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Foreword

BHP Billiton Iron Ore (BHPBIO) is proposing a regional approach to its environmental impact assessment
and management for mining iron ore in the Pilbara region, Western Australia. This approach is being
undertaken over a relatively large area across which modelling tools can assist the prediction of potential
impacts and conservation outcomes. An early identification of environmental significance will usefully
inform planning and management.

CSIRO was engaged to undertake an assessment of spatial patterns in the distribution of biodiversity, and
associated levels of biodiversity significance, across the Pilbara Bioregion. This work employs state-of-the-
art techniques for community-level modelling and biodiversity assessment, integrating best-available
existing biological and environmental data for the region.

The outputs of this assessment are maps of “biodiversity significance” across the Pilbara bioregion,
representing the potential for a given location to harbour a concentration of species narrowly distributed
beyond that location, due to natural patterns of endemism and/or anthropogenic habitat degradation.

These outputs can be used to assess potential effects of disturbance and management on biodiversity from
a whole-of-bioregion perspective.

<name>
BHP Billiton Iron Ore

<date>
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Executive Summary

Purpose

BHP Billiton Iron Ore (BHPBIO) engaged CSIRO to undertake an assessment of spatial patterns in the
distribution of biodiversity, and associated levels of biodiversity significance, across the Pilbara Bioregion.
The “overall biodiversity” perspective adopted in this study, through the use of community-level data and
modelling techniques, is purposely intended to complement other recent work commissioned by BHPBIO
focusing on modelling and assessment of individual species of particular conservation concern.

Overall approach

This work employed state-of-the-art techniques for community-level modelling and biodiversity
assessment, integrating best-available existing biological and environmental data for the region, as outlined
below.

BHPBIO DECWA ALA
data data data
4 4 L4 Environmental layers proxy
Biological survey data 250m-resolutionlandform, substrate, disturbance
vascular plants;invertebrates; climate, vegetation & land-cover and land
reptiles; birds; mammals attributes use layers
I J
v y * v
Modelling ofturnoverin Modelling of species v
speciescomposition richness Interim habitat
(GDM) (GAM) condition layer
v ; { v ;
Estimation of model Assessmentof “biodiversity
uncertainty significance”
Mappingofbiodiversity significance &
associated uncertainty

Above: overview of project activities.

Biological survey data provided by BHPBIO (concentrated mostly in or around BHPBIO tenements) were
combined with data from a systematic and representative survey of over 300 sites across the Pilbara
Bioregion conducted by the Western Australian Department of Parks and Wildlife (DPaW), and with species
locality records accessed from the Atlas of Living Australia (ALA). These combined data were subjected to
rigorous vetting procedures (see Section 2) before being employed in subsequent modelling analyses of
species compositional dissimilarity using generalised dissimilarity modelling (GDM) and richness using
generalised additive modelling (GAM) (Section 3) that underpinned the assessment of biodiversity
significance (Section 5).

Potential data sources, and techniques, for mapping habitat condition across the Pilbara were investigated
and trialled, including an approach using remote sensing. The interim condition layer eventually employed
in this study was estimated from a combination of best-available proxy variables relating to various
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pressures (grazing, mining, residential and transport infrastructure) and ameliorating factors (protected
areas and steep slopes).

Finally, the modelled patterns of species richness and compositional dissimilarity were brought together
with the interim condition layer to estimate “biodiversity significance” across the bioregion, in terms of the
potential for a given location to harbour a concentration of species narrowly distributed beyond that
location, due to natural patterns of endemism and/or anthropogenic habitat degradation.

Datasets

The digital data resulting from these analyses (9-second grids) have been made available to BHPBIO via
CSIRO’s Data Access Portal (www.data.csiro.au). These comprise predicted species compositional
dissimilarity (Williams et al. 2013a) and richness (Williams et al. 2013b) for each biological group,
habitat/landscape condition (Perry et al. 2013b, a) and biodiversity significance for each biological group
and overall groups (Harwood et al. 2013).

Limitations

The data requirements for community-level modelling and the need to merge data between different
sources determined which data could be used. The merging of data required that all taxon names be
related by a common nomenclature and at a common taxonomic rank (e.g., species). The BHPBIO data of
least use were the invertebrate group which were commonly identified only to genus level. We therefore
relied upon the invertebrate data from DPaW Pilbara biological surveys (George et al. 2011) for this
analysis.

The data requirements for compositional turnover and richness modelling are different. Although
comprehensive and representative survey data are preferred, such data are typically limited in extent.
While generalised dissimilarity modelling of compositional turnover is relatively robust to variation in data
quality where there is also good geographic coverage, the generalised additive modelling of species
richness requires much greater rigour at the site-level of the survey data. For the richness modelling, we
used only those records from the BHPBIO data for which a specified sampling method was provided as an
indicator of site-level sampling quality. This substantially reduced the spatial extent of data available for
this analysis and, with a mix of survey type without suitable covariates, limited model effectiveness.

The vascular plant data underpinning the community-level models were largely drawn from BHPBIO
sources, supplemented by the Atlas of Living Australia. The systematic surveys of vascular plants (George et
al. 2011) were unavailable because species identifications were incomplete. The spatial bias resulted in
high confidence in model outputs surrounding BHPBIO’s mining tenements, but less confidence in
predictions in distinct environments with limited survey coverage. Nonetheless, quite distinct assemblages
are apparent across the Pilbara between the western coastal zone, north and inland that broadly align with
the subregions, demonstrating the robustness of the GDM approach, in particular.

Limitations in the predictive capacity of the community-level models were expressed in terms of scaled
uncertainty represented by varying levels of transparency as a white overlay that is always associated with
the derived biodiversity significance map outputs. Two quite different types of uncertainty are presented
for the two community-level models. For compositional dissimilarity, the uncertainty represents the density
of survey coverage in GDM-scaled environmental space. Areas of high sampling coverage generally
correspond with higher confidence in GDM-modelled environmental space, and are also areas where
additional surveys would improve model reliability. For species richness, the uncertainty is a statistically-
based estimate of the standard error of the predicted value from the GAM model. When both community-
level models are used in the calculation of biodiversity significance, the two estimates of uncertainty are
used together to spatially represent the limitations of the output for decision making.

Remote sensing has great potential for assessing habitat condition but a greater effort than available in this
project is required to achieve a credible output for use in biodiversity assessment. Contrasting with a
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traditional remote sensing definition of condition, which considers change between images over short
periods of time, our definition of habitat condition aims to take into account the intrinsic capacity for
biodiversity to persist dynamically over longer time scales in the presence of natural disturbances. The
guantification and separation of natural and anthropogenic drivers of disturbance are therefore critical to
this assessment. In lieu of such an application for the Pilbara, we developed an interim estimation of
habitat condition using proxy variables, which provides a good indication of regional differences in habitat
condition between sites but requires validation and integration with remote sensing for use locally.

Considering the limitations in the modelling of species richness and the local application of the interim
estimation of habitat condition, we present six different formulations of biodiversity significance — with and
without species richness included, and with and without habitat condition included. Ideally, biodiversity
significance would be calculated with both species richness and habitat condition included, indicating the
relative importance of a site for the persistence or retention of biodiversity due to its local uniqueness or
because other examples have been removed or are degraded in condition. These outputs were derived to
demonstrate both how biodiversity significance is influenced by the incorporation of richness and habitat
condition, and also to provide options for critical decision making where reliability of the underpinning data
is paramount.

Key findings and recommendations

1. The data compiled by BHP for environmental assessment is a rich source of information, albeit often
restricted to tenement areas. We focussed on certain aspects of these data for the analyses presented
here; specifically, spatially referenced observations with taxonomic identifications at least to the
species level that could be assigned an accepted name based on National censuses of plant and animal
species. Two data sets presented particular limitations. Firstly, the invertebrate collections were mainly
identified at the generic level or from poorly known groups based on targeted sampling, preventing
their merger with the comprehensive surveys of beetles, ants and spiders across the Pilbara by the WA
Department of Parks and Wildlife. Secondly, the comprehensive surveys of vascular plants across the
Pilbara by the WA Department of Parks and Wildlife, which would help moderate the sampling bias
associated with the surveys conducted by BHPBIO and their consultants, were unavailable at the time
of this assessment. Finally, a further limitation of the BHPBIO data was the inability to easily distinguish
the comprehensively surveyed sites for a particular biological group as reference sites for biodiversity
modelling (richness and compositional dissimilarity). Different observation sources can be merged so
long as covariates describing their similarities and differences can be generated and include in the
modelling, to essentially weight their importance. This requires more detail about each survey’s
methodology and purpose, generally contained in survey reports.

2. The data underpinning the biodiversity significance models presented here can be enhanced through a
concerted effort to compile all available surveys from among development interest groups across the
region. Rather than a once-off compilation, we suggest data provider agreements with the Atlas of
Living Australia and/or the Terrestrial Ecosystem Research Network who have established the protocols
for aggregation and public use, or other appropriate entity to efficiently mediate data federation.
Researchers, industry and consultants alike can then access the data, add value or assess the most cost-
efficient requirements for filling knowledge gaps (e.g., through further survey) for a given purpose.

3. Species richness is a critical determinant of Biodiversity Significance, although secondary to models of
compositional dissimilarity. The limitations of the current GAM models can be addressed through a
more thorough examination of the available data sources and consideration of different statistical
approaches. However, there is presently no specific best practice statistical approach and before
investing in further analyses, gaps in the underpinning data require improvement through a more
thorough examination of available sources as suitable ‘reference sites’ for modelling, and a targeted
program of comprehensive surveys to fill gaps in environmental and taxonomic coverage of key
indicator groups for conservation assessment.
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Reliable assessment and monitoring of biodiversity habitat condition is also a critical determinant of
Biodiversity Significance; and especially for any assessment of mining impacts and offsets. We present a
novel framework toward solving this problem (Donohue et al. 2013) and outline a process for trialling
this in the Pilbara (page 51). The successful application of this modelling framework, along with a
network of monitoring sites to support calibration, will help integrate in situ and remote sensing data
enabling a more reliable assessment of habitat condition applied at both regional and local scales for
continuous reporting on the status of biodiversity and its use in scenario analyses.

Given current uncertainties in the assessment of species richness and site level habitat condition
(outlined above), we can only recommend the use of Biodiversity Significance based on Equation 1
(natural uniqueness - Figure 35) and that incorporating regional condition (Equation 2 - Figure 36) for
the current regional assessment process.

We recommend further interaction regarding the use of these outputs in BHPBIO’s current and future
strategic assessment work, to better resolve precisely which output to use for which purpose, or
whether other variants of the measures presented here might be more applicable. For example, the
map legends were designed for comparison within a group (with or without richness models included in
the calculation), a different legend may be needed if the maps (e.g., Figure 35 and Figure 36) are used
in isolation to ensure the maximum amount of information is conveyed.

Limitations in the biodiversity assessments identified here can be addressed through a program of
research and development linked with BHPBIO'’s future planning and assessment needs, such as
outlined in Figure 42.
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1 Introduction

1.1 Purpose of this study

BHP Billiton Iron Ore (BHPBIO) engaged CSIRO to undertake an assessment of spatial patterns in the
distribution of biodiversity, and associated levels of biodiversity significance, across the Pilbara Bioregion.
This work has employed state-of-the-art techniques for community-level modelling and biodiversity
assessment, integrating best-available existing biological and environmental data for the region. The
“overall biodiversity” perspective adopted in this study, through the use of community-level data and
modelling techniques, is purposely intended to complement other recent work commissioned by BHPBIO
focusing on modelling and assessment of individual species of particular conservation concern.

1.2 Overall approach

We used community-level modelling techniques (Ferrier & Guisan 2006) to map patterns of richness and
spatial turnover in terrestrial species composition for a wide range of biological groups — vertebrates,
invertebrates and vascular plants. These patterns, combined with best-available information on habitat
condition, were then used to estimate and map relative levels of biodiversity significance across the region.
An overview of project activities is presented in Figure 1.

Biological survey data provided by BHPBIO (concentrated mostly in or around BHPBIO tenements) were
combined with data from a systematic and representative survey of over 300 sites across the Pilbara
Bioregion conducted by the Western Australian Department of Parks and Wildlife (DPaW), and with species
locality records accessed from the Atlas of Living Australia (ALA). These combined data were subjected to
rigorous vetting procedures (see Section 2) before being employed in subsequent analyses (Section 3 and
5).

Modelling of spatial patterns in the distribution of terrestrial biodiversity was performed by linking the
biological data to a comprehensive set of mapped environmental variables collated by CSIRO, as part of a
previous Pilbara modelling project undertaken through a partnership with DPaW. Two types of community-
level model were fitted to the biological and environmental data, thereby enabling prediction
(extrapolation) of biodiversity patterns across the entire bioregion:

e Modelling of the dissimilarity (turnover) in composition of species between each pair of surveyed
locations, as a function of environmental differences between these locations.

e Modelling of the richness (number) of species occurring at each surveyed location as a function of
environmental attributes at that location.

Potential data sources, and techniques, for mapping habitat condition across the Pilbara were investigated
and trialled, including recent advances in remote sensing. The interim condition layer eventually employed
in this study was estimated from a combination of best-available proxy variables relating to various
pressures (grazing, mining, residential and transport infrastructure) and ameliorating factors (protected
areas and steep slopes).

Finally, the modelled patterns of richness and compositional turnover were brought together with the
interim condition layer to estimate the “biodiversity significance” of each and every location (9-second,
approximately 250m, grid cell) across the bioregion, in terms of the potential for a given location to
harbour a concentration of species narrowly distributed beyond that location, due to natural patterns of
endemism and/or anthropogenic habitat degradation.
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Figure 1. Overview of project activities.

1.3 Report outline

The remaining sections of this report follow the project activities summarised in Figure 1.

Section 2 “Data preparation” describes the compilation and filtering of biological and environmental data
employed in this study.

Section 3 “Biodiversity model fitting” describes how the assembled biological and environmental data
(from Section 2) were used to model spatial turnover in species composition, and spatial variation in
species richness, across the bioregion.

Section 4 “Habitat condition mapping” describes the assessment of potential data sources, and techniques,
for mapping habitat condition across the Pilbara, and the approach used to derive the interim condition
layer employed in this study.

Section 5 “Biodiversity significance analysis” describes how the modelling of compositional turnover and
richness (from Section 3) and mapping of habitat condition (from Section 4) were integrated to assess and
map relative levels of biodiversity significance, and associated levels of uncertainty in this assessment,
across the bioregion.

Section 6 “Discussion” provides an overall discussion of the results of this analysis, and the caveats
pertaining to any interpretation of these results.

Appendices (A to F) provide supplementary information or additional details related to one or more of the
above topics.
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2 Data preparation

2.1 Introduction

Data aggregated from different sources for biodiversity modelling needs to be assessed as fit for purpose.
Each record is matched to an accepted species name and location records filtered to reasonably match the
spatial resolution of the proposed analysis. The geographic spread and density of data for each biological
group is then assessed to determine whether there is sufficient information for analysis and at which level
of the taxonomic hierarchy to apply the grouping. In this section, we outline the data sources, the approach
taken to assess the suitability of the data for analysis, and present the resulting subsets of data used in
subsequent analyses.

2.2 Study region

This study focuses on the Pilbara biogeographic region (DSEWPAC 2012) (Figure 2) which comprises four
geomorphically distinctive subregions: undulating granite and basalt plains including significant areas of
basaltic ranges (Chichester subregion); alluvial plains and river frontages (Fortescue Plains subregion);
mountainous sedimentary ranges and plateaux dissected by gorges (Hamersley subregion); alluvial and
older colluvial coastal and sub-coastal plains (Roebourne subregion) (Figure 3).
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Figure 2. Pilbara study region showing the bioregion boundary, the BHPBIO infrastructure (roads, rail and current
mining disturbance areas - violet), towns and other mapped infrastructure (road, rail, airfields), and protected areas
in the National Reserve System (green hatched). The inset map of Australia shows the location of the Pilbara
Bioregion.
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The climate of the Pilbara region is semi-desert tropical, dominated by annual and inter-annual cycles of
wetting and drying. January, February and March are the wettest months while September and October are
the driest (McKenzie et al. 2009). There is considerable variation in rainfall between years due to cyclones
that occasionally cross the coast. Rainfall intensity can be high with thunderstorms and cyclones generating
high runoff volumes and fluvial patterns of erosion and deposition are apparent in the landform. The soil of
the Pilbara region is generally skeletal having been derived in situ or deposited as colluviums or alluvium
with colours reflecting the underlying parent material (McKenzie et al. 2009).

The analysis of biodiversity within the Pilbara bioregion is undertaken in the context of surrounding areas.
Biological and environmental data are compiled for this extended area and models. This ensures that
predictive model fitting process is not unduly influenced by truncated distributions at the margins of the
study region.
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Figure 3. Pilbara bioregion comprises four subregions: Roebourne, Chichester, Fortescue and Hamersley. The
surrounding subregions are also shown.

2.3 Methods

2.3.1 BIOLOGICAL DATA SOURCES

The biological data were drawn from three sources, as outlined in Table 1. These data sources vary in their
spread and density across the Pilbara biogeographic region. The BHPBIO data are focussed around the
tenement areas of direct interest to mining and comprise both incidental sightings and systematic surveys
(Figure 4). The DPaW data derive from a systematic and representative survey of about 300 terrestrial and
100 riparian and aquatic locations across the Pilbara biogeographic region (Figure 5).
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A wide range of datasets were provided by BHPBIO and suitable datasets were compiled for analysis (Table
2). The data derived from the Atlas of Living Australia (ALA) aggregations are spread throughout the region
(Figure 6). The ALA data were accessed via the biocache URL (http://biocache.ala.org.au/). A number of
filters can be placed on the query to target the data of interest for download.

Table 1. Sources of biological records (taxa by location).

DATA SOURCE BIOLOGICAL GROUP NUMBER OF RECORDS (UNFILTERED)
Vertebrates 22,180
BHP Billiton Iron Ore Invertebrates 3840
Vascular plants 96,959
Vertebrates 12,661
Department of Parks and Wildlife, Government
R Invertebrates 17,945
of Western Australia (DPaW) v
Vascular plants 4275
Vertebrates 45,675
Atlas of Living Australia partners (ALA) Invertebrates 1122
Vascular plants 13,456
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Figure 4. Locations of biological data sourced from BHPBIO.
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Figure 5. Locations of aquatic and terrestrial biological data sourced from DPaW (McKenzie et al. 2009; George et al.

2011).
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Figure 6. Locations of biological data sourced from the Atlas of Living Australia aggregation (www.ala.org.au).
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Table 2. BHPBIO datasets assessed with biological records. A few minor changes were made to ensure uniform
formats for collation.

REG_FLORA_POPULATION Estimate of tree species ( 2 species) broad numbers
FLORA_SAMPLESITE Flora species

REG_SHORT_RANGE _ENDEMIC_FAUNA Invertebrate point records
REG_SIGNIFICANT_FLORA Point Vegetation data, with counts, etc

REG_STYGOFAUNA Point data for Stygofauna all within bounds of AOI, with

dates etc
REG_TROGLOFAUNA Troglofauna within the area, abundance etc
REG_VERT_FAUNA_OBSERVATIONS Point location of vertebrate fauna with full description

XBarCamp_Flora_ZN50_0911.csv
BARIMUNYA_CAMP DATA.
XBarCamp_PrioFlo_ZN50_0911.csv

CALLAWA_WEST_ONSHORE_FLORA_SURVEY_FINAL.ZIP.TXT Cal_FLORA_SAMPLE_SITE.csv, CAL_SIGN_FLORA_OB.csv
ONSHORE ENV_YARRIE.ZIP.TXT On_shore_VERTEBRATE_FAUNA.csv
ONSHORE_MARILLANA_2012_02_12.ZIP.TEXT XxMAN_FLORA_SAMPLE_SITE.csv

Vertebrate Fauna sample sites
MUDLARKVERTFAUNASURVEY_BHPDATABASE_15022013.XLSX
Significant Fauna Habitat

TANDANYA_COMBINED(2).XLS Flora, Significant Flora
FRM-IEN-EMS-002 Flora, Significant Flora
AREACWESTVERTFAUNASURVEY_BHPDATABASE_15022013.XLS vertebrate fauna

AREAC WEST TO TANDII Flora, Significant Flora

2.3.2 DATA VETTING PROCEDURES

The process of data vetting involves three stages:

1. Match species names to a common list
2. Evaluate location accuracy
3. Evaluate geographic spread of biological groups

A summary of the requirements and a case study for assessing biological data suitability for community-
level analyses is presented in Zerger et al. (2013). Our approach closely follows the procedures outlined in
Chapter 6 of that report.

The Atlas of Living Australia also flags any issues of data quality that can be detected by various rules and
algorithms. For example, the record of a terrestrial species occurring in the ocean will be flagged but the
coordinates will not be altered. Taxonomic checks are performed against the National Species List. A suite
of five reasonably independent terrestrial climate variables are used to detect environmental outliers
among species records. Questionable data are flagged rather than omitted from the ALA aggregations. The
data downloaded from the Atlas include these flags and so enable records with potential issues to be
assessed and removed if they are likely to affect subsequent analyses.
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For the generalised dissimilarity modelling to perform well, the biological group should contain a relatively
large number of occurrence records, be spread across the four subregions and representative of the
majority of environments in which species from that group are found. Ideally, the aggregate of records
within a grid cell should approximate presence-absence sampling. The spatial grid for aggregation in this
study is 9-second (approximating 250x250m). Large aggregations of data from multiple sources can begin
to approach a presence-absence sample in some parts of the landscape.

2.3.3 SPATIAL ENVIRONMENTAL DATA

Spatial environmental data were compiled according to a general conceptual model of the relationship
between biodiversity and its habitat (Williams et al. 2012). For terrestrial biodiversity this general model
assumes responses to both physical and biological components of their environment (e.g., Mckenzie et al.
2000b; McKenzie et al. 2004; George et al. 2011). The physical environment can be described by facets of
climate, regolith and landform and the biological environment may be described directly by vegetation
patterns or indirectly by the physical environmental correlates of vegetation patterns (but see Leibold et al.
2004; Leibold et al. 2010 for reviews of other influences on species turnover). For the Pilbara region, we
targeted collation of spatial environmental data within these broad classes or their proxies (Appendix B ).

2.4 Results

2.4.1 MATCHED NAMES

A common list of taxa names was developed from the three data sources. The names in this list were
compared with the Australian Plant Census (APC) and the Australian Faunal Directory (AFD) using tools
available though the Atlas of Living Australia (http://www.ala.org.au/spatial-portal-help/getlsid-
spreadsheet-macro/). Taxonomic rank was added and mismatched species names were corrected
(synonyms and spelling errors) to enable the data sources to be merged. Unspecified species (c.f., x and sp.)
were matched to genus or above levels. A list of the feral animals of Australia was used to identify and
remove those species from the analysis. A digital list of introduced plants for Australia was extracted from
Groves et al. (2003). This list comprises about the same number (2700) as the established species in the
review by Randall (2007) and enabled listed plant species to be removed prior to analysis.

Most of the invertebrate records in the BHPBIO data sources were listed at the genus level (Table 3) and
therefore could not be included in the analysis. The invertebrate records from the ALA aggregations were
also limited in their suitability for analysis (Table 4). The terrestrial invertebrate survey data from DPaW
includes a number of unnamed invertebrate species but these were consistently associated with survey
sites. Therefore, only the DPaW invertebrate data (Durrant et al. 2009; Guthrie et al. 2009; Heterick et al.
2009; Volschenk et al. 2009) could be used in subsequent analyses for that biological group. Because the
DPaW survey of scorpions (Volschenk et al. 2009) was incomplete in this data (N McKenzie pers. comm.),
only the spiders (Order Araneae), beetles (Order Coleoptera) and ants (Order Hymenoptera) were included.

Data were compiled from across all three data sources for the three vertebrate groups — mammals, birds
and reptiles — and for vascular plants. While the majority of the vascular plant survey data derived from
BHPBIO, the ALA contributed data more broadly across the region of interest (Appendix A ). From DPaW,
the riparian flora (M. Lyons pers. comm.) contributed records of vascular plants (Table 4). Other sources of
survey data from DPaW include mammals (Gibson & McKenzie 2009), reptiles (Doughty et al. 2009) and
birds (Burbidge et al. 2009).

Data sourced from the ALA aggregation (as at April 2013) included records from the Western Australian
Museum and the Western Australian Herbarium as well as other contributing museums and herbaria from
around Australia (see http://www.ala.org.au/about-the-atlas/atlas-background/atlas-partners/) and
overseas (aggregated by the ALA via partners of the Global Biodiversity Information Facility,
http://www.gbif.org/).
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Table 3. Number of species and genera associated with the aggregated BHPBIO data. Numbers of records and taxa
are for unique combinations. Locations at this stage are unvetted and may extend beyond the study region. Taxa
may include introduced species.

BIOLOGICAL GROUP RECORDS BY SPECIES RECORDS BY GENERA
SPECIES GENUS

Class Mammalia (mammals) 3352 62 3373 43
Class Aves (birds) 4782 212 4496 137
Class Reptilia (reptiles) 2560 130 2111 52
Order Araneae (spiders) 1 1 367 19
Order Carabidae (beetles) 0 0 1 1
Order Gastropoda (slugs, snails) 48 5 95 6
Order Hemiptera (bugs) 0 0 1 1
Order Hymenoptera (ants, bees, wasps) 0 0 15 2
Order Scopiones (true scorpions) 8 2 99 2
Class Equisetopsida (Vascular plants®) 72,851 1175 61,594 321

Table 4. The vetted number of records of named species for the biological groups selected for analysis. Numbers of
records (species by location) and species are for unique combinations (excludes introduced species).

DATA BIOLOGICAL GROUP RECORDS BY SPECIES
SOURCE SPECIES
Class Mammalia (mammals) 3184 59
Class Aves (birds) 4813 220
Class Reptilia (reptiles) 2560 142
BHP Order Araneae (spiders) 1 1
Order Carabidae (beetles) 0 0
Order Hymenoptera (ants, bees, wasps) 0 0
Class Equisetopsida (vascular plants®) 64,237 1289
Class Mammalia (mammals) 963 19
Class Aves (birds) 5558 127
Class Reptilia (reptiles) 3100 107
DPawW Order Araneae (spiders) 3662 343
Order Carabidae (beetles) 3442 421
Order Hymenoptera (ants, bees, wasps) 5016 241
Class Equisetopsida (vascular plants”) 2869 477
Class Mammalia (mammals) 1681 41
Class Aves (birds) 58,334 260
Class Reptilia (reptiles) 112 49
ALA Order Araneae (spiders) 775 132
Order Carabidae (beetles) 8 8
Order Hymenoptera (ants, bees, wasps) 24 14
Class Equisetopsida (vascular plants”) 21,665 1723

1. Vascular plants comprise clubmosses, horsetails, ferns, gymnosperms and angiosperms
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2.4.2 LOCATIONAL ACCURACY

We used data from the ALA that were not flagged with data quality issues. All data sets were converted to
latitude and longitude in decimal degrees in the world geodetic datum, WGS 1984, if not already in that
spatial reference system. Bulk conversion of UTM gridded data was completed using an R script via the
Redfern equation (http://www.ga.gov.au/nmd/geodesy/datums/redfearn_grid to geo.jsp).

Records were excluded from the analysis on the basis of:

2. Missing or inaccurate co-ordinate systems data (accuracy if specified, < 1000m)
3. Defined outside the area of interest (> -40 Latitude, >140 longitude)
4. Not uniquely identified at the species-level of classification

The resulting species by locations data were then aggregated to a 9-second grid of latitude and longitude,
representing the spatial resolution of the analysis (Table 5).

Table 5. Number of aggregated analysis sites (9 sec grid of longitude and latitude).

BIOLOGICAL GROUP ALL RECORDS ALL LOCATIONS AGGREGATED AGGREGATED SITES
RECORDS

Class Mammalia (mammals) 5825 3781 3794 2318

Class Aves (birds) 68,701 6384 55,158 5271

Class Reptilia (reptiles) 5772 1120 5364 915

Invertebrates (ants, beetles, spiders) 12,239 297 12,092 296

Class Equisetopsida (vascular plantsl) 88,768 16,493 77,447 10,475

1. Vascular plants comprise clubmosses, horsetails, ferns, gymnosperms and angiosperms

2.4.3 GEOGRAPHIC SPREAD

Geographic spread of each short listed group was examined by plotting the distribution of points for the
four cases: all records, BHPBIO, DPaW, ALA. Maps for each group are presented in Appendix A. Among
these, only the groups listed in Table 5 were considered suitable for further analysis.

To improve the comprehensiveness of sampling when using aggregated data, the minimum species
richness at a site provides a surrogate for improving data quality. Locations with only one or two
occurrences of a species in a biological group are typical of ad hoc observations and may also be indicative
of spatial location errors. Information about the minimum number of species recorded at a site following
comprehensive survey (e.g., DPaW data) also provides a useful measure of the expected number of species
at a site. Generalised dissimilarity modelling (GDM) is robust to sparsely sampled comprehensive and
representative survey data. The GDM method also performs reasonably well with data aggregated from
different sources that have been assessed fit for purpose and filtered to improve data quality. We therefore
tested different species by site richness thresholds in preliminary generalised dissimilarity models and
selected thresholds applicable to the respective biological group. There was no need to filter the terrestrial
invertebrate data which derives from a comprehensive survey, other than to remove scorpions from the
analysis because this group was under sampled.

The resulting sets of locations for each of the biological groups and their relative richness are shown in
Figure 7 to Figure 11, with richness filters applied as shown in Table 6. The more intensive sampling
associated with mining tenement areas is indicative of observer bias. In Section 3.1 we evaluate how
representative this sampling is in the context of the data used in the GDM model for each biological group.
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Table 6. Data compiled for analysis of compositional turnover (aggregated 9 sec grids of longitude and latitude).

BIOLOGICAL GROUP NUMBER OF NUMBER OF NUMBER OF RICHNESS FILTER
RECORDS LOCATIONS SPECIES APPLIED
Class Mammalia (mammals) 4023 2443 72 >2
Class Aves (birds) 48,205 5364 304 >10
Class Reptilia (reptiles) 5466 931 185 >2
Invertebrates (ants, beetles, spiders) 12,092 296 1005 None
Class Equisetopsida (vascular plantsl) 90,019 13,462 2515 >10
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Figure 7. Mammal locations used in the GDM analysis showing species richness within 9-second grids for grid-sites
with more than two species.
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Figure 8. Bird locations used in the GDM analysis showing species richness within 9-second grids for grid-sites with
more than 10 species.
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Figure 9. Reptile locations used in the GDM analysis showing species richness within 9-second grids for grid-sites
with more than two species.
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Figure 10. Terrestrial invertebrate locations used in the GDM analysis showing species richness within 9-second

grids. No richness filtering was applied as the sample derives from comprehensive surveys.
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Figure 11. Vascular plant locations used in the GDM analysis showing species richness within 9-second grids for grid-

sites with more than 10 species.
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2.4.4 COMPOSITIONAL DATA FOR SPECIES RICHNESS MODELLING

While the biological data requirements for generalised dissimilarity modelling can include ad hoc surveys,
with some filtering of richness to approximate comprehensive surveys, the modelling of species richness
requires greater rigour and only data from comprehensive surveys can be included. Suitable comprehensive
survey data were sourced from DPaW (invertebrates and vertebrates) and BHPBIO (plants and vertebrates).
From the BHPBIO data, only those sources with a specified sampling method (e.g., trap or bird survey), or
those with an associated quadrat number or code indicating that a systematic rather than an ad hoc survey
was conducted, were included (sources listed in Table 7). Details about the selection of DPaW sites for
survey are provided in the published survey reports (McKenzie et al. 2009; George et al. 2011). The vascular
plant surveys in particular are concentrated around the BHPBIO tenements (Figure 12). While we included
the DPaW surveys of riparian vascular plants in this analysis, the more terrestrial survey data were
unavailable because species identifications are incomplete (Stephen Van Leeuwen personal
communication). An estimate of statistical uncertainty derived from the models of species richness in
Section 3.2 provides an indication of spatial sampling bias and potential areas where additional sampling
would improve the robustness of these data for modelling.

Table 7. BHPBIO comprehensive survey data assessed suitable for the analysis of species richness.

GROUP FILE NAME / SURVEY

FLORA_SAMPLESITE
BARIMUNYA_CAMP DATA.

CALLAWA_WEST_ONSHORE_FLORA_SURVEY_FINAL.ZIP.TXT

Plants
ONSHORE_MARILLANA 2012 _02_12.ZIP.TEXT
TANDANYA_COMBINED(2).XLS
TERRESTRIAL FLORA (RIPARIAN)
REG_VERT_FAUNA_OBSERVATIONS
MUDLARKVERTFAUNASURVEY_BHPDATABASE_15022013.XLSX
Vertebrates

AREACWESTVERTFAUNASURVEY_BHPDATABASE_15022013.XLS

TERRESTRIAL FAUNA

Table 8. Comprehensive survey data compiled for analysis of species richness (aggregated 9 sec grids of longitude
and latitude).

BIOLOGICAL GROUP RECORDS LOCATIONS SPECIES
Class Mammalia (mammals) 2455 1270 69
Class Aves (birds) 7756 551 283
Class Reptilia (reptiles) 4802 565 209
Invertebrates (terrestrial only) 12,092 296 1005
Class Equisetopsida (vascular plantsl) 58,171 2501 1431
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Figure 12. Geographic spread of comprehensive survey data for (from top) birds, mammals, reptiles and plants.

Invertebrate data locations are shown in Figure 10.
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2.5 Discussion

We conducted an assessment of all available sources of biological data and their integration for use in
community-level modelling. This integration requires that all species names be related by a common
nomenclature and at a common taxonomic rank (e.g., species rank). A key objective was to assess the
fitness-for-use of the biological data compiled by BHPBIO and to recommend corrective actions. Through
this section, we presented the framework and methodology used to assess the available data. Tools that
are publicly available through the ALA enabled common nomenclatures to be established for named flora
and fauna. The data compiled by BHPBIO are well managed and integrated, covering a complex array of
survey methods and purposes with sufficient attribute detail to provide guidance about the source and
quality of the data that could be investigated further by referring to individual consultant reports, as
needed. This effective data management made the process of aggregating and filtering data across the
three primary sources a relatively straight forward process. However, a systematic assessment and
annotation with feedback record by record, dataset by dataset was beyond the scope of this work.

The data that were found to be of least use were the invertebrate group which were commonly identified
only to genus level. We therefore relied upon the invertebrate data from Pilbara biological surveys for this
analysis (George et al. 2011). A genus level dataset was subsequently generated to evaluate whether this
taxonomic rank, with substantial BHPBIO data included, could usefully inform a compositional turnover
model.

The data requirements for compositional turnover and richness modelling are different. Although both
methods benefit the most from comprehensive and representative survey data generated using a
consistent site-based survey methodology, such data are typically only sparsely available and must be
supplemented from other sources and data aggregations. Generalised dissimilarity modelling of
compositional turnover is relatively robust to variation in data quality (sampling comprehensiveness) if this
is complemented by a geographic (and therefore environmental) spread of data over the region of interest.
However, the modelling of species richness requires greater rigour in the selection of survey data suitable
for this analysis. In this respect, we used only those records from the BHPBIO data, for which a specified
sampling method was provided (e.g., trap or bird survey, quadrat number, etc) to infer a systematic rather
than ad hoc or targeted survey. This substantially reduced the sample of data available for this analysis, and
likely included a mixture of survey type and therefore sampling comprehensiveness that may limit the
capacity to interpolate richness across the region.
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3 Biodiversity model fitting

3.1 Generalised dissimilarity modelling of species composition

3.1.1 INTRODUCTION

Generalized dissimilarity modelling (GDM) is a statistical technique for modelling the compositional
dissimilarity (Czekanowski 1932) between pairs of geographical locations, for a given biological group (e.g.,
using species records), as a non-linear multivariate function of environmental differences between these
locations (Ferrier et al. 2007). The compositional dissimilarity between a given pair of locations can be
thought of as the proportion of species occurring at one location that do not occur at the other location
(averaged across the two locations) — ranging from ‘0’ if the two locations have exactly the same species
through to ‘1’ if they have no species in common. GDM effectively weights and transforms the
environmental variables such that distances between locations in this transformed multidimensional
environmental space now correlate, as closely as possible, with the observed biological compositional
dissimilarities between these same locations (see Ferrier et al. 2007 for full explanation).

Once a GDM model has been fitted to the biological data from the sampled locations, it can be used to
predict compositional dissimilarity values for sites lacking biological data, based purely on their mapped
environmental attributes. Although factors other than local environmental controls can influence species
turnover, including metacommunity processes such as competitive niche-differentiation, historical
biogeographic events and disturbance heterogeneity (e.g., Leibold et al. 2004; Urban 2004; Armstrong
2005; Leibold et al. 2010), this predictive capacity provides, in turn, a foundation for performing various
subsequent spatial analyses — such as biodiversity significance assessments and survey gap analyses.

In this section we describe the application of GDM to develop models of species compositional turnover for
the Pilbara, using the data outlined in Table 6. The results are then used to assess gaps in the biological
data used to fit the models as an indicator of spatial uncertainty in the model outputs and therefore
uncertainty in subsequent biodiversity assessments.

The analysis domain includes the Pilbara bioregion and surrounding environmental gradients east to west
and north to south (Figure 2). The spatial unit is a 9-second geographic grid (approximately 250m) in GDA94
(synonymous with WGS84 at this resolution), approximating the size of the site for field survey sampling;
ca. 1ha for most zoological groups (McKenzie et al. 2009).

3.1.2 METHODS

We used a recently revised version of the .NET software (Manion 2013) to fit generalised dissimilarity
models (GDM) to the aggregated biodiversity data (Figure 13). The .NET software requires three inputs: 1)
species location records (biological data), with provision for different input format options, 2) spatial
analysis domain which defines the grid extent and the location of data/no-data cells; and 3) environmental
predictor data as spatial layers in ESRI binary float-grid format (*.flt). The lists of species recorded at each
of two sites for all site-pairs are used to calculate compositional dissimilarity, the response variable in GDM
(see equation 3 in Rosauer et al. 2013). The response variable can be weighted by estimates of sampling
intensity (or detectability) associated with each site. We used the sum of the number of species recorded at
each of a pair of sites, irrespective of any species in common, as the input to the weight function. This
weight variable acts as a proxy for potential under-sampling of species between sites. The outputs of the
model include a set of scaled environmental layers that have been selected and transformed by the
coefficients of the fitted model.
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The variable selection strategy followed the stage-wise process outlined by Williams et al. (2012) where
different groups of correlated variables are initially tested for redundancy before combining and removing
relatively insignificant variables using a backward elimination procedure that tests the contribution of each
variable. Preliminary models explored the effectiveness of a large number of candidate predictors grouped
into climate (27), regolith (35), landform (15), hydrological and land cover (6) (detailed in Appendix B ). The
more marginal of the remaining active predictors (usually around 40) were successively removed using a
stopping criterion of 0.05% partial deviance explained. This value was determined to be a reasonable
tradeoff in parsimony between the number of predictors included in the model and cumulative reduction in
deviance explained by the model.
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Figure 13. Schematic showing steps in the development of GDM outputs. For large datasets, Biodiverse software
(Laffan et al. 2010) is used with a custom tool (Rosauer 2009) for sampling site pairs from millions or billions of
possible combinations.

To visualise the spatial structure of compositional turnover, we used a sample of 10,000 grid-cells evenly
spread in geographic space across the study area to derive a 300 group agglomerative hierarchical
classification (the ‘UPGMA’ algorithm) of predicted Sorenson dissimilarity based on the GDM-scaled
environmental space (Ferrier et al. 2007). Class colours represent class compositional similarity derived
from their Red-Green-Blue assignment to the first three axes of a multi-dimensional scaling of predicted
similarity (Belbin et al. 1983).

No formal technique has yet been developed for directly estimating, and mapping, the level of uncertainty
associated with predictions from GDM models. We therefore employed sampling density in environmental
space as a relative indicator of the level of certainty associated with predictions of compositional turnover
derived from the GDMs fitted within this environmental space. The density of biological sampling relative

to a given grid-cell (i) is calculated as a weighted proportion of grid-cells sampled within the region (for the
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biological group of interest), with weights set equal to the expected compositional similarity (= 1-
dissimilarity) between cell j and each other cell j based on the fitted GDM for that biological group:

n
8D, = =15l

P n
Y=y

where b; = 1 if grid-cell j has been surveyed for the biological group of interest, or 0 if it has not been
surveyed for that group. This is necessarily a small proportion with a long tailed distribution. The relative
uncertainty associated with the GDM model has therefore been classified in the range 0 to 1% coverage,
although a few cells may have larger values.

3.1.3 RESULTS

Variation in the frequency distribution of observed dissimilarity data for each biological group reflects
differences in sampling across the study region (Figure 14). Histograms that are strongly skewed toward
dissimilarity=1, as is the case for reptiles and mammals, are indicative of data dominated by presence-only
samples due to under-sampling. The more symmetric distribution of the response histograms for
invertebrates and birds is more like a presence/absence sample. Sites with less than 10 recorded species
were removed from the bird and vascular plant data prior to the calculation of site-pair dissimilarity, to
improve data quality for use in GDM. The response variable for terrestrial invertebrates derives from
systematic survey data (McKenzie et al. 2009) and the shape of the histogram is indicative of the
distribution of a true presence-absence sample.

Summary statistics for the five fitted models are given in Table 9 and the model fit is shown in Appendix C
(see Figure 43, 86). Of the more than 80 candidate environmental predictors, 65 were included in at least
one of the five models (Appendix C, Figure 44 and Figure 45, page 87-88).

Table 9: Summary statistics for the five fitted and refined GDM models.

BIOLOGICAL GROUP SITE-PAIRS INTERCEPT? % DEVIANCE CONTRIBUTION NUMBER OF MAIN
EXPLAINED® OF ALL PREDICTORS PREDICTOR®
PREDICTORS TO
TURNOVER®

Mammals® 81,403 0.42 17.64 10.17 20 RH2MAX
Birds® 121,662* 0.56 25.70 5.42 25 BIO30
Reptiles1 114,003 0.76 16.92 6.73 25 FORSTO06
Invertebrates 43,660 0.86 28.93 5.64 32 PC1
Vascular plants1 1,654,007* 1.03 35.37 14.56 23 RADNI

* randomly sub-sampled;

1. Modelled response weighted by the total number of species summed across the two sites in a pair.

2. The Intercept is a term in the linear regression model. A lower intercept, trending toward zero, implies a better fitting model.

3. % deviance explained refers to the amount of variation in the response data that is explained by the explanatory variables and
can be approximated to an r’in a linear regression. A higher deviance explained implies a better fitting model, but a lower deviance
explained may still be a credible model applied to “noisy” data.

4. The contribution of all predictors to turnover is the sum of the predictor coefficients in the model. Each predictor is defined by at
least three terms (l-splines) to account for non-linearity in the relationship with the response. The sum of the coefficients provides
an overall indicator of the amount of turnover predicted by the model — larger values imply higher rates of compositional turnover.
5. RH2MAX — maximum month of relative humidity; BIO30 — lowest period of moisture index; FORSTO06 - extent of woody
vegetation in 2006 within grid cell; PC1 - Principal component 1 of spectra of surficial soils; RADNI - minimum month of solar
radiation. Further details are given in Appendix B .

In order to visualize the prediction of compositional dissimilarity (which applies to each pair of cells in the
spatial grid) we used an unsupervised classification to assign each cell to a specified number of groups (e.g.,
300 in this case). The groups are then assigned colours according to their predicted compositionally
similarity using the full colour spectrum (see top images in Figure 15 to Figure 19). These images show
areas that are relatively similar or different. For example, if two localities are depicted with a similar colour,
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then they are predicted to have a similar composition biologically (relative to the specified number of
groups), but if they have a very different colour (e.g., at opposite ends of the red-green-blue spectrum),
then they are predicted to have a composition that is quite different to each other. The colours carry no
meaning in terms of high or low, nor comparatively between biological groups. Areas of model
extrapolation may appear with quite different predicted compositions (e.g., such as the ‘pink’ outlier cells
in the image for mammals, Figure 15). This can result in more subdued colouring overall. Model
extrapolation occurs where unique types of environment are not represented in the sample data. The
sampling coverage across the range of environments in the study area helps identify places where model
extrapolation is occurring and predictions are therefore less reliable (see lower images in Figure 15 to
Figure 19).
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Figure 15. Classification of compositional turnover (upper) and estimated prediction uncertainty based on sampling

coverage within GDM-scaled environmental space (lower) for mammals, shown for the Pilbara bioregion only.

Using community-level modelling to map levels of biodiversity significance in the Pilbara Bioregion | 23



16°E HEE 120°E
v | Birds, site species richness > 10 | »
& Version 2 (select variables) |
All data sources
T K
& N
0 25 50 100
[ — ]
9| Kilometres | ©
& T T T g
116°E MEE 120°E
116°E 18°E 120°E
n I I .I =T @
81 GDM Surveys: Birds -5
Ll
o
| 8
Coverage
%
[:]D.a.m
[ Jootoe
i:] 0.02-003
B 003005
B oos-01s
0 25 50 100
0.15-05
i - t _:— n
% | EER Kilometres Mg
120°E

11é"E 115"5
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Figure 17. Classification of compositional turnover (upper) and estimated prediction uncertainty based on sampling
coverage within GDM-scaled environmental space (lower) for reptiles, shown for the Pilbara bioregion only.
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Using community-level modelling to map levels of biodiversity significance in the Pilbara Bioregion | 27



3.1.4 DISCUSSION

The modelled patterns of compositional turnover are used in Section 5 to estimate “biodiversity
significance” across the Pilbara bioregion. The associated estimates of uncertainty, derived from the
sampling coverage help to identify those areas which are well supported by the model and other areas for
which the environmental space is less well represented by survey locations. The maps depicting a
classification of compositional turnover show areas of the Pilbara bioregion that are relatively distinct from
each other in terms of the species that may be encountered.

The classification of predicted compositional turnover for birds suggests some distinct contrasts in
assemblages across the Pilbara (Figure 16). This analysis is supported by relatively even sampling, drawing
upon the numerous surveys compiled by Birds Australia (sourced via the Atlas of Living Australia), in
addition to the Pilbara Biodiversity surveys (George et al. 2011) and consultancy data compiled by BHPBIO
(Figure 8). This contrasts with the more sparse sampling for mammals, based largely on the Pilbara
Biodiversity surveys (George et al. 2011) supplemented by other sources (Figure 7, Table 4). Vascular plant
surveys however are largely drawn from BHPBIO sources, supplemented by the Atlas of Living Australia
(Table 4) resulting in a strong spatial bias (Figure 11). The strong spatial bias in vascular plant surveys
results in high confidence in predictive model outputs surrounding BHPBIO’s mining tenements (Figure 19).
While this will have influenced model fit, quite distinct assemblages are apparent across the Pilbara
between the western coastal zone, north and inland that broadly align with the subregions (Figure 3),
demonstrating the robustness of the GDM approach.

As requested by BHPBIO, we also tested the usefulness of the genus-level taxonomic rank for invertebrates
in compositional turnover model, including additional survey data (Table 3). This test was considered
necessary to account for the substantial additional data available at the genus rank, but lacking species
level identifications (Table 3). Several models were examined — including all additional sources (DPaW, ALA
and BHP), just including BHPBIO, or ALA, or DPaW data. Each model varied significantly and demonstrated
sampling bias; reducing confidence in the applicability and usefulness of the model in subsequent
biodiversity significance assessment. Therefore these models are not reported here.

The models of species richness patterns (detailed in Section 3.2, below) complement the compositional
dissimilarity models (this section) for the estimation of “biodiversity significance” (detailed in Section 5).
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3.2 Generalised additive modelling of species richness patterns

3.2.1 INTRODUCTION

Species richness patterns were modelled using generalised additive modelling (GAM), a statistical model
developed by Hastie and Tibshirani (1990) that expands on generalised linear models by replacing the linear
form with a sum of smooth functions. The smooth functions can be flexibly estimated using parametric or
non-parametric methods and can take many forms. The model specifies an error distribution (such as a
normal, or binomial distribution) and a link function relating the expected value of the distribution to the
predictor variables with parameters specified by smooth functions such as splines.

Species richness data are counts of the aggregated number of species at a site (in this case defined by the
9-second, approximately 250m, grid cell) for a particular biological group. Count data type are usually
analysed using the Poisson error term and log link function. However count data from species distributions
at higher taxonomic rank (e.g., Order, Class) are classically zero-truncated (no zero values) because at least
one species from the group is typically present; and absences are rarely observed systematically (taxon
surveys are conducted where the taxon is expected to be found). This truncation requires modelling
approaches that test or account for this type of data. The simplest approach is to analyse these data on a
natural scale using the (log) Normal distribution. Other statistical models such as the truncated Poisson
process or zero inflated Poisson process may also be suitable and some researchers advocate a negative-
binomial error distribution (Barry & Welsh 2002; Leathwick et al. 2006; Potts & Elith 2006).

In this section we outline the approach taken to model species richness for the five biological groups: birds,
mammals, reptiles, vascular plants and invertebrates (comprising ground-based beetles, spiders and ants),
and provide some discussion of further ways to improve the modelling.

3.2.2 METHODS

As outlined in Section 2.4, comprehensive survey data are needed for the estimation of species richness.
Suitable data sources were compiled from BHPBIO and DPaW. These data were aggregated within 9-second
grid cells to provide the observations of species richness used in subsequent analysis. Because of
uncertainty about the site-level sampling comprehensiveness of the biological survey data available from
BHPBIO (Table 7) due to noted variation in survey method among consultants, initial investigations
explored a minimum number of species per site (i.e., further truncating the count data) to account for
potential (under) sampling variation in the case of birds, mammals, reptiles and vascular plants. For
example, minimum richness per site of 2 or 3 species were explored for mammals and reptiles, and at least
6 species for vascular plants. This is consistent with the strategy adopted for the GDM models to account
for under-sampling bias. We found this truncation had little effect on the richness model fit and so the
fitted models presented here used all available richness data. A minimum number of species per site was
not required with the invertebrate data which derive from a comprehensive survey using consistent field
procedures (George et al. 2011) and at least 11 species were observed (Figure 10).

We drew upon a large number of candidate predictors for climate (27), regolith (35), landform (15),
hydrologic and land cover (6) (detailed in Appendix B ) to explicitly account for spatial dependence in the
observed richness data. With such a large number of environmental variables, model parsimony,
interpretability and over-fitting needs to be managed carefully. Exploratory models based on Random
Forests (Breiman 2001), applied using the R package (Breiman et al. 2013), guided the choice of a sub group
of variables to reduce the time and effort spent on subsequent fitted model development and selection.
Random Forests are a data-driven process of variable selection that rank the importance of variables in a
regression problem.

We developed fitted models for species richness using the generalized additive modelling (GAM) technique
described in Wood (2006), as implemented in the R-package “mgcv” (Wood 2013). This approach uses a
flexible regression framework that captures both linear and non-linear relationships between
environmental variables and species richness. A stepwise GAM ('step.gam’ function) was used to examine
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all alternative models for the reduced set of variables determined from the Random Forests models. For
each term in the process there is an ordered list of alternatives and the function traverses these in a greedy
fashion, enabling a best model to be identified. In analysing the zero-truncated count data, we found that
the Gaussian (Normal) Family with an Identity (Log) link function was the most parsimonious approach
enabling a quick solution using well established R software packages.

Regression Trees were used to explore potential variable interactions. Qualitatively, the tree plot does a
good job of capturing interactions between environmental variables. Putative interaction terms were
tested in the GAM model and, if they improve the model, they were retained. Many quite different models
demonstrate similar predictive ability (e.g., their % variation explained was consistent). While a higher
deviance explained may be achieved by increasing the degrees of freedom, for example, the model
becomes data driven and potentially less interpretable.

The fitted models were extrapolated using the spatial covariates to derive a spatial prediction and the
standard error of prediction (described as “GAM uncertainty” in Section 3.2).

3.2.3 RESULTS

The range in observed species richness per site and the number of sites available for analysis varied
between biological groups (Table 10, Figure 20). Low levels of richness relative to the median number of
species observed at a site are apparent for birds, plants and possibly also, reptiles. The richness curve for
invertebrates is indicative of a more comprehensively sampled biological group (Figure 20), the data having
derived from systematic survey by McKenzie et al. (2009).

Table 10. Cardinal statistics for species richness observations for the five biological groups: mammals, birds,
reptiles, invertebrates (ground-based spiders, beetles and ants) and vascular plants. The minimum and maximum
values are based on data locations aggregated within 9-second grid cells.

BIOLOGICAL

GROUP MINIMUM MAXIMUM MEAN MEDIAN 10" PERCENTILE ~ 90™ PERCENTILE
Mammals 1 9 2 1 4 1
Birds 1 62 14 14 29 1
Reptiles 1 28 8 8 15 1
Vascular plants 1 84 22 21 40 6
Invertebrates 14 94 41 39 58 27

Table 11. Summary of fitted richness models for the five biological groups: mammals, birds, reptiles, invertebrates
(ground-based spiders, beetles and ants) and vascular plants (see details in Appendix D ).

2 GCV SCALE NUMBER OF MOST IMPORTANT

0,
BIOLOGICAL % DEVIANCE R PREDICTOR

SAMPLE

1 2
GROUP EXPLAINED ADJUSTED SCORE ESTIMATE VARIABLES PREDICTOR

Mammals 1243 26.2 0.223 1.6594 1.5759 8 SLPFM300E

Interaction between

Birds 551 39.4 0.342 87.39 80.231 8 DISTCOAST. EDISTFORST
. Interaction between
Reptiles 558 38.0 0336  22.587 21.055 9 RAINIE RAINXE
Invertebrates 403 29.1 0271  62.492 60.673 4 INERREHE [ENEE
: : : : EDISTHYDRO, EDISTPEREN
Vascular plants 2492 218 0197 14821 1443 9 PC2ME

1. GCV score: explained in Appendix D, page 95. 2. SLPFM300E - 300m focal median of percent slope; DISTCOAST - Euclidean
distance to coast; EDISTFORST - Euclidean distance to woody vegetation; RAINIE — minimum monthly rainfall; RAINXE — maximum
monthly rainfall ; EDISTHYDRO - Euclidean distance to water points; EDISTPEREN - Euclidean distance to perennial water bodies and
drainage; PC2ME - Principal component 2 of spectra of surficial soils. Further details are given in Appendix B .
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Exploratory Random Forests models were used to identify the variables with the most predictive power for
the species richness data and, following a rigorous process of model selection including tests for interaction
terms without adversely impacting parsimony, a set of fitted models were derived (Appendix D, Table 11).
The richness models for birds and reptiles explained the most deviance and the vascular plant model, with
the greatest degree of sampling bias, explained the least. Examination of the fitted models suggested the
(log) Normal distribution assumption was reasonable in all cases except mammals, and therefore the (log)
Normal model for mammals is not statistically valid.

Mammals Birds
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Maps of the spatial predictions and the standard error of prediction for each group are presented in Figure
21 to Figure 25, for their extents only within the Pilbara bioregion. The prediction maps are shown with an
overlay of the standard error normalised within the range of the maximum predicted value to enable
comparison of general uncertainty between models. The standard error maps are shown in context with
the location of data used to model richness. Areas of low standard error indicate less certainty and higher
standard errors indicate greater uncertainty in the spatial prediction, often associated with increasing
extrapolation beyond the data range or weaknesses in the fitted model (see also individual predictor
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functions in Appendix D ). For example, the lower map in Figure 21 shows a region of high standard error of
predicted species richness for mammals associated with the Fortescue Marsh. This region is masked due to
model uncertainty in the upper map in Figure 21 showing the predictions of mammal species richness.
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Figure 21. Spatial prediction of richness (upper) and standard error of prediction (lower) for mammals.
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Figure 22. Spatial prediction of richness (upper) and standard error of prediction (lower) for birds.
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Figure 23. Spatial prediction of richness (upper) and standard error of prediction (lower) for reptiles.
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Figure 24. Spatial prediction of richness (upper) and standard error of prediction (lower) for invertebrates.
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Figure 25. Spatial prediction of richness (upper) and standard error of prediction (lower) for vascular plants.
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3.2.4 DISCUSSION

Our modelling of species richness has highlighted why there is continuing scientific debate about the best
way to analyse and spatially extrapolate such data (Barry & Welsh 2002; Leathwick et al. 2006; Potts & Elith
2006). While species richness has traditionally been equated with count data, the data we compiled are
better described as zero truncated presence-only data for which the count starts at 1 species or more. The
observation of species richness depends on the prevalence of species within a group, the extent of the
study region, and the comprehensiveness and representativeness of sampling. The ideal data for this
analysis derive from systematic and comprehensive surveys that are representative of all environments
across the study region of interest and surrounding areas. However, the data we compiled necessarily
derive from different sources that vary in either sampling method or comprehensiveness; generally without
environmental stratification (except the Pilbara biodiversity survey data). In preliminary models we
explored further truncating the richness values to reflect ecological expectations of a minimum number of
species observed in a survey; similar to the thresholds used in the compositional turnover models (Table 9);
but found this has little effect on the richness model fit and substantially reduced the data available to the
analysis. A full assessment of this data variation, and whether richness thresholds should be used, requires
a closer examination of the survey methodology associated with each source and the development of
predictor covariates describing how each survey differed so these can be more effectively combined in a
model.

For these data, the statistical modelling assumptions of Poisson regression traditionally used for count data
were found to be invalid. Poisson regression assumes a Poisson process in which the count starts at 0.
Therefore all models were developed using (log) Normal regression. The statistical assumptions of the (log)
Normal regression applied to the species richness data were found to be reasonable in the case of birds,
reptiles, invertebrates and vascular plants (see model checking plots in Appendix D, e.g., Figure 53). The
QQ plot is relatively close to a straight line, the variance is approximately constant as the mean increases,
and the histogram of residuals appears consistent with normality (although slightly skewed). In the case of
mammals, however, the qq plot departs from the straight line and there is asymmetry in the histogram of
residuals (Figure 51). Therefore the log (Normal) statistical distribution assumption for mammals is not
statistically valid. The mammal count data are dominated by single species and there are few levels (values
range from 1 to 9) (Figure 20). More work is required for the mammal model to be used with confidence in
subsequent analyses. The arbitrary importance of the landform predictor in the mammal richness model
representing neighbourhood topographic variation due to slope (SLOPEFM300, Table 11), which lacks
ecological credibility, is also indicative of the low confidence in this model.

We also have some concerns about the validity of the statistical assumptions for the vascular plant richness
model (Appendix D, Figure 59), although the departure from Normality is much less extreme than for
mammals. Spatially, the richness data for plants are highly reliant on the survey data provided by BHPBIO
(Figure 12). Supplementary data from the Pilbara biological surveys are only associated with riparian flora
surveys (Pinder et al. 2009), which only weakly contribute to the fit of the model with large areas of
uncertainty remaining as evident in the richness standard error (Figure 25). Terrestrial flora survey data
(George et al. 2011) were not available for this analysis.

The Random Forests models provide a good baseline indication of the amount of explanatory power that is
possible for the richness data given the spatial and environmental predictor data (Appendix D, e.g., Table
21). Considering also the regression models (Table 11), this accounts for around 30-40% of the variation.
Richness is therefore not highly predictable but still explains a reasonable amount of the deviance. While
deviance explained is not a primary basis for choosing between alternative models or among the models
for the different biological groups; how reasonable the statistical assumptions are is a key consideration, as
discussed above.

The spatially estimated standard error for each model (e.g., Figure 21) provides an indication of prediction
credibility but there is no guarantee these values make sense in practice. For example, if we model the
entire region based on data from area A, then predict area B using this model, we can expect the predicted
value to have a high standard deviation (probably extrapolated). On the other hand if we use the same
model to predict a location that is also in area A then we would expect the predicted value to have a much
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smaller standard deviation (probably interpolated). In the few cases where the model predicts negative
values (<<0.01%) these were replaced with zero values for mapping. While in theory the absence of zero
values in the training data does not imply zero predicted values are less credible, zero values for species
richness at the high taxonomic levels (birds, mammals, etc) of this analysis are expected to be rare events
and potentially spurious. Some locations may in fact be naturally devoid of species within a particular
group, but the data used here are based on presence-only counts. Each model predicts species richness
based on the available data and interpolates to fill gaps between known points; and with increasing
extrapolation, the standard error increases.

In our mapped presentation of the predicted values (e.g., Figure 21) we include a scaled representation of
the standard error as an overlay. This scaled standard error enables consistent comparison among richness
models for the different biological groups to highlight areas where the prediction is reasonably interpolated
compared with areas of likely extrapolation. The “uncertainty” overlay is scaled in the range 0 (more
certain) to 1 (less certain); regions where the standard error is greater than the predicted value were set to
1 and excluded (white without transparency). Similarly, zero predicted values were treated as areas of high
uncertainty and also depicted as white without transparency.

These results are based on our analysis so far, and with more investigation there is scope for improvement.
We suggest the following extensions and refinements to build credibility in the richness models for use in
biodiversity significance assessments:

1. The data have been analysed on a natural scale using (log) Normal distribution, and could be
considered more correctly as count data, requiring that the zero-truncated nature of these distributions
be addressed using zero-inflated Poisson process methods (e.g., Zuur et al. 2012) and potentially also
make use of relevant functions in ‘'VGAM’ R package (Yee 2013).

2. Some of the spatial associations of the data are handled implicitly through the correlation with the
environmental predictor variables (covariates). However, the spatial dependence in the observed
species richness could also be modelled explicitly using statistical auto-correlation methods. A starting
point would be to examine whether there is spatial structure remaining in the residuals through a
variogram or covariance analysis. If there is, potential exists to use both the covariates and spatial
proximity among observation locations in the model.

3. The spatial sampling strategies used play an important role in what is observed and their impact needs
to be considered more carefully. This is arguably even more important for presence only data. In some
cases, it makes sense to reweight the sampling so that more random samples are drawn. Additional
value may be derived also by considering spatial sampling variation using covariates derived from a
closer examination of each survey’s methodology (e.g., time of year, experience of surveyor, sampling
duration or intensity, sampling methodology, etc).

4. There are a large number of environmental covariates and potential interactions. While this was
considered in the models developed and maps created, there is no doubt greater effort could be
directed to identifying the most appropriate model by considering a wider range of potentially useful
variables.

5. It may be worth also considering developing spatial predictions for some of the more prevalent
individual species using the same set of candidate environmental variables. This process could augment
the sample by filling gaps in the training dataset, if the resulting models themselves were reasonably
valid. With careful consideration of the assumptions and credibility of this process, new estimated data
points could be defined within the range of a discrete set of known data points. Ideally, however, new
observations in unsampled environments would be used to augment the data as a basis for modelling.
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4 Habitat condition mapping

4.1 Introduction

A spatially explicit expression of biodiversity habitat condition is an important component of biodiversity
significance assessment. Our definition of habitat condition is designed to work flexibly with a biodiversity
assessment and modelling framework for estimating the overall regional retention of native biodiversity
(zerger et al. 2013).

The “condition” of land however means very different things to different people. To a crop grower,
condition may relate to the land’s capacity to support crops or to a pastoralist, the abundance and nutrient
value of the sward. From a remote-sensing perspective, condition is often viewed as something which
changes between satellite images, such that, for example, fire scars or flood deposition will be detected
and will reduce the condition score for a given pixel. From the perspective of biodiversity assessment,
however, condition describes an area’s capacity to support functioning ecological communities which are
appropriate to its environmental state. As such it may be possible for a place to undergo a dramatic shift in
vegetation abundance and/or species composition and consequently its remotely sensed signature. From
the perspective of habitat condition, therefore, this represents natural variation; that is, dynamic or
temporally-related variation that is often represented by a spatial mosaic at any point in time. In this
definition, condition is measured in relation to natural environmental variation rather than in relation to an
abstract ideal.

Quantifying habitat condition at any scale is a very demanding task and there is a large body of scientific
literature illustrating the inherent complexity underlying disturbance ecology (Lindenmayer et al. 2003). In
the past 200 years most Australian ecosystems have been dramatically altered directly and indirectly by
changes in land use and management, primarily driven by agriculture, leading to unprecedented declines
across all vertebrate taxa (Ford et al. 2001; Johnson 2006; Kutt & Fisher 2011). Northern Australia has not
been immune to changes although the rate of change has been slower and less conspicuous and therefore
more difficult to record (Lewis 2002). It is often purported that Australian tropical savannas and rangelands
are largely intact and, relative to other global rangelands, this is true (Woinarski et al. 2007). However, in
the past century significant disruptions to indigenous burning regimes (Russell-Smith et al. 2009) coupled
with an intensification of the pastoral industry (Dyer 1997; Fisher et al. 2004; Woinarski et al. 2011) has in
many cases led to significant structural and floristic vegetation changes via tree clearing, the proliferation
of exotic pests (both plants and animals) and degradation of wetlands and rivers.

The coincident changes in fire management and intensified herbivory by domestic stock have had
significant cumulative impacts on grass and other ground cover species both by selective grazing and too
frequent burning which can eliminate fire prone species such as Triodia (Crowley & Garnett 1998), or alter
tree-grass balance by promoting the dominance of trees and shrubs over grasses (Crowley & Garnett 1998;
Crowley & Garnett 2001). Species are impacted in different ways by disturbance depending on their life
history traits. For example, declines in a variety of grasses has been linked with seasonal resource bottle
necks, where important seed resources are not available at critical times of the year, leading to a reduction
in suitable habitat for gravinorous birds and mammals (Franklin 1999; Woinarski et al. 2011). Other
vertebrate declines have been strongly linked to structural changes in habitat, such as loss of cover from
predators and removal of nesting sites, or a disruption of other food sources, such as a reduction in
invertebrate abundance (Perry et al. 2011a). There is little knowledge or at least a high level of uncertainty
as to the impact of landscape change on reptiles across the rangelands (Woinarski et al. 2004; Mott et al.
2010). However, shifts in vegetation structure have been shown to alter the thermal environment for
heliothermic (body temperature controlled by heat from the sun) species, leading to increased
susceptibility of some species to changes in climate and weather patterns (James 2003; Huey et al. 2009;
Sinervo et al. 2010).
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In northern Australia, pasture condition is often confused with habitat condition under the misplaced
assumption that what is good for domestic live stock will favour a healthy biodiversity (Fisher & Kutt 2007).
However, by definition ‘habitat’ is species-specific (Hall et al. 1997) and to adequately assess the condition
of habitat in any given area there is an underlying assumption that the thresholds for change under a
disturbance regime and the associated threatening processes are known for each species and accounted
for in the analysis. It is also assumed that the available environmental variables used in the analysis
represent the primary limiting factors or are adequate proxies for all the species in a region. Further
compounding the complexity is that, what is considered to be poor condition for one species, may be highly
favourable for another (James 2003).

To account for some of these assumptions, a landscape-scale condition assessment needs to be nested
within land types representing a set of relatively homogenous environments encompassing the regional
variation. Land types essentially classify continuous features of the landscape into similar units, such that
species that inhabit these areas are likely to have similar physiological limits and responses to variation in
the stochastic and anthropogenic drivers that ultimately influence which species can be sustained. This is
somewhat analogous to the community level analysis of species compositional turnover described in
Section 3.1, where the environmental limits of biological communities are used to inform the scaling and
categorisation of environments (e.g., upper map in Figure 19). A key objective of the landscape-scale
condition assessment, however, is to separate the effects of natural disturbance regimes on vegetation and
habitat dynamics from the effects of anthropogenic drivers of habitat modification and the cumulative
processes of degradation. In practice however, these processes typically interact, resulting in gradual or
episodic degradation.

4.1.1 CONTEMPORARY CONDITION METRICS

Regional condition assessment has long been the responsibility of government departments responsible for
agriculture. As such, many of the indices and methods developed have been tailored for measuring pasture
condition and tend to quantify the utility of land types for sustaining domestic stock. Various methods for
measuring condition are enacted across the vast rangelands of northern Australia, a well published
example of this is the ABCD land condition assessment (Chilcott et al. 2003). In the Pilbara region there
have been various mechanistic assessments of condition over time including an inventory and condition
assessment (Van Vreeswyk et al. 2004b), regional biodiversity assessments (George et al. 2011) and many
smaller location specific assessments undertaken by consultants (BHPBIO, unpublished data). The most
wide spread and temporally consistent monitoring in this region is the Western Australian Rangelands
Monitoring System (WARMS) including over 600 permanent monitoring sites in the region (Watson et al.
2007a). The sampling protocol and subsequent placement of permanent plots was specifically designed for
pasture monitoring and therefore the sites are not representative of the region but rather of a sample of
production areas. In addition, these data are held in confidence by the Department of Agriculture and
Fisheries of Western Australia (DAFWA) and are not released without the explicit permission of each land
holder. While access to these data is feasible, the process, cost and time required for acquisition precluded
their use in this project.

A broad assessment of pasture condition throughout the Pilbara has also been undertaken using what is
known as a traverse (Van Vreeswyk et al. 2004a). A traverse is a rapid assessment of condition made at
1km intervals along roads and tracks within the region. 12,450 individual assessments of condition where
conducted in the Pilbara region using the traverse method. Results from this rapid survey from 2003/04
suggested 77% of vegetation was in good or very good condition, 11% fair condition and 12% in poor or
very poor condition. Around 0.2% of the region was listed as in critical condition (referred to as severely
degraded and eroded areas), areas lacking any perennial vegetation and with no grazing or ecological value.
Similar to the department of agriculture’s condition assessment (Watson et al. 2007a), the traverse method
measures pasture condition only and cannot be equated with an assessment of biodiversity habitat
condition. However, some of the characteristics of areas recorded as being in poor condition may have
relevance to a measure of habitat quality for biodiversity.
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Historically there was a view that condition change was gradual and linearly related to manipulated
stocking rates. That is, a reduction in stocking rates or de-stocking would result in pasture condition
improvement. However, consistent rangeland monitoring over time (Watson et al. 2007b) has
demonstrated that major changes occur during climatic extremes and subsequent impacts on pasture
composition can persist well beyond the stochastic event if poor land management continues. For example,
there is strong evidence that transformative change to ground cover and vegetation composition occurred
in the Pilbara region following the intensification of stock (mainly sheep) during a decade of above average
rainfall in the 1930’s followed by extreme and persistent drought (Figure 26).
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Figure 26. Stock numbers in the Pilbara region 1860 — 2000 (Van Vreeswyk et al. 2004b) illustrating a drop in sheep
numbers from the 1980’s and the continuing expansion of the cattle industry.

The sheep industry did not have the adaptive or predictive capacity to dramatically reduce stock in
response to the rapid change in land condition, resulting in the dramatic landscape degradation (erosion,
persistent bare ground and changes to vegetation composition) that still continues today. Another key
consideration is that following transformative change landscapes can shift into a new stable state of
depletion that may not respond to altered land management (Kutt et al. 2012). That is, the pathway to
degradation and subsequent decline of biodiversity is linear but recovery from that degradation does not
follow the inverse pathway. This demonstrates the need for tools that can dynamically predict changes in
land and habitat condition in the context of biodiversity. This will require condition metrics that consider
multiple threatening processes at multiple time scales and specifically for this region the cumulative impact
of infrastructure development following the expansion of mining.

By completing a landscape scale assessment of ground cover we can identify the areas in the landscape
that are responding atypically to stochastic events (wet years and dry years). To effectively do this we need
to quantify what is a normal response to weather in vegetation cover (bench mark condition) for each land
type (Bastin et al. 2012). The bench mark condition, once defined, can be used to dynamically identify
areas that are above or below the normal trajectory of change.

There are a number of challenges involved in generating a useful habitat condition layer for biodiversity
management planning and assessing status and trends. These include the availability of suitable data
sources describing;

1. Extent and density of environmental weeds.

Distribution and densities of detrimental non-native species, including domestic livestock.
Knowledge of the impact of the timing and intensity of fire on species.

Adequately scaled vectors or rasters for representative land types.

Temporal ground cover indices at an appropriate scale.

Accurate regional monthly weather grids.

ounkwnN
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7. Historical information on disturbance.
8. Current distribution of land use and intensity of uses.

In this section we refer to a preliminary analysis of vegetation cover change across the Pilbara region that
we conducted but which requires further work to be useful in decision making (Appendix E ), and present
the results of an interim analysis of habitat condition based on best-available regional data to demonstrate
how such data informs the analysis of biodiversity significance (Section 5).

4.2 Method

Two methods of condition assessment were undertaken. In Appendix E we present a satellite-based
assessment of vegetation cover change (gains and losses), provide examples of its utility and outline the
requirements for refining these data in the future. Without contextual management data to use in
calibrating the change analysis with ecosystem condition, these outputs were not ready to apply in the
subsequent biodiversity significance assessment. We therefore undertook a rapid assessment of habitat
condition (outlined in Figure 27) at a broader resolution using the best-available, accessible datasets for
land use, tenure and infrastructure as indicators of the potential for human modification of ecosystem
function. We developed and applied an additive scoring method to infer habitat condition which was used
as a demonstration in the subsequent analysis of biodiversity significance (Section 5). This section describes
the data inputs and how they were combined to generate a condition index.

Positively weighted regional
data sets

Negatively weighted regional
data sets

Add the negative
weighted rasters to)
the combined
rasters.

Interim

condition
map

Figure 27. Schematic showing steps in the rapid assessment of habitat condition using best-available datasets for
land use, tenure and infrastructure. The diagram considers the scores in one simulated pixel and sums those values.
Across the Pilbara, the final scores were range-standardised between 0 and 1, and inverted so that 0 indicates
completely removed and 1 indicates intrinsic condition.
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Compiling historical data representing disturbance impacts

Various disturbance processes that threaten the persistence of biodiversity have been identified in the
Pilbara region. These include expanding weed infestations, density of feral animals, inappropriate fire
regimes, rapidly expanding mining infrastructure and over stocking of domestic sheep or cattle (George et
al. 2011). However, with the exception of grazing and mining, there were no other appropriate mapped
indicators of other threats to biodiversity-habitat condition at a landscape scale.

One of the primary sources of landscape change in northern Australia has been the proliferation and
intensification of domestic livestock, primarily sheep and cattle. In some cases the habitat disturbance
impacts have been subtle, occurred incrementally and gone largely unnoticed (Lewis 2002). In other cases,
the changes have been rapid and dramatic such as broad scale tree removal and replacement with buffel
grass in central Queensland (Kutt & Fisher 2011; Kutt & Kemp 2011). There is also evidence of stability in
community composition over decades that may represent a depleted stable state. This followed the broad
scale landscape change and associated species declines that occurred over many years before systematic
data were collected (Perry et al. 2011b). Therefore, when measuring habitat condition it is important to
account for the historical context of disturbance which may help to describe differences in species
composition within otherwise similar ecosystems.

To account for sustained grazing pressure, historic station maps were acquired (Table 12). Station
boundaries from the 1950’s were geo-referenced against contemporary tenure maps using boundaries that
haven’t changed since the 1950’s (Figure 28) using the geo-referencing tool in ArcMap10 (ESRI 2011).
Water points and station dams were geo-referenced and saved out as a point file to create an historic map
of watering points for the Pilbara region. The Euclidean Distance tool (ESRI 2011) was used to produce a
raster map with each grid cell representing the linear distance to the closest historical water point. This
value was derived as a proxy for grazing pressure with the assumption that areas close to a watering point
are more likely to have endured sustained grazing intensity (Foran et al. 1982; Bastin et al. 1993). Pringle
and Landsberg (2004) demonstrated a non-linear relationship between proximity to water and track
density (a proxy for grazing pressure) where the greatest pressure was within 500m of a water point
dropping by about 75% in 1km and then flattening out between 4km and 10km. We use these data to
categorise weighted potential grazing pressure with decreasing distance to water (Table 13).

To accurately estimate the condition of the Pilbara region it is important to account for threatening
processes at a variety of spatial and temporal scales. Biodiversity responds to disturbance processes
resulting from the combined effects of land use and climatic extremes coupled with the various cumulative
impacts mediated by the contemporary natural resource users of the region.

Small mammal abundance has been correlated with higher grass cover present inside conserved lands
compared with grazing tenure in Australian rangelands (Kutt & Gordon 2012). However, there are several
opposing views on the efficacy of national parks as conservation entities (Bowman 2012; Flannery 2012)
and legislative protection of reserved land differs between states. Additionally, it is common practice for
reserves and pastoral properties to use working boundaries that increase the efficiency and cost
effectiveness of building and managing fence lines. These working boundaries can be significantly different
to the official cadastral boundaries. Context is required to accurately measure the impact of reserved
tenure on biodiversity. The authors acknowledge that management regimes outside of national parks are
extremely variable and therefore the relationship will not be consistently positive or negative. Here, itis
advantageous to combine tenure maps with linear models of cover change to demonstrate clear fence line
effects.

We acknowledge that the resultant output has many underlying assumptions and does not account for
variance in stocking levels, current water points, and recovery from previous grazing pressure, fence line
affects and fires. However, this represents a starting point for refinement of condition layers. Furthermore
the derived values that could be ascribed to grazing and mining leading to poor condition are untested for
their impact on biodiversity and therefore remain an indicator of potential impact rather than a precise
statement of habitat quality.

Quantifying the cumulative potential impact of mining on biodiversity requires measuring impact at a
macro scale. To effectively analyse the impacts at this scale it is important to acknowledge the presence of
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highly visible impacts such as pits and major mining infrastructure (Figure 62) as well as the cumulative
impacts of roads, survey grids, plant, and rail that are not as visible but collectively can cover extensive

areas (Figure 29 and Figure 30).

Table 12. Description and source of historical station maps for the Pilbara region (courtesy Brian Goodchild,
Western Australia Department of Land Administration).

YEAR SCALE SHEET DESCRIPTION
1948 10 mile 1:633,600 De Grey (Sheet 14) Station boundaries and internal infrastructure
1949 10 mile 1:633,600 Nabberu (Sheet 11) Station boundaries and internal infrastructure
1951 10 mile 1:633,600 Carnarvon (Sheet 10)  Station boundaries and internal infrastructure
1960 10 mile 1:633,600 Onslow (Sheet 13) Station boundaries and internal infrastructure
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Figure 28. Example of a geo-referenced station infrastructure maps from 1950. Small black dots represent water

points and rectangles represent farm dams.

Using community-level modelling to map levels of biodiversity significance in the Pilbara Bioregion | 45



Figure 29. An example of
mining infrastructure
expressed at a coarse scale. At
this scale the impact of mining
appears localised.

L -|I_ WML

Figure 30. When zoomed in and
including the extent of mining
infrastructure; such as roads,
plant and rail; the extent of local
disturbance is more apparent.

The intensification of infrastructure development often occurs incrementally and relatively unnoticed when
each project is viewed in isolation from the cumulative effects of the others. Data on mining infrastructure
was provided by BHPBIO for their tenements. A regional map of mining infrastructure for all of the mining
companies was not available. To approximate the overall footprint of mining across the Pilbara (beyond
BHPBIO), a mining tenement map (Geoscience Australia 2013a) was used to identify all areas with “live”
mining tenement. Only those areas listed as having been surveyed were included in the analysis of mining
impacts. In addition, an operating mines layer (last updated October 2012) was downloaded from the
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Australian mines atlas website (Geoscience Australia 2013a). The operating mines layer and the filtered
tenement map were ground-truthed using high resolution imagery in Google Earth (Google Inc. 2013).
Polygons were drawn around areas with clearly visible infrastructure (i.e., grid lines, pits, buildings,
extensive roads and tracks). Major rail infrastructure was sourced from the Australian mines atlas mapping
portal (Geoscience Australia 2013a) and geo-referenced against the Western Australian tenure maps using
ArcMap10 (ESRI 2011). The BHPBIO data were merged with the derived mining infrastructure layer using
the merge tool in Arcmap10 (Figure 31). The Euclidean Distance tool in ArcMap10 was used to develop a
raster grid with each pixel representing the distance in decimal degrees from mining infrastructure (9-
second resolution). Aside from the fine scale data provided by BHPBIO, these data only approximate other
industry mining infrastructure in the region and exclude associated mining roads and tracks (for which
spatial data were not available and their derivation from imagery was beyond the scope of this project).
Future analysis could be far more robust if regional data were available on infrastructure from all
companies consistent with the data provided by BHPBIO. The distance to mining infrastructure was
classified into two distance categories (500m, 1km) and weightings were applied to reflect relative
ecosystem disturbance (Table 13).

Compiling historical data representing disturbance impacts

The distance to water and mining infrastructure were combined with classified and weighted values (Table
13) for distance to roads of different categories, rail and residential areas using the mosaic tool retaining
maximum values (ESRI 2011). The resultant raster presented the cumulative potential impact of grazing,
mining and infrastructure development by adding the weighted values. The highest values are recorded in
areas where several threatening processes occur together. Areas located within the existing conservation
estate and with steep slopes were combined with the distance grids by adding the negatively weighted
rasters to the positively weighted combined disturbance raster. This modified the high values for distance
to water and infrastructure if they were in a national park or on a steep slope. The values in the final
condition layer were reversed so that “impact” values closer to zero were considered to have the lowest
ecological value.

The merged dataset was then re-scaled to values between zero and one using the following formulae:

raster—Emin

Normalised (raster) = , where Emin = minimum raster value, Emax = maximum raster value.

Emax—Emin
The combined and normalised raster illustrates the potential threatening processes from the best available

data where values closer to zero represent the lowest possible ecosystem function whilst those closer to
one representing areas with the highest possible ecosystem function.

Table 13. Relative weighting of disturbance impact and relationship to threatening process for habitat condition
mapping.

VARIABLE WEIGHT RELATIONSHIP TO THREATENING PROCESS
Distance to water: 500m 15
Distance to water: 1km 5 L . o . .
Weighting reflecting the level of damage with increasing distance from
Distance to water: 4km 3 water, documented in Pringle and Landsberg (2004).
Distance to water: 10km 2
Distance to mining: 500m 30 L . L . o
Mining infrastructure has a clear impact on biodiversity but is likely to
Distance to mining: 1km 10 only influence the area directly at the site.
Distance to Primary road paved: 1km 7

Primary roads have the highest level of traffic, greatest diversity of users
Distance to Primary road unpaved: 1km 6 therefore the most likely vector for weeds and fire.
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VARIABLE WEIGHT RELATIONSHIP TO THREATENING PROCESS
Distance to sec road paved: 1km 5
Distance to sec road unpaved: 1km 4
Distance to other road paved: 1km 3 Secondary roads have less traffic, but are still a major vector for weeds
and fire. Requires access to water and borrow pits for maintenance.
Distance to other roads unpaved: 1km 2
Distance to rail: 1km 5 Rail is a fixed path with a single user, so impact is less likely to spread post
construction of rail corridor.
Distance to town <1000 people: 1km 10 . . .
Areas with smaller populations have less external infrastructure to
Distance to town <1000 people: 5km 5 support the town.
Distance to town >1000 people: 1km 20
Bigger towns have greater impact from transport and infrastructure.
Distance to town >1000 people: 5km 10
Inside National Park Assuming a level of legislative protection that excludes extensive grazing,
mining and other threatening process. Some demonstrated positive
outcomes for terrestrial biodiversity in Australian rangelands (Kutt &
Gordon 2012).
Slope greater than 30%, ridge tops and Demonstrated reduction in grazing probability on steep slopes and areas
hill tops -5 that are difficult or impossible to access for grazing animals (Prins & van
Langevelde 2008).
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Figure 31. Combined mining infrastructure map for the Pilbara region. Major roads are also shown.
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4.3 Results

Distance to water has been used as a proxy for grazing pressure and long term grazing pressure has been
shown to transform floristic structure with long term consequences for the retention of overall biodiversity
(Ludwig et al. 1999; Kutt et al. 2012). Figure 32 illustrates the historical grazing pressure from fixed water
points and indicates areas with high density of watering points (highest grazing pressure — dark red) and
those areas that have never been under significant induced grazing pressure (blue).
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Figure 32. Distance to water points (dams, bores and windmills 1949/50) (decimal degrees, 0.0025 cell resolution).

A combination of best-available proxy variables for disturbance was used to derive an interim potential
biodiversity habitat condition map (Figure 33). This map includes the effect of historical grazing pressure
(1949/50 water points), contemporary pressure (mining, residential and transport infrastructure — listed in
Table 13) and ameliorating conditions (existing conservation reserves and steep slopes) (Figure 33). The
use of historical grazing pressure indicators illustrates the long term impact, and while more recent
mapping of watering points is desirable, accurate data for contemporary watering points is not presently
available.

Analysis of cattle movement data has demonstrated that the most predictive models for stock distribution,
approximating potential grazing pressure, include terrain and distance to water (Prins & van Langevelde
2008). There are clear negative impacts on stock distribution and utilisation on areas with slope greater
than 10% (Bailey 2005). Beyond 10% slope utilisation rates are dramatically reduced sharply declining
above 30% slope and areas are effectively un-grazed beyond 60% slope (Holechek 1988). Landscape
position is also likely to impact on the historical impact of grazing with areas such as plateaux surrounded
by steep slopes providing an impenetrable barrier to stock.
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Generally speaking, the Pilbara region is sparsely populated and the most significant impact on biodiversity
habitat condition has been the introduction of grazing stock, mainly on the alluvial plains which provide the
most accessible and productive pastures. The vast sand plains on the western edge of the Pilbara region
are the least developed region (Figure 34). Historically, the rocky regions were also sparsely utilised by the
pastoral industry, but mining development is now widespread with generally localised impacts resulting in
similar levels of land use pressure as the alluvial plains (Table 14, Figure 33).
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Figure 33. Interim condition grid illustrating areas of potentially low ecosystem function (red) contrasting with
areas of higher ecosystem function (dark blue) as defined by distance to potential threatening processes.

Table 14. Mean, standard deviation and median ecological values for the dominant regolith types in the Pilbara
region (Figure 34) in order of lowest impact (closer to 1) to highest impact (closer to 0).

REGOLITH TYPE MEAN STD MEDIAN
Sandplain 0.76 0.06 0.77
Calcrete 0.74 0.07 0.77
Exposed 0.74 0.10 0.75
Residual 0.73 0.11 0.77
Colluvium 0.71 0.11 0.73
Alluvium 0.70 0.11 0.71
Anthropogenic areas 0.52 0.29 0.71
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Figure 34. Major regolith classes in the Pilbara bioregion (Marnham & Morris 2003).

4.4 Discussion

We investigated potential data sources and techniques for remote mapping of habitat condition across the
Pilbara. Two approaches were investigated and trialled; one based on recent advances in remote sensing
(reported in Appendix E ) and the other based on best-available proxy variables relating to various
pressures (grazing, mining, residential and transport infrastructure) and ameliorating factors (protected
areas and steep slopes). Contrasting with a traditional remote sensing definition of condition, which
considers change between images over short periods of time, our definition of habitat condition aims to
take into account the intrinsic capacity for biodiversity to persist dynamically over longer time scales in the
presence of natural disturbances. This definition is designed to work flexibly with a biodiversity assessment
and modelling framework for estimating the overall regional retention of native biodiversity (Zerger et al.
2013). The quantification and separation of natural and anthropogenic drivers of disturbance are therefore
critical to this assessment.

As outlined in a review of the supporting literature and data sources presented in this section, the
guantification of habitat condition at any scale is a very demanding task. While demonstrating the potential
of remote sensing for assessing habitat condition (Appendix E ), we also recognise the greater effort
required to achieve this task with credibility. Therefore, in order to fully demonstrate how condition
information is used in biodiversity assessment, we developed a model of condition based on proxy
variables and inference from the literature (Figure 33). This interim estimation of habitat condition
incorporates a number of data layers where infrastructure has been mapped. More explicit mapping and
ranking of disturbance impacts, such as presently under development by BHPBIO for the strategic regional
assessment, could also be incorporated into this estimation of habitat condition. All sources of disturbance
information are also potentially useful verification and calibration data for a remote sensing application.
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In review of the process and other work currently under development by CSIRO (Donohue et al. 2013), we
suggest the following areas for further development and refinement to achieve a condition assessment
model that is fully integrated with remote sensing, and as a baseline for cumulative assessment of impacts:

1.

Formalise the theoretical framework for condition assessment. A theoretical framework for measuring
condition in the context of biodiversity would involve; a) identifying threats to biodiversity; b)
identifying spatially and temporally where those threats are located in the region; c) identifying the
impact of the threats on aspects of biodiversity across the region (biodiversity response to
disturbance); and d) conduct field validation surveys by identifying a gradient of disturbance and
measure the differences in biodiversity across the gradient.

Image capture and processing. There is a considerable volume of data from a variety of satellite
missions, time periods, scales and resolutions. A full assessment of the available data, derivatives and
processing gaps is needed, including staying abreast of image capture and processing of Landsat 8 for
near real time dynamic modelling.

Building a condition assessment and modelling pipeline. Critical to the assessment of habitat condition
is a way to classify environments with similar characteristics with respect to their remote sensing
signature, calibrated by their condition based on in situ observations — essentially establishing a field
protocol for biodiversity condition assessment coupled with remote sensing. An initial framework to
achieve this goal was recently developed by Donohue et al. (2013) who demonstrated the potential
through a continental case study. This is akin to deriving a land system classification, except on a
continuous scale. Reference sites to capture the natural variability across the region could be
positioned evenly in environmental space where the condition is relatively pristine. These reference
sites could then be used to measure fluctuations in biodiversity response characteristics (e.g.,
vegetation cover; bare ground) to define the influence of temporal variation in rainfall and natural
disturbance regimes, for example. Other areas of varying condition due to anthropogenic drivers and of
similar environmental profile can then be compared with the reference condition sites (i.e., is ground
cover higher, lower or the same as the reference sites). Adjusted cover indices can be derived to
illustrate areas where cover has been persistently above, below or similar to that of the reference sites;
thus distinguishing areas where impacts are accruing for further investigation.

Rapid assessment. There needs to be a comprehensive rapid assessment of values to ground truth any
condition model output and provide management context. This could include aerial surveys of
domestic stock and other large introduced herbivores such as goats and camels. The surveys could be
supplemented by distance sampling techniques to represent the effect of stock and feral animal
densities across the region, and their varying impact on different land types. The region could be
stratified into areas that have very high, very low and normal cover and biodiversity surveys conducted
representatively to validate the remotely sensed indices for predicting biodiversity habitat condition.
Ongoing assessment of cumulative impacts. For effective monitoring, high resolution imagery (e.g.,
Spot5 2. 5m) could be used to derive up to date infrastructure maps and to provide a more accurate
representation of contemporary water points that concentrate grazing pressure. Such imagery
interpretation will provide a much finer grained perspective on the sources of disturbance without
requiring extensive physical ground truth sampling. For example, Spot 5 imagery could also provide a
high resolution map of bare ground for the region; potentially providing a fine resolution picture of the
extent of anthropogenic disturbance at the extreme end of the condition spectrum.

Fire history mapping. Altered fire regimes (departing from a natural regime) in an arid to semiarid
environment can have serious consequences for resident biodiversity. Regular mapping of fire scars
using MODIS and Landsat imagery will allow areas to be identified where a rapid decrease in ground
cover has occurred, and attributed to natural or anthropogenic sources, that may otherwise skew
condition model outputs.

We therefore recommend an initial trial of an integrated biodiversity habitat condition assessment system
that utilises the framework developed by Donohue et al. (2013) comprising two parts —a) an initial “one-
off” assessment using remote sensing data with sufficient rigour to inform the regional assessment process
through the biodiversity significance model; b) an enhanced model, potentially with temporal dynamics,
improved underpinnings, integrating different remote sensing data at highest possible resolution, with field
verification and strategic monitoring to iteratively inform cumulative impact assessment.
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5 Biodiversity significance analysis

5.1 Introduction

The modelled patterns of richness and compositional turnover (from Section 3) are here brought together
with the interim condition layer (from Section 4) to estimate, and map, the “biodiversity significance” of
each and every location (approximately 250m grid cell) across the bioregion. For the purposes of this
report, biodiversity significance is assessed as the potential for a given location to harbour a concentration
of species narrowly distributed beyond that location, due to natural patterns of endemism and/or
anthropogenic habitat degradation. The general approach that we have used to estimate this potential is
one that has been applied widely over the past 10 years, and has been purposely designed to work
effectively with spatial layers of richness, compositional turnover, and habitat condition, all expressed on
continuous scales of measurement. For further background to, and explanation of, this general approach
see Ferrier et al. (2004), Allnutt et al. (2008), Ferrier et al. (2009), and Ferrier and Drielsma (2010).

5.2 Methods

The measures of biodiversity significance presented here were derived separately for each of the five
biological groups (mammals, birds, reptiles, invertebrates, vascular plants) as a function of three
component variables:

s; = the compositional similarity (proportion of species shared) between grid-cells i and j expected if the
habitat at both of these cells were in good condition. This similarity is predicted using the GDMs
fitted in Section 3.1.

r; = the richness (number of species) at grid-cell i expected if this cell were in good condition. This is
predicted using the GAMs fitted in Section 3.2.

¢; = the estimated condition of habitat (0 to 1) at grid-cell i based on the interim habitat condition layer
developed in Section 4.

Given various concerns regarding the modelling of richness (discussed in Section 3.2, page 38), and the
mapping of habitat condition (discussed in Section 4.4), six different variants of the biodiversity significance
measure were derived for each group. The first three of these variants excluded any consideration of
modelled richness, and therefore assessed significance in terms of compositional turnover alone.

The first of these three measures of biodiversity significance excluding richness, also excludes any
consideration of habitat condition —i.e., the measure treats all locations (grid-cells) across the region as if
they were in pristine condition. The significance of a given grid-cell is then assessed by using the species-
area relationship® (with an exponent of 0.25) to estimate the proportion of species diversity occurring,
collectively, across all grid-cells in a similar environment (i.e., cells predicted to be compositionally similar
as a result of scaling the environmental space by the relevant GDM) to the cell of interest (i), that would be
lost if the habitat of that cell were removed from the system (see Ferrier et al. (2004) and Allnutt et al.
(2008)):

! For a recent discussion of the species-area relationship applied in this context, see Rybicki and Hanski (2013) and Faith et al. (2008).
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Equation 1. Biodiversity significance (natural uniqueness)

BSi={ [(Z, Lsy) - ]0-25}

j= 1SlJ

This measure of biodiversity significance (BS, Equation 1) therefore assesses the natural uniqueness, or
level of endemism, of the biodiversity that occurs, or would once have occurred, at a given location.
Removing a grid-cell (represented by “-1” in the above equation) from a naturally rare environment (i.e.,
one likely to contain species with narrow distributions) will result in greater loss of regional biodiversity
than removing a cell from a naturally extensive environment.

The second measure of biodiversity significance extends the above approach to consider not just the
natural rarity of an environment (and its associated biodiversity) but also the extent to which the condition
of habitat throughout this environment has been degraded through human disturbance:

Equation 2. Biodiversity significance (incorporating regional variation in habitat condition)

{[21 1SUC]] [(21 15iG) = ] I
] 1 Sij ] 15ij

This measure (Equation 2) again uses the species-area relationship to estimate the proportion of species
diversity occurring, collectively, across all grid-cells in a similar environment to the cell of interest, that
would be lost if a full grid-cell’s worth of habitat were removed from the system. However, this cell is now
removed from a system in which habitat, and therefore biodiversity, has already been lost from the
environment of interest. The proportion of species diversity remaining before the removal of the cell is
estimated in the above equation by:

[21 151}‘31]

] 15ij
It is important to note that this second measure of biodiversity significance (Equation 2) considers habitat
condition only in a particular way. It uses the interim condition layer (developed in Section 4) to estimate
the effective proportion of habitat remaining in cells with a similar environment to the cell of interest
(which we refer to as “regional condition” in the remainder of the report), but does not consider the
condition of the cell itself (referred to hereon as “local condition”) when removing this cell from the system
—i.e., the cell is here treated as if it were in pristine condition.

Replacing “-1” in the above calculations with “-¢;” yields the third measure of biodiversity significance:

Equation 3. Biodiversity significance (incorporating the effects of regional and local variation in habitat condition)

e

=1 Sij Xi=1Sij

Like the second measure, this estimates the proportion of species diversity that would be lost if a given cell
were removed from the system, but in doing so derives the habitat condition of this cell from the interim
condition layer rather than treating it as if it were in pristine condition. This measure (Equation 3) therefore
considers both “regional and local condition”.

The remaining three variants of biodiversity significance are derived by scaling each of the three measures
described above according to the predicted richness of the environment concerned, by multiplying by:

In(r;)
In(7nax)

where r,q is the maximum richness, anywhere in the Pilbara, predicted by the GAM for this biological
group. These last three measures are therefore:
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Equation 4. Biodiversity significance (natural uniqueness scaled by species richness)
0.25
[(ZJ 155) ] In(r;)
1Sij In("nax)

Equation 5. Biodiversity significance (regional variation in habitat condition scaled by species richness)

BS, = { 2?=15ijcj]0'25 _ [(2}21 5ij€j) = 1]0'25} In(ry)

1]'1=1 sij 21]'1=1 Sij ln(rmax)

Equation 6. Biodiversity significance (regional and local variation in habitat condition scaled by species richness)

{[Z; 1sucj] [(Z] L6 — ]0'25} In(r)
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5.2.1 PRESENTATION OF RESULTS WITH UNCERTAINTY INCLUDED

Details of the algorithms defining uncertainty associated with the community-level modelling from the
applications of GDM (species compositional turnover) and GAM (species richness) are described in Chapter
3. In addition, here we describe the parameters used to map these “uncertainty clouds”.

GDM model uncertainty

For each biological group, the GDM uncertainty was calculated as a function of the proportion of the
density of survey effort within GDM scaled environmental space (as defined by the equation in Section 3.1,
page 20). An arbitrary threshold of 0.25% was used to define certainty (i.e., a value of 1), such that all cells
whose scaled environment had been surveyed to an extent of >0.25% were considered adequately
sampled. Certainty was linearly scaled to uncertain (i.e., a value of 0) at 0% sampling (see Appendix F for
each biological group — Figures F16, F26, F36, F46, F56). The uncertainty cloud for the average Biodiversity
Significance across all biological groups was calculated as double the arithmetic mean of the five
contributing layers to ensure an appropriate level of opacity. The arbitrary 0.25% threshold here refers to
the percentage of similar GDM-scaled environmental space across the whole of the Pilbara which has been
sampled, rather than the proportion of the cell itself. Thus we are dealing with a continuous measure of
similarity of environments. We assume that any cell that has been surveyed has been adequately surveyed
and do not attempt to estimate within cell survey error.

GAM model uncertainty

Uncertainty in the GAM richness model was mapped as a function of two factors. Firstly, all modelled
values which fell outside the range, [1-(maximum observed richness)+10%] (i.e., those which were capped
in Appendix F Figures F15, F25, F35, F45 and F55) were given a certainty value of O (i.e., uncertain).
Secondly, the proportional standard error (SE) was calculated as [SE/richness] for each cell (see Appendix F
for each biological group — Figures F17, F27, F37, FA7 and F57). Values falling within an arbitrary cut-off
point of 10% proportional standard error were assigned total certainty/transparency, with the
uncertainty/opacity increasing linearly to full uncertainty at >25%. In practice, the two estimates gave
similar results in most places. As for GDM, the uncertainty cloud for the average Biodiversity Significance
across all biological groups was calculated as double the arithmetic mean of the five contributing layers to
ensure an appropriate level of opacity. This is not to be confused with the 0.25% GDM scaled survey
certainty described above. Here (GAMS) we are dealing with proportional standard error. Thus a value of 0
means there is no standard error, and increasing values indicate increasing standard error and therefore
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increased uncertainty. We arbitrarily set the areas of high certainty to be transparent (<10%) and areas of
high uncertainty (>25%) to be opaque.

Mapping uncertainty

When presenting the results, the relevant uncertainty layers (GDM and/or GAM) with variable transparency
always overlayed the Biodiversity Significance. The layers are transparent where certainty is high, becoming
increasingly opaque with increased uncertainty; thus, masking any results with lower than credible
certainty. To achieve this effect, uncertainty layers (0-1) were converted to a 0 (certain) to 255 (uncertain)
scale to represent the RGB/Alpha values respectively in a composite bands raster. The single layer of
continuous value 255 for white (or 128 for grey) was used to define the overlay colour (Alpha values). If
only one uncertainty layer is applicable, then the white tones are used (i.e., Equations 1 to 3). In cases
where both the GAM and GDM uncertainty are applicable then the white tones signifies GDM uncertainty
and grey signifies GAM uncertainty (i.e., Equations 4-6). In the Composite Bands function of ArcMap the
two rasters were added as separate bands. The single continuous value layer (e.g., with values 1-255 for
white) was allocated to the Red, Green and Blue bands, whilst the uncertainty layer (with values 0-1) was
set as the active Alpha band. Values were stretched linearly, using minimum-maximum values, and the
colour ramp inverted to give white. For the grey ramp, no inversion was required since the colour is always
50% grey. The result was saved as a single multi-band raster layer. Uncertainty overlays for GDM and GAM
(richness) were saved and applied as separate files, which can be superimposed either individually or
together (using the grey variation of the GAM uncertainty overlay) over any map.

5.3 Mapped outputs

Relative biodiversity significance (BS) values, derived using all six variants of the biodiversity significance
measure (Equation 1 to Equation 6), are mapped across the entire Pilbara Bioregion for each of the five
biological groups in Appendix F . These values are averaged across the five groups to provide an indication
of overall significance, according to each of the six measures. The first three measures, excluding richness
are presented in Figure 35 to Figure 37. The remaining three variants are scaled by relative richness (Figure
38), resulting in the alternative measures of biodiversity significance (Figure 39 to Figure 41).

The maps depict both the estimated level of biodiversity significance, from lower significance in green
through to higher significance in red, as well as the relative level of certainty associated with these
estimates, ranging from paler white (GDM uncertainty) and/or greyer (GAM uncertainty) colours in areas of
lesser certainty (appearing washed out) through to brighter colours in areas of higher certainty
(transparent).

It should be noted that each of the three approaches adopted for addressing condition in these Biodiversity
Significance analyses is intended to convey a different message, and therefore requires a different
interpretation:

e Maps labelled as “excluding condition” (Figure 35 and Figure 39) convey the relative significance of
locations purely in terms of the natural level of uniqueness, or endemism, they are expected to
have exhibited prior to anthropogenic disturbance.

e Maps labelled as “including regional condition” (Figure 36 and Figure 40) additionally factor in the
effects that habitat degradation throughout the region has had on the amount of habitat, and
associated biodiversity, remaining in different types of environments. The interim condition layer
(from Section 4.3) is here used purely to provide regional context, in terms of the overall level of
habitat degradation within different environments, but not to assume anything about the condition
of any particular location of interest (i.e., a cell in a given environment will exhibit a constant level
of significance in this analysis regardless of its local condition).

e Maps labelled as “including regional and local condition” (Figure 37 and Figure 41) factor local
condition (as mapped by the interim condition layer) directly into the analysis —i.e., within a given
environment, cells in poorer condition will be mapped as having lower significance than cells in
better condition.
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The colour ramps used to map Biodiversity Significance are comparable across the two series (i.e., maps
excluding richness based on Equations 1, 2 and 3; and maps including richness based on Equations 4, 5 and
6). This allows comparison of condition estimates (with or without condition), but the mapped colour
ramps are not comparable between series (i.e., with and without richness included). For additional context,
an overlay shows the location of conservation reserves (NRS 2010).

The overall or regional context in which condition is taken into account indicates how much of that
‘environment’ (i.e., cells predicted to be compositionally similar as a result of scaling the environmental
space by the relevant GDM) has been lost or degraded as a result of human land use activities. The lower
the condition value, the higher the grid cell of interest relative to the level of degradation of other places
that are predicted to be compositionally similar. The local context in which condition is taken into account
considers just the condition of that grid cell. The choice of measure depends on the purpose for which
biodiversity significance is being assessed; for example, the contrast between development and
restoration.

The maps presented in Appendix F include the GAM richness model and GDM and GAM uncertainty
surfaces for reference. It is important to note that the GDM-based estimate of survey density and the GAM
statistical estimate of richness standard errors are not comparable measures either conceptually or
guantitatively. The two models use different survey points and different environmental variables and the
uncertainty estimates were derived differently. However, both work in modelled environmental space. The
GDM uncertainty is a measure of the sampling of GDM space similar to each cell, and is a simple estimate
of sampling density, and is not related to statistical uncertainty. Areas of high sampling coverage generally
correspond with higher confidence in GDM-modelled environmental space. The GAM standard error is a
statistically-based estimate derived from the confidence in richness model fit.

The choice of colour ramps and classifications aim to maximise the information contained in the maps
whilst maintaining comparability within map series. Thus the thresholds were set at a level which allowed
the spatial detail of the maps to be seen across all similar maps and the relative properties of maps to be
compared.
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Figure 35. Biodiversity significance (from Equation 1), excluding richness and condition for all groups, based on community-level modelling across the Pilbara. Significance is
here calculated as the species-area scaled effect of removing each cell as if the entire region were still in pristine condition. Darker green areas have a lower significance for

biodiversity than yellow or red areas. Whiter areas are more uncertain than transparent areas.
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Figure 36. Biodiversity significance (Equation 2) excluding richness and including regional condition for all groups, based on community-level modelling across the Pilbara.
Significance is here calculated as the species-area scaled effect of removing each cell (as if local condition were still pristine) from the region in its present state. Darker green

areas have a lower significance for biodiversity than yellow or red areas. Whiter areas are more uncertain than transparent areas.
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Figure 37. Biodiversity significance (Equation 3) excluding richness and including regional and local condition for all groups, based on community-level modelling. Significance is
here calculated as the species-area scaled effect of removing each cell (assuming local condition from interim layer) from the region in its present state. Darker green areas
have a lower significance for biodiversity than yellow or red areas. Whiter areas are more uncertain than transparent areas.
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Figure 38. Normalised species richness (log fraction of maximum richness) averaged across the five biological groups, based on community-level modelling (Section 3.2). This is
the right hand side, In(r;)/In(r....) of the biodiversity significance equation (i.e., used in Equations 4, 5 and 6). Darker green areas have a lower significance for biodiversity than
yellow or red areas. Whiter areas are more uncertain than transparent areas (composite GAM uncertainty derived from the standard error of the predicted value in each case).
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Figure 39. Biodiversity significance (Equation 4) including richness excluding condition for all groups, based on community-level modelling. Significance is here calculated as the

species-area scaled effect of removing each cell as if the entire region were still in pristine condition. Darker green areas have a lower significance for biodiversity than yellow

or red areas. Whiter (GDM) or greyer (richness) areas are more uncertain than transparent areas.
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Figure 40. Biodiversity significance (Equation 5) including richness and regional condition for all groups, based on community-level modelling. Significance is here calculated as

the species-area scaled effect of removing each cell (as if local condition were still pristine) from the region in its present state. Darker green areas have a lower significance for
biodiversity than yellow or red areas. Whiter (GDM) or greyer (richness) areas are more uncertain than transparent areas.
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Figure 41. Biodiversity significance (Equation 6) including richness, regional and local condition for all groups, based on community-level modelling. Significance is here
calculated as the species-area scaled effect of removing each cell (assuming local condition from interim layer) from the region in its present state. Darker green areas have a

lower significance for biodiversity than yellow or red areas. Whiter (GDM) or greyer (richness) areas are more uncertain than transparent areas.
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5.4 Results and discussion

The Biodiversity Significance assessments represent the culmination of activities outlined in Figure 1. The
base calculation of Biodiversity Significance uses the models of species compositional dissimilarity (also
referred to as B-diversity in the literature) developed in Section 3.1. In the absence of estimates of habitat
condition, Biodiversity Significance measures natural uniqueness (Equation 1, Figure 35). Compositional
dissimilarity, however, is only a partial measure of emergent community-level properties of biodiversity.
The scaling by species richness (e.g., Equation 4, and see Figure 38) enables an overall measure of expected
biodiversity persistence to be generated (Ferrier et al. 2009), and so clarifies the level of natural uniqueness
at one location compared with another (compare Figure 35 with Figure 39, and see Appendix F for
individual biological groups). While both compositional dissimilarity and species richness (also referred to
as a-diversity in the literature) are both relevant to the calculation of Biodiversity Significance, the B-
diversity component is the primary measure because it defines how different or unique biodiversity is at
one location compared with biodiversity elsewhere within the region (thereby underpinning the principle
of biodiversity complementarity in systematic conservation planning, Margules & Pressey 2000). Locations
rich in species will be more significant, but how significant a location actually is depends on whether the
species are widespread elsewhere or only found at a few locations (i.e., uniqueness). Ideally we would use
both a- and B-diversity components in the calculation of Biodiversity Significance, but given the problems
we experienced in modelling species richness (discussed in Section 3.2), alternative calculations of
Biodiversity Significance are presented for evaluation and potential use in regional assessments. The choice
of Biodiversity Significance calculation depends on how well the models of species richness represent
actual patterns in the landscape, which requires validation through comprehensive and systematic
biological survey to fill gaps in existing survey coverage.

When regional estimates of habitat condition are taken into account, relative uniqueness is rescaled, thus
highlighting remnant areas of regionally unique biodiversity relative to their original (natural or pristine)
extent based on the models (e.g., see Figure 36 and Figure 40). The local influence of habitat condition can
also be considered such that, within a similar type of environment, locations in poorer condition are
mapped with lower significance than those in better condition (e.g., see Figure 37 and Figure 41; and
compare with the condition map - Figure 33). While we have provided legends for the maps that allow
comparison within each group (with or without richness), a different legend may be needed if the maps are
used in isolation to ensure the maximum amount of information is conveyed to support decision making.

We also present Biodiversity Significance as an aggregate of the five biological groups by averaging the
outputs across these groups; essentially treating them as equally important as each other. With three
terrestrial vertebrate groups (birds, mammals and reptiles), one invertebrate group (comprising three
groups) and one group comprising all vascular plants, this average is naturally weighted in importance
toward the vertebrate fauna, and toward fauna overall. Alternative ways of weighting and aggregating the
models for each biological group could be explored. Therefore choices can be made about using an
aggregated estimate of Biodiversity Significance, or separate estimates for each biological group of
relevance to the assessment process.

The separate presentation of the Biodiversity Significance calculations serves two objectives: 1) a
demonstration of how the various input layers and models influence the estimation of Biodiversity
Significance and, 2) given that further work is required to ensure the robustness of the richness and
condition models, choices about the most appropriate Biodiversity Significance calculation can be made
depending on the purpose and the relative influence each may have on critical assessment decisions.

While we recommend against placing too much reliance on outputs that have included richness; we feel
more confident about the use of outputs that have included condition. While the outputs including also
local condition (e.g., Figure 37) assume a level of site-specific reliability in the mapping of condition that
requires validation, we consider the Biodiversity Significance analysis with regional condition (e.g., Figure
36) to be considerably more robust because these account for the overall (average) level of degradation
across different environments within the region, and not condition at any particular site of interest. The
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former is more applicable to a regional assessment process with regard to large-scale development
decisions and the latter to incremental decisions such as restoration priorities or offsets and scenarios of
cumulative impact.

Ideally, both forms of condition would be used in all land use decisions. Uses of regional and local condition
are only distinguished here because decisions based on local condition estimates require validation. For
example, assuming sufficient rigour in the estimation of local condition, both regional and local condition
would be used in the calculation of biodiversity significance to inform decisions about where to place a new
mine. This assessment would show the proportional loss of particular environments (i.e., scaled by
compositional dissimilarity) as a consequence of the proposed development and their relative significance.
An area of high significance might be identified for two reasons: 1) it is a place that remains in good
condition while similar ‘environments’ of that type that have elsewhere been degraded throughout the
region, or 2) that type of ‘environment’ is naturally rare throughout the region. The assessment implies
that development of such places of high significance be avoided in order to maintain the regional level of
biodiversity.

nn

In combination, the “excluding condition” ” (Figure 35 and Figure 39) and “including regional condition”
(Figure 36 and Figure 40) maps (particularly those “excluding richness”) convey an interesting, and
seemingly coherent, story. In general, places that have the highest significance (relative to other parts of
the region) in the “excluding condition” map (e.g., Figure 35) also have highest significance in the “including
regional condition” map (e.g., Figure 36). But the significance of all places is, on average, higher in the latter
map (everything becomes redder) (see also Appendix F for individual biological groups). This sensibly
reflects the added effect of anthropogenic habitat degradation on the rarity / uniqueness of the region’s
environments, and the types of biodiversity these environments support.

We have provided (in digital form) the raw materials for generating an even wider variety of “biodiversity
significance” measures than those presented here. The relative utility of these different measures depends
on the particular question BHPBIO is interested in, and therefore the particular type of significance that is
of relevance. Assistance in matching the relevant measure to the particular question requires more precise
information about which decisions need to be informed by these maps or their underpinning models. For
example, the “including regional condition” map (e.g., Figure 36) has considerable potential to inform
identification of priority places both for protection (or exclusion of development) and for restoration or for
offsets. These different purposes require different interpretations of the same underlying data, ideally
factoring in on-ground knowledge of site-specific condition at any location of interest. For example, a
location mapped as highly significant on the “including regional and local condition” map (e.g., Figure 41)
should have a high priority for protection (exclusion of development) if it is in reasonably good condition,
but a high priority for restoration if it is currently in poorer condition.
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6 General discussion

6.1 Overview of results

This report presents the results of a consultancy undertaken by CSIRO to assess spatial patterns in the
distribution of biodiversity, and associated levels of biodiversity significance, across the Pilbara Bioregion.
The work employed state-of-the-art techniques for community-level modelling and biodiversity
assessment, integrating best-available existing biological and environmental data for the region. The
“overall biodiversity” perspective adopted in this study, through the use of community-level data and
modelling techniques, is purposely intended to complement other recent work commissioned by BHPBIO
focusing on modelling and assessment of individual species of particular conservation concern.

The overall approach of this study (Section 1.2) involved a series of activities (Figure 1) aimed at gathering
the best-available information on the distribution of flora and fauna (Section 2), environmental covariates
and habitat condition (Section 4), used in models of compositional turnover (Section 3.1) and species
richness (Section 3.2) to estimate and map relative levels of biodiversity significance across the Pilbara
bioregion (Section 5). Because of weaknesses in the modelling of species richness (outlined in Section 3.1,
page 28) and in the preliminary assessment of habitat condition (outlined in Section4.4), we recommend
that only the biodiversity significance models generated using the compositional turnover models, with or
without regional condition (e.g., Figure 35, Figure 36; and see Appendix F for individual biological groups),
be used to inform the current regional assessment process (outlined in Section 5). Although requiring
validation as a basis for critical planning and decision making, we also present the individual models with
these components (i.e., richness and local condition) integrated (Appendix F ). With the improvements
identified in the preceding sections of this report, fully integrated models to support dynamic local and
regional decision making are feasible.

6.1.1 COMMUNITY-LEVEL AND HABITAT CONDITION MODELLING

In Section 2, we presented the methods used in compiling and assessing the fitness-for-use of data sourced
from BHPBIO, the Atlas of Living Australia and arising from systematic biodiversity surveys (George et al.
2011). These observations are necessarily biased by purpose (e.g., BHPBIO interest areas), accessibility
(proximity of habitat to roads), and survey effort (i.e., incidental or targeted observations versus systematic
survey). The richness modelling required greater rigour in the choice of data, restricted to those sources
derived through some form of systematic survey (Table 8), compared with the more relaxed assumptions in
sourcing data for modelling compositional turnover (Table 6). In both cases, however, there is a notable
bias toward surveys in the vicinity of the BHPBIO interest areas (Figure 2). This bias will influence the
outcome of the community-level modelling and the estimates of Biodiversity Significance, in favour of
providing greater clarity around the BHPBIO interest areas. The bias could potentially increase the
significance of BHPBIO's interest areas relative to other parts of the Pilbara due to inflated estimates of
local species richness (Figure 12) or greater uniqueness; due to (unknown) inadequate sampling of unique
biodiversity in other areas of the Pilbara. However, this does not appear to be a major concern (compare
upper and lower estimated richness maps for each of Figure 21 to Figure 25; and compositional turnover
patterns in Figure 15 to Figure 19). A sparse, but sufficiently representative sample has resulted in a
reasonable interpolation of species richness and turnover across the Pilbara. For example, where the
greatest bias might be anticipated with vascular plants (see Figure 11) the classification of regional
compositional turnover reasonably reflects the subregional classification of bioregions and therefore
uniqueness of the component biodiversity (compare Figure 19 and Figure 3).

For this application we were unable to access the systematic surveys of vascular plants across the Pilbara
(George et al. 2011) for which analysis and species identifications were incomplete (Stephen Van Leeuwen
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personal communication). A partial sample of these data was accessed, however, through the Atlas of
Living Australia where specimens have been lodged with the Western Australian Herbarium and identified
to the species taxonomic rank. This supplementary data, along with riparian vegetation surveys (Pinder et
al. 2009), helped balance the more intense sampling around the BHPBIO tenements.

We understand that other mining and pastoral companies throughout the Pilbara are also required to
conduct surveys in accordance with their development requirements. Further compilation of these data or
their public contribution through the Atlas of Living Australia or the Terrestrial Ecosystem Research
Network AEKOS data portal will help fill gaps in knowledge about patterns of biodiversity distribution and
therefore assist in focussing future survey effort.

Given the importance of understanding the reliability of these models to potentially inform planning and
decision making, we also generated spatial estimates of uncertainty. For the richness models, we used a
recent enhancement of generalised additive modelling procedures (GAM), which allows likelihood based
smoothing estimation (Wood 2006) wherein predictions can be accompanied by standard errors based on
the posterior distribution of the model coefficients (Marra & Wood 2012). For the compositional turnover
models, in the absence of a formal estimation of model error, we used sampling density in the respective
GDM-scaled environmental space as a relative indicator of the level of certainty associated with
predictions. The relative uncertainty therefore associated with either the GDM or GAM models for each
biological group are presented along with the mapped biodiversity patterns in Sections 3.1 and 3.2. These
maps demonstrate the different spatial variation in uncertainty associated with each group and each
model.

The estimates of uncertainty are presented in combination with the models of Biodiversity Significance to
show those regions within which we have greater or lesser confidence in the modelled estimates. For this
application we developed a mask overlay with increasing opaqueness in areas of lesser confidence and
transparent in areas of greater confidence (e.g., Figure 35). The two contrasting error surfaces were
combined by scaling relative to whiteness (GDM) or greyness (GAM) (e.g., Figure 39). Detail about the
process by which this novel overlay was generated is provided in the metadata associated with the datasets
(public access restricted to BHPBIO via the CSIRO Data Access Portal, https://data.csiro.au/dap/home).

In addition to presenting information about model uncertainty, these error surfaces more classically
represent locations where additional sampling will significantly improve the representation of
environments and therefore biodiversity, leading to more robust models (Ferrier 2002). An example of this
type of application for expeditionary surveys, albeit applying a slightly different algorithm, was developed
by Funk et al. (2005). Proposed new surveys for a particular biological group can be guided by continuous
environmental space scaled by a GDM.

With respect to monitoring, for example to inform calibration of remote sensing indices to derive reliable
measures of biodiversity habitat condition or quality, we outlined an integrated assessment approach in
Section 4.4. Here we refer to a recent proof of concept developed by Donohue et al. (2013), which could be
trialled across the Pilbara, building on the preliminary remote-sensing based assessment of condition
presented in Appendix E and the interim estimation of condition that draws upon a wide range of threat-
based data sources (Figure 33). We suggested the development of an integrated habitat condition
assessment system comprising two parts — a) an initial “one-off” assessment using remote sensing data
with sufficient rigour to inform the regional assessment process through the biodiversity significance
model; b) an enhanced model, potentially with temporal dynamics, improved underpinnings, integrating
different remote sensing data at highest possible resolution, with field verification and strategic monitoring
to iteratively inform cumulative impact assessment. BHPBIO’s own work in assessing vegetation condition
and local infrastructure impacts on biodiversity will make an important contribution to this process.

6.1.2 BIODIVERSITY SIGNIFICANCE ASSESSMENT

We have demonstrated how disparate data sources and models can be integrated and applied to assess
regional and local levels of Biodiversity Significance to inform decision making processes. Although not
reported here in a regional and subregional context beyond the presentation of maps and data (via the
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CSIRO Data Access Portal); the results can be overlain with other feature values such as species
conservation significance, and areas of current and future potential impact including areas outside of
BHPBIO’s interest area. Given the regional nature of this assessment, and the importance of a shared
approach to data to inform planning, the consideration of other areas of potential development will ensure
consistency in decision making.

The underpinning datasets and models of species richness and local habitat condition need refinement
before they can be considered sufficiently reliable to inform decision making. Our results therefore
conservatively focus attention on the estimate of Biodiversity Significance representing natural uniqueness
derived from the compositional turnover models only as the group average (Figure 35; individual outputs
for each biological group are given in Appendix F ) and Biodiversity Significance including regional condition
(but excluding local condition and richness) (Figure 36). We consider the regional condition outputs to be
robust because they consider only the overall (average) level of degradation across different environments
(i.e., cells predicted to be compositionally similar as a result of scaling the environmental space by the
relevant GDM) within the region, and not condition at any particular site of interest.

Relative to the regional composition of biodiversity across the Pilbara, areas demonstrating higher levels of
natural uniqueness (assuming pristine habitat condition) include the coastal region, the riverine parts of the
landscape, and locations throughout the Hamersley subregion (Figure 35). When regional condition
estimates are included, accounting for overall levels of habitat degradation, the picture changes
dramatically (e.g., Figure 36). The coastal and riverine areas of Biodiversity Significance are further
emphasised and additional areas associated with these, and regionally more areas overall, have higher
significance. The inclusion also of local habitat condition effects (Figure 37) moderates the pattern with a
clearer focus on areas of significance and away from areas that are highly degraded. While some of this
makes sense locally, it assumes a level of site-specific reliability in the mapping that is clearly questionable.

The demonstration of biodiversity significance with the inclusion of regional and local habitat condition
provides an indication of how these models can be used to assess the cumulative impacts of development,
or explore scenarios of proposed alternative areas for development to evaluate the marginal change in
biodiversity significance by looking at each grid cell in turn, or a set of actions in grid cells. The biodiversity
significance model can be used as the basis for these assessments provided sufficient rigour exists in the
input models and data, coupled with a process of verification for critical land development decisions.

6.2 Published datasets

The dataset outputs (listed in Table 15) have been documented and made available to BHPBIO via CSIRO’s
data access portal (www.data.csiro.au). Access is limited to BHPBIO and CSIRO staff on the project.

Table 15. Published datasets provided to BHPBIO via CSIRO’s data access portal (www.data.csiro.au).

PUBLISHED DATASET
NAME

Mean percent bare
ground cover for the
Pilbara region (2000-
2011)

Interim biodiversity
habitat condition
layer, Pilbara Region

Predicted richness
and standard errors
for five biological
groups across the
Pilbara

BRIEF DESCRIPTION

A satellite-based estimate of mean bare
ground percent was derived from fractional
cover Landsat TM bare ground gridsata 1
sec (30m) spatial resolution (Appendix E ).

An interim biodiversity habitat condition
layer was derived from best available data
sets for land use, tenure and infrastructure
and assigned scores based on potential
anthropogenic disturbance (Section 4).

Species richness patterns for five biological
groups (mammals, birds, reptiles,
invertebrates — comprising ants, beetles
and ground spiders — and vascular plants)
were derived using Generalised Additive
Modelling (Section 3.2 and Appendix D ).

CITATION AND URL

Perry J, Williams KJ, Ferrier S, Harwood T (2013) Mean
percent bare ground cover for the Pilbara region (2000-
2011). v1. CSIRO. Data Collection.
https://www.data.csiro.au/dap/landingpage?pid=csiro:7653

Perry J, Williams KJ, Ferrier S, Harwood T (2013) Interim
biodiversity habitat condition layer, Pilbara Region. v1.
CSIRO. Data Collection.
https://www.data.csiro.au/dap/landingpage?pid=csiro:7652

Williams KJ, Liu Y, Henderson B, Ferrier S, Perkins G,
Harwood T (2013) Predicted richness and standard errors for
five biological groups across the Pilbara. v1. CSIRO. Data
Collection.
https://www.data.csiro.au/dap/landingpage?pid=csiro:7635
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PUBLISHED DATASET BRIEF DESCRIPTION CITATION AND URL
NAME

Compositional turnover patterns amon
GDM-scaled p P g

environmental species assemblages.in five biFJIogicaI Williams KJ, Ferrier S, Perkins G, Manion G, Harwood T,
predictors for groups (mammals, b|r(flst, reptiles, Perry J (2013) GDM-scaled environmental predictors for
compositional invertebrates = eI Gl e, beetles compositional turnover in five biological groups across the
turnover in five andigrolnd spidersssand ve_xscular plants) | pilpgra. v1. CSIRO. Data Collection.
biological groups were derived using Generalised https://www.data.csiro.au/dap/landingpage?pid=csiro: 7634

. Dissimilarity Modelling (Section 3.1 and
across the Pilbara .

Appendix C).

Biodiversity significance analyses and
associated uncertainty for five biological
groups (mammals, birds, reptiles,
invertebrates and vascular plants) and an
aggregate of those groups. Six variants of
the measure were derived within and

Biodiversity
significance analyses
and associated

Harwood T, Ferrier S, Williams KJ, Liu L, Perry J, Perkins G
(2013): Biodiversity significance analyses and associated
u!1cert.a|nty for five without species richness and with or unce{’tamtyforflve biological groups across the Pilbara
biological groups . . . provided as an ESRI Map Package. v1. CSIRO. Data

. without habitat condition. Data are .
across the Pilbara Collection.

provided as an ESRI prQV|ded n :_m ArcMaplO.l Map Package https://www.data.csiro.au/dap/landingpage?pid=csiro:7591
Map Package which contains the inputs and outputs of

Biodiversity Significance Analysis, includes
custom legends and uncertainty overlays
for model error (Section 5 and Appendix F ).

6.3 Future research and development

The work presented in this report (Sections 2 to 5) sets the scene for a potential second phase of work
developing and applying new techniques for projecting cumulative impacts of development and
conservation actions on biodiversity persistence throughout the Pilbara Bioregion, by implementing all the
elements outlined in Figure 42.

The research and development framework outlined in Figure 42, aims to provide a rigorous, and defensible,
means of assessing expected impacts of development and conservation activities on persistence of overall
plant and animal diversity at a whole-bioregion scale by integrating, and significantly advancing, state-of-
the-art techniques in environmental mapping, biodiversity modelling, and scenario analysis. The resulting
capacity to estimate the level of persistence expected as a consequence of any spatially-explicit
combination of development and conservation (protection and/or restoration) actions will, in turn, provide
the foundation for three major forms of assessment:

e Mapping of the relative reduction (marginal loss) in whole-bioregion biodiversity persistence expected
if a given type of development action were applied, in turn, to each and every location (fine-scaled grid
cell) within the region. Conversely, mapping of the relative improvement (marginal gain) in persistence
expected if a given type of conservation action were applied to each location in turn. Such maps would
assist in identifying parts of the region where development is likely to have most, or least, impact on
biodiversity persistence and, conversely, where conservation investment is likely to result in most, or
least, benefit.

e Evaluation of the net impact that any spatially-explicit set of proposed (hypothetical) development and
conservation actions is expected to have on whole-bioregion biodiversity persistence. This capability
would provide an objective means of assessing biodiversity implications of alternative offsetting
options, or whole alternative plans involving multiple development and conservation actions.

e Evaluation of the cumulative impact that development and conservation actions implemented over
time are expected to be having on whole-bioregion biodiversity persistence in the longer term. This
would provide a cost-effective means of tracking, and reporting on, cumulative impacts in terms of
expected biodiversity outcomes — a capability that ideally needs to be coupled with long-term field
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monitoring of actual outcomes to facilitate adaptive calibration and refinement of the underpinning

models.
—
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Figure 42. Proposed major components of an R&D framework for projecting cumulative impacts of development
and conservation actions on biodiversity persistence.

A number of advances in community-level biodiversity modelling (all pursued by CSIRO in recent years)
could serve as the starting point for developing this methodology, including:

e A general conceptual framework for whole-landscape modelling of biodiversity persistence,
described by Ferrier and Drielsma (2010).

e Statistical approaches to modelling spatial patterns in biodiversity composition — e.g. Ferrier et al.
(2007).

e Semi-mechanistic macroecological approaches to projecting impacts of climate and land-use
change on biodiversity persistence — e.g. Mokany et al. (2012).

Application of such a research and development program would inject a whole new level of rigour and
innovation into this work, across multiple fronts, all of which should have significant flow-on benefits for
any subsequent assessment and/or decision underpinned by this methodology:

e Extended techniques for deriving fine-scaled environmental surfaces (particularly for substrate and
microclimate) through integration of advances in remote sensing, terrain analysis, etc.

e New remote-sensing approaches to mapping habitat condition (building, in part, on some of the
preliminary work described in Section 4 and Appendix E of this report).

e Richer consideration of the effects of multiple ecological (disturbance) processes of relevance in
the Pilbara —including grazing, fire, invasive species, hydrology, etc.
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e More rigorous consideration of the temporal dimension of impacts of development and
conservation actions (time lags, state-and-transition dynamics, etc).

e Refinement of condition measures, and projections, to address differences in responses to
disturbance processes between biological groups.

e Incorporation of potential interactions between biological groups.

e Capacity to utilise data from emerging metagenomic and phylogeographic sampling and analysis
techniques.

e Development of rigorous strategies and procedures for model validation and calibration through
field monitoring.

6.4 Key findings and recommendations

1. The data compiled by BHP for environmental assessment is a rich source of information, albeit often
restricted to tenement areas. We focussed on certain aspects of these data for the analyses presented
here; specifically, spatially referenced observations with taxonomic identifications at least to the
species level that could be assigned an accepted name based on National censuses of plant and animal
species. Two data sets presented particular limitations. Firstly, the invertebrate collections were mainly
identified at the generic level or from poorly known groups based on targeted sampling, preventing
their merger with the comprehensive surveys of beetles, ants and spiders across the Pilbara by the WA
Department of Parks and Wildlife. Secondly, the comprehensive surveys of vascular plants across the
Pilbara by the WA Department of Parks and Wildlife, which would help moderate the sampling bias
associated with the surveys conducted by BHPBIO and their consultants, were unavailable at the time
of this assessment. Finally, a further limitation of the BHPBIO data was the inability to easily distinguish
the comprehensively surveyed sites for a particular biological group as reference sites for biodiversity
modelling (richness and compositional dissimilarity). Different observation sources can be merged so
long as covariates describing their similarities and differences can be generated and include in the
modelling, to essentially weight their importance. This requires more detail about each survey’s
methodology and purpose, generally contained in survey reports.

2. The data underpinning the biodiversity significance models presented here can be enhanced through a
concerted effort to compile all available surveys from among development interest groups across the
region. Rather than a once-off compilation, we suggest data provider agreements with the Atlas of
Living Australia and/or the Terrestrial Ecosystem Research Network who have established the protocols
for aggregation and public use, or other appropriate entity to efficiently mediate data federation.
Researchers, industry and consultants alike can then access the data, add value or assess the most cost-
efficient requirements for filling knowledge gaps (e.g., through further survey) for a given purpose.

3. Species richness is a critical determinant of Biodiversity Significance, although secondary to models of
compositional dissimilarity. The limitations of the current GAM models can be addressed through a
more thorough examination of the available data sources and consideration of different statistical
approaches. However, there is presently no specific best practice statistical approach and before
investing in further analyses, gaps in the underpinning data require improvement through a more
thorough examination of available sources as suitable ‘reference sites’ for modelling, and a targeted
program of comprehensive surveys to fill gaps in environmental and taxonomic coverage of key
indicator groups for conservation assessment.

4. Reliable assessment and monitoring of biodiversity habitat condition is also a critical determinant of
Biodiversity Significance; and especially for any assessment of mining impacts and offsets. We present a
novel framework toward solving this problem (Donohue et al. 2013) and outline a process for trialling
this in the Pilbara (page 51). The successful application of this modelling framework, along with a
network of monitoring sites to support calibration, will help integrate in situ and remote sensing data
enabling a more reliable assessment of habitat condition applied at both regional and local scales for
continuous reporting on the status of biodiversity and its use in scenario analyses.
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Given current uncertainties in the assessment of species richness and site level habitat condition
(outlined above), we can only recommend the use of Biodiversity Significance based on Equation 1
(natural uniqueness - Figure 35) and that incorporating regional condition (Equation 2 - Figure 36) for
the current regional assessment process.

We recommend further interaction regarding the use of these outputs in BHPBIO’s current and future
strategic assessment work, to better resolve precisely which output to use for which purpose, or
whether other variants of the measures presented here might be more applicable. For example, the
map legends were designed for comparison within a group (with or without richness models included in
the calculation), a different legend may be needed if the maps (e.g., Figure 35 and Figure 36) are used
in isolation to ensure the maximum amount of information is conveyed.

Limitations in the biodiversity assessments identified here can be addressed through a program of
research and development linked with BHPBIO’s future planning and assessment needs, such as
outlined in Figure 42.

Using community-level modelling to map levels of biodiversity significance in the Pilbara Bioregion | 73



Appendix A Distribution of biological data

This appendix presents maps of the distribution of biological data for different groups provided by BHPBIO
and DPaW or downloaded from the Atlas of Living Australia (ALA). Numbers represent the number of
records or plotted points for each map.
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Coleoptera (beetles)
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Hemiptera (bugs)
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Reptilia (reptiles)
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Appendix B Spatial environmental variables

The best available spatial environmental data were collated to represent a wide range of direct and indirect
indicators of climate, regolith, landform, hydrology and land cover at 9-second grid resolution. Ordinal or
continuous variables with consistent spatial dimensions are required for analysis using generalized
dissimilarity modelling. Minor differences in spatial extent and data/no-data areas were filled using focal-
mean or focal-majority algorithms for continuous and ordinal variables respectively, using ArcGIS software
(ESRI 2011).

B.1 Climate

Long-term (30 years, 1975-2005) monthly variation in climate was derived from ANUCLIM v6.1 (Xu &
Hutchinson 2011) using version 3 of the 9-second digital elevation model (DEM) for Australia (Hutchinson
et al. 2008). Indices of annual and seasonal variation in a range of climatic variables were subsequently
derived (Table 16). Vapour pressure deficit was derived using monthly dew point temperature, and wet and
dry bulb temperatures based on the equations outlined in Allen et al. (1998). The psychrometric data
method was used to estimate actual vapour pressure from gridded values of atmospheric pressure based
on altitude from the DEM. For relative humidity we adopted the equation used by the Australian Bureau of
Meteorology (after Abbott & Tabony 1985).

These climatic variables characterise general patterns of seasonal wetting and drying but lack detail about
inter-annual variability. This, combined with the sparse distribution of weather stations throughout the
Pilbara, limits the accuracy of the climatic signal and its correlation with patterns of regional variation in the
biota. For this reason, two indirect location-based predictors were included as proxies for unexplained
variation correlated with climate — Euclidean distance from coast and elevation. McKenzie et al. (2009) also
used these indirect variables in their analyses of Pilbara biodiversity patterns (e.g., Gibson & McKenzie
2009). The elevation data were sourced from the 3 second DEM for Australia which is a derivative of the 1
second DEM (Gallant & Read 2009; Gallant 2011; Geoscience Australia & CSIRO Land & Water 2011). The
elevation mean and range within each 9-second grid were compiled as candidates for explaining regional to
local elevation heterogeneity.

Table 16. Indices of annual and seasonal variation in climate compiled for the Pilbara analysis region.

Code Description
ADEFIE Maximum monthly precipitation deficit (Rain-Evap) (mm)
ADEFXE Minimum monthly precipitation deficit (Rain-Evap) (mm)
EVAPIE Minimum monthly evaporation (mm)
EVAPXE Maximum monthly evaporation (mm)
RAINIE Precipitation of the driest month (mm)
RAINXE Precipitation of the wettest month (mm)
RADNIE Minimum monthly rainfall-modified solar radiation (MJ/m?/day) (flat-surfaces)
RSO6F Solar radiation in June modified by topography
RS12F Solar radiation in December modified by topography
RADNXE Maximum monthly rainfall-modified solar radiation (MJ/m?/day) (flat-surfaces)
MINTIE Minimum temperature coldest month (°C)
MINTXE Minimum temperature warmest month (°C)
MAXTXE Maximum temperature coolest month (°C)
MAXTIE Maximum temperature hottest month (°C)
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Code Description

TRNGIE Minimum monthly diurnal temperature range (°C)
TRNGXE Maximum monthly diurnal temperature range (°C)
RH2MAXE Maximum monthly relative humidity (%)
RH2MINE Minimum monthly relative humidity (%)
VPD_MAXE Maximum monthly vapour pressure deficit (KPa)
VPD_MINE Minimum monthly mean vapour pressure deficit (KPa)
BIOO3E Isothermality 2/7

BIOO7E Temperature Annual Range (5-6)

BIO29E Highest Period Moisture Index

BIO30E Lowest Period Moisture Index

BIO31E Moisture Index Seasonality (C of V)

DISTCOAST Euclidean distance to coast in degrees based on 9-second grid
ELEVATIONME |mean elevation within 9-second grid based on 3-second DEM

B.2 Regolith

Because spatial data describing soils is limited in resolution, a wide range of candidate variables that are
potentially correlated with patterns in soil variability at the site level were compiled. These variables fall
into four classes: 1) attributes derived from soil maps; 2) models of soil properties; 3) attributes derived
from geology maps; and 4) geophysics variables such as magnetic, gravity and radiometric data (Table 17).

Two sources of attributes from soil maps were available to the study; one set based on an interpretation of
the Atlas of Australian soils by McKenzie and coworkers (McKenzie & Hook 1992; McKenzie et al. 20003;
Western & McKenzie 2004), and another set based on a composite of best available soil maps (McKenzie et
al. 2005; Jacquier 2011d, b, c, a), available through the Australian Soil Resource Information System
(http://www.asris.csiro.au/themes/NationalGrids.html). Where these attributes represent the same
property, the more recent set based on the best composite of maps was used, even though map
boundaries may influence the spatial appearance of the prediction.

Variation in surface geology for Australia has been compiled by Geoscience Australia from 1:250,000 source
data (Liu et al. 2006; Raymond et al. 2007a; Raymond et al. 2007b; Raymond et al. 2007c; Whitaker et al.
2007; Stewart et al. 2008; Whitaker et al. 2008). However, only two attributes are currently available in
continuous or ordinal form: inherent rock fertility (De Vries 2009) and geological age based on the
timescales database (Laurie et al. 2008) compiled by Williams and co-workers (Williams et al. 2010b, a;
Williams et al. 2012) at 0.01 resolution.

Digital soil mapping is a rapidly developing field of science (McBratney et al. 2003) and a number of
modelled soil properties are becoming available nationally with potential application in ecology (e.g.,
Viscarra-Rossel et al. 2010a; Viscarra-Rossel et al. 2010b; Viscarra-Rossel & Chen 2011; Viscarra Rossel
2011; Gray et al. 2012; Wilford 2012). We explore the potential predictive utility of several of these
modelled soil properties: weathering intensity index (Wilford 2012); three principal components of soil
colours (Viscarra-Rossel et al. 2010b) and three clay minerals (Viscarra Rossel 2011) at two soil depth
profiles — 0-20cm and 60-80 cm.

Geophysics data is another potential source of information about patterns of variability in the soil
environment or an indication of surface geology features that may influence soil formation. National
coverage exists for gravity (Geoscience Australia 2009) and magnetic (Milligan 2010b, a) anomalies to
support exploration geology. Gravity anomalies in units of acceleration show the effects of different rock
densities in the subsurface compared with the surrounding earth's mantle (Gunn 1997). Mountains are
usually negative because the rock density at the base is lower relative to surrounding areas. Local positive
anomalies may indicate metallic ores. Anomalies can help to distinguish sedimentary basins whose fill
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differs in density from that of the surrounding region. The 2009 edition of the gravity grid of Australia and
surrounding areas is a compilation of over 1.4 Million onshore gravity stations and offshore marine gravity
data derived from satellite altimetry with a cell size of 800m for the Lambert Conic Conformal Projection
grids and 0.00833333 degrees for the geodetic grids (Geoscience Australia 2009; Percival 2010).

Magnetic anomalies also provide insights into the distribution of magnetically susceptible minerals within
the Earth’s crust. The source of magnetization of rocks is primarily from magnetic induction by the earth's
field of particles of magnetite within the rocks. The lighter colored rocks such as granite and porphyries
have much less magnetite than the dark basic rocks such as gabbro and diabase (Nettleton 1971). Magnetic
minerals become concentrated in zones which highlight the structure of the crust and magnetic anomalies
can detect magnetic signatures below surface cover (regolith and sedimentary basins). Magnetism may also
be affected by weathering and sedimentation processes, as well as rock metamorphism and hydrothermal
reactions (Clark 1997). Because magnetism captures information about different rock types, it may also
reflect disjunctions in regolith type. The fifth edition total magnetic intensity grid of Australia has been
derived with a grid cell spacing of 3-arc seconds (Milligan 2010a; Percival 2010).

Radiometric or gamma-ray spectrometry data is another potential source of information about the
structure and composition of the top 30-40cm of the land surface. All rocks and soils contain radioactive
isotopes, and almost all the gamma-rays detected near the Earth’s surface are the result of the natural
radioactive decay of potassium, uranium and thorium. Changes in lithology, or soil type, are often
accompanied by changes in the concentrations of radioelements and may also indicate mineral deposits.
Potassium, uranium and thorium behave quite differently from one another during weathering and
pedogenesis and in combination with digital terrain data can be used to define regolith properties such as
weathering intensity (Wilford 2012). Quantitative soil characterisation based on radiometric data is an area
of continuing research (Beckett 2003, 2007). We obtained the 2010 edition of the radiometric map of
Australia dataset (Geoscience Australia 2010). This dataset comprises grids of potassium (K), uranium (U)
and thorium (Th) element concentrations, and derivatives of these grids, that were derived by seamlessly
merging over 550 airborne gamma-ray spectrometric surveys in the national radioelement database
(Percival 2010) using the method described by Minty et al. (2009). The original survey grids were levelled
and then re-sampled, using minimum curvature (Briggs 1974), onto the Radiometric Map of Australia Grids
with a cell size of about 100m (0.001 degrees).

Table 17: Indices of regolith (regolith) variability compiled for the Pilbara analysis region.

Group Code Description
BD30E bulk density to 30cm derived from ASRIS 9-second gridded composite soil map
variables
Composite CLAY30E percent soil clay content to 30cm derived from ASRIS 9-second gridded composite soil
soil map map variables
PAWCIME Plant av.ailabl.e soil wate':r content (mm/100cm) derived from ASRIS 9-second gridded
composite soil map variables
SOLDEPTHNE |solum depth in metres based on a weighted average of PPF mosaics
NUTRIENTSNE |Gross soil nutrient status based on weighted average of PPF mosaics
COARSENE E?Lc:Fn::a?;coarse fragments throughout the soil profile based on weighted average
Atlas of Hydrological scores for grades of pedality based on correlations with measured steady
Australian HSTRUCTNE infi!tration rates. for a wide range of soils, as determined by Lin et al. (1999.): single
soils grain (50), massive (0), weak (1), moderate (5), or strong (25) based on weighted
average of PPF mosaics
KSATNE solum average of the median horizon saturated hydraulic conductivity weighted by the
depth of each horizon and based on a weighted average of PPF mosaics
CALCRETENE 'JVZ?git((ees:z\c/zr(alg)eo;?ss;e:n;is('gi)czf calcrete in or below the soil profile based on
Terrain-soil CTIDEPTHUZE The soil depth in metres was derived from a topographic wetness index
index (twifd80_011e) scaled by map unit soil depth range (Claridge et al. 2000), derived from
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Group

Code

Description

attributes for the principal soil profile form developed for the Atlas of Australian Soils
(McKenzie et al. 2000a). Specifically, the minimum, mode and maximum values of the
FD8 CTI based on 9-second DEM v3.1 were scaled by minimum, mean and maximum

soil depth values respectively applied to each soil map unit (across multiple polygons).

CTIPAWCU2E

The soil water holding capacity in mm was derived from a topographic wetness index
(twifd80_011e) scaled by map unit soil depth range (Claridge et al. 2000), derived from
attributes for the principal soil profile form developed for the Atlas of Australian Soils
(McKenzie et al. 2000a), and then multiplied by the soil water holding capacity in one
metre based on the ASRIS 250m best-composite soil map data (Jacquier 2011a).

Modeled clay
minerals

ILL20ME

9-second grid zonal mean of % abundance modelled illite clay minerals in surface soil
(0-20cm) derived from 3-second grid source data using the FOCALMEAN function with
a 3x3 cell window, and expanded to fill null values within pilmask1

ILLSOME

9-second grid zonal mean of % abundance modelled illite clay minerals in subsurface
soil (60-80cm) derived from 3-second grid source data using the FOCALMEAN function
with a 3x3 cell window, and expanded to fill null values within pilmask1

KA020ME

9-second grid zonal mean of % abundance modelled kaolinite clay minerals in surface
soil (0-20cm) derived from 3-second grid source data using the FOCALMEAN function
with a 3x3 cell window, and expanded to fill null values within pilmask1

KAO8OME

9-second grid zonal mean of % abundance modelled kaolinite clay minerals in
subsurface soil (60-80cm) derived from 3-second grid source data using the
FOCALMEAN function with a 3x3 cell window, and expanded to fill null values within
pilmask1

SME20ME

9-second grid zonal mean of % abundance modelled smectite clay minerals in surface
soil (0-20cm) derived from 3-second grid source data using the FOCALMEAN function
with a 3x3 cell window, and expanded to fill null values within pilmask1

SMESOME

9-second grid zonal mean of % abundance modelled smectite clay minerals in
subsurface soil (60-80cm) derived from 3-second grid source data using the
FOCALMEAN function with a 3x3 cell window, and expanded to fill null values within
pilmaskl

Modeled soil
spectra

PC1IME

Spectra of surficial soils — Principal component 1 (3-second grid resolution, approx
90m) (Raphael Viscarra Rossel) - zonal mean in 9-second grid

PC2ME

Spectra of surficial soils — Principal component 2 (3-second grid resolution, approx
90m) (Raphael Viscarra Rossel) - zonal mean in 9-second grid

PC3ME

Spectra of surficial soils — Principal component 3 (3-second grid resolution, approx
90m) (Raphael Viscarra Rossel) - zonal mean in 9-second grid

Geology

MINFERTFE

An index of inherent rock fertility for the 1:1 million geology of Australia that ranks
lithological types on a 1 to 6 scale from rocks that are extremely siliceous (>90% silica)
with an extremely low base content (<3% Ca, Mg, Fe oxides) to those that are
ultramafic (<45% silica and >30% base content)

GEOLRNGAGG
NE

Range in geological age in millions of years before present derived from the 1:1 million
surface geology of Australia

GEOLMNAGGN
E

Mean geological age in millions of years before present derived from the 1:1 million
surface geology of Australia

Modeled
weathering

WII_OZ2ME

Weathering intensity index (Wilford 2012) - zonal mean sampled to 9-second from
original 3-second grid

Magnetic

PILMAGME

Mean of magnetic anomalies based on 80m grid zonal statistics in 9-second grid

Gravity

PILGRAVME

Gravity anomalies resampled from 800m grid to 9-second grid

Radiometric
data

DOSEME

Terrestrial dose rate derived as a linear combination of the filtered K, U and Th grids
(see Minty et al., 2009), nG/h - zonal mean sampled to 9-second from 3-second grid

TOTALDOSEME

Total dose rate due to terrestrial and cosmic radiation, derived by adding the
estimated cosmic dose contribution to the filtered dose due to terrestrial sources
described above, nG/h - zonal mean sampled to 9-second from 3-second grid

PCTKME

Low-pass filtered K element concentrations, % K (potassium) - zonal mean sampled to
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Group Code Description
9-second from 3-second grid
Low-pass filtered Th element concentrations, ppm eTh (Thorium) - zonal mean
PPMTHME .
sampled to 9-second from 3-second grid
Low-pass filtered U element concentrations, ppm eU (Uranium) - zonal mean sampled
PPMUME .
to 9-second from 3-second grid
RATIO_TKME Ratio of Th over K derived from the flltfered Th and K grids, dimensionless - zonal mean
sampled to 9-second from 3-second grid
RATIO UKME Ratio of U over K derived from the fllte.red U and K grids, dimensionless - zonal mean
- sampled to 9-second from 3-second grid
RATIO UTME Ratio of U over Th derived from the fllt.ered U and Th grids, dimensionless - zonal mean
- sampled to 9-second from 3-second grid
RATIO_U2TME Ratio of U2 over Th derived from the flltered.U and Th grids, dimensionless - zonal
mean sampled to 9-second from 3-second grid

B.3 Landform

Variation in topography and landform can be captured by indices derived from digital terrain models
(Wilson & Gallant 2000a). Gallant and co-workers have been generating terrain indices based on the 1sec
digital elevation model for Australia (Geoscience Australia & CSIRO Land & Water 2010). These indices vary
in complexity from simple, such as slope (Gallant et al. 2011f), relief (Gallant et al. 2011i) and elevation
diversity (Gallant et al. 2011a), to more complex algorithms such as topographic wetness indices (Gallant et
al. 2011j) based on contributing area (Gallant et al. 2011e) and landform shape (Gallant et al. 2011g, h).
Classes of topographic position commonly observed in the field (Speight 2009) also can be interpreted from
a digital elevation model (Gallant & Austin 2012) or derived using multiresolution methods (Gallant &
Dowling 2003). We compiled a few of the available indices describing landform diversity from existing
datasets derived from different resolution digital elevation models (DEMs) and selected those that best
represent landform at 9-sec resolution (Table 18). Two indices — topographic position index and associated
binary mask for flat areas — are designed to complement each other because the topographic index does
not accurately represent flat areas. Therefore both are included as candidate predictors in a model.

Terrain derivatives developed by Gallant and co workers (Gallant et al. 2011j, e, d, a, ¢, g, h, f, i, b; Gallant &
Austin 2012) from the 3-second DEM-S (smoothed digital elevation model, Geoscience Australia 2013b)
were aggregated to 9-second resolution using the median value for ordinal variables and the mean value
for continuous variables (Table 18). Only a few of these are expected to be useful predictors.

Table 18. Indices of landform diversity compiled for the Pilbara analysis region.

CODE Description
SLOPEDEG mean slope in degrees within 9-second grid based on 3-second DEM (zero-filled null values)
MRRTFE multi-resolution ridgetop flatness index based on 9-second DEM V3.1

Multiresolution valley bottom flatness index class is a topographic index designed to identify areas of
deposited material at a range of scales based on the observations that valley bottoms are low and flat
relative to their surroundings and that large valley bottoms are flatter than smaller ones. Zero values
indicate erosional terrain with values 1 and larger indicating progressively larger areas of deposition.
There is some evidence that MrVBF values correlate with depth of deposited material. The 3-second
data were aggregated at 9-second using the raster grid median value.

MRVBFE3

Plan (or contour) curvature is the rate of change of aspect (orthogonal to the slope) and represents
topographic convergence or divergence. It is significant for water movement across the landscape,
i.e., the accumulation or dispersion of water. Plan curvature was calculated from 3-second DEM-S
using the finite difference method (Wilson & Gallant 2000b). The different spacing in the E-W and N-S
directions due to the geographic projection of the data was accounted for by using the actual spacing
in metres of the grid points calculated from the latitude. The 3-second data were aggregated at 9-

PLANCURE3
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CODE

Description

second using the raster grid mean value.

PROFCURE3

Profile curvature is the rate of change of potential gradient down a flow line and represents the
changes in flow velocity down a slope. It is significant for flow acceleration, erosion/deposition rates
and geomorphology. Profile curvature was calculated from 3-second DEM-S using the finite difference
method (Wilson & Gallant 2000b). The different spacing in the E-W and N-S directions due to the
geographic projection of the data was accounted for by using the actual spacing in metres of the grid
points calculated from the latitude. The 3-second data were aggregated at 9-second using the raster
grid mean value.

SLPRELIEFE3

Slope relief landform pattern classification is based on Speight (2009). The slope_relief layer is an
implementation of the classification of erosional landform patterns characterised by relief and modal
slope as defined in Table 5 of Speight (2009). Modal slope has been replaced by median slope, since
this is considered more amenable to automated processing, and the second highest relief class (90 -
300m) has been split into two classes, 90 - 150m and 150 - 300m; to connect the result with
international work where the 150m relief threshold is used and due to the perceived rarity of relief
over 150m in Australia. The 3-second data were aggregated at 9-second using the raster grid median
value.

TPICLASSE3

Topographic position classification index identifies the upper, middle and lower parts of the
landscape. A mask is also included that identifies where topographic position cannot be reliably
derived in low relief areas. The 3-second data were aggregated at 9-second using the raster grid
median value.

TPIMASKE3

Topographic position mask identifies relatively flat areas where the finite accuracy of a DEM limits its
ability to discriminate topographic position. The mask included with the TPI layer identifies areas that
are too flat to reliably identify upper, middle and lower landscape positions. It is based on the 'Slope-
Relief' classification and the TPl mask has values of 1 where there is sufficient relief for TPl to be
meaningful and 0 where TPl cannot be reliably used. The 3-second data were aggregated at 9-second
using the raster grid median value.

CONAREAE3

The partial catchment contributing area in m’ was computed using multiple flow directions on
hillslopes and ANUDEM-derived flow directions in channels. The contributing area was computed on 1
degree tiles with 200 cell (about 5km) overlaps so the areas in channels do not account for
catchments beyond that size (hence the use of PARTIAL in the name). The primary purpose of this
product was to calculate topographic wetness index (TWI; Gallant and Wilson, 2000) for which full
contributing areas in channels are not necessary. This product should not be used to represent
contributing areas of catchments larger than 5km across. The 3-second data were aggregated at 9-
second using the raster grid mean value.

TWIE3

The topographic wetness index is calculated as log_e(specific catchment area / slope) and estimates
the relative wetness within a catchment. TWI was calculated from 3-second DEM-H following the
methods described in Gallant and Wilson (2000). The program uses a slope-weighted multiple flow
algorithm for flow accumulation, but uses the flow directions derived from the interpolation
(ANUDEM) where they exist. Note that the partial contributing area product does not always
represent contributing areas larger than about 25km” because it was processed on overlapping tiles,
not complete catchments. This only impacts on TWI values in river channels and does not affect
values on the land around the river channels. Since the index is not intended for use in river channels
this limitation has no impact on the utility of TWI for spatial modelling larger than 5km across. The 3-
second data were aggregated at 9-second using the raster grid mean value.

SLPFM300E3

The 300m focal median of percent slope was derived from the 3-second DEM-S using a moving
window of 300m. Slope measures the inclination of the land surface from the horizontal. Percent
slope represents this inclination as the ratio of change in height to distance. The focal mean of
percent slope can be used as a surrogate for modal slope in landform pattern analysis. The 3-second
data were aggregated at 9-second using the raster grid mean value.

ELEVFR300E3

The elevation focal range (metres) within 300m was derived from the elevation 3-second DEM-S. The
elevation range measures the full range of elevations within a circular window and can be used as a
representation of local relief. Focal range using a 300m window was calculated for each grid point
from DEM-S using a 300m kernel. The different spacing in the E-W and N-S directions due to the
geographic projection of the data was accounted for by using the actual spacing in metres of the grid
points, and recalculating the grid points included within the kernel extent for each 1° change in

latitude. The 3-second data were aggregated at 9-second using the raster grid mean value.
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CODE

Description

ELVFR1000E3

The elevation focal range (metres) within 1000m was derived from the elevation 3-second DEM-S. The
elevation range measures the full range of elevations within a circular window and can be used as a
representation of local relief. Focal range using a 1000 m window was calculated for each grid point
from DEM-S using a 1000 m kernel. The different spacing in the E-W and N-S directions due to the
geographic projection of the data was accounted for by using the actual spacing in metres of the grid
points, and recalculating the grid points included within the kernel extent for each 1° change in
latitude. The 3-second data were aggregated at 9-second using the raster grid mean value.

HILLSHADE

The hillshade dataset was derived from the 3-second DEM-S to representing general topographic
shadowing effects

B.4 Vegetation and land cover

Several indices related to land cover and vegetation were derived as indicators of terrestrial habitat
structure. Vegetation cover across the semi-arid climate of the Pilbara region is a good indicator of more
productive habitats and areas in which some types of biodiversity may congregate. We therefore compiled
or generated datasets as indicators of biotic response (Table 19).

An index of mean annual evapotranspiration was derived from the 10 year monthly data derived from
MODIS by Guerschman et al. (2009). This variable indicates where the pooling of water in the landscape
supports evapotranspiration associated with vegetation cover. We also compiled estimates of gross
primary productivity from remote sensing of vegetation greenness partitioned into three functional plant
types in the TMS scheme, a framework that links canopy leaf properties, vegetation structure and cover
with resource availability (Berry & Roderick 2006; Berry et al. 2007; Mackey et al. 2012).

We further used an estimated of woody vegetation cover derived from Landsat remote sensing (Furby et al.
2009) for the years 2006 and 2009 (DCCEE 2012). Two indices were derived to represent the extent of
woody vegetation within a grid cell and the nearest distance from any location to a vegetated grid cell.

Table 19. Indices of vegetation diversity and habitat compiled for the Pilbara region.

Code

Description

FT_NVEGE

Turgor (T) functional plant type derived from MODIS FPAR interception (9-second grids). Turgor leaves
rely on the turgor pressure of the protoplasm for structural support. They are short-lived (e.g., leaves of
deciduous trees and shrubs, and soft-leaved herbaceous species), have high photosynthetic rates per
unit volume and low C:N ratios.

FM_NVEGE

Mesic (M) functional plant type derived from MODIS FPAR interception (9-second grids). Mesic leaves
are longer-lived and may occur on trees, shrubs and herbaceous plants. The structural support for M
leaves is provided by cell walls. M leaves have lower rates of photosynthesis per unit volume and higher
C:N ratios than T leaves.

FS_NVEGE

Sclerophyll (S) functional plant type derived from MODIS FPAR interception (9-second grids). Sclerophyll
leaves may occur on trees, shrubs and herbaceous plants and are longer-lived. The structural support
for S leaves is provided by cell walls. S leaves have a smaller surface to volume ratio than M leaves and
have the lowest photosynthetic rates and the highest C:N ratios.

MODISEA

Mean annual MODIS-derived potential evapotranspiration

EDISTFORST

The Euclidean distance to woody vegetation was derived from the aggregated forest extent dataset
(DCCEE 2012) combining the 2006 and 2009 epochs. Forest is defined as vegetation with a minimum 20
per cent canopy cover, potentially reaching 2 metres high and a minimum area of 0.2 hectares. The
EUCDISTANCE function in ARCINFO ESRI 2011) was applied in geographic distance units.

FORSTO6

The extent of woody vegetation in 2006 within 9-second grids derived from the aggregated forest
extent dataset (DCCEE 2012). Forest is defined as vegetation with a minimum 20 per cent canopy cover,

potentially reaching 2 metres high and a minimum area of 0.2 hectares.
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B.5 Hydrologic

Additional spatial environmental indices were developed to describe the aquatic and riparian environments
of the Pilbara region. Little attention has been given to the development of spatially explicit context indices
describing aquatic habitats and their relationship to the surrounding landscape (although see Kennard et al.
2010; Turak et al. 2010).

We approached this by first developing an ecological rationale for why particular attributes of the
environment may be important based on scientific understanding of aquatic systems in the Pilbara region.
Indices subsequently derived from available data sources are described in Table 20. In addition to stream
order defining the position of the catchment in the landscape and distance to water bodies of different
types, a series of terrain attributes were compiled as a proxy for topographically relevant hydrological
information (listed in Table 18). The Bureau of Meteorology’s GEOFRABRIC database provided the source
information for these variables (Bureau of Meteorology 2010).

Table 20. Customised indices for riparian and aquatic habitats in the Pilbara analysis region.

Code Description

The Euclidean distance to water points dataset was derived using data combined from the GEOFABRIC
1.0 and WA Department of Water mapping sources (Pilbara_hydropoints.shp) (Bureau of
Meteorology 2010; Department of Water 2011) and the EUCDISTANCE function in ARCINFO (ESRI
2011) in geographic distance units.

EDISTHYDRO

The Euclidean distance to major drainage lines was derived using data derived from GEOFABRIC 1.0
EDISTMAIJOR |(drainage_lines_major.shp) (Bureau of Meteorology 2010) and the EUCDISTANCE function in ARCINFO
(ESRI 2011) in geographic distance units.

The Euclidean distance to minor drainage lines was derived using data derived from GEOFABRIC 1.0
EDISTMINOR |(drainage_lines_minor.shp) (Bureau of Meteorology 2010) and the EUCDISTANCE function in ARCINFO
(ESRI 2011) in geographic distance units.

The Euclidean distance to perennial water bodies and drainage was derived using data derived from
EDISTPEREN  |GEOFABRIC 1.0 (Bureau of Meteorology 2010) and the EUCDISTANCE function in ARCINFO (ESRI 2011)
in geographic distance units.

The Euclidean distance to cliff lines was derived using the GEOFABRIC 1.0 AHGF SH_Cartographic
geodatabase (extracted as AHGF_cliffline_pilbara.shp) (Bureau of Meteorology 2010) and the

ECLIFFLINE
¢ EUCDISTANCE function in ARCINFO (ESRI 2011) in geographic distance units. Cliff lines are also shown
as terrain break lines in the GEOFRABRIC dataset.
SALINITY2E The median water table salinity (mg/L) was derived from geofrabric AHGF_GW _Interim dataset

(extracted as WaterTableSalinity_median_Pilbara.shp) (Bureau of Meteorology 2010).

The Pfafstetter attribute representing the highest catchment stream order was derived from
LASTPFAFE GEOFABRIC AHGFCatchment “lastpfaf” attribute (extracted as AHGFcatchment_lastpfaf_Pilbara.shp)
(Bureau of Meteorology 2010).
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Appendix C Generalised dissimilarity models, GDM
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Appendix D Richness models: Random Forests, GAM

6.5 Random Forests Models

Exploratory Random Forest models identified the set of candidate predictor variables that have the most
explanatory power (Table 21, Figure 46 to Figure 50). To interpret the random forest plot, briefly, the
importance measures show how much mean squared error (MSE) node impurity increases when a variable
is randomly permuted. If we randomly permute a variable that does not result in a gain in prediction, then
predictions will not change greatly and we see only small changes in MSE and node impurity. On the other
hand, the important variables will change the predictions by a large amount when randomly permuted, and
so we see bigger changes in MSE and node impurity. This indicates variable importance. The Random Forest
models also provide a baseline expectation for the percent variance explained by the predictors given the
data.

Table 21: Summary statistics for the Random Forest models.

BIOLOGICAL MODEL NUMBER VARIABLES MEAN OF % VARIANCE BEST NUMBER OF
GROUP TYPE OF TREES TRIED EACH SQUARED EXPLAINED PREDICTOR" PREDICTORS
SPLIT RSIDUALS SELECTED
Mammals Regression 500 17 1.529 24.6 VPD_MAX 11
Birds Regression 500 32 95.03 21.88 EDISTPEREN 11
Reptiles Regression 500 16 21.32 32.67 RAINX 12
Invertebrates Regression 500 31 59.92 27.85 EDISTHYDRO 10
Vascular plants Regression 500 21 122.4 31.87 KAO20 12

1. VPD_MAX - Maximum monthly vapour pressure deficit (KPa); EDISTPEREN - Euclidean distance to perennial water bodies and
drainage; RAINX - maximum monthly rainfall (mm); EDISTHYDRO - Euclidean distance to water points; KAO20 - % abundance
modelled kaolinite clay minerals in surface soil (0-20cm). Further details are given in Appendix B .
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Figure 46. Predictor variable importance for mammal richness using Random forests. Selected variables are:
VPD_MAXE, LONG, RH2MINE, SLPFM300E3, TWIE3, TRNGIE, CTIDEPTHU2, PCIME, ILL20ME, MODISEA90E, RS12FE.
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Figure 47. Predictor variable importance for bird richness using Random forests. Selected variables are:
EDISTPEREN, EDISTHYDRO, PILMAGME, DISTCOAST, MINTIE, EDISTFORST, BIOO7E, LONG, ADEFXE, ECLIFFLINE,

VPD_MINE.
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Figure 48. Predictor variable importance for reptiles richness using Random forests. Selected variables are: RAINXE,
ELEVFR300E3, CLAY30E, ADEFIE, PC3ME, LAT, PCIME, VPD_MAXE, MODISEA9, RAINIE, RS12FE, FS_NVEGE.
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Figure 49. Predictor variable importance for invertebrate richness using Random forests. Selected variables are
EDISTHYDRO, EDISTPEREN, EDISTFORST, RH2MAXE, EDISTMAJOR, FORST06B, RADNXE, EDFORST06, RAINXE,

CTIDEPTHU2.
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Figure 50. Predictor variable importance for vascular plant richness using Random forests. Selected variables are:
KAO20ME, LAT, RH2MINE, RH2MAXE, EDISTPERENE, PC1IME, RADNIE, KAOSOME, MINTIE, PCTKME, LONG,

DISTCOAST.
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6.6 Generalised Additive Models

6.6.1 RICHNESS MODEL FOR MAMMALS

The model does not perform well when interaction terms are included, so the model used for prediction is:

Family: gaussian _
Link function: identity

Formula:
SR ~ s(vpd_maxe, k = 16) + s{rh2mine, k = 12) + s(s1pfm300e3,
k 8) + s(trngie, k = 12) + s(ctidepthuz, k = 12) + s(pclme,

k 8 + s(i1120me, k = 10) + s(slopere, k 8

Parametric coefficients:
Estimate Std. Error t value Pr{>|t]|)
(Intercept) 1.7868 0.0356 50.2 <2e-16 =¥%
Signif. codes: 0 '***' 0,001 '**' 0.01 '*" Q.05 '." 0.1 ' ' 1
Approximate significance of smooth terms:
edf Ref.df F p-value

s (vpd_maxe) 10.99 12.74 2.30 0.00559 **
s(rh2mine) 9.24 10.20 4.28 6.1le-06 **%
s(s1pfm300e3) 5.16 6.03 8.72 2.4e-09 *%%
s(trngie) 9.81 10.56 5.17 1.1le-07 **=*
s(ctidepthu2) 8.40 9.74 2.36 0.01004 *
s(pclme) 6.30 6.82 3.54 0.00105 **
s(i1120me) 7.68 8.56 3.31 0.00071 *##**
s{(sTopere) 3.99 4,55 2.20 0.05910 .
Signif. codes: 0 "***' 0,001 '**' 0.01 '*" Q.05 '." 0.1 ' ' 1
R-sg.(adj) = 0.223 Deviance explained = 26.2%
GCV score = 1.6594 Scale est. = 1.5759 n = 1243

Basis dimension (k) checking results. Low p-value (k-index<l) may
indicate that k is too low, especially if edf is close to k'.

k' edf k-index p-value
s {vpd_maxe) 15.000 10.989 0.970 0.14
s{rhZmine) 11.000 9.243 0.914 Q.00
s(s1pfm300e3) 7.000 5.159 0.944 0.03
s(trngie) 11.000 9.814 0.955 0.06
s{ctidepthu2) 11.000 &8.398 0.895 0.00
s{pclme) 7.000 6.300 0.929 0.01
s(i1120me) 9.000 7.685 0.970 0.14
s{slopere) 7.000 3.993 0.972 0.14

GCV (generalised cross validation) is based on minimizing some approximation to the expected prediction
error of the model. When a predictor is dropped, GCV is expected to increase requiring a balance be found
between the simplicity of the model and the errors. The predictors in the resulting model are chosen by
optimising GCV score and hence the GCV method of smoothing parameters in the generalised additive
model with multiple penalties. To achieve this (optimising GCV score) the ‘magic’ function adopts Newton's
method and steepest descent iteratively to adjust the smoothing parameters for each penalty term.
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Figure 51. A graphical evaluation of the statistical assumptions of the model fitted to the richness dataset for
mammals. The upper left normal QQ plot departs from relatively a straight line, suggesting that the distributional
assumption is inconsistent with the data. The upper right plot suggests that variance is approximately constant as
the mean increases. The histogram of residuals at lower left shows the departure from normality (left skewed). The
lower right plot of response against fitted values shows a positive linear relationship but the model under predicts
richness.
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Figure 52. The shape of the predictor fitted function in the richness model for mammals.
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6.6.2 RICHNESS MODEL FOR BIRDS

Interactions were found to improve the model performance and were included:

Family: gaussian )
Link function: identity

Formula:
SR ~ s{distcoast, edistforst, k = 16) + s{edistforst, mintie,

k 16) + s(pilmagme, k = 2) + edistforst + s(edisthydro,

E 6% + s(bio07e, ecliffline, k = 16) + s({distcoast, adefxe,
6

Parametric coefficients:
Estimate std. Error t value Pr{>|t|)

(Intercept)  13.866 0.378 36.7 <2e-16 #%*
edistforst 1.447 0.125 11.6 <2e-16 #%%
Signif. codes: 0 '*¥*' 0,001 '**' 0,01 '*' 0.05 '.' 0.1 "' ' 1

Approximate significance of smooth terms:
edf Ref.df F p-value

s(distcoast,edistforst) 13.89 14.73 7.12 3.4e-14 #*=%
s(edistforst,mintie) 7.11 9.03 1.68 0.0906 .

s (piTmagme) 1.76 1.94 1.76 0.1725
s(edisthydro) 3.75 4.33 1.77 0.1274
s(bio07e,ec1liff1ine) 13.63 14.52 3.76 3.4e-06 *%*
s(distcoast,adefxe) 3.98 4.00 2,96 0.0036 **

Signif. codes: 0 '***' 0_.001 '**' Q.01 '*' 0,05 '." 0.1 "' "' 1

R-sq.{adj) = 0.342 Deviance explained = 39.4%
GCV score = 87.39 Scale est. = 80.231 n = 551

Basis dimension (k) checking results. Low p-value (k-index<l) may
indicate that k is too Tow, especially if edf is close to k'.

k' edf k-index p-value
s(distcoast,edistforst) 15.000 13.892 0.951 0.11
s(edistforst,mintie) 14.000 7.112 1.004 0.53
s (pilmagme) 2.000 1.760 1.018 0.63
s(edisthydro) 5.000 3.746 0.971 0.24
s(bio07e,ecTiff1ine) 15.000 13.631 1.006 0.54
s(distcoast,adefxe) 4.000 3.984 1.030 0.78
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Figure 53. A graphical evaluation of the statistical assumptions of the model fitted to the richness dataset for birds.
The upper left normal QQ plot is relatively close to a straight line, suggesting that the distributional assumption is
reasonable, however it is slightly skewed with a longer tail on the right. The upper right plot suggests that variance
is approximately constant as the mean increases. The histogram of residuals at lower left appears approximately
consistent with normality (although slightly skewed and some asymmetry). The lower right plot of response against
fitted values shows a positive linear relationship. The response data are integers, this is why we see a straight line
at the bottom of the residual plot, it corresponds to the value 1.
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Figure 54. The shape of the predictor fitted functions and interactions in the richness model for birds.
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6.6.3 RICHNESS MODEL FOR REPTILES

Interactions were found to improve the model performance and were included:

Family: gaussian
Link function: identity

Formula:

SR ~ s{elevfr300e3, rainxe, clay30e, k = 16) + s{adefie, k = 4) +
s{pc3me, k = 6) + vpd_maxe + s(fs_nvege, k = 16) + s(rainie,
rainxe, k = 8) + rsl2fe

Parametric coefficients:
Estimate Std. Error t value Pr(>|t|)

(Intercept) 33.383 8.585 3.89 0.00011 #=#%*

vpd_maxe 2.562 1.396 1.83 0.06711 .

rsl2fe -1.221 0.394 -3.10 0.00204 =%

Signif. codes: 0 '*¥%%' p.001 '**' Q.01 '*' 0.05 '.' 0.1 ' ' 1

Approximate significance of smooth terms:
edf Ref.df F p-value
s{elevfr3o0e3,rainxe,clay30fe) 10.31 11.28 5.17 7.4e-08

E
El

s(adefie) 2.78  2.96 2.72 0.04466 *
s({pc3me) 2.38 3.02 2.66 0.04736 *
s(fs_nvege) 12.45 14.01 2.68 0.00083 ***
s{rainie,rainxe) 6.90 6.99 6.81 9.4e-08 #¥¥
Signif. codes: 0 '#*%*' Q,001 '**' 0.01 '*' 0,05 '." 0.1 " ' 1
R-sq.(adj) = 0.336 Deviance explained = 38%

GCV score = 22.587 Scale est. = 21.055 n = 558

Basis dimension (k) checking results. Low p-value (k-index<l) may
indicate that k is too Tow, especially if edf is close to k'.

k' edf k-index p-value
s({elevfr30le3,rainxe,clay30e) 14.000 10.315 1.047 0.90
s(adefie) 3.000 2.782 0.994 0.42
s(pc3me) 5.000 2.382 1.025 0.67
s(fs_nvege) 15.000 12.454 1.002 0.54
s{rainie,rainxe) 7.000 6.899 1.030 0.76
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Figure 55. A graphical evaluation of the statistical assumptions of the model fitted to the richness dataset for
reptiles. The upper left normal QQ plot is relatively close to a straight line, suggesting that the distributional
assumption is reasonable, however it is slightly skewed with a longer tail on the right. The upper right plot suggests
that variance is approximately constant as the mean increases. The histogram of residuals at lower left appears
approximately consistent with normality (although slightly skewed with some asymmetry). The lower right plot of
response against fitted values shows a positive linear relationship.
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6.6.4 RICHNESS MODEL FOR INVERTEBRATES

Interactions were found to improve the model performance and were included:

Family: gaussian
Link function: identity

Formula:
SR ~ s(edisthydro, edistperen, k = 16) + forst06b + ctidepthu2

Parametric coefficients:

Estimate Std. Error t value Pr(>|t|)
(Intercept) 1.83e+01 1.10e+00 16.58 < 2e-16
forstoeb 8.58e-04 1.81e-04 4.73 3.le-06
ctidepthu2 4.14e+00 1.34e+00 3.08 0.0022

signif. codes: O '#%%' 0,001 '**' 0.01 '+' 0.05 '.' 0.1 " ' 1

ENE ]
ENE ]
E ]

Approximate significance of smooth terms:
edf Ref.df F p-value
s(edisthydro,edistperen) 8.73 11.1 8.47 9.5e-14 *%¥

signif. codes: O 's%%' 0,001 '*%' 0,01 '+' 0.05 '.' 0.1 " ' 1

R-sq.(adj) = 0.271 Deviance explained = 29.1%
GCYV score = 62.492 Scale est. = 60.673 n = 403

Basis dimension (k) checlking results. Low p-value (k-index<l) may
indicate that k is too low, especially if edf is close to k'.

k' edf k-index p-value
s(edisthydro,edistperen) 15.00 8.73 0.95 0.13
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Figure 57. A graphical evaluation of the statistical assumptions of the model fitted to the richness dataset for
invertebrates. The upper left normal QQ plot is relatively close to a straight line, suggesting that the distributional
assumption is reasonable, however it is slightly skewed with a longer tail on the right. The upper right plot suggests
that variance is approximately constant as the mean increases. The histogram of residuals at lower left appears
consistent with normality. The lower right plot of response against fitted values shows a positive linear
relationship.

Figure 58. The shape of the predictor fitted functions and interactions in the richness model for invertebrates.
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6.6.5 RICHNESS MODEL FOR VASCULAR PLANTS

Interactions were found to improve the model performance and were included:

Family: gaussian
Link function: identity

Formula:
SR ~ s(pctkme, k = 4) + s{(rh2mine, k = 12) + s(ka020me, k = 12) +
s(rh2maxe, k = 12) + s(ka020me, edistperene, pclme, lk = 16) +
= 6) + s(radnie, k = 12) + s(pc2me, k = 16)

s (ka080me, k

Parametric coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept) 22.418 0.241 93.2 <2e-16 #¥%¥

Signif. codes: 0 '¥%%' 0,001 '*¥' Q.01 '*' 0.05 '.' 0.1 "' ' 1

Approximate significance of smooth terms:

edf Ref.df F p-value
s (pctkme) 2.49 2.82 8.59 2.4e-05 =¥
s(rh2mine) 10.51 10.94 4.41 1.5e-06 ¥%%
s (ka020me) 9.01 9.86 3.44 0.00019 #*=**
s(rh2maxe) 10.60 10.96 6.04 9.le-10 ¥%«%
s(ka02Ome,edistperene,pclme) 9.56 10.40 6.16 1.5e-09 #*%¥
s (ka080me) 2.76 3.45 2.54 0.04707 *
s(radnie) 10.22 10.85 9.76 < 2e-16 #%%
s(pc2me) 9.49 11.47 5.23 2.1le-08 *=%*
Signif. codes: 0 '=#*¥*' Q.001 '**' Q.01 '*' 0.05 '."' 0.1 ' ' 1
R-sq.(adj) = 0.197 Deviance explained = 21.8%
GCV score = 148.21 Scale est. = 144.3 n = 2492

Basis dimension (k) checking results. Low p-value (k-index<l) may
indicate that k is too low, especially if edf is close to k'.

k' edf k-index p-value
s (pctkme) 3.000 2.492 0.947 0.00
s({rh2mine) 11.000 10.509 0.939 0.00
s (ka020me) 11.000 9.012 1.002 0.54
s({rh2maxe) 11.000 10.601 0.957 0.02
s(ka020me,edistperene,pclme) 14.000 9.565 0.922 0.00
s (ka080me) 5.000 2.764 0.954 0.01
s(radnie) 11.000 10.220 0.919 0.00
s (pc2Zme) 15.000 9.493 0.988 0.28
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Figure 59. A graphical evaluation of the statistical assumptions of the model fitted to the richness dataset for
vascular plants. The upper left normal QQ plot is relatively close to a straight line, suggesting that the distributional
assumption is reasonable, however it is slightly skewed with a longer tail on the right. The upper right plot suggests
that variance is approximately constant as the mean increases. The histogram of residuals at lower left appears
approximately consistent with normality (although slightly skewed with some asymmetry). The lower right plot of
response against fitted values shows a positive linear relationship. The response data are integers, this is why we
see a straight line at the bottom of the residual plot; it corresponds to the value 1.
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Figure 60. The shape of the predictor fitted functions (and interactions — not shown) in the richness model for
vascular plants.
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Appendix E Analysis of vegetation cover change

In this appendix we present a significant analysis of vegetation cover change based on an assessment of
satellite-based data, provide examples of its utility and outline the requirements for refining these data to
inform biodiversity habitat condition mapping in the future.

This assessment used satellite-derived bare ground values over a 10-year period to derive mean bare
ground and cover change indices. The fine scaled analysis (approximately 30m pixels) and has significant
promise for future refinement and validation of condition. In the absence of contextual management data
to use in calibrating the change analysis with ecosystem condition, these outputs were not ready to apply
in the subsequent biodiversity significance assessment. We therefore undertook a rapid assessment of
habitat condition at a broader resolution using the best-available, accessible datasets for land use, tenure
and infrastructure as indicators of the potential for human modification of ecosystem function (Section
4.3). These outputs will likely also prove useful in validating the remotely-sensed assessment of condition.

6.7 Ground cover analysis from satellite data

To complete the temporal analysis of ground cover in the Pilbara region, 10 years of ground cover indices
were downloaded from (AusCover 2013). A combination of Linux shell script and code written in R (2.15.0)
(R Development Core Team 2009) was used to search the AusCover website for all of the dry season dates
for each relevant scene (2000 — 2011) (Table 22, Figure 61) and down load these to a local server.

The AusCover fractional cover imagery are pre-processed, masked ground cover percentage grids derived
from Landsat TM and ETM+L2T acquired from the USGS (2013) who completed calibration and geo-
registration. Dry season dates where acquired to increase the chance of distinguishing between evergreen
vegetation and ground cover. Images are corrected using the methods outlined in Danaher et al. (2010)
and were tested for accuracy against a nationwide field sampling network following published survey
methods (Muir et al. 2011). Confounding temporal errors such as cloud shadow, topographic shadow and
water were masked from the images. The fractional cover grid is measured in percentages of cover, here
we used band 1 (percentage of bare ground, rock or disturbed ground).

Table 22. Path and row combinations of fractional cover scenes used in the analysis.

PATH ROW DATUM ZONE EPSG DATES

111 074 WGS84 51s 32751 2000-2010
111 075 WGS84 51s 32751 2000-2010
111 076 WGS84 51s 32751 2000-2010
112 074 WGS84 50s 32750 2000-2010
112 075 WGS84 50s 32750 2000-2010
112 076 WGS84 50s 32750 2000-2010
113 074 WGS84 50s 32750 2000-2010
113 075 WGS84 50s 32750 2000-2010
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113 076 WGS84 50s 32750 2000-2010

114 074 WGS84 50s 32750 2000-2010
114 075 WGS84 50s 32750 2000-2010
114 076 WGS84 50s 32750 2000-2010

Figure 61. Area of interest for the fractional cover analysis (blue polygon) illustrating the coverage of Landsat
scenes (red outline).

Pre-processed fractional cover grids were provided as netcdf files and were converted to ascii grids for
analysis using the ‘ncdf’ package (Pierce 2013) in R (2.15.0) (R Development Core Team 2009). A total of
120 grids were converted comprising 12 path row combinations and 10 years of temporal data. Due to the
large size of each grid and the large number of scenes processed, a script was written to run each scene in
parallel on the James Cook University (JCU) High Performance Computing portal (HPC) in Townsville.

6.7.1 PROCESSING THE SATELLITE DATA

Once converted to ascii format, the ‘SDM Tools’ package (VanDerWal et al. 2012) in R was used to convert
the grids into a data frame including the location of each grid cell (easting and northing) and the bare
ground percentage. To analyse the change in percentage bare ground and to derive a mean bare ground
index, a matrix of values for each pixel in each year was required. The pixel size was consistent across time
but the extent changed slightly with each annual acquisition (Figure 62). Therefore, an script was written in
R (R Development Core Team 2009) to derive an extent that was common for each path/row/scene
combination across years. This involved extracting the easting and northing value for the lower left and
upper right corner of each grid in each scene from 2000 — 2011. The distance between every easting and
northing combination was derived using the following formula:

) \J(easting)? + (northing)?)
Distance = 100
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The combination of easting and northing that was the closest was then used to trim each scene to derive a
common extent.

A large table with common extents was created containing each unique easting and northing, and the
ground cover percentage value for each year. Each scene contained null values (identified by a value of -1)
representing the masked attributes and missing values in the grids. To ensure a consistent set of data was
used between scenes all of the null values were summed and any cells that had a sum of -11 (all years with
null values) where removed.

Figure 62. An example of a Landsat TM scene visualising the extent of each year stacked to illustrate the variation in
extent and null values. The common extent is outlined in red.

A linear model and mean were derived using R (R Development Core Team 2009) for each scene following
the methods outlined in Wallace et al. (2004). Due to the large size of each data frame required to run the
linear model (~3.2 gigabytes) it was necessary to optimise the script and utilise four, four-gigabyte nodes on
the JCU HPC for each scene (48 nodes representing 576 gigabytes of memory used simultaneously). Even
with 12 gigabytes of dedicated memory each linear model took over 30 hours to process and a further 10
hours to derive a mean value per pixel in every scene (a total of 480 hours or 20 days of processing time).

Derived values were based on the percentage of each pixel representing bare ground and were expressed
in a value between zero and one. Mean percentage bare ground was derived for each pixel in the Pilbara
bioregion using the 10 years of cover values. The linear model estimates a value for each pixel representing
no change (a value of zero) increasing bare ground (a gradient of positive values with higher values
representing a consistent increase in bare ground over the 10 year period) and decreasing bare ground (a
gradient of negative values with lower values representing the greatest increase in cover over the 10 year
period).

6.8 Results

Linear models were developed for all fractional ground cover scenes in the Pilbara region. Application of
these models to biodiversity habitat condition assessment, however, requires additional contextual analysis
before they can be applied across the region. The mean percentage ground cover for the Pilbara region
(Figure 63) clearly highlights the areas with naturally sparse vegetation such as rocky hills and areas of high
cover. To adequately interpret the data a land classification map representative of the model resolution
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and inherent environmental heterogeneity (30m resolution) is required. This would be used to normalise
the average condition between land classes. Taking also into account temporal rainfall data, a normalised
change index would highlight areas that are above or below the expected ground/vegetation cover due to
human-mediated disturbance processes. Once the deviance from the expected ground cover is derived the
coefficient value from the linear model (Figure 64) can be used to identify a variety of functional states. For
example, areas that are degraded and not recovering will have a low percentage ground cover and a
coefficient value close to zero whereas areas that are recovering will have a low percentage cover and a
positive coefficient value greater than zero.
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Figure 63. Regional mean percentage ground cover between 2000 and 2010. Note the areas with gradients tending
towards dark red highlight rocky areas and areas that are naturally more sparsely vegetated but also highlight
infrastructure. This highlights the potential improvements that can be achieved if normalising cover variation using
a classification of the inherent environmental heterogeneity.
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Figure 64. Regional linear model illustrating positive (gradient to dark red), negative (gradient to blue) and more
stable (yellow) ground cover in the Pilbara region between 2000 and 2010.

This method can accurately distinguish the heterogeneity of ground cover mediated by infrastructure and
different management regimes. In the context of the mining industry, this method can be used to identify
the extent and impact of operations (Figure 65) and monitor the changes in cover following remediation
and rehabilitation works (Figure 66). In a broader sense Figure 67 illustrates the distinct boundaries of
vegetation cover influenced by the presence of a primary road and paddock boundaries. The area south of
the road is inside a reserve and the area to the north is pastoral tenure. It is clear that the management
strategies to the north of the road are significantly different to that south of the road. This is apparent as a
high coefficient in the linear model suggesting continuing reduction in ground cover over the past 10 years.
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Figure 65. Mean percentage cover for a large mining area in the Pilbara region, clearly illustrating the extent of the
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Figure 66. Displaying the coefficient from the linear model at the same location depicted in the figure 30 illustrating
areas that have increased in cover (tending to blue) or decreased in cover (tending to red).
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Figure 67. Example linear model output depicting areas where vegetation cover has changed negatively (red) and
positively (blue) or remained constant (yellow) over the past 10 years based on 30m pixel resolution. The relative
impact of infrastructure (roads and fence lines) and varying management (grazing and reserved land) can be clearly
seen north and south of the road.
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Appendix F Biodiversity significance maps

Summary

The maps in this appendix summarise the various components of the biodiversity significance analyses. All
maps have been masked to the Pilbara bioregion. Results are presented for each group, starting with All
Groups, followed by Birds, Invertebrates, Mammals, Vascular Plants and Reptiles. The calculations in each
case are given in Section 5.2. For each group, where appropriate, the following maps are presented:

a) Biodiversity significance excluding richness i) no condition (Equation 1)
ii) regional condition (Equation 2)
iii) regional and local condition (Equation 3)
b) Biodiversity significance including richness i) no condition (Equation 4)
ii) regional condition (Equation 5)
iii) regional and local condition (Equation 6)
c¢) Richness model i) normalised (contribution to biodiversity significance)
ii) absolute richness (see also Section 3.2)
d) Uncertainty surfaces i) GDM survey coverage
ii) richness model uncertainty

Note that whilst the colour ramps used in maps within the four categories above are consistent, allowing
the comparison of the different condition approaches, they may not be directly compared between
categories. For example, b-i) and b-iii) have identical colour ramps but a-i) uses a different colour ramp. This
may not be obvious, so checking of the legend is recommended.

It is also worth noting that the different analyses are expected to yield different value ranges, and that the
expression of these across different groups with varying rates of compositional turnover may also vary. The
difference in values across space within each map is the key feature, whereas apparent differences
between maps in absolute values may have limited relevance.
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more uncertain than tranSParENt ArEas. .......uieii i i i it e e e e e e e e e rabe e e e e e e e sesnsreaneeaeeean 126

Figure 7 Normalised species richness (log fraction of maximum richness) for all groups, based on
community-level modelling. This is the right hand side, In(r;)/In(rmx) of the biodiversity significance
equation. Darker green areas have a lower significance for biodiversity than yellow or red areas. Whiter
areas are more uncertain than tranSPareNt @rEas. .....ccueeeccuieeiciiiee e e e e e s e e e srae e e e eabae e e e nees 127

Figure 8 Biodiversity significance excluding richness and condition for Birds, based on community-level
modelling. Significance is here calculated as the species-area scaled effect of removing each cell as if the
entire region were still in pristine condition. Darker green areas have a lower significance for biodiversity
than yellow or red areas. Whiter areas are more uncertain than transparent areas..........cocccevvcvveeercieennns 129

Figure 9 Biodiversity significance excluding richness and including regional condition for Birds, based on
community-level modelling. Significance is here calculated as the species-area scaled effect of removing
each cell (as if local condition were still pristine) from the region in its present state. Darker green areas
have a lower significance for biodiversity than yellow or red areas. Whiter areas are more uncertain than
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Figure 10 Biodiversity significance excluding richness and including regional and local condition for Birds,
based on community-level modelling. Significance is here calculated as the species-area scaled effect of
removing each cell (assuming local condition from interim layer) from the region in its present state.

Darker green areas have a lower significance for biodiversity than yellow or red areas. Whiter areas are
more uncertain than tranSParENt ArEas. .......cieii i i it e e e e e e e e e e s e e e e e e e e sesnsrreeeeeeeean 130
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Figure 11 Biodiversity significance including richness excluding condition for all Birds, based on
community-level modelling. Significance is here calculated as the species-area scaled effect of removing
each cell as if the entire region were still in pristine condition. Darker green areas have a lower

significance for biodiversity than yellow or red areas. Whiter (GDM) or greyer (richness) areas are more
uNcertain than tranSPArE@NT ArE@S. ......ccccciiieiiiiieeeiiiieeeecieeeeeee e e s ittreeesbaeeesstaeeesantaeeessseeeeasseeesnstaeeesnssneesnnes 130

Figure 12 Biodiversity significance including richness and regional condition for Birds, based on
community-level modelling. Significance is here calculated as the species-area scaled effect of removing
each cell (as if local condition were still pristine) from the region in its present state. Darker green areas
have a lower significance for biodiversity than yellow or red areas. Whiter (GDM) or greyer (richness)

areas are more uncertain than tranSParent @reas. .....ccueeeccuieeiiiiiee e e e e e 131

Figure 13 Biodiversity significance including richness, regional & local condition for Birds, based on
community-level modelling. Significance calculated as the species-area scaled effect of removing each

cell (assuming local condition from interim layer) from the region in its present state. Darker green areas
have a lower significance for biodiversity than yellow or red areas. Whiter (GDM) or greyer (richness)

areas are more uncertain than transparent areas. .......cccuveeiii i 131

Figure 14 Normalised species richness (log fraction of maximum richness) for Birds, based on
community-level modelling. This is the right hand side, In(r)/In(rmax) of the biodiversity significance
equation. Darker green areas have a lower significance for biodiversity than yellow or red areas. Whiter
areas are more uncertain than transparent areas. ......cccuvveeiei i 132

Figure 15 Absolute species richness (number of species in 9s grid cell) for Birds, based on community-
level modelling. Purple areas have more species than brown areas. Whiter areas are more uncertain
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Figure 16. Location of surveys used in the Birds GDM analysis (blue circles) overlaid on a map of sample
density in GDM scaled environmental space. This describes the proportion of similar habitat for each cell

i which is covered by survey sites, ranging from white/yellow (low coverage <0.001%) to dark green

(good coverage >0.5%). This surface was used as the basis for the GDM uncertainty cloud applied in
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Figure 17. Location of surveys used in the Birds richness analysis (blue circles) overlaid on a map of
richness model standard error/value. Values range from white/yellow (low coverage <0.001%) to dark
green (good coverage >0.5%). This surface was used as the basis for the richness model uncertainty

cloud applied iN SUDSEQUENT M@PS. ..iiiiiiiiiiiiieeeiiiteeerree et e see e e st e e s s e e e s abee e e s sabeeeesaseeeeessseeeesnsseeessnnsees 133

Figure 18 Biodiversity significance excluding richness and condition for Invertebrates, based on
community-level modelling. Significance is here calculated as the species-area scaled effect of removing
each cell as if the entire region were still in pristine condition. Darker green areas have a lower

significance for biodiversity than yellow or red areas. Whiter areas are more uncertain than transparent
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Figure 19 Biodiversity significance excluding richness and including regional condition for Invertebrates,
based on community-level modelling. Significance is here calculated as the species-area scaled effect of
removing each cell (as if local condition were still pristine) from the region in its present state. Darker

green areas have a lower significance for biodiversity than yellow or red areas. Whiter areas are more
uncertain than tranSParENt @rEas. .....uuiiii i e e e e e e st e e e e s sessaabaereeesessastraeeeeeessannnrennees 135

Figure 20 Biodiversity significance excluding richness and including regional and local condition for
Invertebrates, based on community-level modelling. Significance is here calculated as the species-area
scaled effect of removing each cell (assuming local condition from interim layer) from the region in its
present state. Darker green areas have a lower significance for biodiversity than yellow or red areas.

Whiter areas more uncertain than transParent areas. .......ccueeecccuieeecieee e e e e sare e e e sbae e e e aes 136

Figure 21 Biodiversity significance including richness excluding condition for Invertebrates, based on
community-level modelling. Significance is calculated as the species-area scaled effect of removing each
cell as if the entire region were still in pristine condition. Darker green areas have a lower significance
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for biodiversity than yellow or red areas. Whiter (GDM) or greyer (richness) areas are more uncertain
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Figure 22 Biodiversity significance including richness and regional condition for Invertebrates, based on
community-level modelling. Significance calculated as the species-area scaled effect of removing each

cell (as if local condition were still pristine) from the region in its present state. Darker green areas have

a lower significance for biodiversity than yellow or red areas. Whiter (GDM) or greyer (richness) areas

are more uncertain than tranSPaArENT ArEaS. .....ccccuueiieciiieeeciieeeerctee e et e e s e e e sre e e s sbre e e esabeeeeenabeeeesaseeesennsees 137

Figure 23 Biodiversity significance including richness, regional & local condition for Invertebrates, based

on community-level modelling. Significance is the species-area scaled effect of removing each cell
(assuming local condition from interim layer) from the region in its present state. Darker green areas

have a lower significance for biodiversity than red areas. Whiter (GDM) or greyer (richness) areas are

more uncertain than tranSParENt @rEas. ......iicciieiicciiie et e e et e e st e e e sbreeessbaeeesenraeeenans 137

Figure 24 Normalised species richness (log fraction of maximum richness) for Invertebrates, based on
community-level modelling. This is the right hand side, In(r)/In(rmax) of the biodiversity significance
equation. Darker green areas have a lower significance for biodiversity than yellow or red areas. Whiter
areas are more uncertain than transparent areas. .......cccuuveeee i e 138

Figure 25 Absolute species richness (number of species in 9s grid cell) for Invertebrates, based on
community-level modelling (see Section 3.2). Purple areas have more species than brown areas. Whiter
areas are more uncertain than transparent areas. ......cccuvieeiei i e 138

Figure 26 Location of surveys used in the Invertebrates GDM analysis (blue circles) overlaid on a map of
sample density in GDM scaled environmental space. This describes the proportion of similar habitat for
each cell i which is covered by survey sites, ranging from white/yellow (low coverage <0.001%) to dark
green (good coverage >0.5%). This surface was used as the basis for the GDM uncertainty cloud applied
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Figure 27 Location of surveys used in the Invertebrates richness analysis (blue circles) overlaid on a map

of richness model standard error/value. Values range from white/yellow (low coverage <0.001%) to dark
green (good coverage >0.5%). This surface was used as the basis for the richness model uncertainty

cloud applied in biodiversity significCanCe MapPs. ......coiciiiiiiie e e 139

Figure 28 Biodiversity significance excluding richness and condition for Mammals, based on community-
level modelling. Significance is here calculated as the species-area scaled effect of removing each cell as

if the entire region were still in pristine condition. Darker green areas have a lower significance for
biodiversity than yellow or red areas. Whiter areas are more uncertain than transparent areas................. 141

Figure 29 Biodiversity significance excluding richness and including regional condition for Mammals,

based on community-level modelling. Significance is here calculated as the species-area scaled effect of
removing each cell (as if local condition were still pristine) from the region in its present state. Darker

green areas have a lower significance for biodiversity than yellow or red areas. Whiter areas are more
uncertain than tranSPArENT ArEas. .....cciicciiiiiii e e e e e e e e e e st b e e e e e e e seeastaeaeeaeessanssraeeeaaaeans 141

Figure 30 Biodiversity significance excluding richness and including regional and local condition for
Mammals, based on community-level modelling. Significance is here calculated as the species-area

scaled effect of removing each cell (assuming local condition from interim layer) from the region in its
present state. Darker green areas have a lower significance for biodiversity than yellow or red areas.

Whiter areas are more uncertain than transparent areas. ....ccccccccvvieeeee e 142

Figure 31 Biodiversity significance including richness excluding condition for all Mammals, based on
community-level modelling. Significance is here calculated as the species-area scaled effect of removing
each cell as if the entire region were still in pristine condition. Darker green areas have a lower

significance for biodiversity than yellow or red areas. Whiter (GDM) or greyer (richness) areas are more
uncertain than tranSPArENT @rEaS. ....c.viiicciieeiiiieeeeciiee et e e st e e e st e e e e steeesataeeeestaeeeessaeeeassseesansaeeesansseennn 142

Figure 32 Biodiversity significance including richness and regional condition for Mammals, based on
community-level modelling. Significance calculated as the species-area scaled effect of removing each

119 | Using community-level modelling to map levels of biodiversity significance in the Pilbara Bioregion



cell (as if local condition were still pristine) from the region in its present state. Darker green areas have
a lower significance for biodiversity than yellow or red areas. Whiter (GDM) or greyer (richness) areas
are more uncertain than tranSPArENT ArEaS. ....cuiicieeiee et eree e e e e ree st e e st e eaeeesreeesrteesteeebeeessteesaseesnses 143

Figure 33 Biodiversity significance including richness, regional & local condition for Mammals, based on
community-level modelling. Significance is here calculated as the scaled effect of removing each cell in
degraded (c) condition from a degraded habitat. Darker green areas have a lower significance for
biodiversity than yellow or red areas. Whiter (GDM) or greyer (richness) areas are more uncertain than
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Figure 34 Normalised species richness (log fraction of maximum richness) for Mammals, based on
community-level modelling. This is the right hand side, In(r)/In(rmax) of the biodiversity significance
equation. Darker green areas have a lower significance for biodiversity than yellow or red areas. Whiter
areas are more uncertain than tranSParent @reas. .....ccueeeccuiieieciiee e e e e e e 144

Figure 35 Absolute species richness (number of species in 9s grid cell) for Mammals, based on
community-level modelling. Purple areas have more species than brown areas. Whiter areas are more
uncertain than tranSParENTt @rEaS. .....ueiiiei i ciiiieie e e e e ere e e e e e e e st rre e e e e e eseantaeeeeeeeesanststaeeeaesesassresseens 144

Figure 36 Location of surveys used in the Mammals GDM analysis (blue circles) overlaid on a map of

sample density in GDM scaled environmental space. This describes the proportion of similar habitat for
each cell i which is covered by survey sites, ranging from white/yellow (low coverage <0.001%) to dark
green (good coverage >0.5%). This surface was used as the basis for the GDM uncertainty cloud applied
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Figure 37 Location of surveys used in the Mammals richness analysis (blue circles) overlaid on a map of
richness model standard error/value. Values range from white/yellow (low coverage <0.001%) to dark
green (good coverage >0.5%). This surface was used as the basis for the richness model uncertainty

cloud applied in biodiversity significCanCe MapPs. ......cceciiiiiiiee e e 145

Figure 38 Biodiversity significance excluding richness and condition for Vascular Plants, based on
community-level modelling. Significance is here calculated as the species-area scaled effect of removing
each cell as if the entire region were still in pristine condition. Darker green areas have a lower

significance for biodiversity than yellow or red areas. Whiter areas are more uncertain than transparent
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Figure 39 Biodiversity significance excluding richness and including regional condition for Vascular

Plants, based on community-level modelling. Significance is here calculated as the species-area scaled
effect of removing each cell (as if local condition were still pristine) from the region in its present state.
Darker green areas have a lower significance for biodiversity than yellow or red areas. Whiter areas are
more uncertain than tranSParENt ArEas. ........ceii e e e e e et e e e e e e e st e e e e e e e e eenntreeeeaaeean 147

Figure 40 Biodiversity significance excluding richness and including regional and local condition for

Vascular Plants, based on community-level modelling. Significance calculated as the species-area scaled
effect of removing each cell (assuming local condition from interim layer) from the region in its present
state. Darker green areas have a lower significance for biodiversity than yellow or red areas. Whiter

areas are more uncertain than transSParent ArEas. .....cccvvceeerceeeiceeeiie et e et e e e st eeraee e sreeeebeeenreeenees 148

Figure 41 Biodiversity significance including richness excluding condition for Vascular Plants, based on
community-level modelling. Significance is here calculated as the species-area scaled effect of removing
each cell as if the entire region were still in pristine condition. Darker green areas have a lower

significance for biodiversity than yellow or red areas. Whiter (GDM) or greyer (richness) areas are more
uncertain than tranSPArENT @rEaS. ....cuviiicciiieiciieeeeciee et e e e st e e e st ee e e eaeeeseaaeeesrataeeessstaeeessssaeesassansesansaeennn 148

Figure 42 Biodiversity significance including richness and regional condition for Plants, based on
community-level modelling. Significance is here calculated as the species-area scaled effect of removing
each cell (as if local condition were still pristine) from the region in its present state. Darker green areas
have a lower significance for biodiversity than yellow or red areas. Whiter (GDM) or greyer (richness)

areas are more uncertain than tranSParent @reas. .....ccveieccuieeieiiiee e e e e e 149
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Figure 43 Biodiversity significance including richness, regional & local condition for Plants, based on
community-level modelling. Significance is the species-area scaled effect of removing each cell

(assuming local condition from interim layer) from the region in its present state. Darker green areas

have a lower significance for biodiversity than yellow or red areas. Whiter (GDM) or greyer (richness)

areas are more uncertain than tranSPareNt @rEas. .....ccveeecciieeeciiiee e e e e sare e e e s re e s e eabae e e enees 149

Figure 44 Normalised species richness (log fraction of maximum richness) for Vascular Plants, based on
community-level modelling. This is the right hand side, In(r)/In(rmax) of the biodiversity significance
equation. Darker green areas have a lower significance for biodiversity than yellow or red areas. Whiter
areas are more uncertain than tranSParent @reas. .....ccueieccuiee i e e e 150

Figure 45 Absolute species richness (number of species in 9s grid cell) for Vascular Plants, based on
community-level modelling. Purple areas have more species than brown areas. Whiter areas are more
uNcertain than tranNSPArE@NT ArEaS. ......ciicciiiiiiiiiieeccieee e eeiee e esre e e s ste e e e sbaeeessteeeesaataeeesbteeeesnseeessssseeessnseneenanes 150

Figure 46 Location of surveys used in the Vascular Plants GDM analysis (blue circles) overlaid on a map

of sample density in GDM scaled environmental space. This describes the proportion of similar habitat

for each cell i which is covered by survey sites, ranging from white/yellow (low coverage <0.001%) to

dark green (good coverage >0.5%). This surface was used as the basis for the GDM uncertainty cloud
applied in biodiversity SignifiCanCe MaPS. ...cocc i e e e e e e e e e e rbee e e e e e e e enraaaees 151

Figure 47 Location of surveys used in the Vascular Plants richness analysis (blue circles) overlaid on a

map of richness model standard error/value. Values range from white/yellow (low coverage <0.001%) to
dark green (good coverage >0.5%). This surface was used as the basis for the richness model uncertainty
cloud applied in biodiversity SignificCanCe MaPS. ......oooiiiiiecie e e e e e are e e e 151

Figure 48 Biodiversity significance excluding richness and condition for Reptiles, based on community-

level modelling. Significance is here calculated as the species-area scaled effect of removing each cell as

if the entire region were still in pristine condition. Darker green areas have a lower significance for
biodiversity than yellow or red areas. Whiter areas are more uncertain than transparent areas................. 153

Figure 49 Biodiversity significance excluding richness and including regional condition for Reptiles, based

on community-level modelling. Significance is here calculated as the species-area scaled effect of

removing each cell (as if local condition were still pristine) from the region in its present state. Darker

green areas have a lower significance for biodiversity than yellow or red areas. Whiter areas are more
uncertain than tranSPArENt @rEaS. ....cuuiiicciiieiiieeeeciee e ee s e e e e e e te e e s staeeeestaeeessssaeeessseeesansaeeesnnsseeans 153

Figure 50 Biodiversity significance excluding richness and including regional and local condition for

Reptiles, based on community-level modelling. Significance is here calculated as the species-area scaled
effect of removing each cell (assuming local condition from interim layer) from the region in its present
state. Darker green areas have a lower significance for biodiversity than yellow or red areas. Whiter

areas are more uncertain than transparent areas. ........ccvveeii i e 154

Figure 51 Biodiversity significance including richness excluding condition for Reptiles, based on
community-level modelling. Significance is here calculated as the species-area scaled effect of removing
each cell as if the entire region were still in pristine condition. Darker green areas have a lower

significance for biodiversity than yellow or red areas. Whiter (GDM) or greyer (richness) areas are more
uncertain than tranSPaArENTt @rEas. .....uviiii i ere e e e e e e st rre e e e e sesaabaeeeeeseesassrtneeeeeseansnsennees 154

Figure 52 Biodiversity significance including richness and regional condition for Reptiles, based on
community-level modelling. Significance is here calculated as the species-area scaled effect of removing
each cell (as if local condition were still pristine) from the region in its present state. Darker green areas
have a lower significance for biodiversity than yellow or red areas. Whiter (GDM) or greyer (richness)

areas are more uncertain than transParent Areas. .....ccvvvveerieeree et st e e e 155

Figure 53 Biodiversity significance including richness and regional condition for Reptiles, based on
community-level modelling. Significance is here calculated as the species-area scaled effect of removing
each cell (as if local condition were still pristine) from the region in its present state. Darker green areas
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have a lower significance for biodiversity than yellow or red areas. Whiter (GDM) or greyer (richness)
areas are more uncertain than transparent areas. ......cccuvveeiie i e 155

Figure 54 Normalised species richness (log fraction of maximum richness) for Reptiles, based on
community-level modelling. This is the right hand side, In(r)/In(rmax) of the biodiversity significance
equation. Darker green areas have a lower significance for biodiversity than yellow or red areas. Whiter
areas are more uncertain than tranSPareNt @rEas. .....ccveecccuiieeciiiee e e e e e s e e e ae e e e eabae e e eanees 156

Figure 55 Absolute species richness (number of species in 9s grid cell) for Reptiles, based on community-
level modelling. Purple areas have more species than brown areas. Whiter areas are more uncertain
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Figure 56 Location of surveys used in the Reptiles GDM analysis (blue circles) overlaid on a map of

sample density in GDM scaled environmental space. This describes the proportion of similar habitat for
each cell i which is covered by survey sites, ranging from white/yellow (low coverage <0.001%) to dark
green (good coverage >0.5%). This surface was used as the basis for the GDM uncertainty cloud applied
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Figure 57 Location of surveys used in the Reptiles richness analysis (blue circles) overlaid on a map of
richness model standard error/value. Values range from white/yellow (low coverage <0.001%) to dark
green (good coverage >0.5%). This surface was used as the basis for the richness model uncertainty

cloud applied in biodiversity SignifiCanNCe MaPS. ..uuiiii i e e e e e e e e e aeareees 157
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Figure 1 Biodiversity significance excluding richness and condition for all groups, based on community-level
modelling. Significance is here calculated as the species-area scaled effect of removing each cell as if the entire
region were still in pristine condition. Darker green areas have a lower significance for biodiversity than yellow or
red areas. Whiter areas are more uncertain than transparent areas.
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Figure 2 Biodiversity significance excluding richness and including regional condition for all groups, based on
community-level modelling. Significance is here calculated as the species-area scaled effect of removing each cell
(as if local condition were still pristine) from the region in its present state. Darker green areas have a lower
significance for biodiversity than yellow or red areas. Whiter areas are more uncertain than transparent areas.
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Figure 3 Biodiversity significance excluding richness and including regional and local condition for all groups, based
on community-level modelling. Significance is here calculated as the species-area scaled effect of removing each cell
(assuming local condition from interim layer) from the region in its present state. Darker green areas have a lower
significance for biodiversity than yellow or red areas. Whiter areas are more uncertain than transparent areas.
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Figure 4 Biodiversity significance including richness excluding condition for all groups, based on community-level
modelling. Significance is here calculated as the species-area scaled effect of removing each cell as if the entire
region were still in pristine condition. Darker green areas have a lower significance for biodiversity than yellow or
red areas. Whiter (GDM) or greyer (richness) areas are more uncertain than transparent areas.
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Figure 5 Biodiversity significance including richness and regional condition for all groups, based on community-level

modelling. Significance is here calculated as the species-area scaled effect of removing each cell (as if local condition
were still pristine) from the region in its present state. Darker green areas have a lower significance for biodiversity

than yellow or red areas. Whiter (GDM) or greyer (richness) areas are more uncertain than transparent areas.
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Figure 6 Biodiversity significance including richness, regional and local condition for all groups, based on
community-level modelling. Significance is the species-area scaled effect of removing each cell (assuming local
condition from interim layer) from the region in its present state. Darker green areas have a lower significance for
biodiversity than yellow or red areas. Whiter (GDM) or greyer (GAM) areas more uncertain than transparent areas.
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Figure 7 Normalised species richness (log fraction of maximum richness) for all groups, based on community-level
modelling. This is the right hand side, In(r;)/In(r...) of the biodiversity significance equation. Darker green areas
have a lower significance for biodiversity than yellow or red areas. Whiter areas are more uncertain than
transparent areas.
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Figure 8 Biodiversity significance excluding richness and condition for Birds, based on community-level modelling.
Significance is here calculated as the species-area scaled effect of removing each cell as if the entire region were still
in pristine condition. Darker green areas have a lower significance for biodiversity than yellow or red areas. Whiter
areas are more uncertain than transparent areas.
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Figure 9 Biodiversity significance excluding richness and including regional condition for Birds, based on community-
level modelling. Significance is here calculated as the species-area scaled effect of removing each cell (as if local
condition were still pristine) from the region in its present state. Darker green areas have a lower significance for
biodiversity than yellow or red areas. Whiter areas are more uncertain than transparent areas.
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Figure 10 Biodiversity significance excluding richness and including regional and local condition for Birds, based on
community-level modelling. Significance is here calculated as the species-area scaled effect of removing each cell
(assuming local condition from interim layer) from the region in its present state. Darker green areas have a lower
significance for biodiversity than yellow or red areas. Whiter areas are more uncertain than transparent areas.
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Figure 11 Biodiversity significance including richness excluding condition for all Birds, based on community-level
modelling. Significance is here calculated as the species-area scaled effect of removing each cell as if the entire
region were still in pristine condition. Darker green areas have a lower significance for biodiversity than yellow or
red areas. Whiter (GDM) or greyer (richness) areas are more uncertain than transparent areas.
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Figure 12 Biodiversity significance including richness and regional condition for Birds, based on community-level
modelling. Significance is here calculated as the species-area scaled effect of removing each cell (as if local condition
were still pristine) from the region in its present state. Darker green areas have a lower significance for biodiversity
than yellow or red areas. Whiter (GDM) or greyer (richness) areas are more uncertain than transparent areas.

120°E

16°E HEE
£ Biodiversity significance: Birds B
including richness,
regional & local condition
i'uﬂ- _U}
& X
Low 25 50
0 | Lwa cortan 757% Morw et 10% incknasi " ]
by Mo cortn 1 Lows coran D (GOM) . - Kilometres M5,
HE'E 120°E

16°E

Figure 13 Biodiversity significance including richness, regional & local condition for Birds, based on community-level
modelling. Significance calculated as the species-area scaled effect of removing each cell (assuming local condition
from interim layer) from the region in its present state. Darker green areas have a lower significance for biodiversity
than yellow or red areas. Whiter (GDM) or greyer (richness) areas are more uncertain than transparent areas.
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Figure 14 Normalised species richness (log fraction of maximum richness) for Birds, based on community-level
modelling. This is the right hand side, In(r)/In(rmax) of the biodiversity significance equation. Darker green areas
have a lower significance for biodiversity than yellow or red areas. Whiter areas are more uncertain than
transparent areas.
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Figure 15 Absolute species richness (number of species in 9s grid cell) for Birds, based on community-level
modelling. Purple areas have more species than brown areas. Whiter areas are more uncertain than transparent
areas.
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Figure 16. Location of surveys used in the Birds GDM analysis (blue circles) overlaid on a map of sample density in
GDM scaled environmental space. This describes the proportion of similar habitat for each cell i which is covered by
survey sites, ranging from white/yellow (low coverage <0.001%) to dark green (good coverage >0.5%). This surface
was used as the basis for the GDM uncertainty cloud applied in subsequent maps.
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Figure 17. Location of surveys used in the Birds richness analysis (blue circles) overlaid on a map of richness model
standard error/value. Values range from white/yellow (low coverage <0.001%) to dark green (good coverage
>0.5%). This surface was used as the basis for the richness model uncertainty cloud applied in subsequent maps.
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Figure 18 Biodiversity significance excluding richness and condition for Invertebrates, based on community-level
modelling. Significance is here calculated as the species-area scaled effect of removing each cell as if the entire
region were still in pristine condition. Darker green areas have a lower significance for biodiversity than yellow or
red areas. Whiter areas are more uncertain than transparent areas.
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Figure 19 Biodiversity significance excluding richness and including regional condition for Invertebrates, based on
community-level modelling. Significance is here calculated as the species-area scaled effect of removing each cell
(as if local condition were still pristine) from the region in its present state. Darker green areas have a lower
significance for biodiversity than yellow or red areas. Whiter areas are more uncertain than transparent areas.
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Figure 20 Biodiversity significance excluding richness and including regional and local condition for Invertebrates,
based on community-level modelling. Significance is here calculated as the species-area scaled effect of removing
each cell (assuming local condition from interim layer) from the region in its present state. Darker green areas have
a lower significance for biodiversity than yellow or red areas. Whiter areas more uncertain than transparent areas.

16°E 118°E 120°E
g- | Biodiversity significance: Invertebrates . A e -g
excluding condition
including richness
e L
] &
Low
O | Lows comtan 7% bsore covtam 107% irchnasis i " w
e  covin | Lo (GEM Kilometres M5,

116°E 18°E 120°E

Figure 21 Biodiversity significance including richness excluding condition for Invertebrates, based on community-
level modelling. Significance is calculated as the species-area scaled effect of removing each cell as if the entire
region were still in pristine condition. Darker green areas have a lower significance for biodiversity than yellow or
red areas. Whiter (GDM) or greyer (richness) areas are more uncertain than transparent areas.
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Figure 22 Biodiversity significance including richness and regional condition for Invertebrates, based on community-
level modelling. Significance calculated as the species-area scaled effect of removing each cell (as if local condition
were still pristine) from the region in its present state. Darker green areas have a lower significance for biodiversity
than yellow or red areas. Whiter (GDM) or greyer (richness) areas are more uncertain than transparent areas.
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Figure 23 Biodiversity significance including richness, regional & local condition for Invertebrates, based on
community-level modelling. Significance is the species-area scaled effect of removing each cell (assuming local
condition from interim layer) from the region in its present state. Darker green areas have a lower significance for
biodiversity than red areas. Whiter (GDM) or greyer (richness) areas are more uncertain than transparent areas.
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Figure 24 Normalised species richness (log fraction of maximum richness) for Invertebrates, based on community-
level modelling. This is the right hand side, In(r)/In(rmax) of the biodiversity significance equation. Darker green
areas have a lower significance for biodiversity than yellow or red areas. Whiter areas are more uncertain than

transparent areas.

116°E 18°E 120°E
w - = w
51 Richness: Invertebrates g
ol i@
& &
0 25 50 100
» Lo _;_ @
:ﬁ o Morwcoriae <30 Lews cortan 25 ) ; ; K L :“\‘
16°E M8°E 120°E

Figure 25 Absolute species richness (number of species in 9s grid cell) for Invertebrates, based on community-level
modelling (see Section 3.2). Purple areas have more species than brown areas. Whiter areas are more uncertain

than transparent areas.
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Figure 26 Location of surveys used in the Invertebrates GDM analysis (blue circles) overlaid on a map of sample
density in GDM scaled environmental space. This describes the proportion of similar habitat for each cell i which is
covered by survey sites, ranging from white/yellow (low coverage <0.001%) to dark green (good coverage >0.5%).
This surface was used as the basis for the GDM uncertainty cloud applied in biodiversity significance maps.
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Figure 27 Location of surveys used in the Invertebrates richness analysis (blue circles) overlaid on a map of richness
model standard error/value. Values range from white/yellow (low coverage <0.001%) to dark green (good coverage
>0.5%). This surface was used as the basis for the richness model uncertainty cloud applied in biodiversity
significance maps.
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Figure 28 Biodiversity significance excluding richness and condition for Mammals, based on community-level
modelling. Significance is here calculated as the species-area scaled effect of removing each cell as if the entire
region were still in pristine condition. Darker green areas have a lower significance for biodiversity than yellow or
red areas. Whiter areas are more uncertain than transparent areas.
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Figure 29 Biodiversity significance excluding richness and including regional condition for Mammals, based on
community-level modelling. Significance is here calculated as the species-area scaled effect of removing each cell
(as if local condition were still pristine) from the region in its present state. Darker green areas have a lower
significance for biodiversity than yellow or red areas. Whiter areas are more uncertain than transparent areas.
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Figure 30 Biodiversity significance excluding richness and including regional and local condition for Mammals, based
on community-level modelling. Significance is here calculated as the species-area scaled effect of removing each cell
(assuming local condition from interim layer) from the region in its present state. Darker green areas have a lower
significance for biodiversity than yellow or red areas. Whiter areas are more uncertain than transparent areas.
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Figure 31 Biodiversity significance including richness excluding condition for all Mammals, based on community-
level modelling. Significance is here calculated as the species-area scaled effect of removing each cell as if the entire
region were still in pristine condition. Darker green areas have a lower significance for biodiversity than yellow or
red areas. Whiter (GDM) or greyer (richness) areas are more uncertain than transparent areas.
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Figure 32 Biodiversity significance including richness and regional condition for Mammals, based on community-
level modelling. Significance calculated as the species-area scaled effect of removing each cell (as if local condition
were still pristine) from the region in its present state. Darker green areas have a lower significance for biodiversity
than yellow or red areas. Whiter (GDM) or greyer (richness) areas are more uncertain than transparent areas.
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Figure 33 Biodiversity significance including richness, regional & local condition for Mammals, based on community-
level modelling. Significance is here calculated as the scaled effect of removing each cell in degraded (c) condition
from a degraded habitat. Darker green areas have a lower significance for biodiversity than yellow or red areas.
Whiter (GDM) or greyer (richness) areas are more uncertain than transparent areas.
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Figure 34 Normalised species richness (log fraction of maximum richness) for Mammals, based on community-level
modelling. This is the right hand side, In(r)/In(rmax) of the biodiversity significance equation. Darker green areas
have a lower significance for biodiversity than yellow or red areas. Whiter areas are more uncertain than

transparent areas.
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Figure 35 Absolute species richness (number of species in 9s grid cell) for Mammals, based on community-level
modelling. Purple areas have more species than brown areas. Whiter areas are more uncertain than transparent

areas.
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Figure 36 Location of surveys used in the Mammals GDM analysis (blue circles) overlaid on a map of sample density
in GDM scaled environmental space. This describes the proportion of similar habitat for each cell i which is covered
by survey sites, ranging from white/yellow (low coverage <0.001%) to dark green (good coverage >0.5%). This
surface was used as the basis for the GDM uncertainty cloud applied in biodiversity significance maps.
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Figure 37 Location of surveys used in the Mammals richness analysis (blue circles) overlaid on a map of richness
model standard error/value. Values range from white/yellow (low coverage <0.001%) to dark green (good coverage
>0.5%). This surface was used as the basis for the richness model uncertainty cloud applied in biodiversity
significance maps.
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Figure 38 Biodiversity significance excluding richness and condition for Vascular Plants, based on community-level
modelling. Significance is here calculated as the species-area scaled effect of removing each cell as if the entire
region were still in pristine condition. Darker green areas have a lower significance for biodiversity than yellow or
red areas. Whiter areas are more uncertain than transparent areas.
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Figure 39 Biodiversity significance excluding richness and including regional condition for Vascular Plants, based on
community-level modelling. Significance is here calculated as the species-area scaled effect of removing each cell
(as if local condition were still pristine) from the region in its present state. Darker green areas have a lower
significance for biodiversity than yellow or red areas. Whiter areas are more uncertain than transparent areas.
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Figure 40 Biodiversity significance excluding richness and including regional and local condition for Vascular Plants,
based on community-level modelling. Significance calculated as the species-area scaled effect of removing each cell
(assuming local condition from interim layer) from the region in its present state. Darker green areas have a lower
significance for biodiversity than yellow or red areas. Whiter areas are more uncertain than transparent areas.
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Figure 41 Biodiversity significance including richness excluding condition for Vascular Plants, based on community-
level modelling. Significance is here calculated as the species-area scaled effect of removing each cell as if the entire
region were still in pristine condition. Darker green areas have a lower significance for biodiversity than yellow or
red areas. Whiter (GDM) or greyer (richness) areas are more uncertain than transparent areas.

148 | Using community-level modelling to map levels of biodiversity significance in the Pilbara Bioregion



116°E 1EE 120°E

w . . . . . w
51 Biodiversity mgmﬁcance. Plants B

excluding local condition

including richness & regional condition

d e
a4 | &
& B
25 50

Q

g:' Unbman S ot Kilometres ~§

2

s T T
116°E 18°E 120°E

Figure 42 Biodiversity significance including richness and regional condition for Plants, based on community-level
modelling. Significance is here calculated as the species-area scaled effect of removing each cell (as if local condition
were still pristine) from the region in its present state. Darker green areas have a lower significance for biodiversity
than yellow or red areas. Whiter (GDM) or greyer (richness) areas are more uncertain than transparent areas.
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Figure 43 Biodiversity significance including richness, regional & local condition for Plants, based on community-
level modelling. Significance is the species-area scaled effect of removing each cell (assuming local condition from
interim layer) from the region in its present state. Darker green areas have a lower significance for biodiversity than
yellow or red areas. Whiter (GDM) or greyer (richness) areas are more uncertain than transparent areas.
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Figure 44 Normalised species richness (log fraction of maximum richness) for Vascular Plants, based on community-
level modelling. This is the right hand side, In(r)/In(rmax) of the biodiversity significance equation. Darker green
areas have a lower significance for biodiversity than yellow or red areas. Whiter areas are more uncertain than

transparent areas.
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Figure 45 Absolute species richness (number of species in 9s grid cell) for Vascular Plants, based on community-level
modelling. Purple areas have more species than brown areas. Whiter areas are more uncertain than transparent

areas.
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Figure 46 Location of surveys used in the Vascular Plants GDM analysis (blue circles) overlaid on a map of sample
density in GDM scaled environmental space. This describes the proportion of similar habitat for each cell i which is
covered by survey sites, ranging from white/yellow (low coverage <0.001%) to dark green (good coverage >0.5%).
This surface was used as the basis for the GDM uncertainty cloud applied in biodiversity significance maps.

116°E 1EE 120°E

20°S

Richness model confidence: Plants

20°8

T
22°8

o
SE/Value
Proportion
[Jores
[ os-ar
[ 03-0s
B o202
I 02 0 25 50 100
| R — —
§ e . : ) Kilometres -§
116°E T8°E 120°E

Figure 47 Location of surveys used in the Vascular Plants richness analysis (blue circles) overlaid on a map of
richness model standard error/value. Values range from white/yellow (low coverage <0.001%) to dark green (good
coverage >0.5%). This surface was used as the basis for the richness model uncertainty cloud applied in biodiversity

significance maps.
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Figure 48 Biodiversity significance excluding richness and condition for Reptiles, based on community-level
modelling. Significance is here calculated as the species-area scaled effect of removing each cell as if the entire
region were still in pristine condition. Darker green areas have a lower significance for biodiversity than yellow or
red areas. Whiter areas are more uncertain than transparent areas.
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Figure 49 Biodiversity significance excluding richness and including regional condition for Reptiles, based on
community-level modelling. Significance is here calculated as the species-area scaled effect of removing each cell
(as if local condition were still pristine) from the region in its present state. Darker green areas have a lower
significance for biodiversity than yellow or red areas. Whiter areas are more uncertain than transparent areas.
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Figure 50 Biodiversity significance excluding richness and including regional and local condition for Reptiles, based
on community-level modelling. Significance is here calculated as the species-area scaled effect of removing each cell
(assuming local condition from interim layer) from the region in its present state. Darker green areas have a lower
significance for biodiversity than yellow or red areas. Whiter areas are more uncertain than transparent areas.
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Figure 51 Biodiversity significance including richness excluding condition for Reptiles, based on community-level
modelling. Significance is here calculated as the species-area scaled effect of removing each cell as if the entire
region were still in pristine condition. Darker green areas have a lower significance for biodiversity than yellow or
red areas. Whiter (GDM) or greyer (richness) areas are more uncertain than transparent areas.
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Figure 52 Biodiversity significance including richness and regional condition for Reptiles, based on community-level
modelling. Significance is here calculated as the species-area scaled effect of removing each cell (as if local condition
were still pristine) from the region in its present state. Darker green areas have a lower significance for biodiversity
than yellow or red areas. Whiter (GDM) or greyer (richness) areas are more uncertain than transparent areas.
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Figure 53 Biodiversity significance including richness and regional condition for Reptiles, based on community-level
modelling. Significance is here calculated as the species-area scaled effect of removing each cell (as if local condition
were still pristine) from the region in its present state. Darker green areas have a lower significance for biodiversity
than yellow or red areas. Whiter (GDM) or greyer (richness) areas are more uncertain than transparent areas.
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Figure 54 Normalised species richness (log fraction of maximum richness) for Reptiles, based on community-level
modelling. This is the right hand side, In(r)/In(rmax) of the biodiversity significance equation. Darker green areas
have a lower significance for biodiversity than yellow or red areas. Whiter areas are more uncertain than
transparent areas.
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Figure 55 Absolute species richness (number of species in 9s grid cell) for Reptiles, based on community-level
modelling. Purple areas have more species than brown areas. Whiter areas are more uncertain than transparent
areas.
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Figure 56 Location of surveys used in the Reptiles GDM analysis (blue circles) overlaid on a map of sample density in
GDM scaled environmental space. This describes the proportion of similar habitat for each cell i which is covered by
survey sites, ranging from white/yellow (low coverage <0.001%) to dark green (good coverage >0.5%). This surface
was used as the basis for the GDM uncertainty cloud applied in biodiversity significance maps.
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Figure 57 Location of surveys used in the Reptiles richness analysis (blue circles) overlaid on a map of richness
model standard error/value. Values range from white/yellow (low coverage <0.001%) to dark green (good coverage
>0.5%). This surface was used as the basis for the richness model uncertainty cloud applied in biodiversity
significance maps.
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