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It is possible to estimate the proportionate contributions of ancestral populations to admixed individuals or populations
using genetic markers, but different loci and alleles vary considerably in the amount of information that they provide.
Conventionally, the allele frequency difference between parental populations (d) has been used as the criterion to select
informative markers. However, it is unclear how to use d for multiallelic loci, or populations formed by the mixture of more
than two groups. Moreover, several other factors, including the actual ancestral proportions and the relative genetic
diversities of the parental populations, affect the information provided by genetic markers. We demonstrate here that using
d as the sole criterion for marker selection is inadequate, and we propose, instead, to use Fisher’s information, which is the
inverse of the variance of the estimated ancestral contributions. This measure is superior because it is directly related to the
precision of ancestry estimates. Although d is related to Fisher’s information, the relationship is neither linear nor simple,
and the information can vary widely for markers with identical ds. Fortunately, Fisher’s information is easily computed and
formally extends to the situation of multiple alleles and/or parental populations. We examined the distribution of
information for SNP and microsatellite loci available in the public domain for a variety of model admixed populations. The
information, on average, is higher for microsatellite loci, but exceptional SNPs exceed the best microsatellites. Despite the
large number of genetic markers that have been identified for admixture analysis, it appears that information for estimating
admixture proportions is limited, and estimates will typically have wide confidence intervals. & 2004 Wiley-Liss, Inc.
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INTRODUCTION

Several applications in the study of human
genetics require precise estimates of the propor-
tionate contributions of ancestry from two or more
parental populations to an admixed population or
individual. It is possible to make these estimates
of ancestry using genetic markers. In principle, all
loci are affected by admixture in the same way,
and each locus ideally reflects the same ancestral
contributions. However, it is well-known that
genetic loci differ in the amount of information
that they provide, and the precision of estimates
can vary widely depending on which loci are used
for the estimation. An optimal marker for estimat-
ing ancestral proportions would have different
alleles fixed in each of the parental populations.
Unfortunately, optimal loci appear to be very rare
in the human genome. In the absence of such loci,
markers that demonstrate a large difference in
allele frequency between the parental populations
(d) have been preferred for ancestry estimation
[Glass and Li, 1953; Reed, 1969; Cavalli-Sforza and
Bodmer, 1971; Adams and Ward, 1973; Dean et al.,

1994; Shriver et al., 1997; Parra et al., 1998, 2001;
Smith et al., 2001; Collins-Schramm et al., 2002].
Large numbers of microsatellite, SNP, and inser-
tion/deletion polymorphisms have been identi-
fied as useful for admixture estimation based on
this criterion [Shriver et al., 1997; Parra et al., 1998;
Smith et al., 2001; Collins-Schramm et al., 2002].
Although this strategy is sensible, several under-
appreciated difficulties arise in its application. For
example, the minimum allele frequency difference
acceptable for markers used in ancestry estimation
is subjective. In fact, the cutoff for acceptable
markers has steadily decreased over time, from
d¼0.5 [Shriver et al., 1997] to d¼0.4 [Parra et al.,
1998] to d¼0.3 [Collins-Schramm et al., 2002].
Additionally, it is problematical to apply the d
criterion to loci with more than two alleles. While
a composite d (dc) was recently defined as one half
the sum of the absolute allele frequency differ-
ences at a locus [Shriver et al., 1997; Smith et al.,
2001], its appeal is mostly heuristic, and its
rigorous statistical properties are unknown. A
further difficulty arises when three or more
populations have contributed to the founding of

Genetic Epidemiology 26: 305–315 (2004)

& 2004 Wiley-Liss, Inc.



the admixed population. d only applies to a pair of
populations, and it is unclear how multiple ds can
be combined to provide a single criterion by
which the usefulness of a marker can be assessed
for admixed populations formed by three or more
parental populations.
Here, we derive the Fisherian information (Im)

for estimating ancestral contributions from genetic
markers. The information is the inverse of the
variance of the maximum likelihood estimator of
ancestral contributions. Therefore, the information
has a direct relationship to the precision of the
estimate. Although d is an important contributor
to the information, when d o1.0, other factors are
also important. These factors include the allele
frequencies in the parental populations (p) irre-
spective of d, and the respective genetic contribu-
tion of each parental population to the admixed
population (m). These three factors (d, p, and m)
contribute to the total information in a complex
manner, and it is difficult to disentangle their
individual effects. Fortunately, Im is easy to
compute and apply. The Fisherian information
can also be used to develop a marker-selection
strategy, which can be applied to the estimation of
ancestral contributions when more than two
parental populations have contributed to the
admixed population.

METHODS

ADMIXTURE MODELS, LIKELIHOOD
ESTIMATION, AND INFORMATION

We begin by considering a population that was
formed by admixture between two genetically
distinct ancestral populations. Assuming that
evolutionary pressures other than admixture have
been insignificant, the frequency of an allele k at
an arbitrary locus in the admixed population, pAk,
will be a linear combination of allele frequencies
in the ancestral populations, pjk ,

pAk ¼ m1p1k þm2p2k ð1Þ
where mj is the proportionate contribution of the
jth ancestral population. Since m1 þm2 ¼ 1:0, Eq. 1
can be written using only one of the ancestral
contributions,

pAk ¼ p2k þm1dk ð2Þ
where dk ¼ p1k � p2k is the usual measure of allele
frequency difference. Eqs. 1 and 2 apply to all
alleles at all loci.
The genetic contributions of the ancestral

populations can be estimated by maximum like-

lihood from a sample of genotypes from the
admixed population. Assuming codominance and
random mating in the admixed population, the
log likelihood for the ancestral contributions at the
gth locus is proportional to

ln Lg /
X
k

ngk lnðpgAkÞ

¼
X
k

ngk ln pg2 þm1dl
� � ð3Þ

where ngk ¼ 2ngkk þ
P

k 6¼l ngkl and is the count of
the allele Ak, ngkk is the count of AkAk homo-
zygotes, and ngkl is the number of AkAl hetero-
zygotes. The summation in Eq. 3 is taken over all
alleles at all loci. Notice that

P
k ngk ¼ 2N is twice

the number of individuals in the sample, and
barring missing data, 2N is the same for all loci.
The log likelihood across multiple loci is the sum
of the log likelihoods for the individual loci,
ln L ¼

P
g ln Lg. Estimates of individual admixture

are obtained by treating each individual as a
sample of size one [Chakraborty et al., 1986]
because the same likelihood applies to samples of
any size.
Differentiating Eq. 3 with respect to m1 gives

q ln L
qm1

¼
X
g

X
k

ngk
dgk
pgAk

: ð4Þ

The maximum likelihood estimate of the ancestral
contribution, m̂m1, is obtained by setting Eq. 4 equal
to zero and solving for m1. This usually requires a
numerical procedure, but the problem is not
particularly challenging. The expected Fisherian
information is obtained from the expected nega-
tive second derivative of the likelihood

E Iðm1Þ½ � ¼ �E
q2 ln L
qm2

1

� �
¼ 2N

X
g

X
k

d2gk
p̂pgAk

ð5Þ

where p̂pgAk ¼ pg2k þ m̂m1dgk is the expected fre-
quency of the kth allele in the admixed population
or individual. Note that information for ancestry
is additive over loci. The expected variance
of the admixture estimate is V m1ð Þ ¼ 1=E I m1ð Þ½ �
and V(m2)¼V(m1) because of the relationship
m2¼1�m1.
The model can be expanded to accommodate

any number of parental populations. For brevity
and concreteness, we consider the case in which
three parental populations have contributed to the
admixed population, such that the frequency of
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the kth allele in the admixed population is

pgAk ¼m1pg1k þm2pg2k þm3pg3k

¼pg3k þm1dg1k þm2dg2k
ð6Þ

where the ancestral contributions sum to 1.0, and
the d coefficients are defined dg1k ¼ pg1k � pg3k and
dg2k ¼ pg2k � pg3k. As before, Eq. 6 applies to all
alleles at all loci. The log-likelihood function
remains as in Eq. 3,

ln L ¼
X
g

X
k

ngk ln pgAk
� �

¼
X
g

X
k

ngk ln pg3k þm1dg1k þm2dg2k
� �

ð7Þ

except that the allele frequency component is
expanded as in Eq. 6. It is worth noting that the
constraint

P
j mj ¼ 1:0 ensures that the outcome of

analysis is unaffected by the way parental
populations are numbered, or which population
is subtracted from the others. Maximum like-
lihood estimates for the ancestral contributions are
obtained from the log likelihood function by
setting the partial derivatives,

q ln L
qmj

¼
X
g

X
k

ngk
dgjk
pgAk

ð8Þ

equal to zero, and solving simultaneously.
The information with respect to the admixture

parameters is presented in matrix form. By
extension of Eq. 5, the information matrix has as
its elements the negative expected second partial
derivatives of the log likelihood function

Iðmi;mjÞ ¼ �E
q2 ln L

qmiqmj

� �
¼ 2N

X
g

X
k

dgikdgjk
p̂pgAk

ð9Þ

The element in the ith row and ith column is the
expected information for the estimate of the
parameter mi and the element in the ith row and
jth column is the expected shared information for
the estimates of the parameters mj and mj. The
inverse of the information matrix provides
the expected variance-covariance matrix of esti-
mated admixture proportions. As before, for
multiple loci, the likelihoods and information are
summed over all loci. The inverse of the informa-
tion matrix provides the expected variances of
the estimates along the diagonal and covariances
on the off-diagonals. The maximum likelihood
estimate of m̂m3 ¼ 1� m̂m1 � m̂m2 and the associated
variance is obtained from Vðm3;m3Þ ¼ Vðm1;m1Þþ
Vðm2;m2Þ � 2 � Vðm1;m2Þ [Edwards, 1992].
Analysis of multiple parental populations raises

a new issue in choosing marker loci for the

estimation of ancestry. Namely, the information
supplied by a marker locus for the contribution of
one ancestral population is not necessarily inde-
pendent of the information that the marker
supplies for the contribution of another ancestral
population. The covariance between parameter
estimates measures the degree of redundancy. For
populations formed by more than two parental
populations, the most informative marker loci are
those that simultaneously add to the diagonal
elements of the information matrix without
greatly increasing the off-diagonal elements.

MODEL POPULATIONS AND GENETIC DATA

In order to investigate how genetic markers
contribute information on ancestry, we con-
structed a set of model populations that were
designed to tease apart the intricacies of how
parental population allele frequencies, ds, and the
actual admixture proportions contribute informa-
tion. Three of the model populations were based
on actual African and European allele frequencies,
but differed with respect to their proportionate
contributions (Table I). Four more model popula-
tions were formed from African, European, and
Native American allele frequencies. The ancestral
proportions for these model populations were
selected from the literature, and represent the
variety of ancestry found in contemporary ad-
mixed populations. The specific ancestral propor-
tions used are shown in Table II.
The genetic loci and allele frequencies we used

to represent the ancestral source populations were
taken from 2,492 SNPs from Gabriel et al. [2002]
for which European and Sub-Saharan African
frequencies were available (http://www-genome.
wi.mit.edu/mpg/hapmap/hapstruc.html), 377 auto-
somal microsatellite loci from the HGDP-CEPH
Human Genome Diversity Cell Line Panel with
frequencies for European, African, and Native
American populations [Weber and Broman, 2001;
Cann et al., 2002; Rosenberg et al., 2002] (available

TABLE I. Optimal marker selection I

Ancestral
contributions Informationa

Model
population (i)

African
(mAF)

European
(mE)

S1 S2 S3

1 0.1 0.9 75.8 65.6 24.6
2 0.5 0.5 23.4 25.3 16.5
3 0.9 0.1 39.4 40.5 52.3

aSi is set of 10 most informative markers for population i.
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at http://research.marshfieldclinic.org/genetics/
Freq/FreqInfo.htm), and 39 ancestry informative
SNP markers selected specifically for admixture
analysis [Shriver et al., 2003].

MARKER SELECTION STRATEGY

For each model population (Pi), we selected the
set (Si) of 10 loci that gave the most information
for the population. We chose to use sets of 10
markers for convenience, but the following selec-
tion processes can be applied to sets of any size.
For model populations formed from two parental
populations, we computed the information for
each marker locus, and then pooled the informa-
tion from the 10 most informative loci. Selecting
the optimal set of loci when there are three (or
more) parental populations is complicated by the
fact that the information about ancestral propor-
tions is partially confounded. The determinant of
the information matrix

det Iðmi;mjÞ
� �

¼ Iðm1;m1ÞIðm2;m2Þ

� Iðm1;m2Þ2 ð10Þ

is used to get an overall assessment of the
information. A large value for the determinant
meets the requirement that the diagonal elements
of I(mi, mj) are large relative to the off-diagonal
elements. For each of the four model trihybrid
populations in Table II, we selected a panel of 10
markers by using a D-optimization search algo-
rithm. Briefly, the algorithm works by selecting
the pair of loci, from all possible pairs, for which
the determinant of the pooled information matrix
was greatest. The next locus added to the set was
that which, by its inclusion, added the most to the
determinant of the information matrix of the set of
three. Marker loci were thus individually added
until the set contained 10 loci.

A computer program to compute the expected
information for a set of genetic markers, and to
implement the D-optimization strategy, is avail-
able from the corresponding author.

RESULTS

Table I provides the results for the three model
populations formed by mixtures of two parental
groups: Africans and Europeans. Each genetic
marker set (S1�S3) consists of the 10 most
informative loci for a particular model population
(P1�P3). For each model population, the marker
set optimized to it is substantially more informa-
tive than the marker sets optimized to the other
model populations. For model population 1, S1
provides a 1.2-fold increase in information over
S2 and a 3.1-fold increase over S3. For model
population 2, S2 slightly outperforms S1 but pro-
vides a 1.5-fold increase over S3. For model
population 3, S3 provides a 1.7-fold increase over
S1 and a 1.3-fold increase over S2. Note that the
performance of S1 for model population 1 exceeds
the performance of S3 for model population 3,
which exceeds the performance of S2 for model
population 2. These differences in performance
underscore the importance of the admixture
proportions in determining the informativeness
of genetic markers. Note that the least amount of
information for ancestry estimation is obtained
for model population 2, which was formed by
equal contributions from Africans and Europeans.
Surprisingly, the best set of 10 markers for model
population 1, which was constructed to have 10%
African ancestry and 90% European ancestry, was
more informative than the 10 best markers for
model population 3, which was constructed to
have 90% African ancestry and 10% European
ancestry. This illustrates the fact that, in addition

TABLE II. Optimal marker selection II

Ancestral contributions Determinant of information matrix

Model
population Reference population

African
(mAF)

European
(mE)

Native. American
(mNA)

S4 S5 S6 S7

4 African American (SC)a 0.866 0.118 0.016 6,712 3,470 2,476 2,735
5 Afro-Uruguayanb 0.47 0.38 0.15 377 538 461 388
6 Mexican Americanc 0.03 0.68 0.29 741 1,693 2,013 1,062
7 Arhuaco (Columbia)d 0.217 0.003 0.78 4,838 6,530 6,288 10,889

aPopulation frequencies from Parra et al. [2001].
bPopulation frequencies from Sans et al. [2002].
cPopulation frequencies from Long et al. [1991].
dPopulation frequencies from Yunis et al. [1994].
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to the actual mixtures of ancestry, the allele
frequencies in the ancestral populations are
important contributors to the information.
Table II provides the results for the four model

populations formed by mixtures of three parental
groups: Africans, Europeans, and Native Amer-
icans. For admixed populations formed from three
parental populations, the information on genetic
ancestry is completely specified by a two by two
information matrix. As explained above, the
determinant of an information matrix provides a
summary measure of its content, and the deter-
minant provides a useful criterion in selecting
optimal markers. Each genetic marker set (S4�S7)
consists of the 10 most informative microsatellite
loci for the respective model population (P4�P7).
The basic trends observed for populations formed
by mixing two parental groups are observed again
for populations formed by mixing three parental
groups. First, the most information on ancestry for
a three-way mixed population is obtained from
the marker set that was optimized for that model
population, and a marker set optimized for a
different model population can perform quite
poorly. Second, the least information is obtained
for model population 5, which has substantial
contributions from all three parental sources. This
leads to the general conclusion that the more even
the mix of ancestry, the less information is
available to estimate ancestral contributions.
Third, parental population allele frequencies con-
tribute importantly to information on ancestry.
The optimal situation occurs where the major
fraction of ancestry is derived from the less
heterozygous parental population, and the minor
fraction of ancestry is derived from the more
heterozygous parental population. For instance,
S7, the set of 10 markers optimized for P7, was
very highly informative for P7, a population that
was composed of mostly Native American ances-
try with a minor component of African ancestry.
Some loci were included in more than one

optimal set. Not surprisingly, the Duffy locus,
which has a null allele that is nearly fixed in Sub-
Saharan Africans and nearly absent in non-
Africans, was included in the optimal marker set
for each of the three model populations. Two
microsatellites, D2S1400 and D7S1808, were in-
cluded in all four sets in Table II. The informa-
tiveness of D2S1400 is due to substantial
differences in allele frequencies across all regions
(Fig. 2A). Sub-Saharan Africans are highly poly-
morphic and segregate several alleles with a large
number of repeat units that are absent in non-

Africans. These alleles would firmly indicate
African admixture into Europeans or Native
Americans. Only one allele (111 bp) is common
in Native Americans, and so this locus would be
useful for documenting gene flow from non-
Native Americans into Native Americans. How-
ever, the 111-bp allele is less informative for
tracing low levels of Native American gene flow
into Europeans or Sub-Saharan Africans because
both of these populations already possess it at
polymorphic frequencies. Although D7S1808 ap-
pears in all four optimal sets, it is substantially less
informative than D2S1400. The allele frequency
profiles (Fig. 2B) demonstrate that D7S1808 has
little ability to distinguish between Sub-Saharan
African and European ancestry. However,
D7S1808 is similar to D2S1400 in having one allele
(252 bp) that is very common in Native Amer-
icans. On the whole, the locus is very useful for
tracing gene flow into Native Americans from
non-Native Americans.
For the marker sets examined here, a few

exceptional SNPs demonstrated very high infor-
mation values, but microsatellites, on average,
contained more information on ancestry than the
SNPs. For example, the mean information for
microsatellite loci is 1.27 7 0.05 (mE ¼0.9),
compared to 0.4470.02 (mE ¼0.9) for SNPs (Fig. 3).

DISCUSSION

The formulas that we provide for the informa-
tion associated with an estimated admixture
proportion depend critically on the population
genetic model defined in Eqs. 1 and 6. Although
this model is widely used for admixture estima-
tion in both populations [Elston, 1971; Chakra-
borty, 1986] and individuals [Chakraborty et al.,
1986; Williams et al., 2000], we recognize that it is
an oversimplification because it ignores processes
such as genetic drift and natural selection in the
admixed population, and it optimistically treats
the parental population allele frequencies as
known constants. Using a model that allows for
genetic drift in the hybrid population, Long [1991]
derived a variance formula for weighted least
squares estimates of admixture proportions. The
inverse of this formula reduces algebraically to
Eq. 9 divided by a constant that is determined by
the extent of genetic drift. In other words, genetic
drift reduces the amount of information on
ancestry provided by a locus, but it will not
change the relative rankings of loci. Allowing for
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uncertainty in parental population allele frequen-
cies will undoubtedly further diminish the in-
formation for ancestry provided by a locus. It is
important to note that there are two sources of this
uncertainty: 1) estimating allele frequencies from
samples drawn from putative source populations,
and 2) incorrect identification of parental source

populations. Estimation of allele frequencies from
samples is the less serious issue, but investigators
should realize that estimates of frequencies for
rare alleles may be quite imprecise, and that larger
sample sizes may be necessary with microsatellite
loci. Incorrect identification of parental source
populations is the more serious issue because the
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Fig. 1. Relationship between marker information and d for SNPs (A, B) and composite d (dc) for microsatellites (C, D). The symbols
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ancestral sources of admixed populations might
be an amalgam that requires complex sampling, as
in the case of African Americans [Adams and
Ward, 1971], or simply no longer exist, as in the
case of Mexican Americans [Long et al., 1991].
Nevertheless, we do not expect that a more
realistic population genetic model that allows for
error in parental population allele frequencies will
change the basic insights gleaned by thorough
analysis of the model employed here.
It is well-known that an optimal marker for

estimating ancestry is one that has a fixed, unique
allele in each parental population (i.e., d¼1.0).
Duffy, which has a d value that approaches one for

African and European populations, exemplifies
this type of marker. Duffy has very high informa-
tion on ancestry for populations formed from a
mixture between African and non-African popu-
lations, and its usefulness as an admixture marker
is well-known [Reed, 1973; Shriver et al., 1997,
2003; Parra et al., 1998, 2001; Lautenberger et al.,
2000; McKeigue et al., 2000; Pfaff et al., 2001].
However, Reed [1973] showed that in order to
estimate individual ancestry from two parental
populations, 18 ideal markers (i.e., d¼1.0) are
needed to obtain an estimate with a 95% con-
fidence interval of 0.20 when m1¼0.1, and 72 ideal
loci are required to decrease the confidence
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interval to 0.10. The number of ideal markers in
the genome is unlikely to meet this requirement.
Although the degree to which the markers used
here are genomically representative is largely
unknown, it does appear that ideal ancestry
markers (d¼1.0) are relatively rare.
Thus we are challenged to select the most

informative markers from the remaining pool of
suboptimal markers. On average, microsatellite
markers, which are more likely to have alleles
present in one parental population that are not
found in the other parental population(s), contain
more ancestry information than SNPs. Addition-
ally, a single microsatellite can be informative for
more than two parental populations, while a
single SNP can only provide information on
ancestry from two parental populations. In any
case, as shown in Figure 3, markers with reason-

ably high information on ancestry (both SNPs and
microsatellites) are currently available in the
public domain.
The imprecise nature of d as an indicator of

information when d o1.0 (shown in Fig. 1) has
thus far been ignored. As shown above, the
information on ancestry depends on the interac-
tion between parental population allele frequen-
cies (irrespective of d) and the admixture
proportion (m). For admixed populations formed
from two parental populations, the markers with
the highest information for any given d are those
for which the parental population that contributes
the minor proportion of genes to the admixed
population has an allele that is not present in
the other parental population (Fig. 1A,B). Con-
versely, the markers with the lowest information
for a given d are those for which the parental
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population that contributes the majority of genes
to the admixed population has an allele that is not
present in the parental population that contributes
the minor proportion of genes. The lowest
information is found when each parental popula-
tion has contributed an equal proportion of genes
to the admixed population. The combined effects
of allele frequencies, d, and admixture proportions
explain some of the more complicated findings
presented in Results. For example, marker set 1
(optimized to detect African ancestry) performs
better than marker set 3 (optimized to detect
European ancestry) for model population 2
(composed of an equal mix of African and
European ancestry). This likely owes to the fact
that African populations harbor more unique
polymorphic alleles than do non-African popula-
tions [Gabriel et al., 2002; Stephens et al., 2001].
McKeigue [1998] recognized these problems

and suggested using Wright’s statistic FST [Wright,
1969] computed for the parental populations as a
criterion for selecting markers for ancestry estima-
tion. For an admixed population formed by an
equal mixture of two parental populations, FST is
equal to the expected information from a single,
randomly drawn allele. However, when the
parental populations have made unequal contri-
butions to the admixed population, this equality
does not hold. An additional advantage of using
information as a criterion for selecting markers is
that any number of parental populations can be
accommodated, and it does not require that the

parental populations have made proportionately
equal contributions.
The usefulness of a given marker for ancestry

estimation can depend largely on the character-
istics of the admixed population and the parental
populations that contributed to it. Thus, selecting
a panel of markers specifically for application in
an admixed population of interest can maximize
the information and minimize the standard error.
For example, the information for model popula-
tions P1–P3 obtained from the set of 39 markers
[Shriver et al., 2003] selected specifically for
admixture estimation is 56.5, 37.5, and 66.0,
respectively, which correspond to standard errors
of individual admixture estimates equal to 0.09,
0.12, and 0.09. The information for sets S1, S2, and
S3 in P1, P2, and P3, respectively (shown in Table I),
correspond to standard errors of 0.08, 0.15, and
0.13, respectively. In other words, for P1, S1
provides a more precise estimate of individual
ancestry with only 10 markers than does the
generalized admixture set using 39 markers. For
P2, expanding S2 to contain the best 16 markers
(chosen from among those available in all three
data sources) increases the information to 37.2
and decreases the standard error to 0.12, making
it comparable to the generalized panel of 39
markers. Similarly, expanding S3 to contain the
best 14 markers decreases its standard error
to 0.09, thereby making its ancestry estimates
comparable in precision to those of the general-
ized set. Therefore, the amount of genotyping

Fig. 3. Distribution of information on ancestry for SNP and STR loci whenmAF¼0.9. SNP data are shown in solid bars, and STR data are

shown in hatched bars.
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necessary to achieve a given level of precision can
be greatly reduced by assembling customized sets
of markers.
It is important to point out that the standard

errors presented here, in the best-case scenario of
S1 in model population P1, correspond to 95%
confidence intervals of greater than 0.3. In order to
obtain ancestry estimates with more desirable
precision, marker panels will need to be much
larger. For example, selecting the best set of 100
markers for P1 increases the information to 404,
and decreases the standard error to 0.04, which
corresponds to a 95% confidence interval of 0.16.
Doubling the number of markers in the set to
include the best 200 markers only increases the
information to 632, slightly decreasing the 95%
confidence interval to 0.12. The return in informa-
tion for the increase in the number of markers in
the panel is necessarily diminishing, since the
highly informative markers are added to the panel
early in the selection process.
Customizing marker sets for admixed popu-

lations formed by three (or more) parental popu-
lations is also possible, but this requires
consideration regarding the study objective. As
discussed, one way to select the maximally
informative set of markers is to use the determi-
nant of the information matrix. This approach will
identify the panel of markers that has the most
independent information on ancestry. In some
cases, however, the objective may be to estimate,
with as much precision as possible, the propor-
tionate contribution of one of the ancestral
populations, at the expense of precision in the
estimates of the other parental populations. In this
case, selecting markers based on the determinant
of the information matrix may be less desirable
than taking the inverse of the information matrix
and using the resulting variance/covariance ma-
trix to maximize the precision of the estimate of
interest.
In any case, we advocate the use of Fisher’s

information over d or FST as the selection criterion
for markers to be used in ancestry estimation.
Unlike d and FST, information is directly related to
the precision of the estimate. Additionally, we
suggest maximizing information by selecting
marker panels with regard to the specific admix-
ture characteristics of the populations. When
appropriate to the research question, it may also
be possible to increase the available information
by selecting as study populations those admixed
populations that have advantageous admixture
proportions with respect to information.
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