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ABSTRACT Pigmentation of hair in humans has
been investigated by medical scientists, anthropologists
and, more recently, by forensic scientists. In every investi-
gation, hair color must first be defined by the researchers.
Subjective color assessment inhibits the reproducibility of
experiments and the direct comparison of results. The
aim of this study was to objectively measure human hair
color and examine the variation found in a population
with European ancestry, using the CIE L*a*b* color
space. Observer-perceived hair colors were compared with
self-reported hair colors and the color as measured by re-
flective spectrophotometry of 132 subjects of European
ancestry. The presented data show that self-reported hair

Human pigmentation has been observed and studied
for over 4000 years (Westerhof, 2006) and is an integral
part of our physical health and cultural identity. Normal
pigmentation variation in humans has been investigated
by medical scientists (Duffy et al., 2004), anthropologists
(Parra et al., 2004; Parra, 2007) and, more recently, by
forensic science researchers for the prediction of physical
characteristics from DNA, to be used as an investigative
tool. The prediction of physical traits for use in forensic
investigations is a developing field and hair color is one
of many traits that may assist investigators in limiting a
suspect pool. The UK Forensic Science Service has al-
ready implemented a test with 84% accuracy for predict-
ing red hair (Grimes et al., 2001).

Hair color has received somewhat less attention in the
study of pigmentation than skin or eye color, with most
work on hair color being done as a consequence of, or in
conjunction with, other pigmentary traits (such as skin
color or melanoma risk) (Sturm et al., 2003; Duffy et al.,
2004). These investigations have lead to a great deal of
information on red hair (Box et al., 1997; Grimes et al.,
2001; Ha et al., 2003; Sturm et al., 2003; Duffy et al.,
2004; Naysmith et al., 2004), which is associated with
skin cancer risk; however data on non-red hair colors is
scarce. Researchers contributing to the scientific investi-
gation of hair color represent the different fields of medi-
cal science and genetics (Ancans et al., 2003; Ha et al.,
2003; Duffy et al., 2004), the cosmetics industry (Taka-
hashi and Nakamura, 2004, 2005), and forensic science
(Grimes et al., 2001), as well as the disciplines of chemis-
try and toxicology (Borges et al., 2001; Nogueira and
Joekes, 2004). There has also been interest in the hair
color of our hominid relatives; a recent study has deter-
mined that Neanderthals had variants in a gene that is
associated with differing pigmentation levels in Homo
sapiens (Lalueza-Fox et al., 2007).

The extinct Neanderthals were a hominid species that
lived in Europe and western Asia (Krause et al., 2007).
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colors and observer-reported colors are similar; however,
these categories are not necessarily the best way to cate-
gorize hair color for quantitative research. Using a two-
step cluster analysis, hair color can be divided into cate-
gories or clusters based on spectrophotometric measure-
ments in the CIE L*a*b* color space and these clusters
can be well discriminated from each other. This separa-
tion is primarily based on the b* (yellow) color component
and the clusters show agreement to observer-reported col-
ors. This study illustrates the possibilities for and neces-
sity of objectively defining the hair color phenotype for
various downstream applications. Am J Phys Anthropol
137:91-96, 2008.  ©2008 Wiley-Liss, Inc.

Modern Homo sapiens from the same geographical area
show almost all of the hair color variation found in
human populations. From studies of genetic sequence di-
versity (Harding et al., 2000), it has been concluded that
there was positive selection pressure for maintaining
dark skin and hair pigmentation in the southern lati-
tudes of Africa and Asia, where it protected an individ-
ual from ultraviolet light from the sun (Rees, 2003;
Parra, 2007). When human populations migrated to
more northern latitudes, there was less pressure to
maintain dark pigmentation and instead, light skin pig-
mentation became a selective advantage (e.g., through
the easier synthesis of Vitamin D) (Rees, 2003; Parra,
2007). The possibility of sexual selection being a factor
in the evolution of pigmentation variation is supported
by the presence of sexual dimorphism in skin pigmenta-
tion and by evidence suggesting that pigmentation influ-
ences mate selection (Aoki, 2002; Madrigal and Kelly,
2007a; Parra, 2007); however, difficulties arise in trying
to isolate and quantify the effects of natural and sexual
selection (Frost, 2007; Madrigal and Kelly, 2007a,b).

Evidence suggests that hair and skin color are some-
what correlated, within the European population
(Shriver and Parra, 2000), and hair color is likely the
result of similar selective pressures; however, the exact
genetic mechanisms of hair color and its high variability,
as well as other factors in the biology of hair color have
not yet been fully elucidated.
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In every investigation, “hair color” must first be
defined by the researchers. What one investigation calls
“blonde” however, might be what another calls “light
brown” and this inhibits the reproducibility of experi-
ments and the direct comparison of results.

Reflective spectrophotometry has been used to objec-
tively measure skin pigmentation (Shriver and Parra,
2000; Parra et al., 2004) and the technique has also been
used on hair in different ways and for various purposes
including cosmetic science (Takahashi and Nakamura,
2004, 2005), for the determination of hair composition
and structure (Nogueira and Joekes, 2004), for compari-
son of measurement methods (Shriver and Parra, 2000),
and in recent genetic studies (Naysmith et al., 2004). It
has been found to be an objective and effective way to
measure hair color.

To objectively measure hair color presupposes a
method of color measurement. There are, however,
numerous models or “color spaces” used to describe color.
The model developed by the Commission Internationale
de TEclairage, CIELAB or CIE L*a*b* measures color
on three axes that are nearly linear with human percep-
tion (Ford and Roberts, 1998). This model provides a
grid point for each specific color (TASI, 2004) and in
addition, has been used for other studies of human pig-
mentation (Shriver and Parra, 2000; Takahashi and
Nakamura, 2004, 2005; Parra, 2007).

In the CIE L*a*b* color space, the lightness, or inten-
sity, of a color is measured on the “L*” axis on a scale
from 0 (black) to 100 (white). The color is then measured
on the “a*” axis which gives a value from —100 (green)
to +100 (red). The “b*” axis measures color from —100
(blue) to +100 (yellow). One unit on the L*, a*, or b*
axes is considered to be the smallest difference the
human eye can detect (TASI, 2004). This color grid point
allows for the mathematical comparison of color. It
should be noted that, theoretically, the a and b axes
have no maximum or minimum values but this research
has used the cut off points of £100 because these repre-
sent the practical limit of the instrument used in the
color measurement (Napier S, personal communication,
Biolab Group, Australia, 2007).

In 2000, Shriver and Parra used the CIE L*a*b* sys-
tem with reflective spectrophotometry to measure the
hair color of 41 European-American individuals and 18
individuals of non-European ancestry, comparing the L*
color component to the Melanin Index. They found a sig-
nificant correlation between these systems of measure-
ment and reported low variability in the hair color of
individuals of non-European ancestry. Naysmith et al. in
2004 used the CIE L*a*b* system to measure the hair
color of 50 individuals for genetic and chemical studies
of red hair. They found relationships between variations
in the gene MCI1R and measured hair color (most
strongly with b*), as well as with chemical studies. It
should be noted that people with red hair were deliber-
ately over-represented in this sample and volunteers
ranged in age from 6 to 72 years old (median of 35).
Both studies emphasized the necessity and demonstrated
the feasibility of measuring pigmentation objectively and
accurately.

The aim of the research presented here was to objec-
tively measure human hair color and examine the varia-
tion found in a population with European ancestry, over
all three color axes. Young adult volunteers were
recruited due to the fact that hair color is known to
change with age and especially during puberty and late
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adulthood (Slominski et al., 2004). We were particularly
interested in the variation found among the non-red col-
ors (i.e., blonde, brown, and black). Observer-perceived
hair colors were compared with self-reported hair colors
and the color as measured by reflective spectrophotome-
try. The variation of the measured hair colors was then
analyzed to determine if and how hair colors form de-
scribable groups and how these match with our intuitive
descriptions of hair color.

Objectively describing categories of hair color will ben-
efit the fields of anthropology and medical science and
may introduce some standardization into the design of
genetic studies. It could also benefit forensic investiga-
tion on various levels, for example, specific criteria may
help in better communication between witnesses, investi-
gators, and forensic hair-examiners and be an important
part in the future of forensic phenotype-profiling and
prediction of physical features from DNA samples.

MATERIALS AND METHODS
Subjects

Subject recruitment and sampling procedures were
conducted with the approval of the Victoria University
Human Research Ethics Committee. In total, 140 sub-
jects were included in this analysis. All volunteers
recruited for the study had their natural hair color at
the time of sampling. Most volunteers were between the
ages of 18 and 35 and were of European ancestry (132
subjects). The exceptions to these criteria include six
individuals of non-European ancestry (one African and
five South Asians) and two older European individuals
with white hair. Subjects fitting these criteria were cho-
sen to meet the study aims of examining natural varia-
tion in adult European hair color, with non-European
and mature-white haired individuals included for com-
parison purposes.

Sampling

Subjects were first given all project information and
the following procedures carried out following their writ-
ten consent (in compliance with Victoria University
Human Research and Ethics standards; approval num-
ber HRETHO06/156). Subjects filled out a questionnaire
that, in addition to confirming their age, ancestry, and
natural hair color status, asked them to report how they
saw their own hair and eye color. Hair color was
reported to be one of; Black, Dark Brown, Light Brown,
Blonde, or Red. Color assessment by an observer (the
researcher taking the samples) was also recorded.

Hair color was measured by reflective spectrophotome-
try (RS) using a Minolta CR-300 Chroma Meter (Konica
Minolta, North Ryde NSW, Australia). The instrument
was calibrated using a white tile and a light source
input setting of “D65” which represents daylight without
spectral highlights. The instrument was set to measure
in the CIE L*a*b* format. Hair color was measured on
the left, right, and back of the head and was measured
five times at each spot, the mean of the 15 measure-
ments being the focus of subsequent statistical consider-
ations. The standard deviation of the 15 measurements
for each individual ranged from 0.07 to 4.67 for L*, 0.01
to 2.51 for a*, and 0.03 to 3.3 for b* with means of 1.22,
0.33, and 0.68, respectively.
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TABLE 1. The self-reported hair colors (SRC) compared to the
observer-reported hair colors (ORC)

Self Observer

Color reported reported
Black 8 12
Dark Brown 52 44
Light Brown 37 44
Blonde 33 31
Red 8 7
White 8 12

Statistics

SPSS 15.0 for Windows (®SPSS Inc. 2006, Chicago IL)
was used to analyze the color data. Two separate meth-
ods were used—a cluster analysis and discriminant anal-
ysis. Measured hair color (by RS) was broken into sev-
eral groups using a two-step cluster analysis; performed
using the Euclidian distance criterion or the log-likeli-
hood probability approach and either not specifying the
number of clusters to be formed or asking for a specific
number of clusters, ranging from two to seven. Cluster
analysis seeks to identify natural subgroups within a
population by minimizing within-group variation while
maximizing between-group variation. To characterize
and evaluate the clusters a separate, discriminant analy-
sis was then performed. Discriminant analysis commen-
ces from the perspective of there being a known number
of population subgroups. From the population, there
are a number of individuals whose subgroup classifica-
tion is known. The data from these individuals is ana-
lyzed in an attempt to build a profile of subgroup mem-
bership and subsequently use this profile to classify new
individuals (whose subgroup membership is otherwise
unknown).

After the analysis, SPSS determines which variables
are most important in discriminating the groups, and
how good this model will be at predicting group member-
ship of future individuals. It determines the predictive
value of the model by removing each individual sepa-
rately, reanalyzing the data, and then predicting the
membership of that case. The percent correctly classified
is reported.

RESULTS
Reported colors

Self-reported hair colors (SRC) were compared to the
colors determined by the observer (observer-reported
color or ORC) (Table 1). 85.7% of individuals had the
same hair color reported by themselves and the observer.
Where there was a difference, discrepancies were lighter
or darker by one shade. The observer was more likely
(55% of disagreeing observations) to see a darker shade.
The observer classified four SRC Dark Browns as Black,
four SRC Light Browns as Dark Browns, and three SRC
Blondes as Light Brown. The observer also classified
eight SRC Dark Browns as Light Browns. In one case, a
self-reported Red color was reported as Blonde by the ob-
server.

Population variation

To examine the hair color variation amongst the Euro-
pean population, the L*, a*, and b* values of the 134 Eu-
ropean individuals, as measured by reflective spectro-
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Fig. 1. Population Sample; the non-European samples (NE)

and the mature-white haired samples (W) are highlighted. The

scales for the CIE L*a*b* axes are L* = 0 (Black) to 100

(White), a* = —100 (green) to +100 (red), and b* = —100 (blue)

to +100 (yellow). Only the relevant portions of these scales are
shown.

photometry, were recorded and the data subjected to sta-
tistical analysis. The variability observed in the entire
sample is illustrated in Figure 1. This distinctiveness of
the non-European individuals (NE in Fig. 1) and the
individuals with white hair (W in Fig. 1) can be seen in
the highlighted areas. Individuals not of European
ancestry have hair that is much darker with a* and b*
values very close to zero.

Grouping the population

The aim of the statistical analysis was to investigate
the major components of the color variation and to see
whether hair color falls into groups that would be mean-
ingful for further research. What qualifies as a meaning-
ful group is subjective and may depend on the intended
use of the data; however in this case, meaningful groups
would be those that separate colors into several distinct
groups. For practical purposes, it would also be useful to
have groupings that correspond well to colors people al-
ready use to report hair color (e.g. Blonde).

The European sample was broken into groups using
the two-step cluster analysis. The analysis was first con-
ducted without specifying the number of clusters, using
either the Euclidian distance approach or the log-likeli-
hood probability approach. Next, the numbers of clusters
were specified, from two to seven for both approaches
and a discriminant analysis was then performed. Using
the clusters determined as a definitive population sub-
group, the percentage of cases correctly classified was
used to evaluate the clusters.

The percentage of cases correctly classified in the dis-
criminant analysis for the various methods of cluster
determination is shown in Figure 2. When the observer-
reported color (ORC) groupings are used, only 73.1% of
cases are correctly classified. All other clusters have
greater than 95% of cases correctly classified.

Determined automatically, without specifying the
number of clusters, the Euclidian distance approach
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TABLE 2. Cluster distribution and characteristics for
two clusters determined automatically by the log-likelihood
approach (Analysis 1)

% Of L a* b*
N Total Mean SD Mean SD Mean SD
Cluster 1 35 26.1% 47.05 895 4.55 1.88 10.78 2.45
2 99 739% 3215 3.08 2.16 0.90 2.99 2.05
Total 134 100%

yielded no wuseful clusters, while the log-likelihood
method grouped the population into two clusters, the
composition of which are shown in Table 2 as an exam-
ple of how clusters are described. When using the Eucli-
dian distance to determine clusters, having two or three
clusters results in very poor sample composition, with
more than 97% and 93.3% of cases, respectively, in one
cluster. From the remaining groups, two and six clusters
as determined by the log-likelihood approach (which will
be referred to as Analysis 1 and 2, respectively), and
four clusters as determined by the Euclidian distance
approach (which will be referred to as Analysis 3)
showed the highest discriminant scores and the best
group composition (data not shown).

During analysis, canonical discriminant functions are
determined. These unstandardized functions are used to
make classifications in the discriminant analysis and the
standardized function coefficients are used to compare
the relative importance of each function and each vari-
able in making classifications. The coefficients of the
standardized functions shown in Table 3 show that the
most informative function in all three analyses is most
highly correlated with the b* component of color (yellow-
ness) and where there is more than one function, the
second most important function is most highly correlated
with L* (lightness). In Analyses 2 and 3, the third dis-
criminant function contributed 1% and 0.9% of informa-
tion, respectively (data not shown).

An example on the use of the unstandardized func-
tions is shown in Figure 3, which illustrates the use of
the function in discriminating between the two clusters
determined in Analysis 1 (F = —5.615 + 0.102L* +
0.212a* + 0.270b*). Using this function, 97.8% of new
cases are correctly classified and this clear distinction
between the two groups is visible in Figure 3.

Comparing clusters to the observer-reported
colors

It appears that the clusters determined by various
methods do show similarity to hair colors as perceived
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TABLE 3. Coefficients of the standardized discriminant
functions for the three discriminant analyses

Analysis 1 2 3
function 1 1 2 1 2
L* 0.535 0.214 0.988 -0.506 1.230
a* 0.261 0.586 -0.613 —0.612 —0.405
b* 0.585 0.754 -0.294 0.945 -0.228
100% 76.3% 22.6% 57.0% 42.1%

Cluster

104 f |

T T T T
-2.00000 0.00000 2.00000 4.00000
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Fig. 3. The results of applying the discriminant function on
the L*a*b* data, divided by cluster for the two clusters deter-
mined by the log-likelihood method (Analysis 1).

by an observer. When divided into two clusters by the
log-likelihood approach (Analysis 1), the observer-
reported hair colors Black, Dark Brown, Light Brown,
and the four darkest Blondes are in Cluster 1 and the
remaining Blondes and all Reds and Whites are in Clus-
ter 2. This shows that the separation in these clusters
determined by their L* a*, and b* values correspond
well to divisions in observer-reported colors and could be
referred to as “Dark” and “Fair.” The names are arbi-
trary; however, they correspond to how people tend to
refer to hair color.

The six clusters determined by log-likelihood (Analysis
2) separate the ORC White very clearly and the four
Reds with the highest a* value (the most red). The other
colors are somewhat less distinct; however, they are
roughly divided into categories that could be called
“Fair,” “Light,” “Medium,” and “Dark.” The example
shown in Figure 4 illustrates the separation of the six
clusters by applying the two most important discrimi-
nant functions (a) and the results of using the same
functions on the observer-reported groupings (b), where
blurring between the groups can be seen.

When four clusters are determined by the Euclidian
Distance approach (Analysis 3), the ORC White is clearly
separated, as are the two Reds with the highest a* and
b* values. The rest of the population is divided into two
clusters, the first with the darker colors and the other
with the fair colors. It should be noted that the separa-
tion of fair from dark hair in these groups is similar to
that of the two cluster groupings, with four extreme
individuals (very light and yellow and the very red)
being separated.

DISCUSSION

The presented data show that when given a limited
choice of colors, self-reported hair colors and those
reported by an observer are fairly consistent; however,
these categories are not necessarily the best way to cate-
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Fig. 4. The first two functions used to discriminate the six
clusters as determined by log-likelihood (Analysis 2) were
applied to the L*a*b* data and grouped by Cluster (A) and by
observer-reported color (B) where F1 = —0.013 + 0.073L* +
0.891a* + 0.573b* and F2 = —8.477 + 0.338L* — 0.932a* —
0.224b*.

gorize hair color for quantitative research. Although hair
color can be perceived as a continuum (as seen in Fig.
1), it can be divided into categories or clusters based on
spectrophotometric measurements in the CIE L*a*b*
color space and these clusters can be well discriminated
from each other. The discrepancies between self-reported
hair color and observer-reported hair color and the poor
separation of observer-reported color groups compared to
those defined by clustering analysis emphasize the im-
portance for objective measurement of individuals to be
included in research studies. For repeatability and valid-
ity of studies, phenotypes must be defined as well as pos-
sible and the objective measurement methods and analy-
sis strategies presented here may be of assistance in this
regard.

The discriminant functions used to make classifica-
tions show some interesting results. It can be seen that,
when using the CIE L*a*b* color space, the b* compo-
nent (yellow) is the most important in describing the
variation and grouping of hair colors, followed closely by
L*, in the clusters examined in this study. This suggests
that using one component is not sufficient for examining
hair colors, as has been done in previous studies (Shriver
and Parra, 2000) and that yellow (b*) is the primary con-
tributor instead of L*. This, interestingly, corresponds to
the 2004 study by Naysmith et al. (2004) where b* was
shown to have the strongest relationship to MC1R geno-
type. The red component of hair contributes very little
information to discriminating groups. The reduction of
three color components to one or two discriminant func-
tions makes the examination and classification of indi-
viduals easier to represent.

It is also interesting to note that, while not exact, clus-
tered groupings follow the same pattern that self- and
observer-reported colors do. How someone decides to
report a hair color may be an artifact of the arbitrary
naming of colors or of personal bias or it may also be
due to human perception of color, which corresponds to
the CIE L*a*b* system of measurement. The human eye
is a complicated structure with retinal receptors (rods
and cones) that are sensitive to changes in lightness and
color (Hunt, 1998). Very generally, when receiving a vis-
ual signal, these receptors judge the brightness of that
signal (mainly the rods) as well as analyzing the hue of
a signal as green or red and as blue or yellow (mainly
the three types of cones), with this combination of sig-
nals being perceived as a color (Hunt, 1998). This system
of human trichromatic vision may be why similar groups
are defined by both the human reporting of color and by
the spectrophotometry and clustering method described
here. The lack of sensitivity in biological perception may
contribute to the variability found. As mentioned previ-
ously, one unit on the L*a*b* scale is defined as the limit
of human discrimination between colors (TASI, 2004).
The difference between members of different clusters
can be less than this in one or more of the three color
axes and may contribute to the inconsistency between
reported color groups and clusters determined by spec-
trophotometric data and clustering algorithms.

The particular clustering algorithms and program
options used will depend on the intended use of the
data. For example, a medical genetic association study
may require a Fair/Dark division, where the prediction
of hair color in a forensic study may require more spe-
cific groupings. This study has illustrated the possibil-
ities by using a two-step cluster analysis in SPSS; how-
ever, there are many other programs and clustering
algorithms available. Having objectively measured colors
allows researchers to group individuals in clearly defined
ways and to change these groups as the study demands
without subjectivity or collecting additional data.

For practical purposes, it is acknowledged that the
exact functions and cluster details may change as larger
samples are analyzed and that reflective spectrophotom-
etry, while accurate, may be inconvenient for measure-
ments on very large numbers of people or for investiga-
tors and the authors hope to address these issues in the
near future.
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