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Abstract

Spatial patterning of plant distributions has long been recognised as being important in understanding underlying
ecological processes. Ripley’s K-function is a frequently used method for studying the spatial pattern of mapped
point data in ecology. However, application of this method to point patterns on road networks is inappropriate, as
the K-function assumes an infinite homogenous environment in calculating Euclidean distances. A new technique
for analysing the distribution of points on a network has been developed, called the network K-function (for
univariate analysis) and network cross K-function (for bivariate analysis). To investigate its applicability for eco-
logical data-sets, this method was applied to point location data for roadside populations of three Acacia species
in a fragmented agricultural landscape of south-eastern Australia. Kernel estimations of the observed density of
spatial point patterns for each species showed strong spatial heterogeneity. Combined univariate and bivariate
network K-function analyses confirmed significant clustering of populations at various scales, and spatial pat-
terns of Acacia decora suggests that roadworks activities may have a stronger controlling influence than envi-
ronmental determinants on population dynamics. The network K-function method will become a useful statistical

tool for the analyses of ecological data along roads, field margins, streams and other networks.

Introduction

Roads are transport corridors imposed on landscapes
by humans for the movement of people and materi-
als. Owing to their relatively large area, roads have a
significant effect on the natural environment (Bennett
1991). Roads affect landscape structure and species
survival through destruction, fragmentation and alter-
ation of habitat, edge effects, disruption to animal
movement patterns, pollution and traffic mortality
(Way 1977; Andrews 1990; Forman and Alexander
1998; Carr et al. 2002). Conversely, in many
fragmented landscapes, roadside environments (com-
monly known as road verges or road shoulders) pro-
vide important refuges for isolated populations of
threatened native animal and plant species (e.g., Cale

1990; Vermeulen and Opdam 1995). The science of
road ecology has recently emerged to improve our
understanding of road network environments, but
empirical studies have been frustrated by the lack of
suitable spatial tools to analyse point patterns on road
networks (Forman 1999).

The K-function (Ripley 1976, 1981) is a widely
used method for studying the spatial pattern of
mapped point data in plant ecology (Haase 1995; Po-
dani and Czéarén 1997, Dale 1999). Applications in-
clude analyses of distribution patterns of Eucalyptus
species (West 1984), Pinus ponderosa (Getis and
Franklin 1987), Pinus banksiana (Kenkel 1988),
mixed deciduous-coniferous forests (Szwagrzyk and
Czerwczak 1993) and sub-tropical trees (Debski et al.
2000). The advantage of K-function analysis is that it
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uses all point-point distances, not just the nearest
neighbour distances, to show spatial clustering at
various scales of pattern, and the distance where
clustering or over-dispersal becomes significant
(Bailey and Gatrell 1995). However like most spatial
statistical methods, the K-function assumes a homog-
enous environment to calculate the Euclidean dis-
tance between points (or straight-line distance “as the
crow flies”), and therefore is an inappropriate tool for
analysing point patterns confined along irregular road
networks (Little et al. 1997; Rathbun 1998; Okabe
and Yamada 2001). When used to analyse spatial
point patterns constrained by road networks, the K-
function can result in over-detection of clustering
patterns, leading to possible Type 1 errors (Okabe et
al. 2002a; Yamada and Thill 2003). Therefore an ap-
plication of the K-function modified for a network
system of nodes and linkages would be useful to
analyse spatial point patterns along roads.

A method to conduct K-function analysis of point
patterns on a network was recently developed by Ok-
abe and Yamada (2001), for the analysis of social-
economic and micro-marketing applications (e.g.,
traffic accidents and market area delimination). Using
this method, we analysed the spatial patterns of three
Acacia species with different life-history attributes, to
investigate the effects of disturbance from roadworks
on roadside Acacia populations. These three Acacia
species are dominant shrubs in roadside remnants in
the study area: Acacia pycnantha (Golden Wattle) is
an obligate seeder, A. montana (Mallee Wattle) a fac-
ultative seeder, and A. decora (Western Silver Wattle)
is a facultative seeder. All three Acacia species are
leguminous shrubs 1-8 m tall (Tame 1992). Spatial
analysis of roadside Acacia shrub populations may
reveal important insights into anthropogenic interre-
lations (Motzkin et al. 1996), an issue critical to con-
servation of these unique environments. The aims of
this paper are to (1) draw the network K-function
method to the attention of terrestrial and aquatic
ecologists, and (2) illustrate the usefulness of this
method by examining the spatial point patterns of
Acacia species along roadsides in a fragmented agri-
cultural landscape in south-eastern Australia.

Materials and methods
The development of agriculture in south-eastern Aus-

tralia has resulted in the clearing of over 85% of
original native vegetation, and most patches of intact

native vegetation occur along roadsides (Yates and
Hobbs 1997). This process has created a system of
cropping and grazing paddocks hostile to most native
species, separated by narrow road corridors with ex-
plicit boundaries, containing road verge populations
of varying quality (Hobbs and Saunders, 1994). Pre-
vious studies on the effects of soil disturbance on
roadside Acacia populations showed evidence of soil
disturbance from previous roadworks activities in
over 90% of Acacia populations, and a significant re-
lationship between major recruitment pulses in Aca-
cia populations and road construction events. For
roadside Acacia populations, soil disturbance along
the road network from roadworks is analogous to pe-
riodic disturbance from a natural fire regime, vital for
the maintenance of remaining populations (Spooner
et al. 2004).

Data collection

One hundred and thirty-five Acacia populations (47
A. pycnantha, 48 A. montana and 40 A. decora) were
selected from existing roadside survey data (Bull
1997) using a random sampling procedure (Spooner
et al. 2004), in the Lockhart Shire study area, New
South Wales (35.12°S, 146.43°E), in south-eastern
Australia (Figure 1). The region consists of low un-
dulating hills and flat riverine plains, and the vegeta-
tion is dominated by open woodlands of Eucalypius
species and Callitris glaucophylla. Roadside Acacia
populations in the region were located and GPS co-
ordinates from the centre of each population were re-
corded. Data was then entered into ESRI ArcGIS 8.2.

To visually inspect spatial point distributions, a
Kernel estimation (Bailey and Gatrell 1995) of the
density of each Acacia population was constructed,
with a bandwidth of 4 km, using the Animal Move-
ment Analysis GIS extension (Hooge 2002). The
Kernel process constructs a set of probability
polygons that represents a histogram of the intensity
of the spatial point pattern, to illustrate clumping of
point patterns of each Acacia species (Bailey and
Gatrell 1995).

Network K-function background and analysis

The reduced second moment measure or K-function
uses all point-to-point Euclidean distances to analyse
a two-dimensional distribution pattern on an infinite
homogeneous plane, where a circle of radius 7 is cen-
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Figure 1. Location of the Lockhart Shire study area in southern NSW, Australia, showing major towns, the road network and the location of

135 populations of Acacia species.

tred on each point{p,,.., p,} and the number of
neighbouring points within the circle are counted
(Figure 2a). By varying the circle radius 1, spatial
pattern can be examined at various scales, and the
deviation of the observed number from expected
number of points is then plotted against ¢. If the points
are randomly distributed, the K-function K(z) = m I
for all values of ¢, and the null hypothesis for com-
plete spatial randomness (CSR) is accepted (Ripley
1981; Diggle 1983). If there is significant deviation
of the observed function K(f) from a randomly gen-
erated (Poisson) point process K(2), the null hypothe-
sis for CSR is rejected (Haase 1995). K(2) is often
plotted as:

) =\/K(@)/mn—+

(for further details see Bailey and
Gatrell 1995; Haase 1995). 1)

The univariate network K-function (Miller 1994,
1999; Okabe and Kitamura 1996; Okabe and Yamada
2001) follows a similar process, but calculates the
shortest path distance (e.g., 1, < t;) from each point
to all other points {p; ..., p,; on a finite connected
planar network (Figure 2b). Network links are defined
as Ly, and the total network distance as IL7. In this
case, Ly is the set of road network links in the Lock-

hart Shire study area. Sets of points on the road net-
work P = {p,,..., p,; are assumed to be located on
road network links Ly Okabe and Yamada’s model
(2001) defines the network K-function K(t) by:

K(1)= %E(

the number of points P within
network distance ¢ to a point p; of P/

@

where E(\) is the expected value with respect to
Pls e s Pn (p; € P), which follow the binomial point
process, and p is the density of points P, such that
p= n /\L\. The assumption of the binomial point pro-
cess is based on the hypothesis that points P are uni-
formly and independently distributed over a finite
road network. Thus if this hypothesis is rejected,
points P are spatially interacting and may form non-
uniform patterns. From Equation (2), the observed
network K-function, K(1) for the observed data set F,
can be written as:

o L] &
K= &
(the number of points of P on L,(?))-
@3
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Figure 2. (a) Estimation of normal Ripley’s K-function (edge cor-
rection factor ignored); (b) Estimation of network K-function on a
road network (shown as thin lines).

Assessment of the significance of departure of the

network I/(\(r) from CSR corresponds to that of the
‘normal’ K-function application. 100 Monte Carlo
simulations were used to construct a confidence en-
velope based on the maximum and minimum values
from an equivalent number of random co-ordinates

for K(t), and I?(t) is compared to this envelope. If

values of I?(r) lie within the confidence envelope,
points P are randomly distributed. Conversely, any
values of E(t)which lie outside the confidence enve-
lope were considered a significant deviation from
CSR. If values of I?(t) > K(t) and lie outside the up-
per confidence interval, then points P tend to be clus-
tering. Conversely, if values of I?(r) < K{(t) and lie
outside the lower confidence interval, then points are

tending towards regularity (Kenkel 1988; Bailey and
Gatrell 1995). Since edge effects (Haase 1995) are

taken into account with distance computations, no
edge adjustment factor is necessary (Okabe and Ya-
mada 2001).

For bivariate network K-function analyses, two
kinds of points, A = {a ,.., a,} and B = {b ..., b}
are analysed on Ly. In this case, we are interested in
the hypothesis of spatial interaction between occur-
rences of different Acacia species. Okabe and Yamada
(2001) define the network cross K-function K*%(f)as:

Kba(I) = EE

network distance ? to a point b; in B

)

1 (the number of points A within )

where E(\) is the expected value with respect to
by, ..., b, (b; € B), which follow the binomial point
process, and p, is the density of points A, such that
p,= n,/\LA. From Equation (4), the observed network

cross K-function, K*(#) for the observed data set P,
can be written as:

Ly| &
ol =1
(the number of points of A on Ly(t)).

&)

Statistical tests for bivariate analysis are similar to
the univariate network K-function K(z), where the
spatial scale at which the two groups ‘attract’ or ‘re-
pel’ is determined (Bailey and Gatrell 1995), however
the present version of SANET used for network cross
K-function analyses does not construct a confidence
envelope (Okabe et al. 2002b). The confidence inter-
val of network K-function can be theoretically
obtained from the binomial distribution, which is ap-
proximated by the normal distribution for a large
number of points (Okabe et al. 2002b). To check for

statistical significance of departures of K*(s) from
CSR, an approximation of the 95% confidence enve-
lope was constructed by calculating the standard de-
viation (SD) of the normal distribution, and maximum
and minimum values of * 1.65 * SD using one-sided

tests were accepted. If I?’"(t) > K?(f) and outside the
confidence envelope, then points A and B are signifi-
cantly ‘attracted’. If Kba(r) < K*(7) and outside the
confidence envelope, then points A and B are signifi-
cantly ‘repelled’.




Spatial point patterns of the three Acacia species
were analysed on a road network shape-file using
SANET Version 1.0 — 021125 (Okabe et al. 2002b),
an ESRI ArcMap extension. The road network shape-
file of the Lockhart Shire study area (area ~ 80 x 50
km; 1600 km of roads) was first pre-processed to en-
sure all polylines (links) were properly connected to
each other. The SANET program is first used to cal-
culate distances between all nodes on the road net-
work, and is then used to assign points (in this case,
populations of the three Acacia species) to the near-
est point on the road network. Network K-function
and cross K-function analyses were then performed
using SANET, and output data were exported into MS
Excel to aggregate data, calculate confidence intervals
(for cross-K-function analyses), and produce graphs
for visual analyses.

Results

Kemel estimations of the density of spatial point pat-
terns for each Acacia species showed major clusters
of Acacia pycnantha in central and southern areas of
the Lockhart shire study area (Figure 3a), two strong
clusters of A. montana in the south-east (Figure 3b),
and two strong clusters of A. decora in the south-west
and north-east study area (Figure 3c). The spatial pat-
terns of A. pycnantha and A. montana cannot easily
be distinguished, and appear to show similar point
clusters in the southern area of the study area. How-
ever, spatial patterns of A. decora were markedly dif-
ferent to those of A. montana, and to a lesser extent
A. pycnantha, with centroids of point clusters located
in specific points in the north and south-west of the
study area (Figure 3a-c).

Univariate spatial pattern analysis using the net-
work K-function confirmed visual inspections using
Kernel analyses, showing significant deviations from
CSR for all three Acacia species. For A. pycnantha,

plots of K(r) versus ¢ showed significant clustering of
populations at all values of ¢, though plots were often
only just outside the confidence envelope (Figure 4a).
For A. montana, there was highly significant cluster-
ing of populations at all values of 1, particularly at
distances of 40-50 km (Figure 4b). In contrast, there
was significant small-scale clustering of A. decora at
distances up to 18 km, then significant large-scale re-
pulsion of clusters of populations at distances of
40-65 km (Figure 4c). These scales of patterning in
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A. decora populations can easily be seen in the Ker-
nel estimations (Figure 3c).

Observed correlations between Kernel distributions
of A. pycnantha and A. montana (Figure 3) were con-
firmed with bivariate spatial pattern analysis using the
network cross K-function. Visual examination of
plots for the species pair, A. pycnantha — A. montana
showed noticeable but non-significant attraction
between the two distributions for all values of ¢, sug-
gesting comparable spatial distributions (Figure Sa).

For A. pycnantha — A. decora, plots of K(p) versus
K?(f) were almost identical, which suggests that there
was no spatial interaction between distributions of
these two species (Figure 5b). For A. montana — A.
decora, the distributions of these two species were
somewhat but not significantly attracted at scales ¢ >
30 km (Figure Sc).

Discussion and conclusions

The results of the Kemnel and network K-function
analyses showed that populations of A. pycnantha
were tending to cluster, and A. montana was signifi-
cantly clustered on roads in central and southern ar-
eas of the study region at most spatial scales. A.
pycnantha and A. montana have similar life-history
attributes, had similar distributions, and network
cross K-function analysis showed that the spatial pat-
terns of these two species were to some extent ‘at-
tracted’ at all scales. These patterns are likely to
reflect natural environmental factors, as both species
were largely confined to higher topography in the
south of the study area. This would suggest that at
large scales at least, the spatial patterns of these two
species are more strongly influenced by landscape
variation in environmental than disturbance processes
(Turner and Dale 1990).

In contrast, the spatial distribution of A. decora is
peculiar, with significant clustering of populations in
areas < 18 km wide in specific locations in the study
area. The reasons for these patterns cannot be deter-
mined from spatial patterns alone, and further analy-
ses are required to disentangle environmental and
disturbance effects using patch, road and landscape
scale environmental and disturbance variables. How-
ever, given that (1) centroids of clusters for A. decora
appear to be located near human localities, (2) A.
decora is a vigorous re-sprouting species, (3) the dis-
tribution patterns of A. decora do not conform to to-







