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Abstract. Environmental surrogates (land classes) for the distribution of biodiversity
are increasingly being used for conservation planning. However, data that demonstrate
coincident patterns in land classes and biodiversity are limited. We ask the overall question,
‘‘Are land systems effective surrogates for the spatial configuration of biodiversity for
conservation planning?’’ and we address three specific questions: (1) Do different land
systems represent different biological assemblages? (2) Do biological assemblages on the
same land system remain similar with increasing geographic separation? and (3) Do bio-
logical assemblages on the same land system remain similar with increasing land system
isolation? Vascular plants, invertebrates, and microbiota were surveyed from 24 sites in
four land systems in arid northwest New South Wales, Australia. Within each land system,
sites were located to give a hierarchy of inter-site distances, and land systems were classified
as either ‘‘low isolation’’ (large and continuous) or ‘‘high isolation’’ (small patches inter-
spersed among other land systems).

Each type of land system supported components of biodiversity either not found, or
found infrequently, on other land systems, suggesting that land systems function as sur-
rogates for biodiversity, and that conservation-area networks representing land-system di-
versity will also represent biological diversity. However, the majority of taxa were found
on more than one land-system type, suggesting that a large proportion of the plant, arthropod,
and microbial biodiversity may be characterized by widespread species with low fidelity
to particular land systems. Significant relationships between geographic distance among
sites and differences among assemblages were revealed for all taxa except the microbiota.
Therefore, as sites on the same land system were located farther apart, the assemblages at
those sites became more different. This finding strongly suggests that conservation planning
based on land-system diversity should also sample the geographic range occupied by each
land system. Land-system isolation was not revealed to be a significant source of variation
in assemblage composition. Our research finds support for environmental surrogates for
biodiversity in conservation planning, specifically the use of land systems and similarly
derived land classifications. However, the need for explicit modeling of geographic distance
in conservation planning is clearly indicated.

Key words: assemblages; biodiversity surrogates; conservation planning; invertebrates, distri-
bution; land systems; microbiota, distribution; spatial autocorrelation; Sturt National Park, New South
Wales, Australia; vascular plants, distribution.

INTRODUCTION

Conservation planning requires clear choices about
the features to be used as surrogates for overall bio-
diversity in the planning process (Margules and Pressey
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2000, Ferrier 2002; Ferrier et al. 2002a, b). Broadly,
there are two types of surrogates used for conservation
planning: taxonomic (one taxon or group for another)
and environmental (land classes as surrogates for taxa).
Tests of taxonomic surrogates have not been encour-
aging (see Oliver and Beattie 1996a, Oliver et al. 1998,
Wessels et al. 1999, Lindenmayer et al. 2002, Lombard
et al. 2003 and references therein). In addition, data on
species are often not sufficiently widespread or con-
sistent at the spatial scales required by conservation
planners. Environmental surrogates, which are based
on data mapped from remote sources, often provide
surrogate data at the planning scale. In many parts of
the world they are the only spatially consistent data
available for conservation planning (Noss 1987, Mar-
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gules and Pressey 2000). By necessity, environmental
surrogates are now commonly used for conservation
planning, either alone or in combination with taxo-
nomic surrogates (see Oliver et al. 1998, Pressey et al.
2000, Ferrier 2002, Ferrier et al. 2002a, b, Lombard et
al. 2003). Although many environmental surrogates
have not been developed with conservation planning
in mind (e.g., land systems, soil and geological types)
they can sensibly be used for this purpose because they
are based on variables believed to be important in de-
termining the spatial distribution of species. This study
tests this theory with empirical data.

Among the environmental surrogates used for con-
servation planning are land systems, defined as ‘‘an
area or group of areas throughout which there is a re-
curring pattern of topography, soil and vegetation’’
(Christian 1958, Mabbutt 1968, Walker 1991:3). Land
systems are determined on the basis of 1:50 000 stereo
air-photo interpretation, together with reference to geo-
logical and topographical maps, and ground traverses
for field sampling, validation, and description. Each
land system is described in terms of its land units. For
example, a dunefield land system may be composed of
dune, interdune corridors (swales), and minor drainage-
depression land units (Walker 1991). Land systems
therefore have a characteristic aerial photographic pat-
tern that is influenced to varying degrees by their ge-
ology, relief, topography, and native vegetation. Be-
cause most land classifications developed for use as
environmental surrogates for biodiversity are derived
from these types of remotely sensed data layers, our
findings are likely to be broadly applicable and of rel-
evance to conservation planners worldwide.

Land systems have long been utilized for guiding
allocation of type and intensity of land use and choice
of land management strategies in Australia (see Purdie
et al. 1986, Walker 1991, Johnston et al. 1996, Pressey
and Taffs 2001a, b) and elsewhere (see Felfili and Da
Silva 1993, Kazaklis and Karteris 1993, Lawrence et
al. 1993, King 1994, Murgen et al. 1998, Van Wilgen
et al. 2000). They have also been used in New South
Wales and Queensland (Purdie et al. 1986, Smart et al.
2000, Pressey and Taffs 2001a, b) as a surrogate for
the spatial distribution of biodiversity in conservation
planning. However, our knowledge of the performance
of environmental surrogates, in accounting for the dis-
tributions of species, is severely lacking (but see Kirk-
patrick and Brown 1994, Ferrier and Watson 1997,
Wessels et al. 1999, Lombard et al. 2003). Pressey
(1994), for example, reviewed five limitations of en-
vironmental surrogates. Several exercises in identify-
ing vascular plants and vertebrates of conservation con-
cern in New South Wales were motivated by these lim-
itations (Dickman et al. 1993, Pickard and Norris 1994,
Smith et al. 1994), but with the exception of prelimi-
nary investigations by Ferrier and Watson (1997), there
has been no quantitative assessment of how well land
systems match species distributions. This is especially

true for microbial and invertebrate biodiversity, ‘‘the
little things that run the world’’ (Wilson 1987:342).

Invertebrate and microbial populations are exceed-
ingly large and diverse, making collection of a mean-
ingful sample for comparative purposes across large
spatial scales difficult. Recent developments in inver-
tebrate biodiversity assessment have facilitated such
studies (see Oliver et al. 2000). In the case of the mi-
crobiota, the primary impediment has been a lack of
appropriate techniques for meaningful diversity as-
sessment. The historical approach to bacterial classi-
fication and identification has been based upon the ex-
amination of cell physiology and biochemistry in pure
culture. However, the vast majority of microorganisms
are not easily brought into pure culture. Over the past
decade microbial biodiversity assessment has been rev-
olutionized by the introduction of molecular biology
into microbial systematics and ecology (Head et al.
1998).

The basic principle of these new approaches is to
reduce complex communities of living cells to samples
of a specific gene obtained from each cell. The different
approaches vary in their choice of DNA fragment and
how they sort the DNA fragments in the sample into
different populations. The major factors influencing the
choice of DNA fragment are its information content
and the ease with which it may be recovered from the
target community. By far the most commonly used gene
in this strategy is the small subunit ribosomal RNA
(16S rRNA). There are presently in excess of 60 000
sequences of this gene from cultivated and uncultivated
organisms in public databases (Cole et al. 2003). Re-
covery of genes for community analysis by polymerase
chain reaction (PCR) is now a standard technique in
microbial ecology. There are two broad strategies for
sorting a PCR sample of community DNA into different
populations. These are cloning and electrophoretic sep-
aration. The former has the advantage that it is equiv-
alent to collection of individual specimens and has in-
herently higher information content. It is however dif-
ficult to process the very large numbers of specimens
needed for comparative ecology of microbial com-
munities. In contrast, electrophoretic separation results
in the sorting of DNA fragments into populations, rath-
er than individual specimens. Although there is less
information content in this method its much greater
‘‘processivity’’ has led to its increasing use in com-
munity comparisons (Fromin et al. 2002). Here we have
employed cloning to analyze bacterial diversity and
electrophoretic separation to analyze fungal diversity.
By application of these advances in microbial ecology
we examine for the first time the spatial patterns of
bacterial and fungal diversity in arid Australia.

Our study integrates measures of diversity at differ-
ent spatial scales and at different levels of biological
organization and enables us to test the general hypoth-
esis that large-scale pattern can be used to interpret
fine-scale phenomena (Ettema and Wardle 2002), but
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FIG. 1. New South Wales (Australia), the Western Division, and the study area, Sturt National Park.

more specifically we ask the question: ‘‘Are land sys-
tems effective surrogates for the spatial configuration
of biodiversity in conservation planning?’’ To address
this broad question, we sought to answer the following
three more specific questions: (1) Do different land
systems represent different biological assemblages? (2)
Do biological assemblages on the same land system
remain similar with increasing geographic separation?
and (3) Do biological assemblages on the same land
system remain similar with increasing land-system iso-
lation? Biological assemblages are defined as phylo-
genetically related groups of taxa occurring at the same
place at the same time (Fauth et al. 1996). The latter
two questions were considered because we hypothe-
sized that the compositional dissimilarity of biological
assemblages at survey sites on the same land system
would increase with increases in geographic separation
and isolation (see Oliver et al. 1998, Ferrier et al. 1999,
2002a, Nekola and White 1999, Condit et al. 2002,
Ferrier 2002). If geographic distance and isolation are
themselves correlated with change in biological assem-
blages the efficacy of using land systems alone as sur-
rogates for biodiversity may be compromised.

METHODS

Study area
Land use in western New South Wales is predomi-

nantly sheep grazing on native rangelands. In terms of

conservation, the area has received little attention rel-
ative to the eastern parts of the State, with 2.98% of
the Western Division in reserves compared with 9.12%
for the Central and Eastern Divisions (Pressey et al.
2000, Pressey and Taffs 2001a). In addition, climate
extremes coupled with human activity and the impacts
of feral herbivores and carnivores have resulted in
widespread land degradation, resource depletion, and
species decline (Allison et al. 1990, Benson 1991,
Mitchell 1991, Pickard 1991, Graham 1992, Dickman
et al. 1993, Smith et al. 1994, James et al. 1999). One
prominent conservation area, Sturt National Park, in
the extreme northwest of the State, was used as the
study area for this project (Fig. 1). The park is situated
;1000 km northwest of Sydney and occupies an area
of ;3500 km2. The area is described as warm-arid and
characterized by low and unreliable rainfall, with an
annual average of 227 mm. Daytime temperatures in
summer normally exceed 308C and at most times of
the year the diurnal temperature variation exceeds
208C. The area had been extensively grazed by do-
mestic stock, mostly sheep, for more than 100 years
before becoming a National Park in the early 1970s.
Despite the removal of domestic stock at that time, the
presence of permanent water sources (i.e., small man-
made earth dams fed by overland water flow or from
artesian water sources) has maintained high kangaroo
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FIG. 2. The four land systems in Sturt National Park on which biodiversity assessments were conducted, and the locations
of the twenty-four 750 3 750 m study sites. Site symbol key: ), sites that contained 20 3 50 m vegetation-survey plot
pairs; □, sites that did not contain 20 3 50 m vegetation-survey plot pairs; H, the single 750 3 750 m site that contained
two 20 3 50 m vegetation-survey plot pairs.

numbers and a high grazing pressure. Despite long-
term high grazing pressure exotic plant species are un-
common.

Two underlying geologies characterize the landscape
of the park. The eastern section is an undulating land-
scape on Cretaceous Rolling Downs sediments with
some pockets of Quarternary colluvials. It is charac-
terized by a strongly sorted soil covered with weather-
worn pebbles of silcrete and quartz that form bare sec-
tions among the Mitchell grass (Astrebla spp.). The
western section comprises late tertiary and Quarternary
unconsolidated sediments. It is characterized by sand
plains and red dunes averaging 10–15 m in height,
which are vegetated and largely immobile. The sand
dunes and plains support a perennial woodland com-
munity dominated by sandhill wattle (Acacia ligulata),
cabbage-tree wattle (A. cana), mulga (A. aneura), nee-
dlewood (Hakea leucoptera), whitewood (Atalaya
hemiglauca), and beefwood (Grevillea striata). The
shrub layer consists principally of species of Senna,
Eremophila, and Dodonea. The Rolling Downs country
is largely treeless. The dominant perennial community
consists of low shrubs and saltbush (Atriplex spp.),
bluebush (Maireana spp.), copperburr (Scleolaena
spp.), and tussocks of Mitchell grass (NSW NPWS
1996).

Land-system mapping in New South Wales was un-
dertaken by the New South Wales Soil Conservation
Service between 1975 and 1989 (Walker 1991). The
mapping program was confined to the leasehold lands
of the Western Division, an area of 335 667 km2 or 42%
of the State (Fig. 1). Maps were developed from 1:
50 000 stereo air-photo interpretation, together with
reference to geological and topographical maps, and

ground traverses for field sampling, validation, and de-
scription. The mapping program described and mapped
251 land systems at a scale of 1:250 000 (Walker 1991).
Sturt National Park contains 23 land systems.

Study design

From the 23 land systems, four were selected that
provided the opportunity to test the three questions
critical to an assessment of the effectiveness of land
systems as surrogates for biodiversity. Two of the land
systems, Olive Downs and Pulgamurtie, were on Cre-
taceous sediments and two, Corner and Rodges, were
on unconsolidated sediments. Together, the four land
systems represented 42% of the area of the Sturt Na-
tional Park (Fig. 2). Corner and Olive Downs were
chosen to represent ‘‘low isolation’’ land systems (large
contiguous areas), and Pulgamurtie and Rodges were
chosen to represent ‘‘high isolation’’ land systems
(small patches interspersed among other land-system
types, Fig. 2). Six sites were strategically located with-
in each of the four land systems, providing a total of
24 study sites (Fig. 2). They were located on the basis
of three considerations. First, to avoid effects of spatial
autocorrelation on the analysis of our primary question
(assemblage differences among land systems) sites
within one land system were located as much as pos-
sible to be spatially interspersed among sites from other
land systems. The degree to which we were successful
in achieving this aim is shown in Fig. 2. Second, to
explore correlations between a range of geographic dis-
tances and compositional dissimilarity within land sys-
tems, we attempted to locate three sets of paired sites
(sites within pairs ,5 km apart) at 15, 45, and 60 km
separation (Fig. 3). The degree to which we were suc-
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FIG. 3. Design framework used to aid the location of survey sites (not to scale). Specifically, there were three sets of
paired sites (,5 km apart).

cessful in achieving the desired inter-site distances is
illustrated in Fig. 4. Third, sites were located wherever
possible to overlie plot pairs earlier surveyed for vas-
cular plants (see below). Seventeen invertebrate and
microbial sites overlaid plant-survey plot pairs, one site
overlaid two plant-survey plot pairs, and six sites did
not overlay plant-survey plot pairs. Therefore, there
were 19 plant-survey plot pairs available for analysis
(see Fig. 2 and Table 1).

In August 1997 field teams located and marked out
the 24 study sites, each of size 750 3 750 m. Large
study sites were chosen for two reasons: because in-
vertebrate and microbial biodiversity sampling is rarely
undertaken at such scales, and to provide a large range
of distances between sample points for spatial analysis
of biodiversity patterns. Within each site we used GPS
(global positioning systems, Garmin GPS 12XL [Gar-
min Corporation, Olathe, Kansas, USA]) to mark out
250-m grids (Fig. 5). In September/October 1997 field
teams set out 64 sampling points within each site using
standard tape-and-compass techniques (Fig. 5). The
study design resulted in 4 land systems 3 6 sites 3 64
sampling points (arranged in four groups within each
site) or a total of 1536 sampling points across the Na-
tional Park. The size of the study sites, their location,
and the arrangement of sampling points also ensured
that we represented the internal heterogeneity of land
systems (e.g., dunes, swales, drainage channels, veg-
etation clumps, and micro-topography). This was par-
ticularly important for the top-down analyses presented
in this paper in which we explore the efficacy of land
systems as biodiversity surrogates. However, our de-
sign also provides 64 sample points within each site
as close as 1 m and as distant as 1.4 km for bottom-
up analyses by which we will explore, in another paper,
the determinants and scaleability of spatial patterns in
biodiversity.

Biodiversity sampling

At each of the 1536 sampling points we sampled soil
microbiota and ground-active invertebrates. A hole of

diameter 10 cm and depth 10 cm was excavated with
a hand trowel. From the wall of the hole a soil sample
was taken horizontally at 8 cm depth. Where possible
this sample was a core of 1 3 5 cm obtained using a
5-mL sterile sample vial itself as a borer. At rocky sites
the soil sample was collected using a spatula. All soil
samples were frozen within 10 h of collection. A 250-
mL polycarbonate sample container (diameter 67 mm,
depth 100 mm) was then installed in the 10 3 10 cm
hole with its lip flush with the back-filled ground sur-
face to sample ground-active invertebrates. These pit-
fall traps contained 150 mL of mono-ethylene glycol
as a preservative and were left in place for 10 d during
the period 22 September to 10 October 1997. After
pitfall-trap removal, mono-ethylene glycol was re-
placed with 80% ethanol. The 1536 microbial and
ground-active invertebrate samples were therefore spa-
tially and temporally coincident. All samples were la-
beled in the field with dedicated barcodes. There was
no rainfall during the sampling period and no signifi-
cant rain had fallen in the area since the preceding
summer (totals: January, 43 mm; February, 142 mm;
March–September, 35 mm).

Floristic data analyzed in this paper come from a
larger, and as yet unpublished, study by two of the
authors (R. L. Pressey and V. Logan) and were collected
in 1993 after a period of good rainfall. The data from
that larger study describe the vascular-plant species
present within two plots of size 20 3 50 m, together
with a cover-class estimate for each species (absent,
,5%, 5–20%, 21–50%, 51–75%, 76–100%). For the
land systems Olive Downs and Pulgamurtie, plot 1 was
located in a drainage tract with plot 2 nearby on an
interfluve or upland land unit. In Corner and Rodges
land systems, plot 1 was located on a dune crest with
plot 2 in a nearby alluvial corridor or plain. Plot pairs,
therefore, captured some of the internal heterogeneity
of the four land systems. For the present study the
midpoints of the cover classes were averaged for each
species across the two plots and this figure used in the
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FIG. 4. The realized spatial hierarchy of distances between 750 3 750 m site locations, by land system. Dendrograms
are based on Euclidean distance between sites and unweighted pair-group average (see Table 1).

analyses. Data from plot pairs were, therefore, pooled
prior to analysis (unpooled floristic data are to be an-
alyzed in a separate paper). Three introduced plant spe-
cies were recorded. They were present in low cover
and were included in the analyses. When the larger
invertebrate and microbial study sites overlapped veg-
etation plots (18 out of 24 sites, see Table 1) the 750

3 750 m study site was located so that one densely
sampled sub-plot corner overlapped vegetation plot 1.
This provided floristic, invertebrate, and microbial data
coincident in space (not time) for an area of 20 3 20
m (10 sample points within each site). Our biodiversity
sampling program also provided for the investigation
of patterns of biodiversity at different scales of bio-
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TABLE 1. Details of the 750 3 750 m sites sampled for
arthropods, microbiota, and vascular plants in the four dif-
ferent land systems in Sturt National Park, New South
Wales, Australia.

Site
no.†

GPS location‡

Easting Northing
Fig. 2

symbols

Sampled for

Arthropods
and

microbiota
Vascular

plants

Corner
07
10
43
45
91
92

518961
528606
517319
529378
502942
503793

6789022
6784868
6789259
6787714
6768185
6769437

)
)
)
)
□
□

yes
yes
yes
yes
yes
yes

yes
yes
yes
yes
no
no

Olive Downs
32
33
35
77
80
90

592650
593629
593485
612702
594773
610035

6779441
6778966
6771006
6760479
6767786
6759251

)
)
)
)
)
□

yes
yes
yes
yes
yes
yes

yes
yes
yes
yes
yes
no

Pulgamurtie
17
19
20
66
68
93

584105
584207
561902
562461
624182
624322

6782141
6780977
6782477
6786362
6761812
6763813

)
)
)
)
)
□

yes
yes
yes
yes
yes
yes

yes
yes
yes
yes
yes
no

Rodges
51
52
53
54
55
94
95

625300
624915
559246
567000
566662
623956
563574

6760800
6760861
6778884
6787815
6786597
6766436
6772982

H
)
)
)
□
□

yes
yes
yes
yes
yes
yes

yes
yes
yes
yes
yes
no
no

Note: The 750 3 750 m invertebrate and microbial study
site 52 overlapped the two pairs of 20 3 50 m vascular-plant
survey plots 52 and 51 that were separated by 400 m only.
The two vascular-plant survey plot pairs were analyzed sep-
arately (after data were pooled within each pair).

† Site numbers below 90 are those used by R. L. Pressey
and V. Logan in a larger (as yet unpublished) study on vas-
cular plants.

‡ UTM/UPS projection, zone 56J, Australian Geodetic
1984. Easting and Northing are given for the center of each
750 3 750 m site.

logical organization, from the ‘‘coarse’’ to the ‘‘fine’’
in the order: bacterial phyla, invertebrate orders, fly
families, ant genera, fungal ITS (internal transcribed
spacer) types, ant and fly morphospecies, and plant
species (see following).

Sample processing

Invertebrates.—The Key Centre for Biodiversity and
Bioresource’s virtual biodiversity assessment facility,
BioTrack (Macquarie University, Sydney, New south
Wales, Australia) was used to fast-track invertebrate
processing from the 1536 samples. The system utilizes
the most recent developments in bioinformatics, in-
cluding: barcode technology for the rapid and accurate
input and retrieval of sample and specimen record

codes; capture and storage of full-color, high-definition
images of voucher specimens, and their taxonomic
characters, for fast and accurate on-screen identifica-
tion of morphospecies; and a powerful relational bio-
diversity database management system, Biota (Colwell
1996) for the storage, manipulation, retrieval, and
transfer of specimen-based biodiversity data. Devel-
opment and application of the BioTrack system was
critical to the rapid and accurate identification of mor-
phospecies within the project’s resources. Further de-
tails on the BioTrack system and sample-processing
protocols can be found in Oliver et al. (2000).

Invertebrates were extracted from pitfall traps and
identified to major goups (mainly orders), thus repre-
senting major functional as well as phylogenetic dis-
tinctions. Due to the numerical dominance of Formi-
cidae (ants) and Diptera (flies and mosquitoes) in the
pitfall-trap samples (108 608 or 60% of all specimens
caught), ants and Diptera (referred to as ‘‘flies’’ here-
after) were identified further. Initial identification of
ants to genus and flies to family was conducted by some
of us (A. J. Pik and D. R. Britton, respectively) with
subsequent verification by specialist taxonomists. Fur-
ther identification to morphospecies by the same bio-
diversity technicians used the rapid biodiversity as-
sessment protocols reported in Oliver and Beattie
(1993, 1996b) and utilized the BioTrack on-screen
identification facility (Oliver et al. 2000). Ant mor-
phospecies were verified by specialists who identified
inconsistencies in identification within the genus Mel-
ophorus. Accurate identification of species within this
genus frequently requires mounting of specimens (Alan
Andersen, personal communication 1998), which was
beyond the project’s resources. Consequently, all mor-
phospecies from the genus Melophorus were excluded
from analyses at morphospecies level (;6% of all ant
specimens), but remained in all genus-level analyses.
Fly morphospecies were not verified by the taxonomic
specialist due to D. R. Britton’s experience with this
taxon.

Microbiota.—Soil-sample mass ranged from 8 to 12 g.
Samples were homogenized in a sterile mortar and pes-
tle before removal of a 400-mg subsample for DNA
extraction. Total DNA was extracted using the Fastprep
procedure. Cell lysis in this method is achieved by a
bead beating method and DNA purified by binding to
a silica matrix. The protocol is described fully in Yeates
and Gillings (1998). Final yield of DNA in 160 mL
was estimated as 2.5 mg. Average molecular mass of
the DNA was .10 kilobases (kb). The same DNA sam-
ples were used for both fungal and bacterial diversity
analyses.

Bacterial Diversity.—
a) Contruction of 16S rDNA clone libraries.—Sixty-

four soil samples were selected for analysis. These were
the 0-, 1-, 5-, and 20-m sample points from one transect
within one 250 3 250 m sub-plot within Corner sites
7, 10, 43, 91; Olive Downs sites 33, 77, 80, 90; Pul-
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FIG. 5. The spatial arrangement of sample points within study sites (not to scale).

TABLE 2. Phylogenetic group-specific probes used to identify bacterial higher taxa.

Probe name Sequence
Phylogenetic group targeted

by the probe†

Probe
condition

(8C)‡

HighGC280r
Ffer314r
Yacido724r
CFB319r
Aacido717r

CTCTCAGGCCGGCTACCCGTC
GCCCGTGTCTCAGTGCCCGTG
GCCCAGCAACCCGCCTTCGCC
TGGTCCGTATCTCAGTAC
AAGCCGTCTACACCACAGGTG

Subclass: Actinobacteridae
Order: Flavobacteriales
Subclass: Acidobacteria group 4
Phylum: Bacteroidetes
Subclass: Acidobacteria group 3

69
71
65
54
63

Aproteo687r
Rub749r
LGC356b
U531f

AATATCTACGAATTTCACCTCT
CTTTCGCGTCTCAGCGTCAGG
GCGGAAGATTCCCTACTGC
GTGYCAGCMGCCGCG

Subclass: a-Proteobacteria
Subclass: Rubrobacteridae
Phylum: Firmicutes
Domain: Bacteria

60
55
60
60

† Terminology is according to Garrity and Holt (2001).
‡ Probe condition is the wash temperature in 23 SSC buffer at which the reported data were obtained.

gamurtie sites 19, 20, 66, 68; and Rodges sites 52, 53,
54, 55 (see Fig. 4, Table 1). There were therefore 16
samples from each land system analyzed for bacterial
diversity. Bacterial 16S rRNA genes were amplified
from the soil samples using the primer set f27, r1492.
The PCR (polymerase chain reaction) amplicons were
ligated into the pCRII vector supplied with the T/A
cloning kit (Invitrogen, Carlsbad, California, USA) ac-
cording to the manufacturer’s instructions. Individual
clones were transferred into 384 well microtitre trays
(Nunc, Naperville, Illinois, USA) for storage or onto
nylon membranes (Hybond-N; Amersham, Piscataway,
New Jersey, USA) for analysis (Holmes et al. 2000).

b) Probe analysis of clone libraries.—The relative
abundance of eight bacterial populations was deter-

mined using phylogenetic group-specific oligonucleo-
tide probe in membrane hybridization experiments. The
target groups for each probe and the hybridization tem-
peratures used are given in Table 2. To correct for error
in the cloning or membrane transferral processes, hy-
bridization with a universal control probe was per-
formed. The relative abundance of each bacterial pop-
ulation was recorded as the percentage of clones that
were positive with the control. These data were con-
verted to integers for subsequent analyses (see Anal-
yses: Do different land systems, below).

Fungal Diversity.—
a) Amplification of the ribosomal ITS region.—All

1536 soil samples were analyzed for fungal diversity.
The internal transcribed spacer region (ITS) of the ri-
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bosomal RNA genes was amplified using the primers
SSU1758 (GTCATTTAGAGGAAGTAAAAGTCG) and
58S8 (CAGAACCAAGAGATCCGTTGTTG), target-
ing the small subunit rRNA and 5.8S rRNA genes,
respectively. The thermal profile was 948C 3 min; 948C
30 s, 628C 15 s, 728C 60 s (35 cycles); 728C 5 min.

b) Analysis of PCR products.—The ITS region is a
highly variable sequence fragment bounded by strongly
conserved genes. PCR products were separated into
populations of the same size by polyacrylamide gel
electrophoresis (PAGE). PAGE was performed in 5%,
ultrathin (0.1 mm) polyacrylamide gels at 1200 V for
60 min with laser detection. In the resulting electro-
pherogram each band represents a different fungal pop-
ulation (cf. invertebrate morphospecies). The intensity
of the bands represents the relative abundance of each
population. Data were analyzed using the RFLPscan
package (Scanalytics, Fairfax, Virginia, USA) to cal-
culate the length in base pairs and intensity of each
band. This gave a data set where each taxon was iden-
tified as a population of DNA fragments of specific
length and its relative abundance determined within
each sample. These data were treated in the same man-
ner as the invertebrate morphospecies data for subse-
quent analyses.

Analyses

Do different land systems represent different biolog-
ical assemblages?—We hypothesised that different
land systems would support different biological assem-
blages. The attributes we used to characterize the plant,
invertebrate, and microbial communities were richness
and composition of assemblages. All available samples
within sites (n 5 2 for plants, n 5 4 for bacteria, and
n 5 64 for invertebrates and fungi) were pooled for
each taxonomic group prior to analyses. Richness was
calculated as the total number of unique taxa recorded
from all available samples within sites at a range of
taxonomic levels from the ‘‘coarse’’ to the ‘‘fine’’ in
the order: bacterial phyla, invertebrate orders, fly fam-
ilies, ant genera, fungal ITS types, fly morphospecies,
ant morphospecies and plant species. Analysis of var-
iance (ANOVA) tested for statistical differences in
richness among land systems within each taxon. AN-
OVAs, tests for homogeneity of variance (Cochran’s),
and post-hoc multiple comparisons (Student-Newman-
Keuls) were performed using Gmav5 (Underwood
1995).

Analyses of differences between assemblages (com-
positional dissimilarity) among land systems used
transformed abundance, or cover-class mid-point data.
Prior to these analyses, invertebrate ordinal, ant ge-
neric, and ant morphospecies abundance data were dou-
ble-square-root transformed (x0.25), and fly family, fun-
gal ITS data, and fly morphospecies data were square-
root transformed (x0.5). The different transformations
were applied to reduce the range of abundance data for
each taxon to approximately 0–10 (Clarke and War-

wick 2001). These transformations were used to down-
weight the very-abundant taxa (some ant morphospe-
cies were represented at sites by several thousand in-
dividuals) so that analyses detected differences in com-
position rather than differences in abundance. We did
not transform to presence–absence data as we did not
want to totally exclude the influence of the abundance
distributions in characterizing assemblages from dif-
ferent land systems. Bacterial data, which were initially
expressed as percentages of the total number of clones
retrieved in the relevant library (range: 0.1% to 20%
where the taxon was detected), were multiplied by 10
to convert to integers.

The statistical relationship between compositional
dissimilarity and land-system type was first analyzed
across all sites by partial Mantel correlation to partition
out variance that may have been attributable to geo-
graphic distance among sites rather than land-system
type. We used the method of Smouse et al. (1986) and
the R package (Legendre and Vaudor 1991) to calculate
the standardized partial Mantel statistic r between the
matrix of compositional-dissimilarity measures (Bray-
Curtis) among sites and a model matrix that contained
0s (zeros) where pairs of sites were from the same land
system and 1s (ones) where sites were from different
land systems (Legendre and Fortin 1989). The analysis
was conditional on a third matrix containing the geo-
graphical distance among sites. Geographical (Euclid-
ean) distances were calculated using the Australian
map grid eastings and northings of study-site centers
(Table 1), but were transformed (log10 x, where x was
the distance between two sites, in kilometers). The sta-
tistical significance of r was determined after 9999 ran-
dom permutations following the method of Hope
(1968; see Legendre and Vaudor 1991).

The analysis described above revealed the presence
or absence of a statistical relationship between com-
positional dissimilarity and land system type condi-
tional on geographic distance among sites. To deter-
mine the location of differences (post-hoc multiple
comparisons) we used analysis of similarities with
20 000 random permutations (ANOSIM within PRIM-
ER, Carr 1994). P values were corrected to an exper-
imentwise a 5 0.05 by Bonferonni correction (a di-
vided by the number of comparisons, 0.05/6; see Day
and Quin 1989).

Following these statistical tests we determined the
importance of differences among land systems to con-
servation planning. To do this we calculated the pro-
portion of fungal ITS types, ant and fly morphospecies,
and plant species shared between land systems using
presence–absence data and the Jaccard index, SJ 5 C/
(A 1 B 2 C) where SJ is the similarity index of Jaccard,
C is the number of taxa shared by the two land systems,
and A and B are the total number of taxa (richness)
recorded from each land system (Jongman et al. 1995).

Do biological assemblages on the same land system
remain similar with increasing geographic separa-
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tion?—We hypothesised that as geographic distance
between assemblages increased, compositional dissim-
ilarity would also increase, that is, assemblages on the
same land system would become less alike the further
they were apart. To test for the presence of such a
correlation across all sites, we again generated stan-
dardized partial Mantel correlation coefficients (as
above) but this time partitioned out the effect of land-
system type. We further explored these relationships
using the standardized Mantel statistic but restricted
each analysis to the six sites within each land system.

Following the tests for statistically significant rela-
tionships between geographic distance and composi-
tional dissimilarity within land systems we determined
the importance of those relationships to conservation
planning. We again used presence–absence data and
the Jaccard index. However in this case, we exploited
the hierarchical nature of site locations (Fig. 4) and
calculated the average proportion of fungal ITS types,
ant and fly morphospecies, and plant species within
land systems shared among sites separated by small
distances (2.0–4.8 km), medium distances (9.9–22.3
km), and large distances (23.2–63.3 km). For these
analyses we used SJ 5 C/(A 1 B 2 C), where SJ is
the similarity index of Jaccard, C is the number of taxa
shared by two sites within a land system, and A and B
are the total number of taxa (richness) recorded from
each of the two sites being compared within the land
system (Jongman et al. 1995). If the rate of change in
compositional dissimilarity with increasing distance
was high, the average proportion of taxa shared among
distant sites would be much lower than for nearby sites.

Do biological assemblages on the same land system
remain similar with increasing land-system isola-
tion?—We hypothesized that as the isolation between
land systems increased the compositional dissimilarity
of assemblages would also increase, that is, assem-
blages on the same land system are less alike the more
isolated they become. Both Corner and Olive Downs
were chosen to represent low-isolation land systems
(large continuous areas), and Pulgamurtie and Rodges
were chosen to represent high-isolation land systems
(small patches interspersed among other land-system
types, Fig. 2). If land-system isolation as defined here
presents a barrier to organism, gamete, or propagule
dispersal then the rate of change in biological assem-
blages with geographical distance may be expected to
be greater when land-system connectivity is low. To
explore this relationship we calculated least-squares
regression coefficients for those taxon–land system
combinations that reported statistically significant cor-
relations between compositional dissimilarity and geo-
graphic distance. We expected to find larger regression
coefficients (steeper slope of fitted straight line) for the
high-isolation land systems (Rodges and Pulgamurtie)
compared with the low-isolation land systems (Corner
and Olive Downs). Difference between regression co-
efficients were tested with one-tailed t tests of the form

Ho: regression coefficient for low-isolation land sys-
tems $ regression coefficient for high-isolation land
systems, and Ha: regression coefficient for low-isola-
tion land systems , regression coefficient for high-
isolation land systems (a 5 0.05). Calculation of re-
gression coefficients and tests for significance used Zar
(1984:295). Significantly larger regression coefficients
for assemblages on high-isolation land systems would
indicate a greater rate of change in compositional dis-
similarity with geographic distance for land systems
with isolated occurrences.

RESULTS

At the coarse taxon level, bacterial probes tested for
the presence of 8 phyla, and 33 invertebrate major
groups (called ‘‘orders’’ hereafter), 36 fly families, and
23 ant genera were recorded. At the fine taxonomic
level, the rich biodiversity of the region was revealed,
with 56 fungal ITS (internal transcribed spacer) types,
304 fly morphospecies, 208 ant morphospecies (from
24 sites), and 187 vascular plant species (from 19 plot
pairs) recorded.

Do different land systems represent different
biological assemblages?

At the coarse taxonomic levels, there were no sig-
nificant differences between the richness of bacterial
phyla or fly families among the four land systems (Fig.
6). There was a gradual increase in richness of arthro-
pod orders from Corner, Rodges, Olive Downs, to Pul-
gamurtie with significant statistical differences ob-
served between Corner and Pulgamurtie. There was a
clear effect of geology on the richness of ant genera
with significantly more genera recorded from the un-
consolidated sediments (Corner and Rodges) than the
Cretaceous sediments (Olive Downs and Pulgamurtie).
There were, however, no differences in the richness of
ant genera between land systems within the same ge-
ology.

At the fine level of taxonomic resolution there were
differences in richness between land systems for fungal
ITS types and fly morphospecies but SNK multiple-
comparison tests did not discretely separate all land
systems (Fig. 7). Ant morphospecies data revealed sig-
nificant differences in richness between all land sys-
tems, but there were no differences in the richness of
plants among land systems.

Significant standardized partial Mantel correlations
(conditional on geographic distance among all 24 sites)
revealed that land systems accounted for significant
variation in compositional dissimilarity for all taxo-
nomic groups except bacterial phyla (Table 3).
Amounts of variation explained ranged from as little
as 4% for the fungal ITS types to as much as 48% for
ant morphospecies (partial r2, Table 3). ANOSIM post-
hoc multiple comparisons found assemblages of in-
vertebrate orders, ant genera, and fungal ITS types to
be significantly different between geologies but not be-
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FIG. 6. Differences in assemblage richness between land systems at a coarse level of taxonomic resolution. Within each
assemblage, histogram bars with the same lowercase letter are not significantly different at P , 0.05 according to post hoc
multiple comparisons (SNK test); error bars show 1 SD above the mean.

tween land systems within geology. Significant differ-
ences in the composition of assemblages were revealed
among all four land systems for fly families, fly and
ant morphospecies, and for plant species (Table 3).

Despite statistically significant differences in assem-
blages among land systems the biological magnitude
of these differences was not particularly high (Table
4). Very few fungal ITS types were found on only one
land system (‘‘Number of taxa recorded unique to a
land system’’ Table 4) and 13–32% of fly and ant mor-
phospecies and plant species recorded within land sys-
tems were unique to those land systems. In other words,
many taxa were shared among land systems (‘‘Propor-
tion of taxa shared’’ Table 4). For example, these pro-
portions varied between 0.72 and 0.87 for fungal ITS
types, 0.38–0.49 for fly morphospecies, 0.17–0.42 for
ant morphospecies, and 0.28–0.48 for plant species.
Therefore, for any two land systems as little as 17%
to as much as 87% of the total number of taxa recorded
from the two land systems were recorded from both
systems.

Do biological assemblages on the same land
system remain similar with increasing

geographic separation?

Standardized partial Mantel correlations (conditional
on land-system type) revealed that geographic distance
among all 24 sites accounted for significant variation
in compositional dissimilarity for all taxonomic groups
except bacterial phyla and ant genera (Table 5). Sig-
nificant positive correlations revealed that as assem-
blages on the same land system became further apart
they became increasingly different. Amounts of vari-
ation explained ranged from as little as 2.6% for ant

morphospecies to as much as 15% for fly morphospe-
cies (partial r2, Table 5). Standardized Mantel statistics
revealed the degree of correlation between composi-
tional dissimilarity and geographical distance among
the six sites within each land system. The highest cor-
relation (r 5 0.93) was for plant data from Rodges, but
plant data from all other land systems returned low and
nonsignificant correlations. Compositional dissimilar-
ity of invertebrate orders and fly assemblages (families
and morphospecies) showed the most consistent re-
sponse to geographical distance across land systems.
In each case three of the four land systems returned
significant positive correlations and in each case the P
value for the nonsignificant land system was ,0.1.
Land systems on the unconsolidated sediments with a
rich ant fauna (Corner and Rodges) returned a signif-
icant relationship, but only using morphospecies-level
data. These findings demonstrate that the same inver-
tebrate and plant assemblages may not be found at
different locations on the same land system.

Statistically significant relationships between com-
positional dissimilarity and geographic distance re-
sulted in a relatively high magnitude of biological
change. The average proportion of invertebrate mor-
phospecies shared between near sites ranged between
0.40 and 0.44 for Diptera and 0.46–0.48 for ants, com-
pared with 0.33–0.40 for Diptera, and 0.41–0.42 for
ants at sites far apart (Table 6). Averaged across these
groups and the land systems with significant distance
effects (above), the magnitude of biological change
equated to an 11% reduction in the proportion of shared
morphospecies over an average distance of only 42 km
(mean of 32 far distances of separation [eight for each
land system, range 17.5–68.1 km]; see Table 6 legend).
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FIG. 7. Differences in assemblage richness between land systems at a fine level of taxonomic resolution. The format is
as in Fig. 6.

TABLE 3. Statistical relationships between compositional dissimilarity and land-system type.

Taxon Partial r†

Land-system type‡

Unconsolidated
sediments

Corner Rodges

Cretaceous sediments

Pulgamurtie Olive Downs

Bacterial phyla
Invertebrate orders
Fly families
Ant genera

0.06NS

0.37***
0.23***
0.41***

a
a
a
a

a
a
b
a

a
b
c
b

a
b
d
b

Fungal ITS types
Fly morphospecies
Ant morphospecies
Plant species

0.20**
0.42***
0.69***
0.59***

a
a
a
a

a
b
b
b

b
c
c
c

b
d
d
d

* P , 0.05; ** P , 0.01; *** P , 0.001; NS, P . 0.05.
† Standardized partial Mantel correlation between compositional dissimilarity and land-sys-

tem type conditional on geographic distance among sites (Legendre and Vaudor 1991).
‡ The lowercase letters indicate significant differences between assemblages among land

systems according to ANOSIM posthoc multiple comparisons (Carr 1994). Differences were
statistically significant when P , 0.008 after Bonferonni correction for post hoc multiple
comparisons. That is, P values were corrected to an experimentwise a 5 0.05 by Bonferonni
correction, a divided by the number of comparisons, 0.05/6.

The high correlation between compositional dissimi-
larity and geographic distance reported for plants on
Rodges corresponded to large biological change over
an average distance of only 65 km (mean of six far
distances of separation, range 63.7–68.5 km; see Table
6 legend). Over this geographic distance, the magnitude
of biological change equated to a 41% reduction in the
proportion of species shared among sites.

Do biological assemblages on the same land
system remain similar with increasing land

system isolation?

Least-squares regression coefficients were generated
for those taxa and land systems that reported a statis-

tically significant relationship between geographical
distance and compositional dissimilarity (Table 7).
Larger regression coefficients (steeper slope of fitted
straight line) for the high-isolation land systems (Rod-
ges and Pulgamurtie) compared with the low-isolation
land systems (Corner and Olive Downs) would support
the need to consider land-system isolation when using
land systems as surrogates for biodiversity. Plants re-
corded a significant relationship for one land system
only, so no test was possible. In addition, no tests were
performed for ordinal data, or fly morphospecies on
Olive Downs vs. Rodges, as our one-tailed test was not
required when regression coefficients were higher on
low-isolation land systems. Significance tests for the
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TABLE 4. The magnitude of biological difference in taxonomic composition (at the fine level
of resolution) between land systems.

Taxon

Number of taxa recorded

Within the
land system†

Unique to a
land system‡

Proportion of taxa shared§

Corner Rodges Olive Downs

Fungal ITS types
Corner
Rodges
Olive Downs
Pulgamurtie

43
43
50
51

1
1
2
2

···
0.72
0.79
0.81

···
0.75
0.77

···
0.87

Total among 56

Fly morphospecies
Corner
Rodges
Olive Downs
Pulgamurtie

135
201
172
150

26
49
34
22

···
0.41
0.41
0.38

···
0.46
0.49

···
0.48

Total among 304

Ant morphospecies
Corner
Rodges
Olive Downs
Pulgamurtie

134
117

48
70

43
32
11
16

···
0.42
0.17
0.26

···
0.19
0.23

···
0.30

Total among 208

Plant species
Corner
Rodges
Olive Downs
Pulgamurtie

87
89
90

104

20
12
27
28

···
0.48
0.28
0.30

···
0.33
0.41

···
0.38

Total among 187

† For each entry, data are pooled from all available sites within land systems. Boldface
entries are data pooled from all available sites among land systems.

‡ The number of taxa recorded from a single land system.
§ Jaccard Similarity index, SJ 5 C/(A 1 B 2 C), where C is the number of taxa shared by

the two land systems, and A and B are the total number of taxa (richness) recorded from each
land system (Jongman et al. 1995). For example, 48% of the total number of plant species
recorded from the Corner and Rodges land systems were common to both land systems.

TABLE 5. Statistical relationships between compositional dissimilarity and geographic dis-
tance among sites; data are standardized Mantel statistics (Legendre and Vaudor 1991).

Taxon Partial r†

Unconsolidated sediments

Corner Rodges

Cretaceous sediments

Olive Downs Pulgamurtie

Bacterial phyla
Invertebrate orders
Fly families
Ant genera

0.02NS

0.24***
0.26***
0.01NS

0.16NS

0.77**
0.74*
0.24NS

20.40NS

0.34NS

0.37NS

0.14NS

20.10NS

0.82**
0.51**
0.02NS

20.26NS

0.48*
0.62*
0.27NS

Fungal ITS types
Fly morphospecies
Ant morphospecies
Plant species

0.23**
0.39***
0.16*
0.38***

20.26NS

0.62NS

0.48*
0.41NS

20.41NS

0.70*
0.52**
0.93**

20.27NS

0.60**
0.28NS

0.21NS

20.02NS

0.67*
0.10NS

0.49NS

* P , 0.05; ** P , 0.01; *** P , 0.001; NS, P . 0.05.
† Standardized partial Mantel correlation between compositional dissimilarity and geographic

distance among sites conditional on land-system type.

remaining four taxon–land system combinations (fly
families—Corner vs. Pulgamurtie, Olive Downs vs.
Pulgamurtie; fly morphospecies—Olive Downs vs. Pul-
gamurtie; and ant morphospecies—Corner vs. Rodges)
found no support for the hypothesis that regression
coefficients were significantly larger on high-isolation
land systems (Table 7).

DISCUSSION

Biodiversity surrogates are increasingly being used
to guide natural-resource management decisions.
Therefore, the principal motivation for our study was
to answer the broad question, ‘‘Are land systems ef-
fective surrogates for the spatial configuration of bio-
diversity for conservation planning?’’ To answer this
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TABLE 6. The magnitude of biological change in taxonomic
composition (fine taxon level) within land systems; the av-
erage proportion of taxa shared among sites within four
land systems at three distance classes are shown.

Taxon

Distance classes†

Near, N Medium Far, F

Magnitude
of change
(N 2 F)/F

Fly morphospecies
Rodges
Olive Downs
Pulgamurtie

0.44
0.41
0.40

0.40
0.42
0.39

0.39
0.40
0.33

0.11
0.02
0.18

Ant morphospecies
Rodges
Corner

0.48
0.46

0.46
0.45

0.41
0.42

0.15
0.09

Plant species
Rodges 0.51 0.42 0.30 0.41

Note: Only statistically significant relationships are ana-
lyzed (see Table 5).

† All data: Average Jaccard index, SJ 5 C/(A 1 B 2 C),
where SJ is the similarity index of Jaccard, C is the number
of taxa shared by two sites within a land system, and A and
B are the total number of taxa (richness) recorded from each
site on that land system (Jongman et al. 1995). For inverte-
brates on all land systems where there were six sites, averages
were calculated for distance classes as follows: near n 5 3
Jaccard indices, medium n 5 4, and far n 5 8 (see Fig. 4).
For vascular plants on Rodges where there were five sites
only, averages were calculated as follows: near n 5 2 Jaccard
indices, medium n 5 2, and far n 5 6.

For invertebrates on all land systems, near distances of
separation were 2.0–4.8 km, medium were 9.9–22.3 km, and
far were 23.2–63.3 km (see Fig. 4). For vascular plants on
Rodges, near distances of separation were 0.4 and 1.3 km
(see Table 1), medium were 10.7 and 11.8 km, and far were
63.7–68.5 km.

TABLE 7. Least-squares regression coefficients for taxon–land system combinations with sig-
nificant relationships between geographic and biological distance (see Table 5).

Taxon

Land systems

Low isolation

Corner Olive Downs

High isolation

Rodges Pulgamurtie

Invertebrate ‘‘orders’’
Fly families
Fly morphospecies
Ant morphospecies
Plant species

0.038†
0.063NS

NA

0.053
NA

0.046†
0.085NS

0.084
NA

NA

NA

NA

0.064†
0.056NS

0.125

0.019
0.112
0.133NS

NA

NA

Notes: ‘‘NA’’ indicates that regression coefficients were not calculated because significant
relationships between geographical and biological distance were not reported. Results are shown
for comparison of labeled regression coefficients with the alternate low-isolation or high-
isolation land system; ‘‘NS’’ indicates that the coefficients did not differ significantly (P .
0.05).

† Not tested. One-tailed test is only appropriate for comparisons in which regression coef-
ficients are larger for high-isolation land systems.

we asked three specific questions that we discuss in
turn.

Question 1: Do different land systems represent
different biological assemblages?

We found that the richness of ant assemblages dif-
fered among all four land systems and was higher on
the unconsolidated sediments, but richness for other

taxa was not significantly different among all land sys-
tems. This result adds to the growing body of evidence
questioning the role of taxon richness in conservation
planning (see Oliver et al. [1998] and references there-
in). With respect to compositional dissimilarity, we
found that the four land systems represented different
assemblages of ant and fly morphospecies and plant
species. Up to 48% of the variation in compositional
dissimilarity was accounted for by land-system type.
This supports the current trend towards use of envi-
ronmental surrogates of biodiversity, including land
systems, for conservation planning (Mackey et al.
1989, Margules and Pressey 2000, Pressey et al. 2000,
Smart et al. 2000, Cowling and Heijnis 2001, Lombard
et al. 2003). However, our study did reveal that the
magnitude of compositional dissimilarity among land
systems was not particularly high. In other words, many
taxa were shared among land systems. This pattern was
most evident for the fungi, where 72–87% of ITS (in-
ternal transcribed spacer) types were shared between
pairs of land systems, and least evident for the ants
where only 17–42% of morphospecies were shared.
These results suggest that a large proportion of the
plant, arthropod, and microbial biodiversity within the
region may be characterized by widespread species
with relatively low fidelity to particular land-system
types.

Question 2: Do biological assemblages on the same
land system remain similar with increasing

geographic separation?

Our study also recognized and explored the impor-
tance of geographic distance within the context of land
systems as surrogates for biodiversity. Several studies
have demonstrated the importance of geographic dis-
tance, between otherwise similar sites, as a predictor
of differences in biological assemblages. For example,
Mesibov (1993, 1998) showed that rainforest sites
matched for vegetation but separated by 200 km, held
only 50% of litter invertebrate species in common (see
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also Taylor et al. [1994]). Similarly, in a study by Oliver
et al. (1998) differences in the composition of ground-
active invertebrates were detected in otherwise-similar
forests over distances of only 100 km. In a larger study
by Ferrier et al. (1999), geographic distance between
sites was found to explain significant amounts of var-
iation in the compositional dissimilarity of ground-
dwelling invertebrates but not for diurnal birds, rep-
tiles, or vascular plants.

With respect to plants, recent studies by Condit et
al. (2002) and Nekola and White (1999) reported sig-
nificant relationships between compositional dissimi-
larity and geographic distance for otherwise similar
sites. Condit et al. (2002) used the Jaccard index,
among others, to measure the similarity in tree-mor-
phospecies composition between plots and explored the
decay in similarity with geographic distance. Within
Peru and Ecuador, adjacent plots shared only 55% of
their species, and biological similarity declined rapidly
with distances up to 3–5 km. Interestingly, similarity
changed little from 5 to 100 km, with plots at these
distances consistently sharing 30–40% of their species
(see also Felfili and Da Silva 1993, Keith 1995). Nekola
and White (1999) conducted a similar study over a
larger spatial scale and used both vascular-plant and
nonvascular-plant data from plots distributed through-
out largely continuous boreal forest from Newfound-
land to Alaska (plots separated by ,100 km to .5000
km). Those authors also used the Jaccard index and
found that similarity decreased significantly with dis-
tance for both vascular-plant and nonvascular-plant
data. They also showed that the rate of similarity decay
was 1.5–1.9 times higher for the vascular plants than
for the nonvascular plants.

Our data revealed similar significant positive cor-
relations between geographic distance and composi-
tional dissimilarity, and suggested that the magnitude
of biological change over relatively short distances
within a land system may be large and sufficient to
warrant the consideration of geographical distance in
assessments of land systems as surrogates for biodi-
versity. As with the findings of Ferrier et al. (1999),
the invertebrates were the most consistent with respect
to this relationship. Our results were somewhat equiv-
ocal with respect to the vascular plants. Three out of
the four land systems showed no relationships between
biological and geographic distance, yet the fourth
(Rodges) revealed both the highest standardized Mantel
statistic (0.93) and the highest magnitude of biological
change (41% reduction in the number of shared species
over an average distance of only 65 km). The lack of
a general relationship between plant assemblages and
distance may be explained by the methods used to map
land systems. Land-system classifications were devel-
oped from 1:50 000 stereo air-photo interpretation of
recurring patterns of topography, geology, soil, and
vegetation. The a priori incorporation of vegetation pat-
tern into the process of mapping land systems may

therefore have already accounted for some of the var-
iation in plant assemblages resulting from geographic
separation on otherwise similar topography, geology,
and soils. This explanation does not, however, account
for the significant result observed for the Rodges land
system. Further analyses underway by R. L. Pressey
and V. Logan using a larger vascular-plant data set from
the same region may shed light on our results for vas-
cular plants.

Question 3: Do biological assemblages on the same
land system remain similar with increasing

land-system isolation?

The study by Nekola and White (1999) also pre-
sented analyses of a data set for Appalachian montane
spruce–fir forests restricted to high mountain peaks.
These montane forest plots were, therefore, isolated
from each other by the upland and lowland forests at
lower altitudes. They showed that the rate of similarity
decay was 2.7 times higher for floras from the isolated
Appalachians than for their other data set for floras
from the continuous boreal forests. In contrast to these
findings, our study did not reveal higher rates of decay
in similarity for our high-isolation land systems Rodges
and Pulgamurtie, when compared with our low-isola-
tion land systems Corner and Olive Downs. Compared
with our study, Nekola and White’s was on a larger
spatial scale and the climate differences between their
mountain peaks and lowlands were undoubtedly far
greater than any differences between our high-isolation
and low-isolation land systems. Our results, therefore,
show that although mapped as isolated land systems,
from a biological perspective Pulgamurtie and Rodges
were not isolated but were well connected. This is sup-
ported by our analyses of data for Question 1 where
we found considerable biological overlap among as-
semblages from different land systems, and as a result
suggested that a large proportion of the plant, arthro-
pod, and microbial biodiversity within the region may
be characterized by widespread taxa with relatively low
fidelity to particular land-system types.

Application of findings to conservation planning

Spatial structure in biological data is a common phe-
nomenon. Studies concerned with spatial autocorrela-
tion either as the variable of interest (Burgman and
Williams 1995, Peakall and Beattie 1995, He et al.
1996, Barange and Hampton 1997) or as a variable to
be partitioned out of analyses more interested in other
explanatory variables (Borcard et al. 1992, Borcard and
Legendre 1994) are abundant (see also Legendre and
Fortin 1989, Legendre 1993, Tilman and Kareiva
1997). The subject continues to generate much interest
(e.g., special journal issues, [Collinge 2001] and con-
ference symposia [J. C. Nekola and H. Wagner, un-
published manuscript]). Explanations for spatial pat-
terns in the composition of assemblages can be found
in both deterministic or environmental models (climate,
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geology, soils, disturbance) and stochastic or biological
models (evolutionary history, dispersal, species inter-
actions; see May 1984, Nekola and White 1999, Pyke
et al. 2001). However, it is only very recently that
studies have begun to explore the independent and in-
teractive roles of deterministic and stochastic drivers
of the composition of assemblages (Pyke et al. 2001,
Ettema and Wardle 2002). Our study, together with
those cited in this discussion, provides strong evidence
of the importance of both deterministic and stochastic
drivers of differences in species composition among
sites. We have demonstrated that as much as 48% of
the variation in assemblages can be explained by land-
system differences (deterministic model) and as much
as 15% by geographic separation among sites with few
environmental differences (stochastic model). Differ-
ences between biological assemblages occupying sim-
ilar but geographically distant habitats, variously re-
ferred to as ‘‘gamma’’ or ‘‘delta’’ diversity (see ref-
erences cited within Ferrier [2002]), are critically im-
portant to the application of biodiversity surrogates to
conservation planning.

One notable example of application of both deter-
ministic and stochastic models to conservation plan-
ning is a recent conservation assessment for the Cobar
Peneplain biogeographic region in New South Wales
(NSW), Australia, conducted by the NSW National
Parks and Wildlife Service (Dick 2000, Smart et al.
2000). The aim of the assessment was to develop and
apply a systematic approach to identifying a potential
network of sites that reasonably represented the biotic
diversity of the region. The Cobar Peneplain is one of
80 biogeographic regions identified across the Austra-
lian continent, with each representing groups of eco-
systems classified by their most dominant landscape
features such as climate, geology, landform and veg-
etation (Thackway and Cresswell 1995). The Cobar
Peneplain is large, occupying 73 500 km2, has under-
gone loss of native vegetation and wildlife habitat, is
poorly represented in the State’s protected-areas net-
work, and is under increasing pressure from land-hold-
ers wishing to extend clearing practices further west-
ward into the more arid parts of the region (Smart et
al. 2000). The National Parks and Wildlife Service’s
conservation assessment used land systems as the sur-
rogate for biodiversity. However, many of the land sys-
tems extended (either continuously or discontinuously)
across hundreds of kilometers. A subdivision of the
bioregion into five provinces (larger than land systems
but contained within the bioregion), based largely on
Morgan and Terrey (1992), was used to account for the
variability in biodiversity within the same land system
across large geographic distances. That is, the original
87 land systems as mapped for the bioregion by Walker
(1991) and NSW NPWS (2000) were partitioned into
their respective provinces, resulting in a new total of
136 land systems, and it was these 136 ‘‘refined land

systems’’ that were used for the final conservation as-
sessment.

The importance of taxonomic resolution

In this study we employed very different taxonomic
scales and techniques across an unusually broad spec-
trum of biota and over relatively large spatial scales.
Our failure to observe microbial-assemblage differ-
ences among land systems may well be due to current
technological limitations and the use of higher taxa or
a ‘‘coarse-filter’’ approach to biodiversity assessment
(Noss 1987). The higher-taxa data sets, invertebrate
orders (33 taxa), fly families (36 taxa), and ant genera
(23 taxa) can also be considered a coarse-filter ap-
proach to biodiversity assessment. The coarse-scale na-
ture of such biological units used to characterize bio-
diversity will obviously influence interpretation of the
spatial patterns observed. Higher taxa are phylogenet-
ically older taxa. To the extent that any higher taxon
represents a biological unit, it represents a unit that has
had a longer period of time to experience and adapt to,
and therefore be present in, a range of different envi-
ronments. Assemblages of such higher taxa, or coarse-
filters, may therefore be expected to only reflect coarse-
scale environmental differences. This was the case for
invertebrate orders, ant genera, and fungal ITS types
that distinguished among land systems from different
geologies (unconsolidated sediments from Cretaceous
sediments) but did not distinguish between land sys-
tems within geologies (Table 3). In comparison, ‘‘fine-
filter’’ data sets are likely to have greater ability to
reflect more subtle environmental differences. Our fine-
filter data sets (ant and fly morphospecies and plant
species) did reveal differences in assemblages among
all land systems studied. The decision of on which
taxonomic scale to use for investigations of environ-
mental surrogates for biodiversity is therefore closely
related to the expected or known variation in the par-
ticular surrogate of interest. The issue of taxonomic
scale, or resolution, is clearly an important consider-
ation in assessments of biodiversity and reinforces the
need to ensure that the taxonomic scale of study is
appropriate to the question(s) asked of the data (Pik et
al. 1999).

Despite the limitations discussed above, our bacterial
biodiversity assessment revealed that half of the spec-
imens we recovered were identified with the probe set.
Sequence analysis of randomly selected representatives
of the unidentified clones showed that a large propor-
tion of the unidentified specimens represented yet-to-
be-cultured organisms that constitute multiple new
phyla of low abundance relative to the groups counted
(A. Holmes, unpublished data). Only two known bac-
terial phyla, the beta-Proteobacteria and Verrucomi-
crobiales were relatively abundant among the uniden-
tified clones. There was, therefore, significant infor-
mation on bacterial biodiversity remaining in the sam-
ples that we were unable to assess with the available
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probe set. It is possible that these low-abundance yet-
to-be-cultured organisms may show very different spa-
tial patterns compared to the more common taxa. Our
investigations are ongoing into the spatial configuration
of the rich microbial biodiversity contained within our
samples from these arid Australian soils (Holmes et al.
2000).

Conclusion

Our study provides empirical data in support of en-
vironmental surrogates for biodiversity—specifically
the use of land systems and similarly derived land clas-
sifications—in conservation planning. Each of the land
systems studied supported components of biodiversity
not found, or found infrequently, on other land-system
types, suggesting that conservation-area networks that
represent land-system diversity are also likely to be
representative of biodiversity. The majority of taxa
were, however, found on more than one land-system
type. Importantly, our present study’s findings, as with
those of the others discussed, strongly suggests that
conservation planning based on land-system diversity
should also aim to sample the geographic space oc-
cupied by each land system. Investigations that en-
deavor to study the independent and interactive roles
of deterministic (environmental) and stochastic (bio-
logical) drivers of biodiversity (see Ferrier 2002, Fer-
rier et al. 2002b) promise further insights into how the
planet’s biological wealth is distributed, as well as bet-
ter tools to assist in planning for its persistence.
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