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Do landscape health indices reflect arthropod biodiversity
status in the eucalypt woodlands of eastern Australia?
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Abstract Ecosystem or landscape health indices are important tools for land managers. While strong predictable
relationships between these indices and biotic diversity are often generalized, they are seldom validated. Here we
use data from a semi-arid eastern Australian woodland to examine the relationships between arthropod community
structure and two sets of landscape health indicators: landscape function analysis (LFA), and a terrestrial index of
ecological integrity based on common vegetation metrics (structure, composition and function; SCF). Hierarchical
partitioning revealed that the ability of LFA or SCF to account for variation in arthropod richness was low, with
the variable of importance taxon-dependent. Similarly, multivariate analyses indicated relatively weak and incon-
sistent relationships between LFA and SCF indices and arthropod assemblage structure. Results obtained for
additional habitat attributes commonly used in terrestrial vegetation monitoring were similar. Qur study indicates
that strong predictable relationships are rarely apparent, particularly for arthropods. This indicates that these
indices have limited use as surrogates of arthropod biodiversity. These results are contrary to the past literature,
highlighting the need for additional research and the development of a conceptual and empirical framework linking
health indices and arthropod biodiversity. This is necessary to further the theoretical and practical application of
these measurements in environmental management.
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INTRODUCTION

Climate change, overgrazing and overexploitation of
natural resources are recognized as major threats to
biodiversity worldwide (e.g. Thomas eral. 2004;
Ehrlich & Pringle 2008). These threats have resulted in
predictions of biodiversity decline at unprecedented
levels (Pimm & Raven 2000). Consequently, the con-
servation of biodiversity has become a crucial part of
environmental management across all forms of land
tenure from private landholdings to national gover-
nance. There are still considerable gaps, however, in our
understanding of how human practices and anthropo-
genic disturbances affect basic ecological processes,
and consequently, biodiversity (e.g. Stutchbury 2007).
Crucial to the management and conservation of
biodiversity are rapid, cost-effective and scientifically
defensible methods for assessing how anthropogenic
practices affect ecosystem health and condition, and the
implications for biodiversity (Western 1992).
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A number of approaches and methodologies have
been developed to assess landscape health. These
include direct measurements of the biophysical envi-
ronment, which are designed to reflect overall land-
scape health (e.g. vegetation structure and diversity,
Gibbons ez al. 2008), and measures of ecosystem func-
tion (Kienast ez al. 2009; Rowe er al. 2009). In particu-
lar, indices of biotic integrity (Karr 1991) have been
used extensively to monitor change in ecosystem con-
dition because of anthropogenic influences, particu-
larly in aquatic systems (e.g. Karr 1991; Andreasen
et al. 2001; Klemm ez al. 2003; Martinez-Crego et al.
2010). Terrestrial indices of ecological integrity (TIEI)
have also gained increasing popularity based on similar
principles. Ecosystem characteristics such as the com-
position of the biota (including exotic species), the
structure of the habitat (e.g. patch characteristics) and
measures of ecosystem function (e.g. decomposition,
erosion, infiltration etc.) are key inclusions in any
TIEI (Noss 1990; Andreasen ez al. 2001; Oliver 2002).
These indices are also useful for broad terrestrial veg-
etation (Noss 1990; Gibbons & Freudenberger 2006;
Oliver et al. 2007; Liira & Kohv 2010) and biodiversity
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monitoring (Failing & Gregory 2003; O’Conner &
Kuyler 2009). Indices based purely on the biotic
attributes (e.g. animal populations) have also been
useful as they are highly correlated with ecosystem
condition (arthropods, Karr & Kimberling 2003;
birds, Bryce 2006).

Substantial developments have also been made over
the past two decades in methodologies to assess the
health and condition of semi-arid and arid environ-
ments (‘rangelands’, e.g. Pyke er al. 2002; Herrick
et al. 2005; Watson er al. 2007). While rangeland
‘health’ (or condition) has traditionally been viewed in
the context of pastoralism, that is, healthier landscapes
produce more plant biomass for livestock grazing
(Wilson ez al. 1984), there has been increased accep-
tance that functional integrity is a more appropriate
way to view the health of rangelands. Functional integ-
rity has been defined in many ways, but broadly it is
the ability of landscapes to capture, retain and use
critical resources such as water and nutrients (Ludwig
et al. 2004). This concept is also closely tied to the
ability of landscapes to resist stress (stability or resis-
tance; Holling 1986) or recover from stress (resilience,
sensu Mageau er al. 1995), both of which are related to
resource retention and production.

An increasingly popular field-based monitoring pro-
cedure that is used to assess the functional integrity of
rangeland ecosystems worldwide is landscape function
analysis (LFA; Ludwig et al. 2004). Landscape func-
tion analysis has been widely adopted in a range
of environments including Australasia (Ludwig &
Tongway 1993; Watson et al. 2007), the Iberian Pen-
insula (Maestre & Cortina 2004) and the Middle East
(e.g. Ata Rezaei e al. 2006). The procedure comprises
a suite of measurements that quantify the spatial
arrangement and characteristics of resource patches in
the landscape. These patches (fertile islands, sensu
Garner & Steinberger 1989) comprise grass tussocks,
logs, shrub and tree hummocks that are known to
capture resources such as seed, water, nutrients and
organic matter, and are sites of maximum resource
retention, productivity and biotic diversity. Their char-
acteristics therefore reflect the functional integrity, or
more broadly, the health of a site.

The increasingly widespread adoption of ecosystem
health monitoring has stimulated research on the rela-
tionships between health and biodiversity, as well as
the development of indicators and surrogates. While a
positive relationship between ecosystem health and
biodiversity is theoretically possible, it has not been
confirmed nor quantified widely. The LFA methodol-
ogy was never intended as an index of the biodiversity
value of landscapes. Although only limited research to
date has identified reasonable relationships between
LFA and indicators of biodiversity (e.g. Ludwig ez al.
1999, 2004), the procedure is used often by a range of
agencies to monitor the functional integrity of the
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landscape and give a broad indication of potential
biodiversity value, particularly in Australia (e.g. http://
www.lmd.cma.nsw.gov.au/). Similarly, despite the fact
that structure—composition—function (SCF) indices
are highly regarded as potential biodiversity surrogates
(Oliver et al. 2007), their relationship to biodiversity
has not been validated in rangeland systems, nor has
the use of a TIEIL Indeed, a predictable empirical
relationship between the two components (health and
biodiversity) needs to be established prior to the wide-
spread development or use of a surrogate or indicator
(Smyth ez al. 2009).

Here we describe a study that examines the relation-
ships between arthropod community structure and
two sets of landscape health indicators using data from
a semi-arid eastern Australian woodland. We used two
sets of landscape health indices: LFA and a TIEI based
on common structure, composition and function
metrics. We investigated arthropods because they are
the dominant group of invertebrates in terrestrial eco-
systems, are relatively abundant and species-rich in
semi-arid environments, and are recognized as useful
in monitoring biological systems (Kremen 1992;
Andersen er al. 2004). Our research described here
does not seek to operationalize these indices as surro-
gates or indicators of biodiversity, but rather is broadly
aimed at improving our understanding of the relation-
ships between landscape health and ground-active
arthropod assemblages in rangeland systems. To
achieve this aim we ask two specific questions: (i) how
much variation in richness and composition of arthro-
pod assemblages can be accounted for by indices of
landscape health; and (ii) are single habitat attributes
able to account for greater variation in arthropod
richness and composition than landscape health
multimetrics? Overall, our study aims to improve the
management of semi-arid rangelands by providing
quantitative insights into patterns of arthropod biodi-
versity and how they relate to landscape health.

METHODS

Study area

Data used in this study were collected from the north-west
flood plains of New South Wales within the Darling Riverine
Plains ecoregion (Thackway & Creswell 1995), across an
area spanning approximately 2500 km? The climate is semi-
arid; rainfall is summer-dominant and averages 475 mm per
year. Average temperatures are 20-35°C in January and
4-17°C in July. All sampling was conducted in February
2001.

The geology of the area is predominantly Quaternary
alluvium comprising major and minor functional and non-
functional plains and low-lying drainage depressions. Low
dunes and coarse-textured elevated rises with relief to 5 m
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are superimposed on the plains. The dominant soils on the
plains are coarsely cracking grey and brown clays (Grey and
Brown Vertisols, Isbell 1996). The low rises and dunes are
dominated by hard-setting, red and brown duplex loams with
coarse-textured topsoils that grade to finer texture at depth
(Red and Brown Kandosols, Isbell 1996). Native vegetation
on the plains is dominated by an overstorey of coolibah
(Eucalyptus coolibah), black box (Eucalyptus largiflorens) and
myall (Acacia pendula), grading to bimble box (Eucalyptus
populnea) and white cypress pine (Callitris glaucophylla) on
the low rises and dunes. Large areas of native grassland, both
natural and derived, are also a feature of the landscape.

Data were generated within 43 woodland remnant patches
varying in size, shape, isolation and surrounding land use,
representing the diversity of remnant types that exist in the
area. Thirty-four remnants were on private land and were
grazed frequently by domestic stock, and nine were on trav-
elling stock routes and grazed less frequently. The bimble box
community was selected for the study because it provided a
range of sites of varying condition at the landscape level (i.e.
severely degraded patches represented by a few trees, to large
expanses of intact native vegetation). Bimble box is the domi-
nant tree species over large areas of eastern Australia, and the
community has been extensively modified in the past by
overgrazing, fire, clearing, weed proliferation and invasion of
exotic plant and animal pests. Today it continues to be threat-
ened by clearing and overgrazing.

Within each remnant, a 50-m fixed transect formed the
basis for all arthropod and landscape health sampling, and
was located in an area considered representative of the
remnant. Transects were placed centrally within small
(<10 ha) remnants or at least 100 m from the remnant edge.
Transects were orientated from highest to lowest elevation
along the maximum slope (generally <1%), consistent with
LFA methodology (Tongway 1995).

Landscape health assessment 1: landscape
function analysis

Landscape function analysis categorizes two ecosystem com-
ponents: (i) landscape organization; and (ii) soil surface con-
dition (Tongway 1995) at relatively fine (<10* m? scales).
These two components reflect the ability of the landscape to
capture and retain resources (i.e. the functional integrity). We
acknowledge that ‘health’ is a highly value-laden and context-
dependent concept (Wilson ez al. 1984; Tongway & Ludwig
1997). We use the term ‘health’ as a synonym for the func-
tional integrity of the site; thus, the higher the score for the
LFA indices, the greater the health of the landscape. These
assessments were made at each site as follows:

Landscape organization

Along the 50-m transect, we recorded the number of persis-
tent elements on the soil surface such as perennial grass
butts, shrub and tree hummocks and logs that intersected the
transect. These elements trap resources (water, soil) moved
by overland flow (water movement across the landscapes),
and are critical for moderating the effect of run-off water on
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plant growth and soil stability. They are therefore critical for
the long-term functioning of arid and semi-arid systems
(Ludwig ez al. 2005). Landscape function analysis involves
the measurement of three site-level attributes: (i) the number
of obstructions to overland flow per unit length of on-ground
transect; (ii) the average width of these obstructions along the
transect; and (iii) the average distance between obstructions
(fetch). Together these measurements characterize the func-
tional integrity of a site (sensu Ludwig & Tongway 2000).

Soil surface condition

Within each site we assessed the morphology of the soil
surface (soil surface condition) within 10 0.5-m? quadrats.
This involved the assessment of 13 surface features (Appen-
dix S1). These measurements were used to derive three
indices of soil surface condition: (i) stability, a measure of
how the soil withstands erosive forces or reforms after
erosion; (ii) infiltration, which indicates the extent to which
rainfall infiltrates into the soil; and (iii) nutrients, which
provides a measure of how efficiently organic material is
recycled in the soil (Tongway 1995).

Landscape health assessment 2: terrestrial
index of ecological integrity

In a 20 X 50 m plot bisected by the 50-m transect, we also
derived indices of health, which reflected aspects of land-
scape structure, composition and function (sensu Noss
1990). These indices were derived from individual site-level
measurements, which were combined into a single TIEI
(Andreasen er al. 2001). Structure was based on the cover of
trees, shrubs, perennial and annual grasses, forbs, bare
ground, cryptogams, litter, logs, as well as the number of
patches (measured with LFA). Composition was based on
tree, shrub and ground-storey plant richness, percentage of
plants that were perennial and native, and the degree of
woody plant regeneration. Function was based on attributes
that provide insights into how a site maintains key ecosystem
processes such as the degree of mistletoe infestation, canopy
dieback, extent of tree hollows, the extent of erosion and the
cover of perennial grass butts, soil organic matter and soil
texture. These 24 different attributes are recognized as
important elements of biodiversity assessment (Oliver 2002;
Gibbons & Freudenberger 2006).

For each site, each of the 24 attributes was measured
and assigned a particular score depending on its perceived
effect upon structure, composition or function, with a higher
score equating with a healthier landscape. Thus, for example,
the range of tree cover values encountered in the bimble
box community (range: 0 to 49%) was divided into five
classes and scored accordingly: 1=0-2%, 2=2.1-5%,
3=5.1-10%, 4 = 10.1-25% and 5 =>25%). The values of
each attribute were placed into classes rather than being
treated as nominal values. The use of classes is both valid and
standard procedure when creating indices of biotic integrity
or for the TIEI (Andreasen ez al. 2001; Gibbons & Freuden-
berger 2006). At the level of the site, the scores for each
attribute were then summed. For example, for composition,
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we summed up the values received for tree, shrub and
ground-storey plant richness, percentage of perennial and
native plants and woody regeneration. This total value was
then divided by the maximum possible score for that index to
give the final index score for the site (sensu Karr 1991).
Opverall, therefore, we had nine indices associated with two
sets of landscape health measures: (i) LFA (six indices); and
(ii) SCF (three indices).

Arthropod sampling

All arthropods were sampled by using pitfall traps (250-mL
polycarbonate screw cap containers 100 mm high, 67 mm in
diameter). Ten traps were located in a two by five grid pattern
(traps 10 m apart) centred along the 50-m transect. Traps
were buried with the lip of the container flush with the
ground surface and contained 125 mL. of monoethylene
glycol to kill and preserve the specimens. All traps were active
for 11 days. Upon removal, containers were capped and
transported to the laboratory, where the monoethylene glycol
was decanted off (using a 0.5-mm sieve) and replaced with
70% ethanol. Specimens were sorted under a dissecting
microscope to major groups by biodiversity technicians. All
ants, beetles and spiders recovered from the traps were
further identified to species or morphospecies by specialists
at the Australian Museum.

Statistical analyses

LFA and SCF indices and variation in arthropod
abundance, species richness and diversity

We used both univariate and multivariate analyses to
examine trends in the arthropod community metrics in rela-
tion to LFA and SCF. Species richness was calculated as the
total number of ant, beetle and spider morphospecies
recorded from each survey site. For a diversity measure, we
used a bias-controlled effective number of species (Jost
2006), which has been shown to be one of the least biased
diversity estimates (Beck & Schwanghart 2009). Bias-
controlled effective number of species (hereafter ‘diversity’)
was calculated by using the program SPADE (Chao & Shen
2003). We used hierarchical partitioning (HP) (Chevan &
Sutherland 1991) to determine the independent and joint
capacity of each landscape health variable (or habitat
attribute) to explain variation in arthropod abundance, rich-
ness or diversity. This technique gives a measure of how
much variation can be attributed solely to that of a variable,
compared with that which is due to the presence of other
variables in the model (Mac Nally 2002).

We also used HP to determine the independent capacity of
four specifically selected LLFA variables to explain variation in
arthropod abundance, richness and diversity when an addi-
tional eight habitat attributes were included in the analyses.
For LFA, variables that showed moderate to strong statisti-
cally significant co-correlations (o0> 0.5, P<0.001) were
removed from these analyses (two variables). In doing so we
retained the maximum amount of variables in the model
while minimizing the amount of shared variation that could
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be explained by multiple variables. Thus, the four LFA vari-
ables selected for these analyses were the number of obstruc-
tions, width of obstructions, stability and infiltration. Habitat
attributes were raw values that are also used to construct
structure, composition and function (above), and represent
an alternate method to a multimetric. The habitat attributes
selected were cover of forbs and herbs (%), tree canopy cover
(%), litter cover (%), soil organic matter (%), proportion of
plants as perennials, cover of low shrubs (%), cover of annual
grasses (%) and the proportion of plant species as perennials.
These were selected following correlation analysis that
included LFA variables, with highly correlated variables
(>0.7) excluded from analyses. For HP analyses, some non-
normal variables were appropriately transformed prior to
analyses (log, or square root). We evaluated models based on
the R? goodness of fit statistic, and the statistical significance
of independent effects was calculated by using a randomiza-
tion test with 1000 iterations (Mac Nally 2002). All HP
analyses were conducted by using the hier.part package
(Walsh & Mac Nally 2003) within the R statistical program
(R Development Core Team 2010).

Relationships between LFEA and SCF and
species composition

Multivariate methods were used to analyse relationships
between the species assemblage structure of ants, beetles and
spiders, and LFA, SCF, or a combined LFA/habitat
attributes variable set. All multivariate analyses were con-
ducted in PRIMER v6 (Clarke & Gorley 2006). Biotic matri-
ces were created by using Bray-Curtis similarity index on log
(x + 1) transformed data. Environmental variable matrices
were created by using a Euclidean distance similarity index
based on log (x+ 1) data, with all variables normalized
(Clarke & Gorley 2006).

Several tests were used to examine the relationship
between LFA, SCF and habitat attributes and arthropod
species assemblages. RELATE, a multivariate equivalent of a
Mantel test was used to examine the correlation between
matrices based on LFA or SCF and arthropod species assem-
blages (Clarke & Gorley 2006). Further, the BEST (specifi-
cally BIO-ENV) analysis was used to identify a subset of
factors (LFA or SCF indices and/or habitat attributes),
which are the ‘optimal’ match to a second resemblance
matrix (i.e. a species matrix), based on the strength of a
Spearman rank correlation coefficient. A global permutation
test (9999 permutations) was used to assess the statistical
significance of the obtained correlations.

RESULTS

We sampled a total of 60 765 arthropods from 457
species across three arthropod groups (Table 1). Ants
were the most abundant (96% of all specimens). Sta-
bility was the most variable LFA index, while for
structure—composition—function the most variable was
composition, although all indices showed substantial
variation (Table 2).
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Total abundance and total, median and range of species and higher taxon (Family) richness by site for arthropod

Species richness

Higher taxon richness

Arthropod group Total Median Range Total Median Range Abundance
Antst 119 29 13-39 38 16 9-21 57 880
Beetles 173 12 4-27 26 7.5 4-15 1180
Spiders 165 17 9-29 24 10 6-13 1705
Total 457 40* 60 765

tGenera-level richness. *Excluding ants.

Table 2. Descriptive statistics of all health variables used
Variable Mean  Median Range SD
Stability (%) 60.6 61.1 43.8-80.1 6.7
Infiltration (%) 30.1 28.6 20.7-48.9 5.9
Nutrients (%) 24.0 24.1 17.0-39.1 4.4
Obstructions 7.1 7.3 0.33-15.4 3.5
per 10 m
Obstruction 2.6 1.7 0.04-7.5 2.1
width (m)
Fetch length (m) 1.8 1.1 0.55-15.0 2.1
Structure (%) 56.6 55.6 44.4-66.7 5.3
Composition (%) 74.4 75.0 58.3-91.7 8.4
Function (%) 58.4 56.7 46.7-76.7 6.9

LFA, SCF and arthropod abundance, richness
and diversity

Hierarchical partitioning indicated that the indepen-
dent ability of LFA indices to account for variation
in the arthropod community varied with both arthro-
pod taxon (ants, beetles, spiders) and diversity
measure (abundance, richness, effective number of
species) (Fig. 1). In only one case was a single variable
(infiltration in relation to effective number of spider
species) able to independently explain more than 10%
of variation in the arthropod community. Despite this,
several variables were statistically significant, varying
among taxa. Infiltration was statistically associated
with increases in abundance and diversity of spiders
(Fig. 1). The number of obstructions was significant
associated with increases in ant abundance, but
decreases in ant diversity. Additionally, nutrients
and stability were associated significantly with ant
abundance.

Hierarchical partitioning analyses for the three SCF
indices were similar, although the index that indepen-
dently explained the greatest amount of variation
was generally consistent within a taxonomic group
(Fig. 2). For ants, structure had the greatest indepen-
dent explanatory power for abundance, richness and
effective number of species. Structure also indepen-
dently accounted for the most variation in spider
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richness and effective number of species, while com-
position was most important for spider abundance.
The total amount of variation explained by the three
SCF indices was low for all taxa (generally less than
10% for all measures), with the highest amount of
variation explained being 13.7% for the effective
number of spider species and 12.3% for ant abun-
dance (Fig. 2). In only one case was a variable statis-
tically significant in explaining variation in the model
(structure and ant abundance).

LFA, SCF and arthropod species assemblages

Our BIO-ENYV analyses confirmed that LFA and SCF
were generally weak in explaining patterns of the
arthropod assemblage composition (Table 3). Subsets
of LFA indices selected were not statistically signifi-
cant, with the exception of a relationship with spiders
(p=0.275, P<0.01; Table 3). Variables commonly
included in LFA subsets were stability (four cases)
and obstruction width (three cases). Weak but statisti-
cally significant relationships (P < 0.05) were evident
between subsets of SCF and ant functional groups
(p=0.226), beetles (p=0.178) and spiders (p=
0.191) (Table 3).

LFA, SCF, habitat variables and arthropod
abundance, richness and diversity

The HP analyses that included LFA indices together
with eight habitat variables revealed that habitat vari-
ables were as important as LFA indices for indepen-
dently explaining variation in arthropod abundance,
richness and diversity (Fig. 3). However, no variable
consistently explained substantial variation across
arthropod taxa, and no single variable was statistically
significant in more than two (of a possible nine) cases.
No variable independently explained more than 10%
of the variation in arthropod richness, abundance
or diversity. A substantial amount of the variation
explained by habitat attributes was related to the joint
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Fig. 1. Proportion of variance explained by independent (white) and joint (black) components of six landscape function
analysis indices on (a) ants, (b) beetles and (c) spiders as determined by hierarchical partitioning. Z-score indicates significant
effect as determined by randomization tests (P < 0.05). Positive or negative relationships are shown by + or — symbols,
respectively. Variables: Fet, mean fetch length; Inf, infiltration; Nut, nutrients; Obs, mean number of obstructions; ObW, mean
width of obstructions; Stb, stability. Negative joint effects indicate that variable is acting as a suppressor of other variables.

effects of variables (Fig. 3). Furthermore, the indepen-
dent contributions of habitat variables were often
offset by negative joint contributions. The total
amount of variation explained by all variables together
varied little (approx. 19% and 29%), the exception
being for the number of spiders (40%) and the species
richness of beetles (8%).

LFA, SCF, habitat variables and arthropod
species assemblages

Four-variable BIO-ENV subsets, which included
both habitat variables and LFA indices, explained
more variation in biotic assemblages than subsets
that only included LFA or SCF (Table 4). In the
case of ants and beetles, a single habitat variable
(tree canopy cover) had a stronger correlation than
analyses using LLFA variables. For every taxon, with
the exception of ant functional groups, tree canopy
cover was the single most important variable, and
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was included in every pair of variables and subset of
four strongest variables (Table 4). Tree canopy cover
and stability were selected as the best pair of vari-
ables for ants and spiders. For beetles, tree canopy
cover and the cover of forbs and herbs were the best
pair of variables. For ant functional groups, litter
cover was the single most important variable, and
with stability, formed the strongest pair. The stron-
gest four-variable subset generally included the stron-
gest pair of variables, but resulted in slight increases
in explanatory power with the exception of beetles
(Table 4).

DISCUSSION

Recognition of the unprecedented loss of biodiversity
because of anthropogenic disturbances has spurred the
development and use of surrogates and indicators
for biodiversity monitoring (e.g. Churchill 1998;
Andersen & Majer 2004). Currently there is a strong
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Fig. 2. Proportion of variance explained by independent (white) and joint (black) components of three terrestrial index of

ecological integrity (structure—composition—function) indices on (a) ants, (b) beetles and (c) spiders as determined by hierar-

chical partitioning. Symbols are as in Figure 1.

Table 3.

Spearman’s rank correlations (p) for tests of assemblage similarity between arthropod taxa and LFA or SCF

(RELATE), and for subsets of LFA or SCF, which show the strongest relationship to the arthropod taxa (BIO-ENV)

Taxa BIO-ENV (p) LFA subset BIO-ENV (p) SCF subset
All taxa 0.180 Obs, ObW, Stb 0.133 All

Ants 0.103 Stb, Ntr 0.12 Str, F
Antst 0.233 ObW, Stb, Ntr 0.226% All

Beetles 0.079 Fet 0.178% C,F
Spiders 0.275% ObW, Stb 0.191* Str, C

*Statistically significant at P < 0.05. "Functional groups only. Indices: LFA: Fet, mean fetch length; Inf, infiltration; Ntr,
nutrients; Obs, mean number of obstructions; ObW, mean width of obstructions; Stb, stability; and SCF: C, composition; F,
function; Str, structure. LFA, landscape function analysis; SCF, structure—composition—function.

emphasis on indicators and surrogates of biotic diver-
sity for regional environmental management (e.g.
Munoz-Erickson ez al. 2007; Smyth ez al. 2009). For
many taxa, however, including ants (Whitford ez al.
1998; Andersen ez al. 2004), beetles (Pearce & Venier
2006) and spiders (Pearce & Venier 2006), their reli-
ability as indicators of biotic integrity in relation to
rangeland and forestry management has been called
into question. Our study shows that there may not be

© 2010 The Authors
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a predictable and unequivocal relationship between a
potential surrogate and biodiversity, despite the fact
that the relationship is theoretically sound and sup-
ported empirically by earlier research (Ludwig ez al.
1999, 2004). Such results reinforce our view that
surrogates should not be used widely without a clear
knowledge of how environmental and ecological
factors drive patterns of biodiversity in a given
ecosystem.

do0i:10.1111/j.1442-9993.2010.02219.x
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Fig. 3. Proportion of variance explained by independent (white) and joint (black) components of four landscape function
analysis indices and seven habitat attributes on (a) ants, (b) beetles and (c) spiders as determined by hierarchical partitioning.
All symbols and abbreviations for landscape function analysis are as in Figure 1. Habitat attribute variables: AGr, cover of annual
grasses; FH, cover of forbs and herbs; Lit, litter cover; LS, cover of low shrubs; Org, soil organic matter; Per, proportion of plant

species that are perennial; PGr, Cover of perennial grasses; TC, cover of tree canopy.

Arthropod biodiversity in relation to LFA
and SCF

Few studies have explicitly examined potential rela-
tionships between landscape health and biodiversity
using LFA. Ludwig er al. (1999) showed that with
increasing distances from a watering point there were
increases in the density and size of perennial vegeta-
tion patches (obstructions), as well as plant and grass-
hopper diversity. Ludwig ez al. (2004) also showed
how changes in plant diversity, plant production and
the activity of medium-sized mammals varied in rela-
tion to the functional integrity of sites at scales ranging
from that of individual plants to whole catchments.
Similarly, Dawes-Gromadzki (2005) demonstrated a
positive relationship between landscape condition
(assessed as the number of permanent plant patches)
and the abundance of macro-arthropods, although her
study did not use LFA explicitly. The results of our
study are therefore somewhat at odds with previous

doi:10.1111/j.1442-9993.2010.02219.x

research that has used LFA, and highlights the inher-
ent variability in relationships between invertebrate
communities and measures of landscape function.
While there appears to be strong congruence between
the LFA attributes and patterns of biotic diversity
under some circumstances, we currently do not know
why these relationships are so inconsistent. This lack of
understanding likely stems from inadequate knowl-
edge of the life history of invertebrate taxa (Redak
2000) and of relationships among invertebrates, soil
type, disturbance history and resource retention
(Ludwig et al. 2004). Indeed, despite the utility of LFA
in rangeland monitoring (e.g. Watson ez al. 2007) and
its potential promise as a biodiversity indicator, key
questions remain regarding the exact nature of this
relationship (Ludwig er al. 2004). These questions
concern the relationships between resource availability
and distribution and species persistence, in particular
the spatial and temporal conditions under which
resources (e.g. patch obstructions) become important

© 2010 The Authors
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Table 4. BIO-ENV results using habitat variables and LLFA indices

Rank Taxon P
Ants
Single variables analysed
1 Tree cover (%) 0.184**
2 Number of obstructions per 10 m 0.086
3 Stability 0.08
4 Perennial grass cover (%) 0.066
5 Litter cover (%) 0.05
Variables analysed in pairs
1 Tree cover (%) + stability 0.216**
Four variables analysed
1 Tree cover (%) + cover of perennial grasses (%) + number of obstructions per 10 m + stability 0.244**
Ant functional groups
Single variables analysed
1 Litter cover (%) 0.145%
2 Tree cover (%) 0.101
3 Number of obstructions per 10 m 0.084
4 Stability 0.068
5 Obstruction width 0.052
Variables analysed in pairs
1 Litter cover (%) + stability 0.192%
Four variables analysed
1 Tree cover (%) + litter cover (%) + number of obstructions per 10 m + stability 0.259**
Beetles
Single variables analysed
1 Tree cover (%) 0.198*
2 Proportion of plants as perennials 0.11
3 Cover of forbs and herbs (%) 0.089
4 Cover of annual grasses (%) 0.043
5 Litter cover (%) 0.04
Variables analysed in pairs
1 Tree cover (%) + forbs/herb cover (%) 0.21**
Four variables analysed
1 Tree cover (%) + forb/herb cover (%) + proportion of plants as perennials + annual grass cover (%) 0.199**
Spiders
Single variables analysed
1 Tree cover (%) 0.219**
2 Width of obstructions 0.192**
3 Proportion of plants as perennials 0.154**
4 Stability 0.149%
5 Soil organic matter (%) 0.132*
Variables analysed in pairs
1 Tree cover (%) + stability 0.301**
Four variables analysed
1 Tree cover (%) + soil organic matter (%) + obstruction width + stability 0.379**

*P < 0.05; **P < 0.001. LFA, landscape function analysis.

for the fauna, and how and when this is modified by
disturbance such as fire and grazing (Ludwig er al.
2004).

Globally there is a wealth of research linking land-
scape condition (using indices of integrity) to biodi-
versity values (e.g. Karr & Kimberling 2003; Bryce
2006; Diffendorfer er al. 2007). Although indices of
ecological integrity are regarded as potential surro-
gates for biodiversity in forest and woodland systems
(e.g. SCF, Oliver ez al. 2007), such relationships have
not been validated in Australia (Fisher & Kutt 2007).

© 2010 The Authors
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We found very few strong links between SCF and
arthropod biodiversity, with these variables unable to
explain significant variation in arthropod abundance,
richness or diversity. All elements of SCF were
however related to the community structure of at least
one taxon (ants, beetles or spiders). It is important to
note, however, that SCF explained less variation in
community structure than many simpler habitat
attributes. Contemporary biodiversity management is
focused on species assemblages and the structure of
biotic communities, rather than richness or diversity

do0i:10.1111/j.1442-9993.2010.02219.x



10 A. B. C. KWOK ETAL.

per se (Jennings et al. 2008). For this reason we would
consider SCF to be of only limited use in biodiversity
monitoring, as stronger, more reliable predictors are
available for predicting arthropod diversity and com-
munity structure.

The use of multimetrics has been criticized as they
do not always accurately reflect variation in their indi-
vidual components (Suter 1993; Andreasen et al.
2001). Of specific concern is the loss of information
because of the reduction of multiple measurements
into a smaller number of indices (e.g. raw habitat
attributes into SCF). Here, a low value from one vari-
able can be ‘compensated’ by increases in several of the
other variables (Suter 1993; McCarthy ez al. 2004),
and the exact reason for a given multimetric value
is not known. In our case, the final multimetrics of
SCF may not capture sufficient variation in fine-scale
factors, which may be important for arthropods. This
could contribute to the apparent poor relationships
between the predictor variable and the measure
of diversity. There are several ways to alleviate
this problem, including a multiplicative approach
(whereby compensation between variables is not
linear; McCarthy er al. 2004) and the use of ‘raw’
values (Andreasen ez al. 2001). In our study, using
raw values (‘habitat attributes’) did reveal a few
notably important factors, but this was completely
taxon-dependent.

Arthropod biodiversity in relation to additional
habitat attributes and LFA

We also investigated whether individual habitat
attributes were more closely aligned with arthropod
diversity than composite (multiple) metrics. We iden-
tified several habitat attributes that were as important
as LFA indices in explaining variation in arthropod
abundance and richness, and these were primarily
measures of vegetative cover (e.g. forb, litter and shrub
cover). Tree canopy cover was the variable most
strongly related to arthropod assemblage structure,
and was important for all taxa (Table 4). Thus, while
tree cover is not necessarily a strong predictor of
arthropod abundance or diversity, it may be a useful
predictor of arthropod community structure. Overall,
however, attributes generally had a low explanatory
power, indicating few strong, independent relation-
ships between biodiversity and condition. These
results are similar to those reported both for LFA
and SCF.

Structure and composition of vegetation are consid-
ered reliable indicators of animal species diversity
(e.g. habitat heterogeneity, see review by Tews et al.
2004). Hence, measurement and monitoring of these
attributes are an integral part of research (Hughes

doi:10.1111/j.1442-9993.2010.02219.x

et al. 2000; Stoner & Joern 2004; Ferrier & Guisan
2006).They are also widely used by conservation man-
agers (e.g. http://www.environment.nsw.gov.au), par-
ticularly to assess vegetation condition and habitat
quality for vertebrates. However, there remains a
paucity of data relating habitat attributes to arthropod
diversity (Tews ez al. 2004). Our results support pre-
vious research showing that, though somewhat incon-
sistent, measures of vegetative cover and structure are
related strongly to arthropod diversity (e.g. Gardner
et al. 1995; Debuse et al. 2007; Sanders ez al. 2008). In
particular, other studies have also recognized the
importance of trees in structuring arthropod commu-
nities (Lassau & Hochuli 2004; Lassau et al. 2005;
Oliver et al. 2006; Barton ez al. 2009; Gollan et al.
2009). Although responses were taxon-specific, it still
may be possible to predict broad community structure
based on tree cover, particularly within a single veg-
etation community, and/or where there is little extrin-
sic environmental variation. However, where a large
gradient in environmental variation exists across the
study area (e.g. in temperature, soil type, rainfall),
changes to plant cover and even species composition
may simply be a reflection of these underlying gradi-
ents (e.g. Thompson & Eldridge 2005; Tzialla ez al.
2006). In these cases a more effective method would
be to use the factor that is driving tree cover as a direct
surrogate.

Many authors have stressed the importance of soil
characteristics such as soil hardness (Bestelmeyer &
Wiens 2001; Gollan ez al. 2009), soil erodibility (Schell
& Lockwood 1997) and soil organic matter content
(Lavelle et al. 2006) as drivers of arthropod commu-
nity structure. In our study, soil stability was an impor-
tant predictor in analyses of arthropod assemblage
structure, though mainly in combination with tree
cover. Soil organic matter was also important for
spiders. Given that the drivers of community structure
varied widely across taxa, any study investigating pat-
terns of arthropod distribution in relation to environ-
mental factors should encompass a wide variety of
soil and vegetation attributes. Many of the potential
drivers identified in this study are part of broad envi-
ronmental monitoring programmes (McCarthy ez al.
2004; Gibbons & Freudenberger 2006).

Arthropod communities are structured by fine-
and broad-scale environmental variation

Effective indicators must be ecologically relevant at a
scale appropriate to the target taxa, either directly or
indirectly (Zurlini & Girardin 2008). Arthropod activ-
ity can be influenced by environmental variation
occurring over fine (centimetre) to broad (kilometre)
scales (e.g. beetles, McIntyre 1997; Barton ez al. 2009;
insects in general, Major et al. 2003; Lassau & Hochuli
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2004). While individual components of LFA such as
the number of resource patches are ecologically rel-
evant to fauna and flora across multiple spatial scales
(Ludwig et al. 2004), LFA typically reflects ecosystem
function at the patch-hillslope to catchment scales
(e.g. hundreds to thousands of metres). Thus, LFA is
expected to be more closely aligned with the diversity
of a variety of animals (Ludwig ez al. 2004) as well as
cryptogamic crusts and vascular plants (David
Tongway, pers. comm., 2010). However, while arthro-
pods may be responding to variation in landscape
function at the patch-hillslope scale, it is possible that
finer-scale environmental variation, not directly cap-
tured by LFA, plays a greater role in structuring these
communities. This is analogous to within-patch char-
acteristics such as vegetation structure being more
important in structuring faunal communities than
broader, landscape context characteristics such as
patch size or connectivity (e.g. Debuse ez al. 2007;
Poyry et al. 2009). There is, therefore, a unique scaling
issue when wusing LFA to predict arthropod
communities. Theoretically, either LFA data need to
be downscaled to consider variation at the scale of
individual arthropod movements (e.g. tens of metres)
and/or arthropod data need to be upscaled, such as
placing a large array of pitfall traps across entire land-
scapes, to harmonize these two scales (David Tongway,
pers. comm. 2010). Currently we lack a standard and
empirically tested method for scaling data within a
framework of functional integrity that is appropriate
for small animals. Without this, generalizations cannot
be made among similar studies.

As arthropods respond to such a wide variety of
environmental variables across multiple spatial scales,
elucidating broad drivers of community structure has
been a significant research challenge. Drivers can be
taxon-specific (e.g. litter structure is particularly
important for spiders, Bultman & Uetz 1984), but
there are broad factors that affect a range of taxa (e.g.
habitat heterogeneity, Tews eral. 2004; climate,
Andrew & Hughes 2005). In general, our research
highlights the general lack of alignment of LFA and
similar measures with most taxa. Many of the factors
that drive arthropod communities are specific mea-
sures or surrogates of arthropod habitat or the micro-
climate associated with that habitat (e.g. fine-scale
habitat availability, Mazia er al. 2006; Nitterus &
Gunnarsson 2006; disturbance history, Hoffmann &
Andersen 2003). This was confirmed by our study,
with all arthropod communities being structured pri-
marily by tree cover, yet affected to a lesser degree by
different factors such as litter cover and the number of
obstructions (ants), plant composition (beetles) and
obstruction width (spiders). Leaf litter is known to
structure spider communities and their prey (Bultman
& Uetz 1984). Similarly, the selection of nesting sites
by ants is often influenced by soil texture (Bestelmeyer
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& Wiens 2001). Landscape function analysis indices,
however, are constructed specifically to measure the
ability of the landscape to capture abiotic resources,
that is, ecosystem function (Ludwig er al. 2004). This,
together with the scale mismatch described above, sug-
gests that LFA indices do not directly measure the
components of ecosystems that exert the strongest
influence over arthropods. This is a fundamental part
of LFA, which will always limit the applicability of
LFA as a surrogate of arthropod biodiversity.

Conclusions

The relationships between broader biodiversity values
and landscape health deserve greater attention, par-
ticularly in environments where the management or
conservation of biodiversity is paramount. While the
accuracy of LFA (and individual soil surface condition
attributes) is continually being validated (MclIntyre
et al. 2003; Maestre & Puche 2009), its potential use in
understanding patterns of biodiversity is not. The situ-
ation is similar for any index of ecological integrity
based on SCF metrics, given their widespread appli-
cability in vegetation monitoring. We found only weak
relationships between arthropod biodiversity and LFA
and SCF. This could be due to the way multimetrics
are derived, although simple habitat attributes showed
similar patterns. As arthropods are potentially influ-
enced by fine- to broad-scale environmental variation
(centimetres to kilometres), it is possible that LFA
and SCF are not reflecting variation at the scale that is
driving these communities. A conceptual framework
specifically linking landscape health (and associated
indices), arthropods and spatial scale is necessary to
provide a standard platform upon which to base
empirical predictions and testing.

ACKNOWLEDGEMENTS

Many staff from the former NSW Department of Land
and Water Conservation were involved in the collection
of data upon which this study is based. We thank Sarah
Coulson, Dale Collins, John Lemon, Warren Martin,
Chris Nadolny and Peter Serov. Lance Wilkie from the
Australian Museum coordinated the species-level
identification of arthropod taxa. All animal sampling
and surveys were approved under NSW Agriculture
Animal Research Authority No. 95/044, and NSW
National Parks and Wildlife Service Scientific Investi-
gation License No. A2868. Finally we acknowledge the
significant contribution made by David Tongway and
John Ludwig (Commonwealth Scientific and Indus-
trial Research Organisation, Australia) to our under-
standing of landscape processes, monitoring and
health assessment in arid and semi-arid environments.

do0i:10.1111/j.1442-9993.2010.02219.x



12 A. B. C. KWOK ETAL.

REFERENCES

Andersen A. N. & Majer J. D. (2004) Ants show the way Down
Under: invertebrates as bioindicators in land management.
Front. Ecol. Environ. 2, 291-8.

Andersen A. N., Fisher A., Hoffmann B. D., Read J. L. & Rich-
ards R. (2004) Use of terrestrial invertebrates for biodiver-
sity monitoring in Australian rangelands, with particular
reference to ants. Austral Ecol. 29, 87-92.

Andreasen J. K., O’Neill R. V., Noss R. & Slosser N. C. (2001)
Considerations for the development of a terrestrial index of
ecological integrity. Ecol. Indic. 1, 21-35.

Andrew N. R. & Hughes L. (2005) Diversity and assemblage
structure of phytophagous Hemiptera along a latitudinal
gradient: predicting the potential impacts of climate change.
Glob. Ecol. Biogeogr. 14, 249-62.

Ata Rezaei S., Arzani H. & Tongway D. (2006) Assessing range-
land capability in Iran using landscape function indices
based on soil surface attributes. ¥ Arid Environ. 65, 460—
73.

Barton P. S., Manning A. D., Gibb H., Lindenmayer D. B. &
Cunningham S. A. (2009) Conserving ground-dwelling
beetles in an endangered woodland community: multi-scale
habitat effects on assemblage diversity. Biol. Conserv. 142,
1701-9.

Beck J. & Schwanghart W. (2009) Comparing measures of
species diversity from incomplete inventories: an update.
Methods Ecol. Evol. 1, 38—-44.

Bestelmeyer B. T. & Wiens J. A. (2001) Ant biodiversity in
semiarid landscape mosaics: the consequences of grazing vs.
natural heterogeneity. Ecol. Appl. 11, 1123-40.

Bryce S. A. (2006) Development of a bird integrity index: mea-
suring avian response to disturbance in the Blue Mountains
of Oregon. Environ. Manage. 38, 470-86.

Bultman T. L. & Uetz G. W. (1984) Effect of structure and
nutritional quality of litter on abundances of litter-dwelling
arthropods. Am. Midl. Nat. 111, 165-72.

Chao A. & Shen T. J. (2003) Program SPADE (Species Predic-
tion And Diversity Estimation). Program and user’s guide.
[Cited 28 November 2010.] Available from URL: http:/
chao.stat.nthu.edu.tw

Chevan A. & Sutherland M. (1991) Hierarchical partitioning.
Am. Stat. 45, 90-6.

Churchill T. B. (1998) Spiders as ecological indicators in the
Australian tropics: family distribution patterns along rainfall
and grazing gradients. In: Proceedings of the 17th European
Colloquium of Arachnology (ed. P. A. Selden) pp. 325-30.
British Arachnological Society, Burnham Beeches, Bucks,
Edinburgh.

Clarke K. R. & Gorley R. N. (2006) PRIMER v6: User Manual/
Tutorial. PRIMER-E, Plymouth.

Dawes-Gromadzki T. Z. (2005) Bugs beneath the surface: the
functional significance of soil macroinvertebrates to land-
scape health in Australia’s tropical savannas. Insect Sci. 12,
307-12.

Debuse V. J., King J. & House A. P. N. (2007) Effect of fragmen-
tation, habitat loss and within-patch habitat characteristics
on ant assemblages in semi-arid woodlands of eastern
Australia. Landsc. Ecol. 22, 731-45.

Diffendorfer J. E., Fleming G. M., Duggan J. M. et al. (2007)
Developing terrestrial, multi-taxon indices of biological
integrity: an example from coastal sage scrub. Biol. Conserv.
140, 130-41.

Ehrlich P. R. & Pringle R. M. (2008) Where does biodiversity go
from here? A grim business-as-usual forecast and a hopeful

doi:10.1111/j.1442-9993.2010.02219.x

portfolio of partial solutions. Proc. Natl. Acad. Sci. USA 105,
11579-86.

Failing L. & Gregory R. (2003) Ten common mistakes in design-
ing biodiversity indicators for forest policy. ¥ Enwviron.
Manage. 68, 121-32.

Ferrier S. & Guisan A. (2006) Spatial modelling of biodiversity
at the community level. ¥. Appl. Ecol. 43, 393-404.

Fisher A. & Kutt A. (2007) Biodiversity and Land Condition in
Tropical Savanna Rangelands: Technical Report. Tropical
Savannas CRC, Darwin.

Gardner S. M., Cabido M. R., Valladares G. R. & Diaz S. (1995)
The influence of habitat structure on arthropod diversity in
argentine semiarid chaco forest. ¥.12¢. Sci. 6, 349-56.

Garner W. & Steinberger Y. (1989) A proposed mechanism for
the formation of ‘Fertile Islands’ in the desert ecosystem.
Arid Environ. 16, 257-62.

Gibbons P. & Freudenberger D. (2006) An overview of methods
used to assess vegetation condition at the scale of the site.
Ecol. Manage. Restor. 7, S10-7.

Gibbons P., Briggs S. V., Ayers D. A. et al. (2008) Rapidly quan-
tifying reference conditions in modified landscapes. Biol.
Conserv. 141, 2483-93,

Gollan J. R., Ashcroft M. B., Cassis G., Donnelly A. P. & Lassau
S. A. (2009) Testing common habitat-based surrogates of
invertebrate diversity in a semi-arid rangeland. Biodivers.
Conserv. 18, 1147-59.

Herrick J. E., Van Zee J. W., Havstad K. M., Burkett L. M. &
Whitford W. G. (2005) Monitoring Manual for Grassland,
Shrubland and Savanna Ecosystems. USDA-ARS Jornada
Experimental Range, Las Cruces. Distributed by University
of Arizona Press.

Hoffmann B. D. & Andersen A. N. (2003) Responses of ants to
disturbance in Australia, with particular reference to func-
tional groups. Austral Ecol. 28, 444-64.

Holling C. S. (1986) Resilience of ecosystems: local surprise and
global change. In: Development of the Biosphere (eds W. C.
Clark & R. E. Munn) pp. 292-317. Cambridge University
Press, Cambridge.

Hughes J. B., Daily G. C. & Ehrlich P. R. (2000) Conservation of
insect diversity: a habitat approach. Conserv. Biol. 14, 1788—
97.

Isbell R. F. (1996) The Australian Soil Classification. CSIRO
Publishing, Melbourne.

Jennings M. D., Hoekstra J., Higgins J. & Boucher T. (2008) A
comparative measure of biodiversity based on species
composition. Biodivers. Conserv. 17, 833—40.

Jost L. (2006) Entropy and diversity. Ozkos 113, 363-75.

KarrJ. R. (1991) Biological integrity — a long-neglected aspect of
water-resource management. Ecol. Appl. 1, 66—84.

Karr J. R. & Kimberling D. N. (2003) A terrestrial arthropod
index of biological integrity for shrub-steppe landscapes.
Northwest Sci. 77, 202—13.

Kienast F., Bolliger J., Potschin M. ez al. (2009) Assessing land-
scape functions with broad-scale environmental data:
insights gained from a prototype development for Europe.
Environ. Manage. 44, 1099-120.

Klemm D. J., Blocksom K. A., Fulk F. A. ez al. (2003) Develop-
ment and evaluation of a Macroinvertebrate Biotic Integrity
Index (MBII) for regionally assessing Mid-Atlantic High-
lands streams. Environ. Manage. 31, 656—69.

Kremen C. (1992) Assessing the indicator properties of species
assemblages for natural areas monitoring. Ecol. Appl. 2,203—
17.

Lassau S. A. & Hochuli D. F. (2004) Effects of habitat complex-
ity on ant assemblages. Ecography 27, 157-64.

© 2010 The Authors
Journal compilation © 2010 Ecological Society of Australia



Lassau S. A., Hochuli D. F., Cassis G. & Reid C. A. M. (2005)
Effects of habitat complexity on forest beetle diversity: do
functional groups respond consistently? Divers. Distrib. 11,
73-82.

Lavelle P., Decaens T., Aubert M. ez al. (2006) Soil invertebrates
and ecosystem services. Eur. §. Soil Biol. 42, S3-15.

Liira J. & Kohv K. (2010) Stand characteristics and biodiversity
indicators along the productivity gradient in boreal forests:
defining a critical set of indicators for the monitoring of
habitat nature quality. Plant Biosyst. 144, 211-20.

Ludwig J. A. & Tongway D. J. (1993) Monitoring the condition
of Australian arid lands. In: D.H. McKenzie linked plant-
soil indicators. In: Ecological Indicators (eds D. H. McKenzie,
D. E. Hyatt & V. ]J. McDonald) pp. 765-72. Elsevier Applied
Science, New York.

Ludwig J. A. & Tongway D. J. (2000) Viewing rangelands as
landscape systems. In: Rangeland Desertification: Advances in
Vegetation Sciences (eds O. Arnalds & S. Archer) pp. 39-52.
Kluwer Academic Publishers, Dordrecht.

Ludwig J. A., Eager R. W., Williams R. J. & Lowe L. M. (1999)
Declines in vegetation patches, plant diversity, and grass-
hopper diversity near cattle watering-points in Victoria River
District, northern Australia. Rangel. ¥ 21, 135-49.

Ludwig J. A., Tongway D. J., Bastin G. N. & James C. D. (2004)
Monitoring ecological indicators of rangeland functional
integrity and their relation to biodiversity at local to regional
scales. Austral Ecol. 29, 108-20.

Ludwig J. A., Wilcox B. P.,, Breshears D. D., Tongway D. J. &
Imeson A. C. (2005) Vegetation patches and runoff-erosion
as interacting ecohydrological processes in semiarid
landscapes. Ecology 86, 288-97.

McCarthy M. A., Parris K. M., Van Der Ree R. ez al. (2004) The
habitat hectares approach to vegetation assessment: an
evaluation and suggestions for improvement. Ecol. Manage.
Restor. 5, 24-1.

Mclntyre N. E. (1997) Scale-dependent habitat selection by
the darkling beetle Eleodes hispilabris (Coleoptera:
Tenebrionidae). Am. Midl. Nar. 138, 230-5.

Mclntyre S., Tongway D. & Lambeck R. (2003) Improved veg-
etation planning for rural landscapes. CTC27 Project
Report by CSIRO Sustainable Ecosystems (Canberra and
Brisbane) and Greening Australia WA Inc. to Land & Water
Australia, Canberra.

Mac Nally R. (2002) Multiple regression and inference in
ecology and conservation biology: further comments on
identifying important predictor variables. Biodivers. Conserv.
11, 1397-401.

Maestre F. T. & Cortina J. (2004) Insights into ecosystem com-
position and function in a sequence of degraded semiarid
steppes. Restor. Ecol. 12, 494-502.

Maestre F. T. & Puche M. D. (2009) Indices based on surface
indicators predict soil functioning in Mediterranean semi-
arid steppes. Appl. Soil Ecol. 41, 342-50.

Mageau M. T., Costanza R. & Ulanowicz R. E. (1995) The
development and initial testing of a quantitative assessment
of ecosystem health. Ecosyst. Health 1, 201-13.

Major R. E., Christie F. J., Gowing G., Cassis G. & Reid C. A. M.
(2003) The effect of habitat configuration on arboreal
insects in fragmented woodlands of south-eastern Australia.
Biol. Conserv. 113, 35-48.

Martinez-Crego B., Alcoverro T. & Romero J. (2010) Biotic
indices for assessing the status of coastal waters: a review of
strengths and weaknesses. ¥. Environ. Monit. 12, 1013-28.

Mazia C. N., Chaneton E. J. & Kitzberger T. (2006) Small-scale
habitat use and assemblage structure of ground-dwelling

© 2010 The Authors

Journal compilation © 2010 Ecological Society of Australia

ARTHROPODS AND LANDSCAPE HEALTH 13

beetles in a Patagonian shrub steppe. ¥ Arid Environ. 67,
177-94.

Munoz-Erickson T. A., Aguilar-Gonzalez B. & Sisk T. D. (2007)
Linking ecosystem health indicators and collaborative man-
agement: a systematic framework to evaluate ecological and
social outcomes. Ecol. Soc. 12(6), 6.

Nitterus K. & Gunnarsson B. (2006) Effect of microhabitat
complexity on the local distribution of arthropods in clear-
cuts. Environ. Entomol. 35, 1324-33.

Noss R. F. (1990) Indicators for monitoring biodiversity — a
hierarchical approach. Conserv. Biol. 4, 355-64.

O’Conner T. G. & Kuyler P. (2009) Impact of land use on the
biodiversity integrity of the moist sub-biome of the grass-
land biome, South Africa. ¥ Environ. Manage. 90, 384-95.

Oliver I. (2002) An expert panel-based approach to the assess-
ment of vegetation condition within the context of biodiver-
sity conservation stage 1: the identification of condition
indicators. Ecol. Indic. 2, 223-37.

Oliver 1., Pearce S., Greenslade P. J. M. & Britton D. R. (2006)
Contribution of paddock trees to the conservation of terres-
trial invertebrate biodiversity within grazed native pastures.
Austral Ecol. 31, 1-12.

Oliver 1., Jones H. & Schmoldt D. L. (2007) Expert panel assess-
ment of attributes for natural variability benchmarks for
biodiversity. Austral Ecol. 32, 453-75.

Pearce J. L. & Venier L. A. (2006) The use of ground beetles
(Coleoptera: Carabidae) and spiders (Araneae) as bioindi-
cators of sustainable forest management: a review. Ecol.
Indic. 6, 780-93.

Pimm S. L. & Raven P. (2000) Biodiversity — extinction by
numbers. Nature 403, 843-5.

Poyry J., Paukkunen J., Heliola J. & Kuussaari M. (2009) Rela-
tive contributions of local and regional factors to species
richness and total density of butterflies and moths in semi-
natural grasslands. Oecologia 160, 577-87.

Pyke D. A., Herrick J. E., Shaver P. & Pellant M. (2002)
Rangeland health attributes and indicators for qualitative
assessment. §. Range Manage. 55, 584-97.

R Development Core Team (2010) R: a language and environ-
ment for statistical computing [Cited 28 November 2010.]
Available from URL: http://www.R-project.org

Redak R. A. (2000) Arthropods and multispecies habitat con-
servation plans: are we missing something? Environ.
Manage. 26 (Suppl 1), S97-107.

Rowe D. K., Parkyn S., Quinn J. ez al. (2009) A rapid method to
score stream reaches based on the overall performance of
their main ecological functions. Environ. Manage. 43, 1287—
300.

Sanders D., Nickel H., Grutzner T. & Platner C. (2008) Habitat
structure mediates top-down effects of spiders and ants on
herbivores. Basic Appl. Ecol. 9, 152-60.

Schell S. P. & Lockwood J. A. (1997) Spatial analysis of ecologi-
cal factors related to rangeland grasshopper (Orthopter-
a : Acrididae) outbreaks in Wyoming. Environ. Entomol. 26,
1343-53.

Smyth A. K., Brandle R., Chewings V., Read J., Brook A. &
Fleming M. (2009) A framework for assessing regional
biodiversity condition under changing environments of the
arid Australian rangelands. Rangel. §. 31, 87-101.

Stoner K. J. L. & Joern A. (2004) Landscape vs. local habitat
scale influences to insect communities from tallgrass prairie
remnants. Ecol. Appl. 14, 1306-20.

Stutchbury B. J. M. (2007) The effects of habitat fragmentation
on animals: gaps in our knowledge and new approaches.
Can. §. Zool. 85, 1015-16.

do0i:10.1111/j.1442-9993.2010.02219.x



14 A. B. C. KWOK ETAL.

Suter G.W. (1993) A critique of ecosystem health concepts and
indexes. Environ. Toxicol. Chem. 12, 1533-9.

Tews J., Brose U., Grimm V. ez al. (2004) Animal species diver-
sity driven by habitat heterogeneity/diversity: the impor-
tance of keystone structures. . Biogeogr. 31, 79-92.

Thackway R. & Creswell I. D. (1995) An Interim Biogeographic
Regionalisation of Australia: A Framework for Establishing the
National System of Reserves. Australian Nature Conservation
Agency, Canberra.

Thomas C. D., Cameron A., Green R. E. er al. (2004) Extinction
risk from climate change. Nature 427, 145-8.

Thompson W. A. & Eldridge D. J. (2005) Plant cover and com-
position in relation to density of Callitris glaucophylla
(white cypress pine) along a rainfall gradient in eastern
Australia. Aust. § Bot. 53, 545-54.

Tongway D. (1995) Monitoring soil productive potential.
Environ. Monit. Assess. 37, 303—18.

Tongway D. J. & Ludwig J. A. (1997) The nature of landscape
dysfunction in the rangelands. In: Landscape Ecology — Func-
tion and Management. Principles from Australia’s Rangelands
(eds J. A. Ludwig, D. J. Tongway, D. O. Freudenberger, J. C.
Noble & K. C. Hodgkinson) pp. 49-61. CSIRO,
Melbourne.

Tzialla C. E., Veresoglou D. S., Papakosta D. & Mamolos A. P.
(2006) Changes in soil characteristics and plant species
composition along a moisture gradient in a Mediterranean
pasture. ¥ Environ. Manage. 80, 90-8.

Walsh C. & Mac Nally R. (2003) The hier.part package. Hier-
archical partitioning. R project for statistical computing.

doi:10.1111/j.1442-9993.2010.02219.x

[Cited 28 November 2010.] Available from URL: http:/
cran.r-project.org/

Watson I.W., Novelly P. E. & Thomas P.W. E. (2007) Monitoring
changes in pastoral rangelands — the Western Australian
Rangeland Monitoring System (WARMS). Rangel. ¥ 29,
191-205.

Western D. (1992) The biodiversity crisis — a challenge for
biology. Oikos 63, 29-38.

Whitford W. G., De Soyza A. G., Van Zee J. W., Herrick J. E. &
Havstad K. M. (1998) Vegetation, soil, and animal indica-
tors of rangeland health. Environ. Monit. Assess. 51, 179—
200.

Wilson A. D., Tongway D. J., Graetz R. D. & Young M. D. (1984)
Range and inventory monitoring. In: Management of Austra-
lia’s Rangelands (eds G. N. Harrington, A. D. Wilson & M.
D. Young) pp. 113-28. CSIRO, Melbourne.

Zurlini G. & Girardin P. (2008) Introduction to the special issue
on ‘Ecological indicators at multiple scales’. Ecol. Indic. 8,
781-2.

SUPPORTING INFORMATION

Additional Supporting Information may be found in
the online version of this article:

Appendix S1. Soil surface features used to calculate
soil surface condition (SSC) indices.

© 2010 The Authors

Journal compilation © 2010 Ecological Society of Australia



