.

Observations of mean national dietary intakes across
the region suggest that substantially less animal derived
complete protein is consumed across China, India, and
Pakistan compared to the USA, with the exception of
Mongolia (Speedy, 2003). Based upon these dietary dif-
ferences, we hypothesized that rates of de novo amino
acid synthesis would be higher in the Asian survey pop-
ulation than in the USA population. The best agreement

Fig. 6. (a) Mean d2H and d15N values per location; (b) Mean d15N and d2Hres values per location.

TABLE 5. d13C and d15N values measured from human hair and fingernail keratins in modern humans

Location Descriptiona nb
Tissue

analyzed
Mean d15N vs. AIR

(%)c
Mean d13C vs. VPDB

(%) Study

United States O 9 Hair 9.6 6 0.5 216.6 6 0.6 Schoeller et al., 1986
United States O 455 Fingernail 9.7 6 0.7d 219.8 6 0.9 Nardoto et al., 2006
United States OLV 35 Fingernail 8.1 6 0.6d 218.8 6 0.8 Nardoto et al., 2006
England O 14 Hair 8.8 6 0.5 220.2 6 0.7 O’Connell and Hedges, 1999
England OLV 6 Hair 8.7 6 0.5 221.0 6 0.3 O’Connell and Hedges, 1999
England V 8 Hair 6.9 6 0.5 220.9 6 0.8 O’Connell and Hedges, 1999
England O 27 Hair 9.8 6 0.5 220.8 6 0.4 Bol and Pfleiger, 2002
England OLV 6 Hair 8.5 6 0.6 221.2 6 0.3 Bol and Pfleiger, 2002
England V 3 Hair 6.7 6 0.7 221.7 6 0.1 Bol and Pfleiger, 2002
Germany O 99 Hair 9.9 6 0.6 219.6 6 0.4 Petzke et al., 2005a
Germany OLV 15 Hair 7.7 6 0.5 220.2 6 0.3 Petzke et al., 2005a
Germany V 6 Hair 6.2 6 0.4 220.9 6 0.3 Petzke et al., 2005a
Brazil O 155 Fingernail 9.3 6 0.7d 215.4 6 1.0 Nardoto et al., 2006
Brazil OLV 118 Fingernail 9.3 6 0.7d 216.9 6 1.4 Nardoto et al., 2006
Denmark O 29 Fingernail 9.7 6 0.6d 221.0 6 0.5 Buchardt et al., 2007
Denmark OLV 8 Fingernail 9.0 6 0.3d 221.1 6 0.3 Buchardt et al., 2007
Greenland O 75 Fingernail 16.0 6 1.5d 218.2 6 0.6 Buchardt et al., 2007
China unknown 73 Hair 8.1 6 1.1 220.3 6 1.5 This study
India unknown 38 Hair 8.1 6 1.7 219.8 6 1.2 This study
Mongolia unknown 20 Hair 9.6 6 1.4 220.0 6 1.0 This study
Pakistan unknown 11 Hair 8.2 6 0.7 220.6 6 0.7 This study

Values are given 6 1r.
a O 5 omnivore, OLV 5 Ovo-lacto-vegetarian, V 5 vegan.
b n 5 number of individuals sampled.
c Fingernail d15N values were decreased by 0.7% following O’Connell et al. (2001) to make values comparable with hair data.
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between the observed and modeled H isotope ratio data
was achieved where the fraction of nonexchangeable H
atoms that was fixed in vivo fs was 0.35, slightly higher
than the USA population value (Ehleringer et al., 2008)
and closer to that observed in the historic indigenous
population (Bowen et al., 2009) (Table 3). Although these
differences were small, they were consistent with the ex-
pectation that the reported differences in dietary protein
intake between the Asian and USA populations would be
reflected in the H isotope data measured from hair.

In the countries where samples were collected, rela-
tively small percentages of food are imported compared
to the USA (FAO, 2006a,b,c,d,e). We hypothesized that
this would be reflected in the relationships between H
and O isotopes in water and hair. As expected, a differ-
ence was observed in the value describing the ‘‘local’’
fraction of the diet l (Table 3). The value of 15% locally-
derived diet in the Asian population reflects a larger con-
tribution of locally produced food in the average diet
compared to the USA but much less than that observed
in the historical indigenous populations analyzed by
Bowen et al. (2009). The majority of the Asian survey
hair samples were collected in urban environments
where there is increased access to globally derived foods
compared to rural dwellers, and a different pattern could
be expected (Pingali, 2004).

Patterns of carbon, nitrogen, and sulfur isotope
ratios in hair

The ranges of C and N isotope ratios suggested a di-
versity of diets across the sample population as a whole
(see Fig. 5), although there were no discernable differen-
ces between the countries in terms of mean C isotope
ratios as has been observed elsewhere (Nardoto et al.,
2006). The ranges of N isotope values were similar
across all of the populations except Pakistan (where the
sample size was smaller), and also did not distinguish
populations except for Mongolia, which had a slightly
higher mean value. Although we did not have local food
items that were isotopically representative of diet, we
were able to compare data with other analyzed popula-
tions (Table 5) and reports of average food intakes.
Nothing was known about the sample donors in terms of
age or sex. Previous studies on modern populations that
have collected this information have found either no
difference in C or N isotope ratios caused by these fac-

tors (Nardoto et al., 2006) or very small differences
(Petzke et al. 2005b). Therefore in the context of the pop-
ulation ranges we examined we did not consider this to
be crucial in interpreting our data. As mentioned in the
introduction, health status (e.g. severe protein malnutri-
tion) can have an impact on isotope ratios. This was
uncontrolled so the chances of including such a sample
were unknown but were considered to be small.

The mean C isotope ratios observed were similar to
those observed in Western Europe and suggested a
mainly C3-based diet. This was not surprising given the
largely rice and wheat-based nature of agriculture in
these regions. However, the range of values indicated
some degree of C4 input to human diet in all countries
except Pakistan, where diet is predominantly wheat-
based although some maize is consumed (FAO, 2006d).
Whereas there was no relationship between C and N iso-
tope ratios in the samples from China, Mongolia, or
Pakistan, a significant relationship existed in India. The
highest C isotope values observed in India were from
coastal Chennai and nearby Vellore and correlated with
elevated N and S isotope ratios, suggesting the consump-
tion of marine foods by these individuals. A smaller
number of Indian samples had high C isotope ratios that
did not correlate with high N isotope ratios. Maize and
sorghum make up a small part of per capita diet in India
and consumption of C4 grains may explain these isotope
ratios (FAO, 2006b). In China, C isotope ratios in hair
showed a significant positive correlation with latitude
and were likely related to the traditional consumption of
a C4 millet-based diet in northern China and the C3 rice-
based diet favored in southern China (Leppman, 2005).
However, a similar range of C isotope ratios was previ-
ously observed within southern China between different
ethnic Chinese groups resident in the same region who
favored rice- and maize-based diets (Tokui et al., 2000).

The mean N isotope ratios from the Chinese, Indian,
and Pakistani hair samples were all below the means
reported for omnivorous populations in North America
and Europe and were closer to the values reported for
ovo-lacto-vegetarians (Table 5). The complexity of envi-
ronmental and trophic level factors influencing N isotope
ratios that are integrated into the data measured from
human hair means that interpretation of data can be
problematic. However, the modeled H isotope data
discussed earlier supported a slightly higher rate of
in vivo amino acid synthesis than in the modern USA
population, supporting lower animal product consump-
tion. Furthermore, data from the Food and Agriculture
Organization of the United Nations (FAO) indicate that
average diet in all of these locations contains less ani-
mal-derived protein than in the USA and Western
Europe (Speedy, 2003). The lowest N isotope ratios
observed in China and India were below values pub-
lished for vegans in western populations and are the
lowest published values for human hair keratin that we
are aware of. These data may reflect vegan or largely
vegetarian individuals or individuals consuming plant
materials with unusually low d15N isotope values, such
as legumes. The high consumption of soy protein that is
documented in China is a further possible explanation
for such low N isotope ratios in the Chinese samples
(Simoons, 1991). Nitrogen-fixing leguminous plants, such
as soy, have relatively low N isotope values compared to
other non nitrogen-fixing plants, a signal that would be
passed onto a consumer (Shearer and Kohl, 1986). The
two most 15N-enriched samples observed were from rural

Fig. 7. Scores from the first two principal components of the
subset of d2H, d18O, and d34S data.
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Mongolia, possibly reflecting the high consumption of
animal products (Speedy, 2003; FAO, 2006c) coupled
with an arid climate. Arid environments are known to
contribute to elevated baseline d15N values due to inhibi-
tion of N-fixing bacteria and increased N recycling
within the soil.

No significant correlations between N and H isotope
ratios in either individuals (F-test, P > 0.1) or group
means (F-test, P > 0.1) were seen in the population
measured in this study (Fig. 6a). Correlations between
N and H isotope ratios have previously been observed
in animal and human bone collagen and interpreted as
a trophic level effect where the influence of climate
was minimized by sample selection (Birchall et al.,
2005; Reynard and Hedges, 2008). In this study the
dominant influence on H isotope ratios across the popu-
lation was the large gradient in H isotope ratios of pre-
cipitation, reflected in the drinking water samples that
were analyzed (see Fig. 2) and this is likely to have
masked any trophic effect. To mitigate this effect,
Bowen et al. (2009) examined ‘‘residual H,’’ which
describes the degree to which samples are enriched in
2H relative to 18O. The positive correlation between N
and residual H observed in pre-globalized populations
was not observed here either in individuals (F-test, P
> 0.1) or group means (F-test, P > 0.1, Fig. 6b). The
reasons for this are unclear, although the population
did not contain individuals with the very large range
of N isotope values and diets that were observed in
pre-globalized populations.

The difference between mean d34S values measured
from the sampled populations appeared to have relevance
as a geographical signal. We combined these data with H
and O isotope ratio values in a principal component analy-
sis. The result was that this further distinguished these
geographically distinct populations more than using H
and O isotope ratios alone (Fig. 7, Table 4). Although
some of the high S isotope ratio values in India appeared
to be due to proximity to the coast and potentially the con-
sumption of marine foods in these locations, S isotope val-
ues were generally elevated across the entire Indian sam-
ple set, possibly due to local pedogenic or anthropogenic
inputs. The lowest S isotope ratio values observed were in
inland Pakistan. Similar coastal versus inland patterns in
S isotopes have been reported in bird feather keratins
(Farmer et al., 2003; Lott et al., 2003). In contrast, ele-
vated S isotope ratio values were also observed in China
but only inland locations, suggesting that a 34S-enriched
source of sulfur was present in human diet, possibly
derived from an anthropogenic source such as fertilizer
rather than directly from a marine one.

CONCLUSIONS

Stable isotope ratios measured from human hair
collected in a survey of Asian countries reflected the cli-
matic and dietary gradients seen across the sampled
countries and demonstrated the utility of stable isotope
analysis to characterize populations at a relatively broad
geographical level. H, O and to some extent S isotope
ratio data provided a geographic signal. Analysis of a
subset of samples that had paired tap water collected
from the same locations suggested that 42% and 39%,
respectively of the H and O in hair were directly related
to drinking water sources. These data supported the
modified version of the Ehleringer et al. model (Ehler-
inger et al., 2008; Bowen et al., 2009) developed to pre-

dict H and O isotope values in hair and suggested that it
is broadly applicable to human populations. They also
underlined the importance of considering dietary habits
in the application of models predicting region of origin
from human hair keratins using H and O isotope data.
The H and O isotope ratio data measured from the mod-
ern Asian survey population reflected a sample set with
characteristics lying between the two extremes repre-
sented by the previously analyzed USA and global indig-
enous populations, but closer to the modern USA tran-
sect population. The best-fit model parameter values
supported the assumption that whilst more locally pro-
duced foods are consumed in Asia compared to the USA,
where a globalized diet is assumed to be the norm, less
of these foods are consumed compared to historic indige-
nous populations that were previously analyzed. The
rates of amino acid synthesis were slightly higher in
the Asian populations that were surveyed compared to
the USA population, which agreed with published
reports of diet and N isotope ratios.

In general, the C and N isotope ratios agreed well with
both data collected on national food consumption habits
and with previously published data from human keratin
from known dietary groups. Whilst the d15N values were
indicative of a range of trophic positions for diets across
the surveyed populations, mean values suggested rela-
tively low animal protein consumption in China, India,
and Pakistan. When the Mongolian data were compared
to data published from Western Europe and North and
South America, an omnivorous diet was suggested, though
perhaps not as 15N-enriched as might be expected given
the arid climate. The mean C isotope values reflected the
predominantly C3-based regional agriculture. However,
some C4 and marine dietary input was indicated, particu-
larly when S isotope ratio data were included into the
analysis. A subtle but significant change in C isotope val-
ues with latitude in China suggested that a regional iso-
topic signal from carbon isotope data was present.
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