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Many evolutionary processes are influenced by environ-
mental variation over space and time, including genetic
divergence among populations, speciation and evol-
utionary change in morphology, physiology and beha-
viour. Yet, evolutionary biologists have generally not
taken advantage of the extensive environmental data
available from geographic information systems (GIS).
For example, studies of phylogeography, speciation
and character evolution often ignore or use only crude
proxies for environmental variation (e.g. latitude and
distance between populations). Here, we describe how
the integration of GIS-based environmental data, along
with new spatial tools, can transform evolutionary stu-
dies and reveal new insights into the ecological causes of
evolutionary patterns.

The application of GIS in evolutionary biology
Understanding many evolutionary patterns and pro-
cesses requires consideration of the variation in the
abiotic environment (e.g. temperature, precipitation
and topography). Although most evolutionary biologists
appreciate this point in theory, it is not always apparent
in practice. For example, most phylogeographic studies
only consider how the geographic distance between
sampling localities influences genetic structure, while
ignoring variation in the environment separating them
(e.g. changes in topography and/or climate). Similarly,
studies of speciation rarely quantify environmental fac-
tors that might cause sister species to be allopatric
(geographically separated) or parapatric (geographically
abutting), even though these factors can be crucial in
deducing the role of ecology in speciation. Likewise,
studies of character evolution rarely include quantitative
data on environmental variables where the species occur,
even though environmental factors can influence the
evolution of many fundamental biological traits, in-
cluding what an organism feeds on, when it reproduces,
how many offspring it has and how large it grows.

In the past, one could hardly blame evolutionary biol-
ogists for not explicitly incorporating environmental data
into many of their studies. For example, how could one
graduate student or even an entire team of researchers
hope to obtain detailed environmental data for 100
sampling localities of a wide-ranging species, let alone
from a group of 50 species distributed across the world?
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Fortunately, the availability of geographic information
system (GIS) maps of environmental variables (Table 1,
Box 1) now makes it relatively simple to incorporate such
information into evolutionary studies. By plotting the
sampling locations of organisms on GIS maps, researchers
can readily obtain environmental data for hundreds of
localities and dozens of species across the globe. These
data can then be combined with information on the phy-
logeny, ecology and phenotypes of organisms to help to
address many fundamental and applied evolutionary ques-
tions.

Here, we review the application of GIS-based data and
tools to three of the main endeavors of modern evolutionary
biology: the study of within-species genetic variation over
space and time (phylogeography), the study of how new
species originate (speciation) and studies of phenotypic
character evolution within and among species. Many of
the applications that we discuss involve ecological niche
modeling (Box 2), a general methodology that uses species
distributional data in combination with GIS maps of
environmental variation to predict areas where the species
can be expected to occur (over both space and time). Other
applications involve using these datasets and associated
tools, for example DIVA GIS (http//:diva-gis.org), to obtain
environmental data for each locality and then analyzing
those data statistically (e.g. to test for correlations between
environmental variables and spatial patterns of phenoty-
pic divergence). Like any other approach, these GIS-based
analyses must be used with appropriate caution. Never-
theless, we anticipate that incorporating these data and
tools will not only transform how evolutionary biology is
done in practice, but will also concomitantly change the
way in which evolutionists think about many fundamental
topics.

Applications to phylogeography

Phylogeography is a burgeoning subfield within evolution-
ary biology that addresses the geographic structure of
genetic variation within species and its underlying causes
[1]. It is also a field in which environmental data seem most
necessary, but until recently, they have only rarely been
applied. Many of the fundamental questions in phylogeo-
graphy relate to how physical and climatic variation over
space and time shape patterns of genetic divergence. GIS
data, in combination with new analytical tools, now allow
researchers to address these questions in ways that would
not have been possible before.
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Table 1. Examples of some GIS-based environmental variables that can be applied to evolutionary studies

Environmental variable(s)

Minimum resolution Website

Climate (temperature, precipitation, seasonality, solar 1km
radiation, relative humidity, vapor pressure)?

Rainfall, cloud cover® 0.25°

Vegetation type, per cent tree cover® 1km

Topography (elevation, slope, aspect, grid complexity)® 90 m

Hydrology (streams, drainage basins, flow accumulation, 1 km
flow direction)®

Energy, productivity® 1km
Landcover, land use® 30m

Soils (soil type, texture, soil water capacity and pH)? ~10 km

http://www.fao.org/sd/eidirect/climate/eisp0002.htm

http://www.cru.uea.ac.uk/

http://daymet.org

http://worldclim.org
http://trmm.gsfc.nasa.gov/data_dir/data.html
http://edcimswww.cr.usgs.gov/pub/imswelcome/
http://edcdaac.usgs.gov/glcc/glcc_version1.html#Global
http://glcf.umiacs.umd.edu/data/
http://edcimswww.cr.usgs.gov/pub/imswelcome/
http://www2.jpl.nasa.gov/srtm/dataprod.htm
http://edc.usgs.gov/products/elevation.html
http://www.worldwildlife.org/freshwater/hydrosheds.cfm
http://edc.usgs.gov/products/elevation/gtopo30/hydro/index.html

http://glcf.umiacs.umd.edu/data/
http://glcf.umiacs.umd.edu/data/
http://edcimswww.cr.usgs.gov/pub/imswelcome/
http://glovis.usgs.gov/
http://www.landsat.org/ortho/default.html
http://www.fao.org/AG/agl/agll/prtsoil.stm
http://www.daac.ornl.gov/SOILS/soils_collections.html

Data source: ?spatial interpolation; Premote sensing.

Box 1. Obtaining environmental data for evolutionary
studies

Perhaps one of the biggest impediments to incorporating GIS-based
data into evolutionary studies is that researchers are simply
unaware of the data that are available. These datasets include
digital maps that quantify spatial variation and temporal variation in
temperature, precipitation, humidity, topography, soils, vegetation,
energy and productivity (Table 1). All of these can be downloaded
free of charge.

Typically, GIS maps of environmental variation are derived using
two methods: remote sensing and spatial interpolation. Remote
sensing uses aircraft or satellite-borne sensors to detect spatial
variation in electromagnetic energy. This variation is then used to
generate digital images of environmental variation [56]. For
example, spatial variability in energy that is reflected or emitted
from the Earth’s surface is often used to map variation in vegetation
types.

Spatial interpolation is a statistical procedure for estimating data
values at unsampled sites between actual data collection locations
(e.g. weather stations [57]). For example, the WorldClim dataset [58]
includes spatially interpolated GIS maps of 19 climatic variables,
including annual means, ranges, variability and extreme values of
temperature and precipitation [59]. These maps are derived from
monthly values gathered from thousands of weather stations
around the world between 1950 and 2000 [58] (~50,000 locations
for precipitation and ~25,000 locations for temperature). The data
have been spatially interpolated at a fine resolution (~1km?) [58],
making it possible to obtain a reasonable estimate of the climatic
conditions at almost any point on the surface of the earth.

Once the GIS maps of interest have been obtained, the next step is
to use the geographic coordinate of each locality to plot its location
on the environmental map(s) of interest. Relevant locality data can
be obtained in the field (using a GPS device), from natural history
museums or from the literature. Locations that lack geographic
coordinates can often be georeferenced (assigned a latitude and
longitude) using the verbal descriptions of the sites and online
gazetteers (databases providing the latitude and longitude of towns
and other landmarks, such as http://herpnet.org/Gazetteer/Geore-
fResources.htm). Many natural history museums are also presently
georeferencing specimen localities on a large scale and making the
information available in a variety of online databases [60].
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Environmental barriers to dispersal and gene flow
A recurring theme in phylogeographic studies is that many
widely distributed species have been subdivided by histori-
cal and contemporary barriers to gene flow. GIS data now
allow researchers to investigate the environmental factors
that underlie the origin and maintenance of these morpho-
logically cryptic genetic lineages (here and throughout, we
refer to a lineage as a set of evolutionarily related and
interbreeding populations that might or might not be
formally recognized as a distinct species). For example,
several recent studies have examined the relationship
between the climatic and genetic similarity of populations
to address whether parapatric distributions between cryp-
tic sister lineages are associated with selection across
climatic gradients. In the European bushcricket Ephippi-
ger ephippiger and the western North American black
salamander Aneides flavipunctatus divergent selection
associated with climatic factors seemingly maintains the
distributions of such lineages [2,3]. By contrast, the para-
patric distributions of many sister lineages of plethodontid
salamanders in eastern North America were neither
generated nor maintained by climatic gradients [4].
Another near-ubiquitous pattern in phylogeographic
studies is the decreasing genetic similarity of populations
with increasing geographic distance (i.e. isolation by dis-
tance). To date, most studies have used relatively simplis-
tic measures of geographic distance (i.e. simple linear
distances). However, the distance separating populations
can be a trivial factor in creating and maintaining geo-
graphic genetic structure, relative to other features of the
environment that limit dispersal (e.g. climatic gradients
and changes in topography). This issue is a major topic in
the field of landscape genetics, which tends to focus on a
smaller spatial scale than does phylogeography [5,6]. Many
studies in landscape genetics have used GIS-based data to
show that distances based on topography, habitat types
and river drainages (for aquatic organisms) provide better
predictions of genetic distances between populations than


http://biodiversityinformatics.amnh.org/index.php?section=sdm
http://www.cru.uea.ac.uk/
http://daymet.org/
http://worldclim.org/
http://trmm.gsfc.nasa.gov/data_dir/data.html
http://edcimswww.cr.usgs.gov/pub/imswelcome/
http://edcdaac.usgs.gov/glcc/glcc_version1.html
http://glcf.umiacs.umd.edu/data/
http://edcimswww.cr.usgs.gov/pub/imswelcome/
http://www2.jpl.nasa.gov/srtm/dataprod.htm
http://edc.usgs.gov/products/elevation.html
http://www.worldwildlife.org/freshwater/hydrosheds.cfm
http://edc.usgs.gov/products/elevation/gtopo30/hydro/index.html
http://glcf.umiacs.umd.edu/data/
http://glcf.umiacs.umd.edu/data/
http://edcimswww.cr.usgs.gov/pub/imswelcome/
http://glovis.usgs.gov/
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http://biodiversityinformatics.amnh.org/index.php?section=sdm
http://biodiversityinformatics.amnh.org/index.php?section=sdm

Box 2. Ecological niche modeling
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Ecological niche modeling (also referred to as species distribution
modeling) generates a map of the expected distribution of a species
using information on the environmental conditions where it is known
to occur [61,62]. Niche modeling requires two kinds of data:
georeferenced localities and GIS-based maps of the environmental
variables (e.g. temperature and precipitation) that are likely to
influence the suitability of the environment for that species (Figure
1). A variety of niche modeling methods exist (e.g. Bioclim [59], GARP
[63] and Maxent [64]); readers should see Ref. [65] for a comparison of
methods and their performance. For a general introduction to
ecological niche modeling, readers can also consult the Center for
Biodiversity and Conservation’s online introduction to ecological
niche modeling (http://biodiversityinformatics.amnh.org/index.php?-
section=sdm).

This general approach can be used to address a variety of questions
at the interface of evolution and ecology. For example, a niche model
for a given species can show that climatically suitable areas occur
beyond its known range limits. This pattern is called overprediction. If
the overprediction occurs in areas that are geographically adjacent to
the known range, one interpretation is that the range limits are not
actually set by climatic factors. Instead, they might be set by biotic
interactions (e.g. competitors [66], or by nonclimatic factors, such as
lack of time for dispersal into climatically suitable areas [67], or rivers
and water bodies for terrestrial organisms). By contrast, if the niche
model of a species overpredicts into geographically isolated patches
of nearby habitat, this pattern suggests that its range might be more
extensive than is presently known, or even that closely related,
undescribed species might exist in those patches [68].

In the example illustrated in Figure I, a combination of climatic and
biotic factors seem to limit the range of Plethodon jordani, a

Plethodon jordani

salamander that is endemic to the Great Smoky Mountains in eastern
North America. The niche model for this species identifies climatically
suitable locations (shown in orange, yellow and green) that extend
beyond its actual geographic distribution (localities shown with blue
dots). Climatically inhospitable lowland areas seemingly prevent the
dispersal of P. jordani to suitable patches of montane habitat to the
southwest (A, B), southeast (C), and northeast of its range (D). By
contrast, the niche model suggests that this species should be able to
disperse to climatically suitable regions (E) that border its south-
eastern range limit, given the climatic similarity to regions where this
species occurs. These sites are occupied by the closely related species
P. metcalfi, suggesting the possibility that ecological interactions with
this species, rather than climate, set the southeastern range limit of P.
jordani [4].

Niche modeling does have a variety of limitations [61,62,69-71]).
Perhaps one of the most important is that it assumes that the
modeled distribution of a species reflects its actual environmental
tolerances, although this assumption is rarely tested (but see Refs
[72,73]). A species might be able to tolerate physiologically a broader
range of conditions than would be suggested by the extent of its
predicted geographic distribution (e.g. when its range is limited by a
competitor [66,70] or is not at equilibrium with the current climate as
a result of dispersal limitations [67,70]). Underestimating the
environmental tolerances of a species could lead to a variety of
errors, such as underestimating the potential geographic distribution
of a species and assuming that certain environmental factors limit its
distribution that do not [70,74]. Some additional limitations and
potential problems that are relevant to niche modeling but apply to
GIS data in general are discussed in Box 3.
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Figure I. General example outlining the procedure for modeling the predicted geographic distribution of a species using ecological niche modeling.

do simple geographic distances (e.g., see Refs [7-10]).
Surprisingly, these approaches have generally not been
used in phylogeographic studies (but see Ref. [11]), but the
availability of global coverages for many environmental
variables (Box 1) and existing spatial tools [12-14] now
make it feasible for phylogeographers to explore a large

variety of potential environmental correlates of phylogeo-
graphic structure at continental scales.

Impact of glacial refugia on phylogeographic structure
Assessing the importance of glacial cycles (and the associ-

ated expansions and contractions of habitats) on patterns
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of genetic variation is a major theme in phylogeography. In
the past, phylogeographic studies relied almost entirely on
genetic data to make inferences about the locations of
glacial refugia and their effects on organisms. Now, GIS-
based methods make it possible to model the spatial pat-
terns of climatic suitability for organisms based on their
current distributions and to project these conditions onto
mapped estimates of historical climates [15,16]. This de-
velopment allows researchers to visualize and test hypoth-
eses based on the potential distribution of organisms over
time.

A key ingredient in these analyses is a GIS map of
estimated climatic variation at a relevant point in the
past. Previously, these estimates were based on palynolo-
gical data, which can provide information on both paleo-
climates and the distributions of favorable habitats for
species (e.g. see Ref. [15]). However, palynological data
are lacking for many geographic regions. Now, global
estimates of paleoclimatic variation are becoming avail-
able through the Paleoclimatic Modeling Intercomparison
Project (PMIP: http://www.ncdc.noaa.gov/paleo/mod-
el.html). Thus, it has become possible to test hypotheses
regarding the refugial dynamics of many organisms and
regions around the world (e.g. see Refs [17-19]). For
example, Knowles and colleagues [20] recently used paleo-
climatic data to model the distribution of suitable habitats
of high montane populations of the North American grass-
hopper Melanoplus marshalli at the Last Glacial Maxi-
mum (LGM). They found that the paleodistribution models
corroborated the genetic data, which had suggested the
separation of this species into subpopulations correspond-
ing to Pleistocene refugia.

Another major focus of phylogeographic research
involves comparing patterns of genetic variation between
species with partially or fully overlapping geographic
distributions (comparative phylogeography). GIS-based
paleoclimatic maps and models of the past distribution
of species now allow researchers to test whether species
with congruent phylogeographic patterns responded in a
similar fashion to past climatic changes. By modeling the
paleodistributions of species endemic to the Pacific North-
west mesic ecosystem, Carstens and Richards [21] showed
that congruent phylogeographic patterns in three amphi-
bian species reflect concerted responses of these lineages to
historical changes in the distribution of mesic climatic
conditions.

Taken together, these studies demonstrate how GIS
data and paleodistribution models can provide an inde-
pendent test of the predictions of genetic models. None-
theless, it is important to bear in mind that the accuracy of
these spatial predictions depends on whether the climatic
tolerances of species are conserved over the timescale for
which their geographic distributions are being modeled
and that the paleoclimate maps accurately portray spatial
variation in climate. Recent applications of niche modeling
to contemporary and fossil locality data found that both
plants and animals do show conservatism in their climatic
niche characteristics over the past 20 000 years [22,23].
However, the sensitivity of species distribution models to
different paleoclimatic reconstructions has been poorly
explored and is an area in need of future research.
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Applications to speciation research

Understanding the origin of species is one of the dominant
research agendas in evolutionary biology [24]. Incorporat-
ing GIS-based tools and data has the potential to have a
major impact on several persistent questions in speciation
research, including: (i) what role does ecology play in
speciation? (ii) what is the most common geographic mode
of speciation? and (iii) what is the long-term fate of hybri-
dizing lineages?

What role does ecology play in speciation?

GIS-based models of the potential geographic distribution
of sister species are providing fresh insights into the role of
ecological factors in driving allopatric speciation [4,25], a
question that has largely been ignored until recently [26].
Typically, allopatry is explained by invoking dramatic
geographic barriers to dispersal (e.g. rivers, oceans and
deserts). However, recent GIS-based analyses suggest that
allopatry can sometimes be associated with specialization
to relatively subtle differences in ecological conditions, in
which this specialization is maintained over evolutionary
timescales (niche conservatism) [25] and limits dispersal
between populations. For example, GIS-based climatic
data suggest that allopatric speciation in many montane
salamanders in eastern North America is related to their
inability to tolerate conditions in lowland habitats [4]. Yet,
both highlands and lowlands in this region consist pre-
dominantly of mesic, temperate deciduous woodlands.
Thus, allopatric speciation in these species is seemingly
associated with their specialization to climatic conditions
at higher elevations, even though the high and low
elevation habitats are generally quite similar.

Although recent studies have demonstrated that niche
conservatism can play an important role in promoting
speciation by limiting dispersal between populations,
adaptation to different climatic conditions in allopatric
or parapatric populations might also play an important
role in speciation by driving phenotypic divergence and
accelerating the evolution of reproductive isolation [27,28].
GIS-based models have identified pairs of sister species
that seem to have originated in response to divergent
selection across environmental gradients [3,29,30]. How-
ever, it is important to caution that inferring a role for
adaptive divergence in speciation also requires data on
phenotypic traits relevant to reproductive isolation and not
just climatic data. To this end, GIS-based models seem to
be a promising tool for identifying sister species that
inhabit divergent climatic regimes. These species pairs
can then be examined for adaptive divergence in pheno-
typic traits that contribute to reproductive isolation.

What is the most common geographic mode of
speciation?

The typical approach for addressing this question involves
comparing the current geographic overlap of sister species
inferred from a phylogeny and evaluating whether their
ranges are allopatric (separate), parapatric (abutting) or
sympatric (overlapping) [31]. However, some authors have
questioned the utility of this approach given the possibility
that ranges can shift extensively after speciation and
thereby obscure the original patterns of overlap [32].
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Figure 1. Combining (a) genetic and (b) GIS-based climatic data to understand geographic patterns of song evolution in (¢) Swainson’s thrush Catharus ustulatus. Ruegg
et al. [47] assessed the association between the song divergence (acoustic distance) of populations and their genetic and climatic divergence. No association was found
between the acoustic and genetic divergence of populations. By contrast, populations that inhabit different climates tend to show greater acoustic divergence than those
that inhabit similar climates. Thus, natural selection rather than genetic drift seemingly drives patterns of song evolution at the population level.

GIS-based analyses of current and past climates can be
used to gain insights into the stability of these overlap
patterns by modeling the distribution of areas of suitable
(or unsuitable) habitat over time. For example, if these
analyses show that a region of unsuitable climatic con-
ditions currently separating the ranges of two allopatric
species has persisted over long timescales (e.g. as long as
the estimated age of the species pair), it can be inferred
with much greater confidence that allopatric speciation is
the geographic mode.

Perhaps the most challenging geographic mode to
demonstrate is parapatric speciation. When parapatric
distributions of sister species are observed, it is difficult
to determine whether this occurs because of primary con-
tact (species evolved in situ, parapatrically) or secondary
contact (species evolved in allopatry and extended their
ranges to abut more recently) [24]. However, if species
range limits are determined largely by climate and their
climatic tolerances remain similar over time, it should be
possible to distinguish primary and secondary contact by
projecting the potential ranges of sister species backwards
in time, to determine how long they are likely to have been
in contact. For example, if the present-day region of contact
was previously unsuitable for both species over most of the
time period in which they are likely to have speciated,
primary contact (and hence, parapatric speciation) seems
unlikely.

Recent work on birds demonstrates the utility of this
general approach for assessing historical range dynamics
of sibling species. Ruegg and colleagues [33] modeled the
distribution of suitable climates for two parapatric sister
lineages of Swainson’s thrush Catharus ustulatus based on

the current distribution of these lineages. They then pro-
jected those conditions onto the map of climates for the
Last Glacial Maximum and inferred that the two lineages
came into secondary contact after allopatric isolation in
climatically distinct Pleistocene refugia.

Of course, modeling the geographic distributions of
sister species backwards in time also has limitations
and must be done with some caution. The accuracy of
paleodistribution models of sister species will ultimately
depend on the rate at which climatic niche similarity
decays over time. Although recent studies have shown
considerable climatic niche conservatism across large phy-
logenies [25,34-37], this pattern is not found in all taxa
[38—40]. Thus, it is important to determine whether the
climatic niches of species are generally conserved over the
timescale under consideration before using paleodistribu-
tion models to infer geographic modes of speciation. A
variety of spatial, statistical and phylogenetic software
packages provide the analytical tools to test this hypoth-
esis rigorously (e.g. tests of phylogenetic versus climatic
distance [41,42] and null models of climatic niche overlap
[43]).

What is the long-term fate of hybridizing lineages?

GIS data can even provide new insights into whether
species in hybrid zones will remain separate or will fuse
to form a single species. Using ecological niche modeling,
Swenson [44] found that in North America, hybrid zones
between eastern and western species of birds are geo-
graphically clustered and that this clustering is associated
with a sharp temperature gradient corresponding to the
Great-Plains—Rocky-Mountain ecotone. This pattern
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suggests that these eastern and western species have
adapted to different climatic conditions and that their
range borders are being maintained by selection against
hybrids (for a related example, see Ref. [45]). Thus, it
seems unlikely that any of these species pairs will fuse
to form a single species, because such a process would be
impeded by the adaptive differences of the two species (see
also Ref. [46]).

Applications to character evolution within and between
species

The environmental conditions that a species experiences
can strongly influence the evolution of many aspects of its
phenotype. GIS-based environmental data can greatly
facilitate analyses of correlations between evolutionary
changes in species traits and the environments that those
species experience. This approach can be used to study
both macroevolutionary changes among species and the
evolution of geographic variation within species.

For example, Ruegg and colleagues [47] used GIS-
derived climatic data to examine song evolution among
populations of Swainson’s thrush Catharus ustulatus and
its relationship to genetic and climatic differentiation. By
quantifying geographic variation in temperature and pre-
cipitation across the range of this species, they found that
the acoustic divergence of populations was not correlated
with their genetic divergence (as expected under a model of
genetic drift) but rather with geographic differences in
climate (Figure 1). This study demonstrates the potential
of GIS-based data to help to distinguish among alternative
causes of intraspecific phenotypic evolution (i.e. genetic
drift versus natural selection). However, it also demon-
strates that a positive association between a trait and an
environmental variable does not necessarily imply causa-
tion. The authors found that song evolution among popu-
lations does not appear to be related directly to climate but
rather to the effects of climate in determining forest type
(i.e. rainforest versus coniferous forest). Each type of forest
creates a different selective environment for optimal sound
transmission, because the rainforest has a dense unders-
tory and the coniferous forest has a sparse understory.
Thus, the song types seem to be more directly influenced by
forest type than by climate alone.

Beyond correlating climatic data with patterns of phe-
notypic variation, there are other applications of GIS data
to studies of character evolution that might be less obvious.
For example, GIS-derived climatic data can potentially be
used to identify misleading phylogenetic reconstructions of
character evolution [48]. In marsupial frogs (Hemiphrac-
tidae: Cryptobatrachus, Flectonotus, Gastrotheca, Hemi-
phractus, Stefania), different methods of ancestral
reconstruction lead to two very different interpretations
of life history evolution. Under one interpretation, direct
development is ancestral for the family, and the larval
(tadpole) stage, remarkably, appears to have re-evolved.
This reconstruction is supported by simple parsimony and
by a likelihood model with an equal rate for gains and
losses of direct development across the phylogeny (one-rate
model). Under the alternative reconstruction, there are
multiple origins of direct development, and there is no re-
evolution of the tadpole stage. This second scenario is
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supported by maximum likelihood reconstruction when
allowing for different rates of gain and loss of direct de-
velopment (two-rate model). The two-rate model has a
better statistical fit to the data than does the one-rate
model and seems to make more sense intuitively (i.e. it
does not require the re-appearance of the lost tadpole
stage). However, when ancestral climatic regimes are
reconstructed on the phylogeny, the two-rate model
implies that the tadpole stage was maintained for millions
of years under climatic conditions in which no marsupial
frog species with a normal tadpole stage occurs today [48].
Thus, the GIS-based climatic data actually suggest that
this second scenario is less plausible, and the surprising
hypothesis that the tadpole stage re-evolved seems more
likely. This example illustrates an unexpected way in
which GIS data might be used to inform analyses of
character evolution.

Prospects for applied evolutionary research

So far, we have reviewed how GIS are providing new
insights into evolutionary biology and provided examples
from three areas of basic research. However, the merging of
data and approaches from geographic-information science
and evolutionary biology should also catalyze further
integration of evolutionary perspectives into applied
research.

Box 3. Limitations of GIS data in evolutionary studies

GIS data and new spatial analytical tools can provide many new
insights into how environmental variation in space and time drives
evolutionary patterns and processes. Nonetheless, some caution is
needed at all stages of these analyses, from obtaining the basic data
to the statistical interpretation of the results.

First, researchers must consider the extent to which data
resolution and quality might impact their results [75]. For example,
climatic data layers derived from spatial interpolation can have
greater error in regions with extreme topographic heterogeneity and
where the density of weather stations is sparse [57]. Likewise, maps
that are derived from the interpolation of points that are evenly
spaced will have greater accuracy than those generated from points
that are clustered [2,75]. Furthermore, when assessing the past
distribution of suitable climates for a species, it is important that
researchers consider the extent to which their conclusions might be
impacted by variation among alternative paleoclimatic models and
different methods for modeling the potential geographic distribu-
tion of species [76-78].

Many environmental variables are tightly correlated making some
of them effectively redundant. Thus, using all the variables in a
database might violate the assumptions of many statistical tests,
potentially leading to spurious results. Researchers can use two
straightforward approaches to avoid this potential pitfall. The first
approach is to test the correlations among all the variables for the
localities of interest and to select a subset of variables that seem
least correlated and most relevant for the question at hand.
Alternatively, a data-reduction method, such as principal-compo-
nents analysis can be used to generate linear combinations of the
original variables that are orthogonal (i.e. independent) of each
other (e.g., see Refs [3,4,79]).

It is also important to consider the extent to which available
sampling locations might represent a biased representation of the
true spatial distribution of a species. For example, collecting efforts
for some species might be clustered near towns and cities and along
roadways. Such nonrandom sampling could lead to biases in the
estimated environmental distribution of a species. Thus, it might be
necessary to subsample available locations to remove or to reduce
such potential biases [71].
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With the availability of global GIS data on environmen-
tal variation, researchers are now beginning to address the
general question of whether introduced species have
evolved to become more invasive. For example, it is
possible to construct a GIS-based model of the distribution
of an invasive species based on its native distributions and
to test the ability of the model to predict the extent of its
range in the area to which it has been introduced [49]. If the
native distribution fails to predict the extent of the climatic
distribution of the species in its introduced range, the
evolution of increased climatic tolerances (relative to their
native range) might be involved in their geographic expan-
sion from the location(s) where it was first introduced [50].
This general approach is also shedding light on the extent
to which adaptation to novel environmental conditions
might facilitate the geographic expansion of domesticated
species beyond the ranges of their wild progenitors [51].
Furthermore, new spatial analyses for testing whether
natural selection at the molecular level is associated with
environmental variation [52] show much promise for iden-
tifying candidate genes that might promote the geographic
spread of invasive and domesticated species.

GIS-data could also be used in an evolutionary frame-
work to address how species are likely to respond to global
climate change (e.g. by shifting ranges, adapting or becom-
ing extinct). Recent studies have used GIS data and
methods to estimate how species will respond to climate
change, but assuming no evolution in their climatic toler-
ances [53-55]. Alternatively, combining GIS-based cli-
matic data, phylogenies and comparative methods for
estimating rates of evolutionary change could be used to
determine whether the rates at which species have chan-
ged in their climatic niches in the past can keep pace with
estimated rates of human-induced climate change.

Conclusions

Given the increasing ease with which environmental data
can be obtained and analyzed for many populations,
species, clades and regions across the world, we envision
that GIS technology will become increasingly integrated
into evolutionary biology. By allowing evolutionary biol-
ogists to obtain data on environmental variation that
would have previously been impossible or impractical to
collect, there seems little doubt that GIS will continue
to invigorate existing research areas and open the door
to new research programs focused on both fundamental
and applied research questions in evolutionary biology.
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