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Topographic controls on the
regional-scale biodiversity of the
south-western USA

David D. Coblentz1* and Kurt H. Riitters2

INTRODUCTION

Many topographic characteristics of the landscape (e.g. relief,

slope, aspect, gradient, slope curvature, slope length and

contour curvature) play important roles in the distribution

of vegetation and biodiversity (e.g. Merriam, 1890, 1894;

Whittaker & Niering, 1965, 1968; Vuilleumier, 1970; Brown,

1971, 1978; Hastings et al., 1972; Simpson, 1975; Hanawalt &

Whittaker, 1976; Whittaker, 1977; Behle, 1978; Johnson, 1978;

Peet, 1978; Patterson, 1980; Cole, 1982; Allen & Peet, 1990;

Allen et al., 1991; Huggett, 1995; Burke, 1999; Hansen &

Rotella, 1999). For terrestrial habitats, variation in species
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ABSTRACT

Aim Topography is a fundamental geophysical observable that contains valuable

information about the geodynamic, tectonic and climatic history of a region. Here,

we extend the traditional uses of topographic analysis to evaluate the role played by

topography in the distribution of regional-scale biodiversity in the south-western

USA. An important aspect of our study is its ability to provide a way to quantify

characteristics of the topographic fabric and to construct predictive models that can

be used to test hypotheses that relate topography and biodiversity.

Location South-western USA region of the North American Cordillera.

Methods Our approach begins with a quantitative analysis of the topography and

the construction of a predicted biodiversity map based on measurable topographic

quantities: organization, roughness, slope aspect, grain orientation and mean

elevation. We then make a quantitative comparison between the predicted and

observed biodiversity, based on the assumption that land-cover diversity is a

plausible measure of regional-scale biodiversity. Land-cover information used for

this study was collected as part of the U.S.G.S. global land cover characteristics

(GLCC) project and is derived from satellite (AVHRR) imagery.

Results To a first order, the predicted regional-scale biodiversity based on our

topographic model shows a good correlation with the observed biodiversity (as

estimated from the land-cover diversity). Our model overestimates the

biodiversity in many parts of the Colorado Plateau, Rio Grande Rift, and the

low desert regions of the Southern Basin and Range, suggesting that in these

provinces a biodiversity estimate based solely on topography is an over-

simplification. However, much of the Madrean Archipelago and Sierra Madre

provinces, which are centres of high biodiversity in this region, show excellent

agreement between the observed and predicted biodiversity.

Main conclusions While we acknowledge that many other factors in addition to

topography have an important influence on biodiversity (particularly on a local

scale), we conclude that topography plays a primary role in the regional to

continental-scale biodiversity, particularly in regions characterized by insular

mountain fabrics.
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diversity along gradients of elevation and available soil

moisture are almost as striking as latitudinal variations, which

are well recognized (Simpson, 1964; Cook, 1969). Just as the

number of species decreases in progressively cooler climates as

one moves from tropical to polar regions, so it also decreases

in the cooler environments as one ascends mountains. This

pattern has been well established for trees on mesic mountains

of North America (Whittaker, 1960, 1977).

The role of topography in the distribution of biodiversity in

the arid regions of the south-western US and northern Mexico is

particularly profound. In desert regions, the extreme aridity of

the lower elevations offsets this general trend in diversity and in

desert mountains species diversity of most organisms is thought

to be greatest at intermediate elevations (e.g. Whittaker &

Niering, 1965). A diagrammatic profile of a hypothetical

mountain in southern Arizona showing the vertical climatic

zonation and concordance of biotic communities (Fig. 1)

illustrates that the oak woodland biome (at an elevation of c.

1500 m) defines a transition zone between the underlying

tropical and overlying temperate life zones. The ability of flora

and fauna to mix across this elevation gradient is considered an

important factor in the high level of biodiversity observed in this

region (Whittaker & Niering, 1965, 1968; Brown & Lowe, 1980;

Felger & Wilson, 1994; McLaughlin, 1994).

Despite the important link between topography and biodi-

versity, studies of the relationship have been limited to a

primarily qualitative framework (see e.g. several discussions in

Brown & Gibson, 1983). The current availability of high-speed

computing platforms, high-resolution digital elevation models

(DEM) (e.g. 30 arcsec or c. 1 km resolution) and land-cover

diversity data sets (e.g. Riitters et al., 2000), invites quantitative

analyses to test the relationships discussed in these previous

investigations.

In the present study, we undertake such a quantitative analysis

by testing the hypothesis that a predictive biodiversity model

based on a combination of topographic parameters (specifically

topographic organization, roughness, gradient and mean eleva-

tion) can explain the large-scale features of the observed regional

biodiversity. We have selected the south-western US as a study

area for two primary reasons: first, the association between high

habitat diversity and the high level of topographic relief in this

region has long been recognized (e.g. Simpson, 1964; Cook,

1969; McCoy & Connor, 1980; Brown & Gibson, 1983) and

secondly, the Madrean Archipelago (centrally located in the

study area) ranks as one of the three top mega-diversity centres

of the world (Felger & Wilson, 1994; Warshall, 1994). A primary

control on the biodiversity of this region is the mixing of two

major floristic zones (Neotropic and Holarctic), two major

faunal realms (the Neotropic and Nearctic), and three major

climatic zones (tropical, subtropical and temperate). This

mixing is facilitated by the high topographic relief and strong

N–S orientation of the topographic grain and we are motivated

to quantitatively evaluate the role topography plays in the

regional-scale distribution of biodiversity.

We begin with a description of the physiographical features

of the south-west followed by a discussion of how the various

stages in the tectonic evolution of the western US helped create

the present-day topography. We test this hypothesis by

comparing a predicted biodiversity map constructed from a

combination of these physiographical quantities with an

observed land-cover diversity data set.

In the face of continuing global change, an understanding of

the many factors affecting biodiversity is becoming increas-

ingly relevant. The approach presented here provides new ways

of thinking about biodiversity and new assessment techniques

to measure and assess it on a regional scale. We note at the

onset that we are not proposing that high levels of biodiversity

can be explained in terms of topography alone, but rather we

seek to evaluate how much of the regional-scale diversity is

controlled by the measurable aspects of the topographic fabric.

Figure 1 Diagrammatic profile of a hypo-

thetical mountain in southern Arizona indi-

cating the vertical climatic zonation and

concordance of biotic communities (after

Brown, 1982).
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Of particular interest is the evaluation of regions where large

misfit exists between the predicted and observed biodiversity,

which provides valuable information about the limitations of

this approach.

TECTONIC EVOLUTION

OF THE SOUTH-WEST

The present-day topography of the western US is inexorably

coupled to the complex tectonic history of the North American

Cordillera. The Cordillera, a mountain belt extending from

Alaska to Guatemala, was formed by the interaction of the

Pacific, North American, Farallon and Juan de Fuca plates over

the past several hundred million years. Most of the observable

topographic features in this region are the result of continental

deformation during the final two tectonic stages: the predom-

inately compressional events associated with Cretaceous to

early Cenozoic (c. 200–60 Ma) subduction off western North

America, and more recent extensional tectonic events which

remain ongoing in many parts of the western US.

Most of the Cretaceous and the early Tertiary subduction of

the Farallon plate beneath North American produced wide-

spread compressional tectonics throughout most of the region.

As this subduction evolved, a zone of deformation propagated

eastward producing ‘thin-skinned’ deformation (often referred

to as the Sevier Orogeny) where the lithosphere was sufficiently

weak. The characteristic style of this deformation phase was

folding and thrusting of Palaeozoic and Mesozoic sedimentary

rocks from west to east along steep westward dipping thrust

faults. The Sevier thrust faulting formed a large mountain

system of north–south trending topography that has subse-

quently collapsed due to the weakness of the lithosphere in this

region. Some Sevier topographic features are preserved in the

faulted Basin and Range sequences as well as along the western

margin of the Uinta and Wind River Mountains. As the

deformation progressed further east during the Late Creta-

ceous and Early Cenozoic (c. 60 Ma) into stronger parts of the

North American plate, deeper parts of the crust become

involved (often referred to as the Laramide Orogeny).

Mountain ranges formed during this deformational phase

include the Rocky Mountains, the San Juans, the Gore Range

and the Sawatch Range in Colorado; the Sangre de Cristos and

Sandias in New Mexico; the Uintas and Wasatch Range in

Utah; the Black Hills in South Dakota; the Bitterroot Range in

Montana and Idaho; the Bighorns and Wind River Range in

Wyoming; and the Franklin Mountains of West Texas. This

topography is characterized by uplifted blocks of crust that

include Phanerozoic sedimentary rocks as well as the under-

lying Precambrian igneous and metamorphic rocks that make

up the core or basement of the continental crust.

Starting c. 30 Ma the elevated topography of the cordillera

began to collapse in response to a transition from compres-

sion-dominated subduction of the Farallon plate off the

western coast of North America to transcurrent motion

between the Pacific and North American plates. Extensional

tectonics produced by this gravitational collapse is responsible

for the dominant present-day topographic fabric of en echelon

north–south oriented mountain ranges separated by valleys

filled with erosional detritus. Extensional processes during this

period also formed the several large mountain ranges including

the Tetons in Wyoming and the Sierra Nevada in California.

PRESENT-DAY PHYSIOGRAPHY

OF THE SOUTH-WEST

This historic tectonic activity has formed the present-day high-

standing landmass of the south-western US that can be divided

into five primary provinces: The Basin and Range, the

Colorado Plateau, the Rio Grande Rift, the Northern Sierra

Madre Occidental and the Madrean Archipelago. The Basin

and Range, characterized by its disrupted crust, lies to the west

and south of the relatively coherent Colorado Plateau. The Rio

Grande Rift is a region of modest extension to the east and

south of the Colorado Plateau. West of the rift lies the complex

topographic assemblage of the Madrean Archipelago, south of

which is the volcanic plateau of the Sierra Madre. Each of these

provinces is readily distinguishable in a topographic map of

the region (Fig. 2). A brief description of each of the provinces

follows.

The Colorado Plateau (Fig. 2, region A) is enigmatic in that

it has apparently remained a relatively rigid and undeformed

during the tectonic activities that deformed its neighbouring

provinces. While the plateau has significant topographic range

(c. 3500 m) and high mean elevation (c. 1899 m), the

distribution of elevations has a relatively low standard

deviation (346 m) indicative of a small deviation from the

average value. Furthermore, low skewness (0.1) and kurtosis

(0.7) values reflect a near-Gaussian elevation distribution.

The Rio Grande Rift (Fig. 2, region B) stands out on a

regional topographic map as a 1000-km long rift system that

separates the Colorado Plateau and the Basin and Range

provinces from the Great Plains. The rift is characterized by

broad flat lying topography along the rift axis, bounded by

sharp escarpments (e.g. the Sangre de Cristos, Sandias,

Manzanos and Sacramento). The topographic distribution of

the rift is unique among the provinces for marked non-

Gaussian distribution. Because the rift samples two elevation

populations (the flat-lying rift valley floor characterized by

relatively low elevation and little relief, and the elevation rift

margins characterized by steep topographic escarpments and

large vertical relief), the distribution is bimodal. As a

consequence, the rift is characterized by a large positive

skewness value (0.7) – indicative of an extended distribution

‘tail’ towards higher elevations, and a large negative kurtosis

()0.5) –indicative of a platykurtic distribution which is also

reflected in the large standard deviation (491 m).

The Sierra Madre Occidental (Fig. 2, region C) is a large

volcanic plateau in western Mexico extending parallel to the

Pacific coastline for more that 1200 km from the US–Mexico

border (31� N) to the Trans-Mexican Volcanic Belt (21� N).

The topography of the northern Sierra Madre is characterized

by high average elevation (1909 m) and large topographic

Topography and biodiversity of the south-western USA
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range (2811 m). In contrast to the other provinces, the

topographic relief of the Sierra Madre is not the product of

elevated mountain ranges, but rather incised canyons (e.g. the

Barranca de Cobre). In many respects this topography can be

thought of as ‘negative’ in the sense that the relief is downward

as opposed to upward as in the neighbouring provinces. The

western edge is quite steep while the eastern topographic

gradients from the Sierra Madre into the central Mexican

Plateau are relatively small. The elevation distribution is fairly

flat about the mean value (yielding a small kurtosis value of

0.1), shows a skewness to lower elevation values ()0.4)

reflecting a sampling of lower elevations along the coastal plain

of Sonora, and has a fairly large standard deviation (428 m).

The regional fabric of the Sierra Madre is aligned in a NW–SE

orientation and is thought to form an important corridor of

dispersal for tropical flora and fauna moving in response to

climatic change (Felger & Wilson, 1994).

The Madrean Archipelago (Fig. 2, region D) spans the

region formed by the common borders of Arizona, New

Mexico, and the northern Mexican states of Sonora and

Chihuahua. The term ‘archipelago’ (defined as a chain or

group of islands) metaphorically reflects the insular nature of

the roughly 40 isolated mountain ranges in this region

(Warshall, 1994). This province is also referred to as the sky

islands region, as the isolated mountain ranges (islands) are

surrounded by intervening valleys of grassland and desert (sea)

which acts as barriers to the movement of woodland and forest

species (Heald, 1967; McLaughlin, 1994; Warshall, 1994).

Biogeographically, this region forces an important biological

bridge between the Colorado Plateau and Rocky Mountains to

the north and the Sierra Madre Occidentals and their

corresponding plateaus in the south. The topography of the

Madrean Archipelago is characterized by isolated mountain

ranges elongated in a NW–SE direction. There are many area

of locally very large vertical relief (more than 2000 m across

the Santa Catalina and Pinaleno Mountains), but the topo-

graphic range (2057 m), mean elevation (1331 m) and stand-

ard deviations (292 m) are all relatively small compared with

the neighbouring provinces. A significant amount of high

elevation associated with the high peaks of the ‘sky islands’

results in a high skewness value (0.5) with the distribution tail

towards high elevations.

The Southern Basin and Range Province (Fig. 2, region E) is

the best example of topography formed in response to the

ongoing extension in the south-west. The region has been

stretched and extended as much as 100% since the early

Tertiary and has produced NW–SE oriented isolated mountain

ranges. While elevations in this province approach 3400 m

Figure 2 (a) Topography of the south-

western US. The five major tectonic prov-

inces are indicated with letters: A, Colorado

Plateau; B, Rio Grande Rift; C, Sierra Madre

Occidental; D, Madrean Archipelago;

E, Southern Basin and Range. (b) Histograms

of the topographic distribution for the five

tectonic provinces of the south-west as

shown in Fig. 1. The histogram populations

are based on a sampling of the topography

data set at a 30-arcsec resolution (c. 1 km).

Values for the mean, standard deviation,

skewness and kurtosis are listed in Table 1.
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(e.g. in the Spring Mountains near Las Vegas), the average

elevation of the province is relatively low (333 m) with many

parts slightly above or below sea level (e.g. in the Salton

Trough of Southern California). The distribution of elevations

is non-Gaussian with high values of both the skewness (1.1)

and kurtosis (1.8), reflecting large tails in the distribution.

LAND-COVER DIVERSITY

Biodiversity is a popular concept that is often ill-defined in

terms of level of biological organization or spatial scale. The

use of land-cover diversity as a measure of biodiversity is

justified by the observation that, at regional scale, community

diversity is equivalent to biodiversity (Noss, 1990; Stoms &

Estes, 1993; Wickham et al., 1995). In Noss’ (1990) conceptual

model of a biodiversity hierarchy, an index of land-cover

diversity describes the regional-compositional aspect of biodi-

versity, and our measurement scale (729 km2) is appropriate

for characterizing the regional diversity of biomes in the south-

western US (Gosz & Sharpe, 1989). While the existence of

suitable land cover may not guarantee the existence of a species

(the real object of biodiversity), the absence of suitable land

cover usually precludes habitation and furthermore, a variety

of land-cover types may support a higher variety of species, at

least in extra-tropical ecosystems. In this regard, land-cover

diversity can be considered as a measure of potential species

Table 1 Statistical values for the five

tectonic provinces
Province Average

Standard

deviation Skewness Kurtosis Minimum Maximum

Elevation

CP 1903 349 0.10 0.68 481 3387

RGR 1605 471 1.07 0.40 783 3464

SM 1564 690 )0.12 )1.18 128 3005

MA 1316 288 0.24 0.79 551 2508

SBR 1018 623 0.34 )0.54 0 3221

Orientation*

CP )1.2 28.3 )0.14 )0.36 )88.4 75.6

RGR )8.8 11.5 0.29 0.60 )83.5 60.9

SM )10.9 17.4 1.01 1.82 )65.2 69.3

MA )18.8 23.4 0.26 0.55 )82.5 71.3

SBR )12.5 27.5 0.41 0.10 )83.5 84.9

Organization

CP 0.79 0.36 1.19 2.70 0.06 3.37

RGR 1.07 0.57 1.18 1.78 0.04 4.31

SM 0.69 0.32 1.21 3.00 0.04 3.26

MA 0.92 0.53 1.39 2.31 0.08 4.23

SBR 0.92 0.50 1.44 3.03 0.04 4.86

Roughness

CP 0.18 0.06 1.90 5.55 0.09 0.61

RGR 0.16 0.05 0.63 )0.27 0.07 0.34

SM 0.26 0.07 0.92 1.30 0.09 0.62

MA 0.18 0.05 0.49 )0.29 0.07 0.39

SBR 0.18 0.05 0.37 )0.10 0.06 0.42

Land-cover diversity

CP 138.3 53.6 )0.59 )0.18 0.0 236.0

RGR 128.7 60.2 )0.21 )0.80 )0.4 233.8

SM 137.6 44.6 )0.93 0.32 )0.4 230.3

MA 137.9 45.2 )0.83 0.16 )0.4 212.5

SBR 122.2 57.7 )0.61 )0.71 )0.4 239.2

Misfit

CP 0.00 0.23 0.41 )0.21 )0.65 0.89

RGR 0.05 0.27 0.00 )0.72 )0.60 0.91

SM )0.04 0.20 0.22 0.18 )0.64 0.84

MA )0.02 0.22 0.08 0.12 )0.70 0.89

SBR )0.10 0.24 0.00 0.00 )0.84 0.89

CP, Colorado Plateau; RGR, Rio Grande Rift; SM, Sierra Madre Occidental; MA, Madrean

Archipelago; SBR, Southern Basin and Range.

*Measured in degrees east of north.
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diversity. In any case, knowing the spatial distribution of land-

cover diversity and where diversification is more or less

associated with topography provides insights into regional-

scale patterns of biodiversity. Using a similar land-cover map

at continental scale, Wickham et al. (1995) found that the

relationship between land-cover richness (number of land-

cover types in the window) and elevation range (difference

between maximum and minimum elevation) resembled typical

species–area curves with an asymptote for a window size of

c. 12,000 square miles. Their analysis highlighted the sharp

west-to-east decrease in richness at continental scale and was

relatively insensitive to gradients within the south-western US

where much smaller windows are required to detect the finer-

grained patterns of topography and diversity.

The land-cover diversity data set for the study area was

created by using a pixel-based approach that computed a

diversity index from the observed proportions of different

land-cover types within a square quadrat, which was translated

across the area of interest in steps of one pixel. Land-cover

maps showing seasonal land-cover regions (Loveland et al.,

1995) were obtained in grid (raster) format from the U.S.G.S.

through the global land cover characterization (GLCC) project

(Loveland et al., 2000).1 The maps have a nominal 1-km

spatial resolution and were derived from satellite (AVHRR)

imagery over the time period April 1992 to March 1993. The

global thematic resolution is c. 200 land-cover types, not all of

which occur in the study area. We ignored water, urban and

agricultural pixels in order to focus on the diversity of semi-

natural vegetation types.

In the present study, a 729-km2 quadrat (27 · 27 pixels) was

centred on each pixel of the original land-cover map, and a

land-cover diversity index was calculated within the quadrat

and stored in a new biodiversity map at the location of the

subject pixel. Each pixel value on the biodiversity map thus

represents the land-cover diversity within the surrounding

blocks of the original data set. For simplicity, we used

Simpson’s (1949) index that is usually calculated at the species

level from the number of individuals of different species

observed in a quadrat. In our application, it was calculated at

the landscape level from the observed proportions (Pi) of the i

Figure 3 (a) Land-cover diversity for the

south-western US Simpson’s (1949) index of

diversity was computed for each 1 km2

location from a map of seasonal land-cover

regions (Loveland et al., 1995, 2000) by using

the proportions of different land-cover types

in the surrounding 27 km · 27 km quadrat.

Water, urban and agricultural land-cover

types were not included in the diversity index

calculation. (b) Histograms of the land-cover

diversity distribution for the five tectonic

provinces as shown in Fig. 1.

1We used Version 2 of the GLCC data base that is available at http://

edcdaac.usgs.gov/glcc/glcc.html.
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different land-cover types in a quadrat as:

I ¼ 1 � RP2
i ð1Þ

The index I ranges from 0 to 1 with a larger index value

indicating greater land-cover diversity. We note that Peet

(1974) suggested that Simpson’s index is of a type that is more

sensitive to changes in the common land-cover types, and that

other diversity indices are available (e.g. Magurran, 1988), and

thus our estimate of land-cover diversity should be considered

only a first-order measure of biodiversity.

The observed land-cover diversity is shown in Fig. 3. There

are broad regions where the diversity reflects the regional

topographic fabric (e.g. the Mogollon Rim, northern Rio

Grande Rift, central Sierra Madre), and other areas where high

diversity appears to be independent of topography (along the

coastal plain of Sonora, Mexico, and along the Gila and

Colorado Rivers). The land-cover diversity distributions for

each of the five provinces are non-Gaussian with negative

skewness (large tails below the mean value). The skewness

values are particularly large for the Madrean Archipelago and

Sierra Madre provinces. Many factors may be contributing to

skewed distributions; in desert environments, topographic and

edaphic control of land-cover patterns may be especially

strong, but in desert coastal and riparian systems, the existence

of water could mask or even obviate other driving variables

(Wiens et al., 1985). In a comparative study of the biodiversity

of Yellowstone and Patagonia, Barnosky et al. (2001) showed

that local circumstances including history significantly alter

patterns that might be predicted from continental-scale

correlations. We attempted to control the influence of human

land-use history by focusing on semi-natural vegetation types,

but even natural patterns will depend on the specific history of

regional species movement and local opportunistic persistence

over millennia.

QUANTITATIVE TOPOGRAPHIC ANALYSIS:

METHOD

Evaluation of the relationship between topography and

biodiversity requires a method to extract quantitative measures

of the topography. Basic statistical information such as the

mean and standard deviation of the elevation distribution can

be supplemented by information about the topographic fabric,

namely orientation, organization and roughness. A DEM is a

gridded data set of elevations that it well suited to numerical

evaluation. DEMs exist over a wide range of spatial scales, from

the small-scale global coverage to large-scale local coverage (see

e.g. the Digital Elevation Data Catalog at http://www.geo.

ed.ac.uk/home/ded.html).

In this study, a 30-arcsec DEM (providing a spatial

resolution of c. 1 km) was used to create a terrain classification

data set based on several characteristics of the topography

including mean elevation, gradient, slope aspect, grain orien-

tation, organization and roughness. The synthetic slope

organization (SSO) method (Chapman, 1952; Guth et al.,

1987; Guth, 1995) was used to quantify the topographic fabric.

Briefly, this method is based on an eigenvalue analysis of the

surface normals in a moving window that covers the DEM of

interest. The surface normals can be viewed as a cloud of vectors

in space, and the three eigenvectors (computed from a 3 · 3

matrix of the sums of the cross-products of the directional

cosines of the surface normals at each point in the DEM) define

the three-dimensional ellipsoid that best models their distri-

bution. The relative magnitudes of the three eigenvectors, and

their orientation, define the distribution. For topography,

eigenvector S1 is approximately vertical, and orthogonal

eigenvectors S2 and S3 are horizontal with S1 � S2 � S3. The

eigenvector S3 points in the direction of dominant topographic

fabric and provides information about the dominant topo-

graphic orientation. The eigenvector ratios R1 ¼ 1/[ ln (S1/S2)]

and R2 ¼ ln (S2/S3) provide information about the roughness

and organization (or the strength of the grain), respectively.

The ratio R1 correlates highly with relief, standard deviation of

elevation, average slope and standard deviation of slope (all of

which have traditionally been used to measure topographic

roughness).

QUANTITATIVE TOPOGRAPHIC ANALYSIS:

DISCUSSION OF RESULTS

Figure 4 illustrates the areal variation in the topographic orientation,

organization and roughness computed using the SSO algorithm dis-

cussed above within a 10 km · 10 km window. The histograms of the

distributions (Fig. 5) reveal that many of the distributions have elon-

gated tails (particularly in the case of organization and roughness).

Because a great deal of information can be ‘hidden’ in these tails,

consideration of the kurtosis value of the distribution can be useful.

We begin with a discussion of the information contained in Fig. 4 and

proceed in the following section to a discussion of the predicted bio-

diversity map constructed from this information.

Topographic fabric

The orientation of the topographic fabric in the south-west is

primarily controlled by crustal deformation in response to

tectonic motion between the North American and Pacific

plates. Interplate stresses have resulted in boundary-parallel

topographic fabric (most evident in the California Coastal

Ranges and the Baja California Peninsula). This observation is

corroborated by the good correlation of NW–SE regional

orientation of the topographic fabric within the five provinces

with their proximity to the North American–Pacific plate

boundary. In general, the strength of the topographic fabric

with the various provinces reflects the degree of active

tectonics. In the relatively undeformed Colorado Plateau, the

topographic coherency is poor (standard deviation of 28�
about the mean N–S fabric orientation) and the topography is

relatively poorly organized (0.79). In contrast, topography

along the Rio Grande Rift (the most tectonically active

province) is closely distributed about the mean N–S orienta-

tion (with a standard deviation of c. 12�) and has a relatively

high degree of organization (1.07). The orientation of the

topographic grain in provinces geographically closer to the
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Figure 4 Spatial distribution of various

descriptive topographic quantities for the

south-western US calculated using the algo-

rithms discussed in the text. (a) Topography

of the study area overlain with the 1000 m

contour interval. (b) Vectors of the topo-

graphic fabric orientation computed for the

topography with a moving 20 km · 20 km

window. Vector lengths are scaled by organ-

ization with longer vectors indicating greater

organization. A flatness cut-off was used to

omit topographic grain vectors for areas of

little topographic relief. The resulting vector

plot is therefore the topographic grain of

elevated regions. (c) Topographic organiza-

tion computed within a moving

10 km · 10 km window. (d) Topographic

roughness computed within a moving

10 km · 10 km window.
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Figure 5 Histograms of the orientation,

organization, roughness and land-cover

diversity for the five tectonic provinces of the

south-western US Cordillera as shown in

Fig. 1. Values for the mean, standard devi-

ation, skewness and kurtosis are listed in

Table 1.
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plate margin (Sierra Madre, Madrean Archipelago, and

Southern Basin and Range) are rotated the NW, subparallel

to the relative motion between the North American and Pacific

plates. We find a high coherence of the topographic grain

within the Sierra Madre and Madrean Archipelago provinces

that are also characterized by low standard deviations about

the mean grain orientation. We attribute the low level of

topographic organization in the Sierra Madre province to the

high level of drainage-related incisement present in this region;

in general, the development of drainage networks has the effect

of lowering the organization relative to topography of

tectonically active areas. Finally, we note that the distributions

are all skewed towards higher organization, indicating the

existence of highly organized topographic regions within each

of the provinces. The kurtosis of the topographic organization

within each of the five provinces is leptokurtic (positive),

indicating small tails about the mean values.

Topographic roughness

Topographic roughness correlates well with other measure-

ments (e.g. relief, standard deviation of elevation, average slope

and standard deviation of slope), and a number of tectonic and

geomorphic processes contribute to roughness values inclu-

ding high heat flow, erosion and incision rates. Because no

single process is responsible for roughness, it is difficult to

correlate the distributions in Fig. 4. Nevertheless some gener-

alizations are possible. The same drainage-related incisement

processes responsible for lowering the organization of the

Sierra Madre province result in a high degree of roughness

relative to the other provinces (0.26 vs. c. 0.18 and 0.20). The

Colorado Plateau has a low mean roughness value (0.18),

which is also evident in Fig. 4 (with the obvious exception of

the very rough Grand Canyon region – which has the largest

roughness value in the data set). The distribution for this

province is characterized by a large kurtosis value (5.5),

indicative of a sharp mean peak. Similarly, the Rio Grande Rift,

dominated by the relatively smooth rift valley, shows a

relatively low roughness values (0.16), although the negative

kurtosis value for the distribution indicates significant spread

about the mean value reflecting the existence of rough

escarpments along the margin of the rift. We note that all

the provinces have similar standard deviations values, indica-

ting similar distribution widths about the mean roughness

values. The distributions for the Colorado Plateau and the

Sierra Madre provinces are skewed towards higher roughness,

suggesting the existence of rough outliers in the distribution.

Land-cover diversity

In contrast to the topographic parameters, the spatial distri-

bution of the land-cover diversity shows significantly less

coherence within the tectonic provinces. This large degree of

scatter (and associated skewing of all the distributions towards

lower diversity) may reflect how the land-cover data were

collected (especially the number of different land-cover types

that were mapped) or our use of Simpson’s index for the

construction of the data set. We note that the use of other maps

or indices could test these possibilities. Relatively large

variances within some provinces (e.g. the Rio Grande Rift

and the Southern Basin and Range) could also indicate

interactions between tectonic provinces and other drivers of

land cover (e.g. water and history) that are not evenly

distributed across the study area. We note that the Sierra

Madre and Madrean Archipelago provinces have high mean

values, relatively low standard deviations, and positive kurtosis

(small distribution tails) substantiating the a priori observation

that these two provinces are centres of high biodiversity. If

topographic and edaphic drivers are in fact the primary drivers

of land-cover diversity over the study area, these drivers may

simply be less modified by other environmental factors in these

provinces compared to other regions.

PREDICTED BIODIVERSITY

The construction of a predicted biodiversity map based on the

topographic information is based on our hypothesis that in

many parts of the south-west high levels of biodiversity

correlate with topography exhibiting the following character-

istics: (1) high roughness, which encourages the vertical stack

of biotic communities; (2) highly organized topographic grain

oriented in the N–S direction, which encourages the mixture of

flora and fauna between the tropic and temperate regions; (3) a

median elevation of c. 1500 m, which maximizes mixing

between tropical and temperature life zones within the

vertically stacked biotic communities, and (4) a northward

slope aspect, which effectively lowers the ecotone between the

stacked biotic communities due to the cooler, moister

environments on northward facing slopes (Fig. 1). We have

adopted the simplest approach, using an unweighted sum of

normalized values of these topographic quantities to construct

a predicted biodiversity map for the study area. The resulting

data base (Fig. 6a) is renormalized and compared with the

normalized observed land-cover diversity data base (Fig. 6b).

The spatial variations in the misfit between the predicted and

observed biodiversity data sets is shown in Fig. 6c, with regions

of positive and negative misfit corresponding to over- and

under-predicted biodiversity, respectively. Comparison of the

misfit between the calculated and observed biodiversity

distributions within the five provinces is facilitated by histo-

grams of the misfit (Fig. 6d).

High levels of biodiversity are predicted along the western

margin of the Sierra Madre (where canyon incisement is

greatest), throughout much of the Madrean Archipelago, the

Grand Canyon region of the Colorado Plateau, and in the

central Rio Grande Rift. In contrast, much of the Southern

Basin and Range, Baja California, and coastal Sonora are

characterized by low predicted biodiversity values. Examina-

tion of the misfit plot (Fig. 6c) shows good agreement between

the predicted and observed biodiversity throughout much of

the Sierra Madre and Madrean Archipelago provinces. The

biodiversity is overestimated in much of the central Colorado
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Plateau, the eastern section of the Madrean Archipelago, the

southern Rio Grande Rift, and the region to the east of the

Sierra Madre. Our model underestimates the biodiversity in

large regions of the Sonoran coastal plain, along the Gila River

in western Arizona, and in the Salton Trough of southern

California where other factors contributing to elevated land-

cover diversity values (namely agricultural development) have

not been taken into account.

Within the individual provinces the misfit distributions

are remarkably Gaussian with mean values very close to

zero. The Rio Grande Rift and Southern Basin and Range

provinces have very low skewness (< 0.05) in contrast to the

other provinces that are significantly skewed to positive

(overestimation) misfit values. With the exception of the Rio

Grande Rift province (which samples both large regions of

over- and underestimation in the southern and northern

sections of the rift, respectively) the individual provinces

show very low kurtosis values, indicating a sharp peak in the

distribution about the mean (particularly for the Madrean

Archipelago and Southern Basin and Range provinces which

have kurtosis values < 0.1). We note, however, that only a

weak linear correlation exists between the calculated and

observed values for the province-wide distributions (R2

values < 0.15 for the Sierra Madre and Southern Basin and

Range provinces and near-zero values for the other three

provinces). This may be the result of a nonlinear relation-

ship between the predicted and observed values (which

might be expected given the first-order nature of our

predictive algorithm) or may reflect that fact that spatially

each of the provinces have large regions of poor correlation

between prediction and observation that prevents the

establishment of high R2 values for province-wide distribu-

tions.

DISCUSSION

From biological perspective, topographic variables are indi-

rect factors, which do not necessarily have a physiological
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Figure 6 (a) Predicted biodiversity based on

the topographic analysis algorithm discussed

in the text. (b) Normalized observed biodi-

versity based on the land-cover diversity data

set. (c) Misfit values of the difference between

the predicted and observed data sets. Red and

blue regions designate regions where the

biodiversity has been over- and under-pre-

dicted, respectively. (d) Histograms of the

misfit for the five topographic provinces.
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influence on species, in contrast to direct factors such as

temperature and soil nutrients (Austin et al., 1984; Austin,

1985; Austin & Smith, 1989). However, while the use of

direct factors is preferable for predicting biodiversity, data

may not be available, particularly for large regions and

inaccessible areas. We are therefore motivated to explore the

applicability of predicting biodiversity based on topographic

parameters that are readily measured. In the south-west, the

spatial distribution of topography plays an important role in

the distribution of biodiversity, particularly in areas char-

acterized by insular mountain ranges. The large elevation

gradients in this region have resulted in stacked biotic

communities in which species with broadly similar climatic

preferences sort themselves along the elevational gradient

where the blend of temperature and aridity best supports

them. Species of plants and animals originating in north

temperate areas are found at the higher elevations, while

species from the more tropical south occur nearer the base

(Whittaker & Niering, 1965, 1968; Brown & Lowe, 1980). On

a local-scale, topography facilitates the compression of biotic

communities into relatively constricted vertical spaces and

produces rapid species turnover (McLaughlin, 1994), and

encourages the mingling of species that would normally be

widely separated (Felger & Wilson, 1994), this is quantifiable

in terms of the topographic roughness which we find to be

significantly higher in the Madrean Archipelago province

relative to the surrounding areas. This aspect of the

topography combined with the regional-scale NW–SE orien-

tation of the topographic grain in the Sierra Madre and

Madrean Archipelago provinces (that encourages the move-

ment of floral and faunal species up from the neotropical

into the temperate biotic zone) are the two most important

geographical factors contributing to the high biodiversity in

the Madrean Archipelago province.

We readily acknowledge that a predictive biodiversity model

based solely on topographic parameters is an over-simplifica-

tion. The principal purpose of the analysis present above is to

demonstrate the utility of performing a quantitative topo-

graphic analysis and evaluate to what degree topography

controls the biodiversity in this region. Other contributing

factors that have not been taken into account in our model

include information about the bimodal rainfall pattern related

to the Mexican Monsoon, the highly diverse bedrock geology

of the region, hydrologic distribution, and other topographic

parameters such as the slope aspect. Incorporation of these

additional factors will need to wait until comprehensive

regional-scale data bases are available. We note that in the

south-west the role of soil diversity can be expected to have a

profound effect on the biodiversity given the complex geologic

history which has resulted in the superimposition of sequences

of pre-Cambrian igneous, Palaeozoic sedimentary, and Meso-

zoic volcanic rocks, each of which has a particular soil–

vegetation affinity.

While we have only considered the role played by

topography in the present-day distribution of biodiversity,

we note that its effect becomes even more pronounced over

time-scales long enough to take climatic change into account.

In particular, over the past 2 Myr the location and mix of

species along the altitudinal gradients has changed, as cycles

of glaciation and warming have triggered species migrations

up, down, or off mountain ranges (Van Devender, 1990).

During cooler times, which have predominated, woodland

flora and fauna populated the valleys separating the moun-

tain ranges and formerly isolated species would mix.

Northern temperate species immigrated into the region from

the north while many desert species would retreat southward.

During warmer interglacials, such as the present, subtropical

desert vegetation returned. Woodland vegetation would

migrate upslope and become stranded on individual ranges,

as the valleys between the mountain ranges became barriers

they could not penetrate. Thus, quantitative topographic

analyses such as those presented in this study can make a

significant contribution to studies of the relationship between

biodiversity and climatic change (Noble, 1993; Allen &

Breshears, 1998). Furthermore, the method and results

presented above demonstrate that this approach could lead

to an adjustment for topography to be used to facilitate a

comparison between the biodiversity of two areas by

providing a way to remove the potential effects of long-

termed constant factors (such as topography) thereby

increasing the sensitivity of studies of short-termed factors

such as climate or biotic variables.

From a more speculative perspective, several researchers

have recently investigated the implications of characteristic

scaling lengths in biology (e.g. Gardner et al., 1987; Wiens &

Milne, 1989; Milne, 1991; Levin, 1992; Allen et al., 1999;

Siemann & Brown, 1999; Allen & Holling, 2002; Peterson,

2002). If they indeed exist, then corresponding characteristic

topographic scales must surely play an important role. The

approach presented in the present study provides a founda-

tion to test this hypothesis by comparing the characteristic

scales of the biodiversity/topography relationship with those

being evaluated within a biology/ecology framework. Demon-

stration of a positive correlation would support arguments

that large area patterns in both topography and ecology are

the result of long-term tectonic processes; suggesting that

continental-scale biodiversity should be studied in the context

of large-scale physical processes such as topographic evolu-

tion in response to plate tectonic forces as opposed to local-

scale phenomena.

CONCLUSIONS

Topography is a fundamental geophysical observable that

contains valuable information about the geodynamic, tectonic

and climatic history of a region. It is also by far the most

readily measurable and accurately known of all the parameters

used to describe the Earth. As a consequence, topographic

features have historically invited many studies that have sought

to extract the information contained in the ‘character’ of the

Earth’s surface. Recent advances in computing capabilities,

availability of high-resolution DEMs, and the recent assembly
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of a land-cover diversity map which to a first-order can be

used to approximate the distribution of biodiversity have

motivated this evaluation of the relationship between topog-

raphy and the spatial distribution of biodiversity. In this paper,

we have tested the hypothesis that a combination of three

measurable topographic quantities (organization, roughness

and mean elevation) exerts an important control on the spatial

biodiversity distribution.

Within the underlying assumptions of this study we draw

the following conclusions:

1. A quantitative topographic analysis is a valuable tool for

understanding the distribution of biodiversity, particularly in

regions where insular mountain ranges dominate the topo-

graphic distribution. Histograms of the misfit between the

calculated and predicted biodiversity make a strong case for

good general agreement between the data sets.

2. The predicted biodiversity is overestimated in many regions

lacking significant vertical relief (e.g. the central Colorado

Plateau, Rio Grande Rift, and the low desert areas of the

Southern Basin and Range).

3. In regions where topography is expected to play an

important role in the high levels of biodiversity (e.g. Madrean

Archipelago and Sierra Madre provinces) we find a good

correlation between our predicted biodiversity model and

observation.

4. The results presented in this study make an important

contribution to efforts aimed at establishing predictive geoec-

ological models for describing areal biotic distributions. As

such, we feel our results are a significant improvement over

efforts seeking correlations in land-cover maps. We note that

good predictions were only obtained for regions with partic-

ular topographic characteristics.
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