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Abstract Over the past decade, the urban—rural
gradient approach has been effectively used to study
the ecology of cities and towns around the world.
These studies have focused on understanding the
distribution of plants and animals as well as ecosystem
processes along gradients of urbanization that run from
densely urbanized inner city to more rural exurban
environments. We reviewed 300 papers investigating
urbanization gradients that were published in peer-
reviewed journals between 1990 and May 2007. Sixty-
three percent of the papers investigated the distribution
of organisms along urbanization gradients. Only five
papers addressed the measures used to quantify the
urbanization gradient itself. Within the papers address-
ing the distribution of organisms, 49% investigated the
responses of birds to urbanization gradients, and

<10% of the papers investigated more cryptic organ-
isms. Most of these studies utilized a variety of broad
measures of urbanization, but future advances in the
field will require the development of some standard-
ized broad measures to facilitate comparisons between
cities. More specific measures of urbanization can be
used to gain a mechanistic understanding of species
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and ecosystem responses to urbanization gradients.
While the gradient approach has made a significant
contribution to our understanding of the ecology of
cities and towns, there is now a need to address our
current knowledge gaps so that the field can reach its
full potential. We present two examples of research
questions that demonstrate how we can enhance our
understanding of urbanization gradients, and the
ecological knowledge that we can obtain from them.
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Introduction

The ever increasing human population is driving the
expansion and creation of cities and towns worldwide.
The process of urbanization changes the landscape,
generating more impervious surfaces and artificial
structures (Gilbert 1989; Collins et al. 2000; McKin-
ney 2002). It also results in high densities of people,
domestic plants and animals, while also altering the
flux of nutrients, organisms, energy and water within
and between landscapes (McDonnell and Pickett 1990;
Niemeld 1999; Grimm et al. 2000; Pickett et al. 2001).
Consequently, there is a tremendous call for more
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ecological information in urban and exurban environ-
ments by natural resource managers, planners,
conservationists, scientists, and professionals associ-
ated with human health to inform planning and
management decisions required to create more sus-
tainable cities.

In the early 1990s, McDonnell and Pickett
(1990) proposed the gradient approach as a useful
method for studying the ecology of cities and
towns. This approach provides a useful tool for
developing a greater understanding of the interac-
tions between urban development and the structure
and function of ecological and social systems
(Alberti et al. 2001; Alberti 2008). The importance
of quantifying urbanization gradients as discussed
by Mclntyre et al. (2000) was an important step for
it allows for comparisons between different gradi-
ents within and between cities. This was also a
significant step forward for researchers, planners
and managers because it allowed for the amalgam-
ation of ecological and social science information
(Theobald 2004).

We are currently at an appropriate stage in the
development and use of the gradient approach to
assess what we have learned, and what improvements
can be made in the future to achieve better research,
management and conservation outcomes. The objec-
tives of this paper are to: (1) review the concept of
urbanization gradients; (2) discuss the measures used
to characterize the gradients; (3) briefly assess the
current status of our understanding of the ecology of
cities and towns that has been achieved using the
gradient approach and (4) describe future research
directions.

The concept of urbanization gradients

The concept of urbanization gradients is based on the
well-established application of gradient analysis tools
to understand the ecology and distribution of plants
and animals in response to physical, chemical,
ecological and micro-climatic changes in the envi-
ronment (ter Braak and Prentice 1988). One of the
most commonly cited examples of the effective use
of gradient analysis techniques in ecology is the study
of vegetation along elevation gradients (Whittaker
1967). Elevation is an indirect gradient because the
height of a mountain is only a surrogate or dummy
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variable that is correlated with changes in a variety of
environmental variables including temperature,
humidity, rainfall and soil depth. In addition, gradi-
ents of elevation are not always linear as mountains
commonly have undulating topography resulting in
non-linear changes in physical and micro-climate
conditions (i.e., they form a complex gradient). In
contrast, soil moisture gradients surrounding a bog or
fen represent direct gradients, because the organisms
are responding to the moisture levels in the soil. Such
gradients are also commonly linear (simple) and
easily studied using transects. Most ecological gradi-
ents are complex and involve several contrasting
variables. Thus, a hierarchical analytical approach
which acknowledges the nested nature of ecological
systems by addressing different spatial and temporal
scales is necessary to investigate the relative impor-
tance of potential causal factors and the ecological
responses of species, communities and ecosystems to
these gradients (Allen and Wyleto 1983). This is
especially important when studying anthropogenic
gradients because other non-anthropogenic factors
such as climate, habitat availability, and species
interactions are equally important to understanding
the abundance and distribution of organisms and
ecosystem processes (Allen and O’Connor 2000).

Urbanization gradients are essentially anthropo-
genic gradients produced as a consequence of the
creation of human settlements. The major environ-
mental changes that occur during the process of
urbanization include: (1) creation of new land-cover;
(2) alterations to the chemical and physical environ-
ment; (3) the creation of new assemblages of
organisms and (4) alterations to disturbance regimes
(Sukopp 1998; Kinzig and Grove 2001). Gradients of
urbanization, similar to elevation, are indirect and
complex (McDonnell et al. 1993). The framework
proposed by McDonnell and Pickett (1990) provided
a hierarchical approach to the study of the multiple
causal factors and responses related to environmental
changes associated with urbanization. It is important
to note that there are other ecological frameworks
such as patch dynamics (Pickett et al. 2001), the
classic ecosystem approach (Zipperer et al. 2000),
meta-population dynamics (Marzluff et al. 2001),
mechanistic studies (Shochat et al. 2006) and the
human ecosystem model (Pickett and Cadenasso
2006) that are also useful in understanding the
ecology of urbanizing landscapes.
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Typically, the most intense ‘urban’ environmental
conditions occur in the older, more human-modified
center of cities, with decreasing ‘urban’ effects
further away from the city centers. Using an analogy
to elevation gradients, the intensely developed city
centers would be the mountain peaks with the
harshest conditions present on the gradient, whereas
the less intensely developed suburbs and peri-urban
areas would be equivalent to the slopes and valley
bottoms. Due to the unique combinations of social,
economic and environmental drivers that underlie the
rate of development of every city, it is important to
note that cities would not form a single ‘mountain’
but instead would be more accurately described as a
‘mountain range’ (i.e., more polycentric than mono-
centric). Thus, in building cities and towns, humans
create a diverse mosaic of environmental conditions
that can be effectively studied using gradient analysis
techniques. The gradient approach used needs to be
able to quantify not only the ‘mountain’ peaks but
also the slopes and valleys within these ‘mountain
ranges’.

Measures used to characterize urbanization
gradients

In the past, urbanization gradient studies have been
criticized for presenting gradients that have been too
simplistic (Alberti et al. 2001; McKinney 2006;
Alberti 2008). This has largely been due to the
prevalence of the transect approach to represent the
urbanization gradient (McDonnell et al. 1993, 1997;
Luck and Wu 2002). As our understanding of
urbanization has developed, the importance of cap-
turing the characteristics of the landscape at different
locations along the gradient has come into focus
(McIntyre et al. 2000). The increased uptake of
geographic information systems and the greater
availability of satellite imagery has also played a
role in moving away from the use of transects to
define gradients, to using direct measures of urban-
ization at a location to characterize the local
landscape context. However, we need to improve
our understanding of the measures used to define the
gradient, as well as those used for the response
variables, as the selection of specific measures can
influence the findings of the study (Hahs and
McDonnell 2006).

Gradients can be defined with differing levels of
precision. Broad measures of urbanization are equiv-
alent to the elevation gradient for mountains; they can
be easily measured but are likely to capture a
complex range of conditions. Examples of broad
measures of urbanization include: density of people
or dwellings, or the proportion of built surfaces.
Specific measures of urbanization are equivalent to
the temperature or soil moisture measures of moun-
tain gradients. They provide a more precise measure
of the characteristics of the urban area that are likely
to have a direct influence on the ecological response.
For example, Jerzak (2001) found a correlation
between the number of garbage bins per km” and
the density of breeding pairs of black-billed magpies
in Zielona Gora, Poland. The trade-offs between
broad and specific measures of urbanization relate to
the resources required to calculate the measure and
their applicability in studies examining different
ecological responses. Broad measures of urbanization
are generally calculated using existing data sets and
can therefore be obtained at relatively little cost, and
generally are available for many different cities.
Specific measures of urbanization may require the
collection of additional data, or compilation of data
from a number of sources, which is likely to have a
higher associated cost. Also, specific measures for
one study may not be the most relevant measure for
another study. For example, garbage bins may
influence bird densities, but they are less informative
for studies investigating frog diversity.

The distinction between broad and specific mea-
sures of urbanization is an important one, as both
categories can contribute to the study of urbanization
gradients. The use of broad measures of urbanization
has an important role to play in advancing our
understanding of ecology in and of cities for two
reasons. Firstly, they provide a general definition of
the gradient that can be used to establish some basic
ecological research in urban areas where previous
information is absent. Secondly, they provide a
common element that allows for a greater integration
between studies conducted on different systems, or at
different places in time or space (Mclntyre et al.
2000). An example of using the urbanization gradient
approach at a global scale is the Globenet project
which aims at gaining a general understanding of the
biotic consequences of urbanization by using the
same taxonomic group and a standardized field
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methodology across several cities around the world
(Niemelid et al. 2002).

Specific measures also have an important role to
play, as it is through an investigation of specific
aspects of urbanization that we are able to begin
identifying mechanisms or drivers of ecological
responses, and thus can begin to identify concrete
recommendations for managing and conserving eco-
logical patterns and processes in urban areas. The
combination of broad and specific measures that are
used would be determined by the aims of the study
being undertaken and the level of previous informa-
tion available.

In light of the importance of broad measures of
urbanization, it should be possible to identify a
standard set of measures that could be used to
quantify gradients for future studies. These common
gradients could then be used to provide an ‘urban-
ization context’ to a particular study and would
facilitate integration between studies. One of the key
distinctions made in urban ecological literature is the
difference between ecology ‘in’ cities and ecology
‘of” cities (Grimm et al. 2000; Pickett et al. 2001).
Ecology ‘in’ cities refers to small-scale, usually
single-discipline studies within a city; and ecology
‘of” cities incorporates socio-economic and human
ecosystem elements to form an understanding of
ecology at a broader, multi-disciplinary scale.
Currently, most urbanization gradient studies would
be considered to address the ecology ‘in’ cities.
However, by providing a common measure of
urbanization it may be possible to combine the
outcomes of ecology ‘in’ cities studies to develop a
better understanding of the ecology ‘of’ cities.

Our understanding of these broad measures of
urbanization (e.g., density of people, land-use) is still
developing. We still need a better understanding of
which measures are being used most frequently,
although the investigation by Mclntyre et al. (2000)
is a great starting point. We need to investigate how
informative the different measures are for predicting
the outcomes of particular studies, as well as their
utility in integrating different studies. We also need to
develop a better understanding of: (1) what are the
most informative combinations of demographic mea-
sures, physical/chemical measures and quantitative
landscape metrics; (2) how the characteristics (scale,
typology) of the landscape classification system used
will interact to influence the outcomes of the study;
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(3) the level of redundancy or correlation between
selected measures and (4) the ability to attach a
biological or ecological interpretation to the selected
measure. Beginning to address these issues requires
studies which examine the measures themselves. This
would add a fertile new area of research for
urbanization gradient studies.

The study of urbanization gradients

A search of the electronic bibliographic data bases
that were available in May 2007 revealed some 300
papers that had explicitly utilised a gradient approach
in studying the ecology of urbanizing landscapes.
Independent of what the gradient was called, we
included all papers that utilized an urbanization or
anthropogenic gradient approach to address their
research questions. Although researchers have used
different terminology to refer to the gradients
including land-use, urban-rural, wildland-urban,
wildland-suburban and urban to exurban, they are
all fundamentally referring to gradients of urbaniza-
tion (Marzluff et al. 2001). The most commonly used
measures of these landscape gradients were broad
measures related to land-use or land-cover at both
local and regional scales. There are certainly other
published studies not captured in this search, but the
objective of this section was to highlight some of
the major topics of the studies. Here, we summarize
the major findings related to the distribution and
abundance of organisms along gradients of urbani-
zation; however, this should not be considered a
comprehensive review of the subject matter.

An examination of the compiled database of
research conducted on gradients of urbanization
revealed that most of the studies (63%) focused on
the response of organisms to urbanization (Table 1).
The other studies were grouped into five major
categories which are listed here in descending order:
pollution/disturbance/nutrient fluxes, spatial patterns,
humans, general reviews and gradient quantification
(Table 1). The pollution/disturbance/nutrient fluxes
category includes primarily studies of soil, water and
atmosphere. A significant number of these studies
have been conducted along urbanization gradients in
the eastern (Pouyat and McDonnell 1991; Carreiro
et al. 1999; Lovett et al. 2000; Zhu and Carreiro
2004; Groffman et al. 2006) and western (Hope et al.
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Table 1 Major topics of published research on gradients of
urbanization

Table 2 Types of organisms studied along gradients of
urbanization

Number % of Number % of

of studies studies of studies studies
Distribution of organisms 201 63 Birds 49 24
Pollution/disturbance/nutrient flux 53 17 Insects 31 15
Spatial patterns 36 11 Plants 28 14
Humans (e.g., health, perceptions) 14 4 Multiple taxonomic groups 26 13
Reviews and research directions 10 Species interactions 17 9
Gradient quantification® 5 2 Mammals 13 7
Total 319 Other terrestrial macroinvertebrates 12 6
# Because there is a vast literature of GIS studies that quantify Fish 9 3
landscapes, we chose only to include those studies that Marine and freshwater invertebrates 9 5
specifically addressed issues related to urbanization gradients Micro-organisms 5 3

Reptiles/amphibians 1 1

2003; Jenerette et al. 2006; Allen et al. 2007) United Fungi 1 1
States. Total 201

Spatial pattern studies focused on the abundance,
pattern and distribution of landscape elements
(e.g., green spaces, farmland, subdivisions, remnant
patches, roads) present along the gradient (Kong and
Nakagoshi 2006; De Clercq et al. 2007). The papers
included in the human category addressed issues of
human health (Howe et al. 1992) and the human
dimensions of gradients of urbanization (Dow 2002).
The reviews and directions category are characterized
by the work of Niemeld (1999); Pickett and Caden-
asso (2006) and Theobald (2004). Finally, the studies
grouped in the gradient quantification category look
at the measures themselves, how they changed with
scale and whether they were useful to compare
different cities (Luck et al. 2001; Cadenasso et al.
2007). The number of papers in this category is
relatively small for we did not include the numerous
papers that are about quantifying landscapes in
general (Herzog and Lausch 2001; Wu 2004).

The organisms studied were very diverse and we
cite only a few papers as examples due to space
limitations. These studies include plants (Hope et al.
2003; Burton et al. 2005; Williams et al. 2005; Ziska
and George 2007; Hahs and McDonnell 2007), birds
(Blair 1996; Natuhara and Imai 1999; Marzluff and
Ewing 2001; Chapman and Reich 2007), mammals
(Bowers and Breland 1996; Odell and Knight 2001),
insects (Blair and Launer 1997; Niemela et al. 2002;
Avondet et al. 2003; Piel et al. 2005; Sadler et al.
2006), micro-organisms (Pouyat et al. 1994; Vilisics
et al. 2007), marine and freshwater invertebrates

(Ourso and Frenzel 2003; Walsh 2006), terrestrial
macro-invertebrates (Steinberg et al. 1997; Szlavecz
et al. 2006; Holland et al. 2007), fungi (Pouyat et al.
1994; Cousins et al. 2003), fish (Limberg and
Schmidt 1990; Fraker et al. 2002), reptiles (Germaine
and Wakeling 2001; Koenig et al. 2001) and amphib-
ians (Parris 2006) (Table 2).

Organism responses to urbanization gradients

In the early days of studying urban environments
most ecologists would have hypothesized that organ-
isms would, in general, exhibit a negative response to
urbanization (McDonnell and Pickett 1993). From
our review of the literature, the responses of organ-
isms to urbanization gradients were not predictable
and ranged the gamut of possibilities from negative to
positive, and everything in between (Fig. 1). Hansen
et al. (2005), in their study of the effects of exurban
development on biodiversity in the US, reviewed the
available literature and standardized the reported
species responses to a wild-urban gradient. They
found that in areas closer to the urban end of the
gradient with increased housing densities, species
richness of organisms such as arthropods, insects, and
amphibians declined (i.e., negative response). Bird
and butterfly species richness was highest at inter-
mediate levels of urbanization. McKinney (2006)
reviewed the urban-rural gradient literature and
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Fig. 1 Responses of organisms to gradients of urbanization.
Key: (a) no response, (b) negative response, (¢) punctuated
response, (d) intermediate response, (e) positive response and
(f) bimodal response

proposed that species richness, biotic interactions and
ecosystem complexity decline toward the more urban
end of the gradient whereas biomass, total organism
abundance, biotic influences on abundance and
ecosystem reliance on external subsidies increase
with increasing urbanization.

In our database the most commonly studied taxa
were birds, accounting for nearly 50% of all the
organism studies (Table 2). Marzluff (2001), in a
comprehensive review of published studies of the
impact of urbanization on birds, found that, in
general, bird species richness and evenness decreases,
whereas density increases with increasing urbaniza-
tion. The intermediate response of birds to gradients
of urbanization has been reported by several research-
ers (Blair 1996; Allen and O’Connor 2000) and has
been attributed to the diversity of habitats present in
suburban environments. Blair (1996) refers to bird
species that exhibit high abundance at intermediate
levels of urbanization (i.e., suburban environments)
as suburban adapters. McKinney (2002, 2006) cate-
gorizes urban biota as a function of their distribution
and abundance along urbanization gradients: urban
avoiders, urban adapters and urban exploiters. These
categories of urban biota provide convenient labels
for describing the pattern of biodiversity along
gradients of urbanization, but the actual distribution
of organisms along these gradients is context- and
scale-dependent, and can be significantly affected by
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inter-specific competition. To develop better gener-
alizations about the distributions of species along
gradients of urbanisation it would be useful to adopt a
standard set of broad urbanization measures that
would provide a common context for the gradients,
thereby standardizing the influence of the urbaniza-
tion measure on the outcome of the studies.

The studies of bird species diversity and abun-
dance along urbanization gradients have provided
useful generalizations about the interactions between
birds and human settlements and they serve as an
excellent model for other organism studies to emu-
late. The existing bird studies have only scratched the
surface of the level of understanding required to
conserve and manage bird species diversity in an
urbanizing world (Marzluff et al. 2001). Future
studies need to address the fact that there are several
mechanisms functioning at different scales affecting
bird responses to urbanization, and it is important to
define and elucidate the appropriate level of ecolog-
ical functioning in order to enhance scientific
understanding and conservation outcomes (Blair
2004; Marzluff 2005, Clergeau et al. 20006).

It was not the objective of this article, nor was there
space, to summarize in detail all the species responses
to urbanization gradients described in the studies in our
database, but they were all assessed to compile a list
of general trends (Fig. 1). The diversity of species
responses indicates the existence of multi-causal
factors and individualistic species responses (Gleason
1926) to urbanization gradients. The future identi-
fication of underlying causal factors and further
explorations of species traits that influence the distri-
bution of organisms along urbanization gradients will
require integration of the gradient framework with the
other ecological frameworks mentioned earlier (e.g.,
patch dynamics, the classic ecosystem approach, meta-
population dynamics, mechanistic studies and the
human ecosystem model) (Faeth et al. 2005; Sadler
et al. 2006). Additionally, it is important for research-
ers to move beyond pattern questions and address
process questions (e.g., species performance (Williams
et al. 2005) and trophic dynamics (Faeth et al. 2005).

Although there appear to be useful generalizations
about the distribution of birds along urbanization
gradients, there is a relative paucity of published
studies on other organisms (Table 2). In fact, it was
somewhat surprising not to discover more studies on
mammals.
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Insect studies on a global scale using the gradient
approach, the same taxonomic group and field
methodology have yielded understanding comparable
to that of bird studies. The carabid beetles collected
in woodlands in several cities showed some evidence
of an increase in overall abundance and species
richness from city centres to the rural surroundings,
but no evidence of elevated diversity at suburban
sites (Niemeld et al. 2002). When carabid species
were classified into forest and open habitat species, a
clear picture emerged; the proportion of forest habitat
species decreased significantly from the surrounding
rural environments to the city centres, while the
proportion of open habitat species increased signif-
icantly towards the city centres. Furthermore, as
predicted, the proportion of large sized carabid
beetles decreased towards the city centres, so too
did the proportion of short winged species (Niemeld
et al. 2002).

Future research opportunities

In this final section, we will present examples of two
additional studies that demonstrate how our under-
standing of urbanization gradients can be enhanced in
the future.

Fig. 2 Values of index (a)
combined across northern

Melbourne, Australia,

represented as (a) a two-

dimensional grid, and (b) a

three-dimensional -

Comparing urbanization gradients in different
cities

One of the previously mentioned benefits of broad
measures of urbanization is that they provide a
common measure for comparing patterns of urbani-
zation between cities or studies. For example,
patterns of urbanization within Melbourne, Australia
(Hahs and McDonnell 2006), can be compared with
patterns of urbanization for Auckland, New Zealand,
using a common broad measure of urbanization
(Fig. 2). We chose to use a measure developed by
Weeks et al. (2003) to represent the gradient based on
our assessment of 17 commonly used measures of
urbanization (Hahs and McDonnell 2006). The mea-
sure is based on combining two different indices
relating to (1) the density of people working in non-
agricultural industries obtained from census informa-
tion (index census, Egs. 1 and 2) the proportion of the
landscape covered by impervious surfaces obtained
from satellite imagery (index image, Eq. 2). Due to
the formulae used to calculate these measures, their
values fall between 0 and 100 regardless of the city or
area being quantified. The final measure (index
combined , Eq. 3) is the average of the two previous
indices; where values between 0 and 15 represent
sparse rural development, and values of 90-100

representation of the same
data, and the equivalent
images for Auckland, New

Zealand (c, d). In the 3D A
images (b, d) white 20 10 0
represents index combined 3

values of 35.01-55.00. Each
pixel represents a

1 km x 1 km grid cell

Index combined

Bl 000  Water
Il 001-1500 Rural [0 25.01-35.00 Suburban

10 20km

10 20km
Legend

I 15.01-25.00 Exurban 35.01-4500 Suburban

45.01 - 55.00 Dense Urban
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represent highly urban environments, such as Cairo
(e.g., 370,000 people per km?; Weeks et al. 2003).

[In(Dy) x Pc(non —agr)]} «100 (1)

IndeXimage = C; + (2 x \/c_b) n (2 X \/E) 2)

(Indexcensus + Indeximage) (3)
2

D,, is population density, P (non-agr) is number of
males in non-agricultural jobs and c¢ is constant
(12.82); C; is percent impermeable surface Cy is
percent bare ground and C; is percent soil. See Hahs
and McDonnell (2006) for a detailed explanation of
the equations.

We used the combined measure as our previous
analysis showed it explained more variability than
either of the constituent measures alone. Interpreting
the index combined values between 15 and 90 is
more difficult as they can represent a combination of
extensive built surfaces with few people (i.e., few
males working in non-agricultural jobs), such as
industrial areas, or high densities of people living in
areas with a high amount of vegetation cover, such as
high-rise apartments surrounded by large gardens. All
of the indices we studied experience similar difficul-
ties of interpretation (Hahs and McDonnell 2006).
These indices (Egs. 1, 2, and 3) are relatively easy to
calculate and provide a dimensionless value that
represents the intensity of urbanization which is very
useful for the study of urbanization gradients within
cities and between cities of different sizes.

For the purpose of this example, values of 45-55
represent highly urbanized environments with rela-
tively high densities of people and built surfaces
(urban), values of 25—45 represent moderate densities
of people and built surfaces (suburban), and values of
15-25 represent relatively low densities of people and
built surfaces (exurban). These labels for different
values are not definitive. Melbourne and Auckland
are relatively small, young cities on a global scale
and most likely have lower index combined scores for
their most intensely urban areas as opposed to much
higher scores for older more densely populated,
developed cities. Defining precise categories based
on these measures is difficult as the measure is quite
new and has not been widely applied by different
research groups to different cities. We included the

Indexcensus = {

Indexcombined =
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labels simply to provide a general description around
the nature of the landscape each of the different
values represent in Melbourne and Auckland.

When the value for index combined was calculated
for 1 km? grid cells across both Melbourne and
Auckland, it became apparent that both cities have a
fairly concentrated distribution of higher values
adjacent to their city centres. However, in Auckland,
which is constrained by water on two sides, the
highly urban landscapes show fewer urbanization
valleys, compared to Melbourne, where the higher
index combined values are intersected by lower
values along the larger watercourses. Also, in Auck-
land, the higher index combined values are centred
more tightly around the central business district
(CBD), whereas in Melbourne, these higher values
extend much further, particularly to the east of the
CBD (Fig. 2).

The two cities can also be compared graphically as
well as visually (Fig. 3). In Auckland, 35% of the
study area is composed of water, whereas in
Melbourne water covers only 1%. In Melbourne,
26% of the landscape is covered by areas with index
combined values between 35 and 55, compared to
Auckland, where these values cover only 17% of the
landscape. Melbourne also has twice the area with
index combined values of 0-15.

This example is still quite limited as it has only
used one measure of urbanization to compare two
cities with similar designs. Further research could be
developed in this area by expanding the range of
cities being investigated, particularly to include cities

60.0
@ Melbourne, AU
50.0 B Auckland, NZ

Percent Area (%)
8
a

s B8

o (=]
[
[ ]
]

0.0

water 015 15-25 2535 35-45 45.55
Index combined

Fig. 3 Percent of the study area for Melbourne, Australia and
Auckland, New Zealand, covered by water, and by five
different categories of index combined values
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in other parts of the world such as Europe, the
Americas, Asia and Africa, where development
patterns may differ to those of Australia and New
Zealand. Also, the ability of different broad mea-
sures, such as those used by Hahs and McDonnell
(2006) in Melbourne, to distinguish patterns between
cities would provide valuable information on which
measures may be most useful for including in a set of
standard measures for future studies.

Investigating how different measures of
urbanization influence tree species richness

Broad measures of urbanization are not restricted to
defining an urban to rural gradient, they can also
describe gradients within an urban area and can thus
be used to investigate patterns within cities. When
urbanization is represented as a continuous variable,
the subtle variability across urban areas becomes
apparent. It then becomes possible to examine how an
ecological response varies across the ‘mountains and
valleys’ within an urban area (Fig. 2). As an example,
we investigated how the species richness of trees and
shrubs >2 m in height varied across Melbourne with
changing values of urbanization. As we had previ-
ously identified four independent measures of
urbanization for Melbourne (Hahs and McDonnell
2006), we were also able to test which of these
measures were the strongest predictors of species
richness for this study.

The data we used were obtained from a field
survey of native and introduced trees and shrubs
within 400 m? quadrats in two different planning
zones, which was undertaken over the period of
August 2003 to June 2004. We focused on only two
planning zones, residential and open space, to reduce
the potential confounding site factors associated with
the other planning zones. A total of 85 quadrats, 56 in
the residential and 29 in the open space planning
zones were established. Quadrats in the residential
planning zone could be composed of buildings, roads,
gardens or lawns. Quadrats in the open space
planning zone could be located in sports fields, open
parkland or remnant natural vegetation. For each
quadrat, all plants >2 m in height were identified to
species level (where possible) and their diameter at
breast height was recorded. The values of the four
independent measures of urbanization (index com-
bined (IND), people per urban land cover (PeUr),

landscape shape index (LSI) and dominant land
cover) were calculated for a 1 km? circular area
surrounding the centre point of each quadrat (see,
Hahs and McDonnell 2006) for a detailed explanation
of how the measures were calculated and what these
measures represent). These data were then analyzed
to assess their effect on species richness using
Bayesian regression models (McCarthy 2007). The
regression equation used for the full model was:

log(SR[i]) ~ a + azeneij + apomij + PN
* IND[l] + bPeUr * PCUI'[I] + bLSI * LSI[I] (4)

where SR[/] is the species richness at quadrat i, and the
regression coefficients related to planning zone
(azone), dominant land cover (apon), index combined
(brnvp), people per urban land cover (bpey;) and LSI
(brsy). Planning zone and dominant land cover were
categorical variables and therefore treated differently
in the equation than the other three continuous
variables.

The full model and 16 additional models represent-
ing all possible combinations of the four urbanization
measures, including a null model with no urbanization
measures, were run for 100,000 iterations using
uninformative priors. The performance of each model
was evaluated using deviance information criterion
(DIC) values (Spiegelhalter et al. 2002). The DIC
values are a measure of fit between the model and the
data. The model with the lowest DIC value has the
greatest support, given the data.

To monitor the influence of each variable on the
predictions, we calculated the effect size using the
equation:

Effectsize [i] = exp(bli] * range[i]) (5)

where b[i] is the value of the regression coefficient, and
range[i] is the range of values present for that variable
within the data. As the predicted effect size deviates
from 1, there is a larger magnitude of effect. For values
>1 the effect is positive. For values <1 the effect is
negative. An effect size of 1 indicates no effect. Due to
the modelling equation we used, the two categorical
variables were evaluated relative to a reference class,
in this case, the residential zone was the reference class
for planning zone, and impervious surface was the
reference class for dominant land cover.

The best model for estimating the species richness
of trees and shrubs was the full model excluding the
LSI index variable. This indicates that there are fewer
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species of trees in the open space zone relative to the
Residential zone (Fig. 4). The influence of dominant
land cover varies depending on the nature of the land
cover (Fig. 4). Plots in an area dominated by grassy
land cover [DOM (grass)] had similar species rich-
ness to plots surrounded by areas dominated by
impervious surface cover [DOM (built)], but plots in
areas dominated by tree cover [DOM (tree)] had
higher species richness relative to the other two
landscape types. The effect of index combined was
similar in magnitude to areas with trees as the
dominant land cover [DOM (tree)] (Fig. 4). The
influence of PeUr was negative, although the error
bars indicate there could potentially be no effect of
this variable (Fig. 4). As LSI was excluded from the
best model, its effect size was set at 1, which
represents no effect (Fig. 4). To summarize, tree and
shrub diversity increases with increasing urbanization
(e.g., higher combined Index score) but varies
depending on dominant land cover type (Fig.5).
This study demonstrates that not only can urbaniza-
tion gradients be used to investigate ecological
patterns within cities, they can also be evaluated
against additional variables, and their relative influ-
ence can be assessed.
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Fig. 4 The effect size of the different regression coefficients
for the two planning zones (residential [Res] and open space
[OS]); three dominant land cover (DOM) types (built, grass,
tree); and the continuous variables of index combined (IND);
people per unit urban land cover (PeUr) and landscape shape
index (LSI). The effect sizes were used to examine how the
species richness of trees and shrubs >2 m height varied with
different measures of urbanization within Melbourne, Austra-
lia. Variables with an effect size of 1 show no effect. Effect
sizes >1 indicate a positive effect, and <1 indicate a negative
effect
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Fig. 5 Model predictions of the number of species of trees and
shrubs in residential zoned areas of Melbourne as a function of
Index combined scores and dominant land use type (i.e., tree,
grass and built). People per urban land cover was held constant
in the model

Summary

The study of urbanization gradients has made signif-
icant progress since the initial proposal by
McDonnell and Pickett (1990). We now have a
greater understanding of the response of many groups
of organisms to urbanization, especially for birds,
insects, plants and other terrestrial organisms. How-
ever, some taxonomic groups are severely
understudied (e.g., fish, fungi, micro-organisms, rep-
tiles, amphibians). While we can begin to develop
generalizations about how organisms respond to
urbanization gradients, these understandings will
currently be biased towards larger, terrestrial organ-
isms. The likelihood of generalities being equally
applicable to smaller, more cryptic organisms is
something that will need to be investigated in the
future.

Similarly, our understanding of urbanization gra-
dients can also benefit from new studies that
investigate in greater detail the techniques used to
quantify the gradient, and their implications for
research findings. This paper has identified some of
the issues involved in selecting broad measures of
urbanization to represent the gradient, and has
provided two examples of how these measures can
begin to be investigated in greater detail. Future
research efforts need to address the current knowl-
edge gaps we have identified to ensure that future
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reviews of urbanization gradients do not suffer from
similar taxonomic and research emphasis biases.
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