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Genetic analyses of natural populations have historically
relied on statistical procedures based on the concept that dis-
tinct ‘‘populations’’ of a species exist across a landscape. In-
variably, commonly used analyses reduce to approaches that
treat collections of individuals (‘‘populations’’) as indepen-
dent/causative variables and allele frequencies as dependent/
response variables. Examples of these procedures include
Wright’s FST and its variants (Excoffier et al. 1992; Nei
1973; Slatkin 1995; Weir and Cockerham 1984), contingency
table procedures (Raymond and Rousset 1995; Roff and
Bentzen 1989), and measures of genetic distances among
populations (e.g., Nei 1972, 1978; Reynolds et al. 1983).
These analyses qualitatively or explicitly test null hypotheses
of homogeneity of allele frequencies between or among
populations.

Although almost universally applied, the analyses men-
tioned above are not necessarily appropriate in many situa-
tions. For example, highly mobile organisms such as large
mammals or birds can occupy continuous habitats over large
spatial scales. Plants may also occupy large continuous hab-
itats, as can species inhabiting marine or aquatic systems. In
these cases, objectively designating groups of individuals at
population levels for use in genetic analyses may prove dif-
ficult, if not impossible. Clearly, an important consideration
in these situations is the spatial extent of the ‘‘populations’’
that are chosen for analyses. If groups of organisms are de-
fined over larger than appropriate spatial scales, resulting
measures of genetic differentiation may actually provide am-
biguous or misleading results (Miller et al. 2002).

To address many of these issues, I have developed a new
software package entitled ‘‘Alleles In Space’’ (AIS). This pro-
gram, rather than implementing methodology that relies on
arbitrary groupings of individuals, instead has the ability to
perform joint analyses of interindividual spatial and genetic
information that can be applied at virtually any spatial scale.
These approaches specifically lend themselves to analyses of
genetic data when one or a few individuals are sampled from
large numbers of collection sites. Moreover, the program is
designed to handle a wide variety of genetic data types, in-

cluding codominant marker systems, dominant marker sys-
tems, and DNA sequences. Thus AIS will likely be useful
for elucidation of patterns in diverse study types ranging
from local analyses of genetic structure, phylogeographical
studies, and studies encompassing aspects of the emerging
field of landscape genetics (Manel et al. 2003).

Program Description

Alleles In Space has a simple graphical interface that runs un-
der any 32-bit Windows operating system (95/98/ME/NT/
XP). A Pentium III processor with at least 64MB RAM is
recommended. An approximately 4MB self-extracting instal-
lation file containing the executable program file, sample
datasets, and documentation (in portable document format
[PDF] format and a Windows help file) can be downloaded
free of charge from http://www.marksgeneticsoftware.net.
Two separate input files are used to perform analyses.
One data file contains sets of spatial coordinates for each ob-
servation in the dataset, while the second contains genetic
data for each individual analyzed. Once input files have been
selected, users may specify any number of different options
for the analyses they wish to perform. Following the analyses,
new windows are displayed that contain text-based represen-
tations of analysis results and graphical depictions of the anal-
yses (when appropriate). All text and graphics created by
the program can be copied to the Windows clipboard and
inserted in other electronic documents.

Analyses Implemented in AIS

Alleles In Space performs a number of different analyses that
can be used to detect or characterize patterns of spatial ge-
netic structure. For example, it can perform simple Mantel
tests (Mantel 1967) to evaluate correlations between genetic
and geographical distances of sampled individuals. Likewise,
AIS can perform a generalized form of spatial autocorrelation
analysis (Cliff and Ord 1973; Sokal and Oden 1978a,b) that
permits detection of genetic structure and allows for inferen-
ces to be made about spatial scales over which the genetic
structure occurs (Barbujani 2000; Clark and Richardson
2002; Manel et al. 2003).

Alleles In Space also implements a novel procedure based
on the statistical concept of aggregation. Aggregation indices
are commonly used in ecological studies to characterize spa-
tial distributions of individuals across landscapes (Clark and
Evans 1954; Hopkins and Skellam 1954; Pielou 1977) and
have been widely used as measures of forest stand structure
(Pommerening 2002), specifically with respect to describing
the presence of either random, clumped, or uniform spatial
distributions of individuals. AIS uses a modification of the
aggregation index of Clark and Evans (1954) to perform an
allelic aggregation index analysis (AAIA) that provides a basis
for testing the null hypothesis that each allele at a locus is
distributed at random across a landscape (i.e., no aggregation
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or genetic structure) relative to the aggregation of the actual
organisms sampled for analysis purposes.

Consider a set of Nj copies of allele j observed at a locus
from a sample of n individuals collected at different locations
across a landscape. It is possible to calculate Rj, an allele-
specific aggregation index for allele j, as

Rj 5 �dOj =
�dEj ; ð1Þ

where �dOj represents the average nearest-neighbor distance
for observations of allele j and �dEj represents an expected
average nearest-neighbor distance for Nj randomly distrib-
uted copies of allele j. �dEj is calculated as

�dEj 5 1=ð2
ffiffiffiffiffiffiffiffiffiffiffi
Nj=A

q
Þ; ð2Þ

whereA represents the area over which all n sampled individ-
uals were collected. Furthermore, the quantity RAVE

j can be
calculated over all alleles and loci as the arithmetic mean of
all individual Rj values to serve as a global test statistic for
the entire dataset. The significance of each individual Rj value
andRAVE

j canbe evaluated through theuseof a randomization
procedure where individuals and genotypes are randomly
redistributed among individual collection locations. Rj and
RAVE
j will be smaller than random expectations when alleles

show a clumped (aggregated) spatial distribution, and in con-
trast, will be greater than random expectations when alleles
show a tendency toward a uniform spatial distribution (Pielou
1977). Note that �dEj is not affected by the randomization pro-
cedure. As a result, accurate area estimates (A) are not required
to construct hypothesis tests. However, accurate estimates of
A may facilitate comparisons of aggregation index values
among datasets. AIS provides a number of different ap-
proaches that can be used to quantify A for a given dataset.

The analyses described above (Mantel tests, spatial auto-
correlation analyses, and AAIA) provide a basis for determin-
ing if, on average, nonrandom patterns of genetic diversity
exist over a landscape. However, over large spatial scales,
considerable variation may exist in patterns of genetic struc-
ture due to vicariance or barriers to gene flow (Manel et al.
2003). Thus AIS includes two different procedures that may
hold utility for researchers conducting phylogeographical
analyses or other landscape-scale explorations of patterns of
genetic diversity and structure. First, the program contains rou-
tines that implement Monmonier’s algorithm (Monmonier
1973). This geographical regionalization procedure is increas-
ingly being used to detect the locations of putative barriers to
gene flow by iteratively identifying sets of contiguous, large
genetic distances along connectivity networks (Doupanloup
et al. 2002; Manel et al. 2003; Manni et al. 2004). In AIS,
a Delaunay triangulation (Brouns et al. 2003; Watson
1992) is used to generate the connectivity network among
collection sites. After analyses, a graphical representation
of putative ‘‘barriers’’ inferred by the algorithm is superim-
posed over the connectivity network to assist with rapid iden-
tification of important geographical features reflected by the
genetic dataset. A text-based representation of the search
procedure is provided that contains quantitative information
about detected barriers from each analysis.

Alleles In Space also implements a novel technique that
can be used to obtain graphical representations of genetic
distance patterns across landscapes. The three-dimensional
surface plots generated by this procedure are referred to
as ‘‘genetic landscape shapes.’’ See Miller et al. (in press)
for an example of this analysis applied to an empirical data
set. Unlike Monmonier’s algorithm, this procedure allows for
qualitative characterization of all areas of a sampled land-
scape as opposed to solely identifying sets of sampling areas
separated by contiguous, large genetic distances. The proce-
dure is initiated by constructing a connectivity network of
sampling areas and assigning calculated interindividual ge-
netic distances (Zi) to landscape coordinates at midpoints
(Xi, Yi) of the n connectivity network edges. Next, a simple
interpolation procedure (inverse distance-weighted interpola-
tion) (Watson 1992; Watson and Philips 1985) is used to infer
genetic distances at locations on a uniformly spaced grid
overlaid on the entire sampled landscape. For each grid co-
ordinate (x, y), an inferred genetic distance, Z, is obtained
from each of the i 5 1 to n genetic distances (Zi) assigned
to the connectivity network as

Z 5

Pn
i51 wi � ZiPn

i51 wi
; ð3Þ

where wi is a weighting function assigned to each Zi that is
inversely proportional to the geographical distance between
a grid coordinate (x, y) and the actual geographical coordi-
nates (Xi, Yi) assigned to each of the n values of Zi. The
weighting function wi is calculated as

wi 5
½ðXi � xÞ2 þ ðYi � yÞ2��

a
2 when Xi 6¼ x; Yi 6¼ y

1 when Xi 5 x; Yi 5 y
;

�

ð4Þ

and a is a distance weighting value. Larger values of a cause
interpolated values to be more influenced by close points,
and smaller values of a (;0) allow all points to equally influ-
ence interpolated values. Some general guidelines for choos-
ing appropriate interpolation parameters are provided in the
program’s documentation. After interpolation, AIS produces
three-dimensional surface plots where X and Y coordinates
correspond to geographical locations on the rectangular grid
and surface plot heights (Z ) reflect genetic distances. The
resulting surface plots can be easily rotated in the program,
and many additional aspects of the graph can easily be mod-
ified by users. Furthermore, the program generates a graphical
representation of the connectivity network used in the inter-
polation procedure and provides a detailed text-based de-
scription of different steps performed during the analysis.
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