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Abstract Many ecologists focus on the effects of roads on

landscapes, yet few consider how landscapes affect road

systems. In this study, therefore, we quantitatively evaluated

how land cover, topography, and building density affected

the length density, node density, spatial pattern, and location

of roads in Dongzhi Yuan, a typical loess region in China.

Landscape factors and roads were mapped using images

from SPOT satellite (Système Probatoire d’Observation de

la Terre), initiated by the French space agency and a digital

elevation model (DEM). Detrended canonical correspon-

dence analysis (DCCA), a useful ordination technique to

explain species–environment relations in community ecol-

ogy, was applied to evaluate the ways in which landscapes

may influence roads. The results showed that both farmland

area and building density were positively correlated with

road variables, whereas gully density and the coefficient of

variation (CV of DEM) showed negative correlations. The

CV of DEM, farmland area, grassland area, and building

density explained variation in node density, length density,

and the spatial pattern of roads, whereas gully density and

building density explained variation in variables represent-

ing road location. In addition, node density, rather than

length density, was the primary road variable affected by

landscape variables. The results showed that the DCCA was

effective in explaining road–landscape relations. Under-

standing these relations can provide information for land-

scape managers and transportation planners.

Keywords Road � Landscape � Detrended canonical

correspondence analysis (DCCA) � Dongzhi Yuan

Introduction

Roads have been recognized as an important landscape

component (Forman 1998). Understanding the causes,

consequences, and dynamics of road development is critical

to assess the ecological effects of roads and to manage road

systems (Forman and Alexander 1998; Forman 2000; For-

man and Deblinger 2000; McGarigal and others 2001;

Hawbaker and Radeloff 2004). Many ecologists have

explored the influences of roads on landscape fragmentation

(Reed and others 1996; McGarigal and others 2001; Li and

others 2010), but few have addressed the reverse influence

of landscape factors on road systems. Previous studies have

demonstrated that land cover and settlement patterns may

play active roles in road development (Saunders and others

2002; Hawbaker and others 2005; Gonzalez-Abraham and

others 2007a), whereas soil condition and aquatic ecosys-

tems may inhibit road development (Dale and others 1993;

Walsh and others 2003). To understand the complex inter-

actions between landscape factors and the development of

road systems, quantitative measurement of the influences of

landscape factors on roads is necessary.

It is well known that the ecological effects of roads

greatly depend on various road characteristics (Forman and

others 2003), such as density, area, spatial pattern, class,

location, network system, and road-effect zone (Miller and
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others 1996; Forman and Deblinger 2000; Jaeger 2000;

Hawbaker and Radeloff 2004; Hawbaker and others 2006).

Density has been commonly used, but it is too simple to

adequately describe the characteristics of entire road sys-

tems (Saunders and others 2002; Hawbaker and Radeloff

2004). Compared with density, pattern index is a better

indicator for describing the spatial distribution of roads

(Jaeger 2000; Bi and others 2010). Consideration of road

location is also important for evaluating the ecological

functions of roads. For instance, the proximity of roads to

regions of riparian and aquatic habitat was important for

successful nature reserve management (Forman and others

2003). In addition, network indices, such as connectivity,

circuitry, and corridor density, are effective in evaluating

the ecological consequences of roads, and these measures

have been widely used in geography and transportation

studies (Kansky 1963; Haggett and Gauthier 1969; Taaffe

and Gauthier 1973). It remains unknown whether or not

various landscape factors show quantitative differences in

how they influence these road characteristics.

Dongzhi Yuan, the largest tableland in the Loess Plateau

of China, is a typical loess region that has been densely

settled for[2000 years (Zhu 1954). It has historically been

the main region for grain and flax production in the Loess

Plateau and even for northeastern China (Li and others

2000). With the development of agriculture, large numbers

of roads have been constructed in the tableland. In particular,

road expansion at the verge areas of gullies has accelerated

soil erosion in fragile areas in the region (Wang 2007). The

unique natural environment and the pattern of agricultural

development make this region an appropriate place to

explore the influence of landscape factors on road systems.

The main objective of this study was to quantify how

landscape factors have influenced road characteristics in

Dongzhi Yuan. Land cover, topography, and rural building

density were selected as the main landscape factors in our

study, whereas length density, node density, spatial pattern,

and location of roads in the area were used to describe the

characteristics of existing road systems. We expected that

farmland, the main land cover in the tableland, and building

density would be positively related to road development,

whereas topographical features would be negatively related

to it. In addition, we developed several integrated road

characteristics to investigate what set of road variables were

best explained by those landscape factors.

Materials and Methods

Study Area

Dongzhi Yuan is located in Qingyang County in Gansu

Province, China (35�400N, 107�510E, elevation = 1298

m a.s.l.) (Fig. 1). In this article, a rectangular region

(20 9 24 km), including two towns (Dongzhi and Xiaojin)

with populations of 53,000 and 45,000 people, respectively,

was selected to examine how a typical loess landscape may

influence the development of road system. The study area

was divided into 120 samples, each 2 9 2 km, for further

spatial analysis. In recent decades, the number of roads in the

study area has increased rapidly (Fig. 2).

Data—Landscape Variables

In this study, three types of landscape variables were

selected for use in exploring road–landscape relations.

These variables included land cover, topography, and rural

building density. Land cover has been widely recognized as

a dominant component defining landscape patterns (For-

man and others 2003). Land-cover data were obtained from

multiband SPOT images in 2005 (with 10-m resolution) by

unsupervised classification in ERDAS Images 8.6 (Leica

Geosystems). Before the classification, the images were

georeferenced and mosaiced using aerial photographs

taken in 1979 (Bi and others 2010).

Topography is also an important landscape component in

the Loess Plateau owing to its great variability in this region

(Wang and others 2008b). Digital elevation model (DEM)

data were digitalized from a topographical map (1:10,000-

scale) (Bi and others 2010). The coefficient of variation of

elevation (CV of DEM) in each sample was calculated as

the ratio of SD to elevation mean (Gustafson and others

2005; Wang and others 2008a) for use as an indicator of

topographical heterogeneity. In addition, gullies, a common

topographical feature in Dongzhi Yuan, were digitized

based on single-band SPOT images taken in 2005 (with 5-m

resolution), and gully density (km/km2) was defined as the

ratio of linear gully length to sample area.

Buildings have been shown to be a critical landscape

factor accompanying road development, and the presence

of buildings was shown to correlate positively with road

occurrence (Hawbaker and others 2005, 2006). The number

of rural building in Dongzhi Yuan has increased greatly

since the 1970s. Therefore, how rural buildings influenced

road development was also considered in this study. Rural

buildings were digitalized as a polygon layer, using the

same single band SPOT images as described previously,

where buildings were characterized by black and white

squares. Building density (km2/km2) was calculated for

each sample.

Data—Road Variables

Roads were digitalized from the same single-band SPOT

images, where they were represented by white lines. In this

study, the length and location of a given road, and the

Environmental Management (2011) 48:774–780 775

123



spatial pattern and intersections of roads in a given area,

were used as descriptors of road characteristics, whereas

area, class, and road-effect zone were not considered due to

the absence of relevant data.

Road length density (km/km2) was calculated for each

sample. Data on road network ‘‘nodes,’’ i.e., points of

intersection of at least two roads, were used to assess

degree of spatial connectivity in the road network (Liu and

others 2007). Road-node density (node number/km2) in

each sample was calculated using ArcInfo 9.0 (ESRI).

The spatial pattern of roads was characterized using a

simple pattern index as the proportion of ‘‘occupied’’ grid-

cell (50 9 50 m each) in each sample. A grid-cell was

considered occupied if it contained at least one road; hence,

this measure reflects the minimum influence of roads in this

region. A proportion of occupied grid-cell close to 1

Fig. 1 Study area in Dongzhi

Yuan, China. Sample units are

2.0 9 2.0 km
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indicates a high dispersion pattern (Gonzalez-Abraham and

others 2007a; Bi and others 2010).

Road location is typically described as the distance from

a road to an area of interest, such as riparian habitat

(Forman 1998). In this study, two distance grid layers, to

towns and to gullies, were obtained using the Distance

function in ArcInfo 9.0. Then we calculated the mean

values of those distance grids crossed by roads in each

samples.

Detrended Canonical Correspondence Analysis

We used detrended canonical correspondence analysis

(DCCA) to explore the relations between landscape and

road variables. DCCA, a multivariate direct-gradient

analysis method, is used to infer species–environment

relations in community ecology. Based on two sets of data

collected at the same sites, both occurrence or abundance

data for individual species and environmental variables to

which all of the species respond, this ordination technique

produces an ordination diagram in which points represent

species, vectors represent environmental variables, and the

DCCA axes integrate both species and environmental

variables. The diagram efficiently summarizes variation in

species composition as explained by the environmental

variables and indicates how species’ distributions corre-

spond to each environmental variable (Ter Braak 1986).

DCCA remains a popular tool for community ecologists to

analyze the influence of complex environmental variables

on the biotic community (Dzwonko 1993; Cingolani and

others 2003).

In this study, species variables were replaced with road

variables and environmental variables with landscape

variables. DCCA was performed using CANOCO 4.5 (Ter

Braak 1988). The significance of the overall and first

DCCA axes were tested using Monte Carlo permutation

tests (Ter Braak 1988). All variables were normalized

before analysis.

Results

General Description of Landscape and Road Data

The accuracy of unsupervised classification, verified by

actual field data, was [80%. Land cover was classified as

farmland, grassland, shrub, forest, and river; these classes

had areas of 380.16, 55.68, 38.40, 4.81 and 1.00 km2,

respectively. Farmland was the dominant class, accounting

for approximately 80% of the entire area. Gully density

ranged from 0 to 2.43 km/km2 (mean 0.01), indicating a

highly heterogeneous distribution, whereas building den-

sity ranged from 0 to 0.22 km/km2 (mean 0.16), indicating

a relatively homogeneous distribution in this area. The total

road length was 1055.95 km, and there were 2029 nodes

(points of road intersection). Eight landscape and five road

variables were selected to perform DCCA (Table 1), and

P-values of the first canonical axis and of all canonical axes

from the DCCA ordination were both 0.002. The sum of all

of the eigenvalues was 0.21, meaning that the DCCA axes

explained 21% of the variance in the weighted averages of

the road variables (with respect to landscape variables).

Year
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Fig. 2 Total road length (line) and gully length (bar) have increased

in Dongzhi Yuan since the 1970s

Table 1 General description of landscape variables and road variables for DCCA (n = 120)

Landscape variable Maximum Minimum Mean Road variable Maximum Minimum Mean

CV of DEM 0.06 0.00 0.03 Node density (number/km2) 45 0.00 4.23

Gully density (km/km2) 2.43 0.00 0.01 Length density (km/km2) 4.89 0.00 2.19

Farmland (km2) 3.76 0.00 3.16 Pattern index 1.00 0.00 0.48

Grassland (km2) 2.24 0.00 0.46 Distance to gully (km) 3.25 1.96 2.51

Shrub (km2) 1.14 0.00 0.32 Distance to town (km) 4.04 0.81 3.49

Forest (km2) 0.04 0.00 0.04

River (km2) 0.02 0.00 0.00

Building density (km2/km2) 0.22 0.00 0.16
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Landscape Variables Related to Ordination Axes

Correspondence between the landscape variables and the

ordination axes was examined using correlation coeffi-

cients. As listed in Table 2, the CV of DEM (elevation)

was significantly correlated to the first DCCA axis

(DCCA1) as were the farmland, grassland, building den-

sity, and shrub variables (in decreasing order of the

strength of the relation). Gully density was the variable

most strongly correlated with the second DCCA axis

(DCCA2), followed by building density and CV of DEM.

Greater values of DCCA1 indicated lower elevations and

greater farmland cover, whereas the number of buildings

increased and gullies decreased with increasing values of

DCCA2 (Fig. 3). In addition, both farmland area and

building density were positively correlated to both DCCA

axes, whereas CV of DEM, grassland area, shrub cover,

and gully density showed a negative relation (Table 2).

Road Variables Related to Ordination Axes

All canonical axes combined (summed eigenvalues =

0.21) accounted for as much as 77.80% of the variation in

road variables (Table 2), with most of this variation

accounted for by DCCA1 (65.10%, eigenvalue = 0.17)

and only a minor fraction accounted for by DCCA2

(6.30%, eigenvalue = 0.02).

The five road variables were divided into three groups

by the DCCA ordination. Node density, length density, and

road spatial pattern formed one group at the upper range of

DCCA1, whereas distance to gully and distance to town

each formed a separate group at the upper and lower

extremes of DCCA2, respectively (Fig. 3). Node density

mapped closest to the DCCA1 axis, indicating the closest

relation among the variables with DCCA1.

Relations Between Road and Landscape Variables

DCCA1 explained 80.80% of the variation in the relation

between road and landscape variables, whereas DCCA2

explained 17.70%; all canonical axes together accounted

for 99.9% of the variance. The road–landscape correlations

were 0.92 (DCCA1) and 0.86 (DCCA2) (Table 2), indi-

cating that the measured landscape variables were able to

explain the majority of the variation among road variables.

From the DCCA ordination diagram, node density,

length density, and road spatial pattern were positively

correlated with farmland area and building density and

negatively related to CV of DEM, whereas mean distances

to gully and town were negatively related to gully density

and building density, respectively (Fig. 3).

Discussion

Because DCCA is not affected by multicollinearity in the

‘‘species’’ data set, in contrast to other types of correlation

analysis (Ter Braak 1986), multicollinearity of the road

variables could be ignored in our study. Our two-dimen-

sional ordination diagram was quite informative, even

although it explained a low percentage of the total variance

(sum of all eigenvalues = 0.21). Hence, the use of DCCA

represents a feasible mean of explaining road–landscape

relations.

Land cover and human activities related to each cover

class both have been shown to affect the development of

road systems (Forman and others 2003). Ever since the

Tang Dynasty (approximately 1400 BP), agricultural

industries have been common in Dongzhi Yuan (Zhu

1954). Distribution of farmland in the area has played an

important role in determining both density and spatial

pattern of roads because roads were designed to connect

local agricultural resources and people with markets. In

addition, the relation between farmland and road network

development has changed with time due to new travel

demands and transportation needs (Bi and others 2010;

Hess and others 2001). Therefore, it is important to prop-

erly understand the dynamic aspects of interactions

between farmland and road development in Dongzhi Yuan

to fully characterize this system.

Table 2 Results of DCCA ordination

Results of DCCA ordination DCCA1 DCCA2

Correlations of landscape variables with the first two axes of DCCA

CV of DEM -0.87** -0.50*

Farmland 0.84** 0.40

Grassland -0.78** -0.32

Building 0.71** 0.64*

Shrub -0.50* -0.23

River -0.38 0.04

Gully -0.24 -0.82**

Forest -0.14 -0.12

Road-landscape correlation coefficients 0.92 0.86

Cumulative percentage variance

Of road data 65.10 71.40

Sum 77.80

Of road–landscape relation 80.80 98.50

Sum 99.90

Eigenvalues 0.17 0.02

Sum of all eigenvalues 0.21

Test of significance of first canonical axis P = 0.002

Test of significance of all canonical axes P = 0.002

* P \ 0.05, ** P \ 0.01
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It is relatively dificult to change the local topography

during road development (Forman and others 2003),

therefore, topographical features should be carefully con-

sidered when planning and managing road network. High

variability in elevation and gully density has constrained

road development in Dongzhi Yuan due to the high cost of

building near unstable geological areas. However, the

number of roads in gully buffer areas has increased grad-

ually in this region to satisfy transportation demands for

local development (Fig. 2). This expansion has indirectly

accelerated gully erosion (Wang 2007; Bi and others

2010); hence, such further road expansion should be

strictly controlled.

The spatial pattern of existing buildings was significantly

correlated with five road variables (Fig. 3). In Dongzhi Yuan,

[2000 years of settlement history have greatly influenced

the density and spatial pattern of buildings, consequently

influencing road development. Recently, many researchers

have focused on the close relation between road and building

placement because of their similar development processes

(Hammer and others 2004; Hawbaker and others 2005, 2006;

Gonzalez-Abraham and others 2007b). Compared with land

cover and topography, existing buildings can be easily

removed in a short amount of time; hence, this may be

considered during road development. The spatial layout of

structures in an area could also indirectly influence road

layout by affecting the spatial pattern of land cover classes

(Gonzalez-Abraham and others 2007b), but the spatial pat-

tern of local buildings (as a variable) was not included in the

DCCA as it was closely correlated with building density

(R2 = 0.97).

The five road variables describing road network attributes

in our study show different responses to landscape features.

DCCA1 explained more of the variance in node density than

in the length density and spatial pattern of roads (Fig. 3),

suggesting that landscape variables have influenced road

network more strongly than individual road segments. Road

location showed a different relation with landscape variables

and was influenced largely by densities of gullies and

buildings. In Dongzhi Yuan, new road networks have been

constructed to supplement the original unpaved road system

and improve the connectivity between farmland and built-up

areas, exacerbating the ecological effects of roads in the area.

Therefore, to assess the impacts of such a complex road

network, an integrated framework, such as DCCA, is needed

for practical application.

Conclusion

DCCA was applied to evaluate how various landscape

factors have altered road system development in Dongzhi

Yuan. The ordination diagram suggests that landscape

variables may explain variation in road variables to dif-

ferent degrees. CV of DEM (elevation), farmland area, and

building density were all strongly correlated with DCCA1,

the axis associated with node density, road-length density,

and spatial pattern; gully density and building density were

correlated with DCCA2, the axis associated with the mean

distances from gully and town to road. In addition, node

density, rather than length density and spatial pattern, was

the road variable affected the most strongly by landscape

factors. In conclusion, this study has shown that the use of

DCCA would be an effective tool for assessing landscape

influences on road systems.
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