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Abstract. Expanding the reserve system is a key strategy to enhance biodiversity protection. Yet, conser-
vation outcomes can be undermined by underrepresentation of some habitats and opportunistic placement
of protected areas. Irreplaceability and vulnerability, the key principles of conservation, should thus be
combined within a bioregionalization framework to implement protection in the habitats that most need it.
We proposed a simple and flexible method to prioritize bioregions for conservation based on these princi-
ples and used it to rank the 85 bioregions of the Australian continent. To do so, we quantified biodiversity
values and threats in each bioregion by gathering open-access data on species, landscapes, and land use.
Bioregions were then ranked using a set of customizable scenarios, including ecologically meaningful com-
binations of measures of irreplaceability and vulnerability. To identify biodiverse areas under threat but
potentially overlooked, we compared our results with the location of already established biodiversity hot-
spots (i.e., areas identified as important for biodiversity and under threat). We found that bioregions with
the highest biodiversity values are predominantly located in the southwest, east, and north of the conti-
nent. Similarly, threats, particularly land clearance, are concentrated along the east coast and in the south-
west. When ranking bioregions using scenarios including both threats and biodiversity values, the
majority (75%) of the highest-ranking bioregions were already included in biodiversity hotspots. For five
of these bioregions, the proportion of protected land to date still falls below the 17% recommended by the
Convention on Biological Diversity and thus they likely require prompt prioritization and intervention.
The method proposed can support ongoing monitoring and prioritization of land units for conserva-
tion. Its simplicity and flexibility mean it can be easily adopted for different areas and adjusted to local
priorities.
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INTRODUCTION

Regional threats to biodiversity, such as land-
use change and invasive species, lead to range
reduction, population decline, and increased
extinction risk for many animal and plant taxa
(Jetz et al. 2007, Garc�ıa-Vald�es et al. 2015, Tilman

et al. 2017). Land clearing causes habitat loss and
degradation (Pimm and Raven 2000), while inva-
sive species can act as new competitors, preda-
tors, or prey, and ultimately affect entire trophic
cascades (Walsh et al. 2016). One of the main
strategies to preserve biodiversity from these
threats is the establishment of managed
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protected areas; as such, increasing their global
coverage is one of the principal targets for 2020
as outlined at the Aichi Convention on Biological
Diversity (CBD, Target 11). Yet, there is growing
concern about the effectiveness of protected area
networks, due to major geographic gaps at both
global and local scales, and a distribution that
fails to adequately reflect conservation priorities
(Rodrigues et al. 2004b). For instance, in tropical
areas, the savanna/grassland and deserts ecosys-
tems are often neglected in favor of forest habi-
tats (Bond and Parr 2010).

Globally, the identification of priority areas for
conservation has been underpinned by the prin-
ciples of conservation planning, based on the
concepts of irreplaceability and vulnerability
(Margules et al. 2002, Brooks et al. 2006). The
term irreplaceability was originally used in eco-
logical management to indicate how frequently a
given site, among a group of hypothetical sites, is
selected when evaluating alternative reserve sys-
tem networks; sites selected more frequently are
considered irreplaceable (Pressey et al. 1994).
Recently, the term has become more broadly
associated with the level of endemism of an area,
particularly plant or bird species complemented
by information on the number of other endemic
vertebrates, as well as the rarity of habitat types
in the region (Brooks et al. 2004, Mittermeier
et al. 2011). Vulnerability describes the presence
of threats (Gaston et al. 2002), such as land-use
change and invasive species. For instance, Rodri-
gues et al. (2004a) adopted this approach to fill
the gaps in the global protected area network by
identifying regions where its expansion should
be prioritized. The establishment of international
biodiversity hotspots is another example of the
application of these principles, with demarcation
based on the proportion of plant and vertebrate
endemism and the presence of threats (Myers
et al. 2000).

Historically, protected areas have often been
set aside opportunistically in locations unlikely
to undergo major land transformations even
without protection, such as impervious or low-
productivity sites distantly located from roads
and settlements, without consideration for
threats or local biodiversity measures (Joppa and
Pfaff 2009, Venter et al. 2017). Approaches have
been developed to incorporate the principle of
vulnerability (Gauthier et al. 2013) or both

irreplaceability and vulnerability (Lawler et al.
2003, Reyers 2004, Tantipisanuh et al. 2016) at
national or local scales, to better rank or identify
sites based on a realistic assessment of conserva-
tion priority. In some instances, measures of irre-
placeability and vulnerability have been
calculated using ecologically meaningful mini-
mal units of analyses, such as land units (Pressey
and Taffs 2001, Noss et al. 2002, Overton et al.
2015). The concept of land units, defined as eco-
logically homogenous tracts characterized by
similar biotic and abiotic attributes (Zonneveld
1989), is pivotal in landscape ecology, but has
also been identified as valuable to natural
resource management and conservation (Beier
and Brost 2010), because it seeks explicitly to rep-
resent all ecological systems within the network
of protected areas (Aycrigg et al. 2013). How-
ever, no technique has so far combined informa-
tion on landscape- and species-based measures
of biodiversity, threats, and land units within a
simple, flexible, and integrated method that can
be easily adjusted based on data availability.
Here, we propose just such an approach, to

prioritize landscape units for biodiversity conser-
vation based on open-access data, expanding on
the concepts of irreplaceability and vulnerability.
We used Australia as a case study because the
country, with a wide climatic and biogeographic
span, is among the top ten most biodiverse coun-
tries globally, already has a clearly defined bio-
geographic regionalization framework (Interim
Biogeographic Regionalization for Australia
[IBRA]), and has available a comprehensive bio-
logical open-access data inventory, as well as
spatial data on historical land use and landscape
biodiversity measures. We used the bioregional
units within the IBRA framework (hereafter,
“bioregion”) to provide a novel and comprehen-
sive land-unit-based overview of species- and
landscape-based data on the irreplaceability and
vulnerability. We then combined these character-
istics in a suite of scenarios that sought to rank
bioregions based on various importance weight-
ings on biodiversity values, threats, or a combi-
nation. This enabled the inclusion of expert
knowledge or local priorities in a quantitative
framework; both are an important contributors
to optimal conservation planning (Cowling et al.
2003). To locate potentially overlooked areas, we
compared the distribution of the highest-ranking
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bioregions identified through our scenarios with
that of already established biodiversity hotspots
(national or international), which constitute areas
already identified as important for biodiversity
and under threat. To provide an illustration of
the flexibility of this method, we also ranked
bioregions based on ecological measures and
threats for an exemplar taxon: amphibians. Our
technique can thus be used to target both general
biodiversity conservation and more specific
conservation goals.

METHODS

Study area
Australia is a megadiverse country that has

experienced alarming rates of biodiversity loss,
with 1318 plant and 448 animal species listed as
threatened under the Environment Protection
and Biodiversity Conservation (EPBC) Act
(Jackson et al. 2017). Introduced species likely
contributed most to mammal and reptile decline,
leading to the extinction of 28 Australian native
mammal species in the past 200 yr, the worst
record for any continent in modern times
(Johnson 2006). Land clearance has also been
officially recognized as a key threat to biodiver-
sity by the Australian Government since 2001
(Beeton et al. 2006), yet the country remains
among those with the highest land-clearance
rates globally (Waldron et al. 2017). To better
devise natural protection plans, the IBRA frame-
work was developed with the aim of representing
ecological bioregions based on shared physical
(climate, geology, and landforms) and biological
(vegetation and species composition) characteris-
tics (Thackway and Cresswell 1997). Originally,
the implicit goal of IBRA was to achieve a spa-
tially heterogenous protected network across the
continent, via a quantitative target of at least 10%
of land as protected within each bioregion; this
target has recently been updated to 17%, in line
with the recommendations from the Convention
on Biological Diversity (Department of the Envi-
ronment and Energy 2016). To date, this land-
scape unit has yet to be used to quantify
vulnerability and irreplaceability metrics.

Spatial layers
Spatial information on land use in Australia

came from the Australian Bureau of Agricultural

and Resource Economics and Sciences (ABARES).
Land-use data were available for 1992, 1993,
1996, 1998, 2000, 2001, 2005, and 2010, at a spatial
resolution of 0.01 decimal degrees (ABARES
2013). We classified as land clearance all land-use
categories that met the Australian Threatened
Species Scientific Committee definition estab-
lished under the Environment Protection and Bio-
diversity Conservation Act 1999 (EPBC Act):
“destruction of the aboveground biomass of
native vegetation and its substantial replacement
by non-local species or human artefacts. [. . .]
Land clearing includes clearance of native vegeta-
tion for crops, improved pasture, plantations,
gardens, houses, mines, buildings, and roads.
[. . .] It does not include silvicultural operations in
native forests and manipulation of native vegeta-
tion composition and structure by grazing, burn-
ing, or other means.” This left the following
land-use categories: plantation forests, grazing
modified pastures, cropping, perennial horticul-
ture, seasonal horticulture, irrigated plantation for-
ests, irrigated perennial or seasonal horticulture,
and all intensive uses (intensive horticulture or ani-
mal production, residential, mining, manufacturing
and industrial, services, utilities, and transport).
To assess the proportion of land subject exclu-

sively to conservation, we included in nature
conservation all land-use categories already
listed under this type (Class 1.1) in the Australian
Land Use Classification (ABARES 2016). This
comprised the protected areas under the Interna-
tional Union for Conservation of Nature (IUCN)
classes I to V and areas classified as other nature
conservation. It excluded protected areas desig-
nated IUCN class VI, which are listed as man-
aged resource protection designated primarily
for the sustainable use of natural resources. Not
all land-use categories fell under nature conser-
vation or land clearance, with the sum of the
two representing only land either being cleared
or actively protected. Of the remaining areas, we
classified as protectable (potentially available for
nature conservation), land listed as public and
included in the following land-use categories:
managed resource protection, other minimal
use, residual native cover, or grazing native
vegetation.
Information on the most recent version of

bioregion’s names and borders (IBRA 7.0) was
obtained from the Department of Sustainability,
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Environment, Water, Population and Communi-
ties (2013). Spatial layers outlining the extent of
Australian threatened ecological communities,
Ramsar wetlands (i.e., areas declared important
for biodiversity at the Ramsar Convention on
Wetlands of International Importance; Depart-
ment of the Environment and Energy 2018), and
Government’s declared Important Wetlands in
Australia were obtained from the Department of
Environment and Energy. Spatial information on
the distribution of chytridiomycosis (an amphib-
ian fungal pathogen) in Australia was obtained
combining data from Murray et al. (2010) and
Ocock et al. (2013). Data on the geographic
extent of international hotspots in Australia
were provided by the Center for Applied Biodi-
versity Science at Conservation International
(2011), and the extent of national biodiversity
hotspots was extrapolated from the map on
Australia’s 15 National Biodiversity Hotspots
(http://www.environment.gov.au); with the
exception of the bioregion Coolgardie, the
boundaries of biodiversity hotspots and biore-
gions overlap. Spatial data on the global key
biodiversity areas (KBAs) were provided by
BirdLife International (BirdLife International
and Handbook of the Birds of the World 2017).

Species data
Data on Australian native and introduced spe-

cies were obtained from the Atlas of Living Aus-
tralia (ALA), which collects observations from a
variety of sources, including scientific papers, cit-
izen science projects, and museum collections
(ALA: https://biocache.ala.org.au/). We gathered
records for four taxonomic classes of vertebrates
(Amphibia, Aves, Mammalia, and Reptilia) and
two superclasses of plants (sensu Ruggiero et al.
2015), Angiospermae and Gymnospermae (for
simplicity here called classes). We considered as
invasive those plants listed as weeds in Randall
(2007) and for animals, those species included in
the list of exotic vertebrate animals in Australia
(Vertebrate Pests Committee 2007). Records from
before 1990 or missing spatial coordinates were
excluded. This resulted in a collation of data on
26,580 species, of which 26,356 native: 23,573
plants and 2783 vertebrates (Data S1).

Land-use calculations were based on a subset
of the native species meeting the following
criteria:

1. Included in either the IUCN Red List (IUCN
2017) or the EPBC Act, to be able to associ-
ate the species to a threat code

2. Endemic to Australia, to ensure that the spe-
cies’ threat code is not a consequence of
dynamics occurring outside the study area

3. More than 100 observations were available,
for statistical robustness

For each endemic species selected, the threat
code was recorded (LC, least concern; NT, near
threatened; VU, vulnerable; EN, endangered;
and CR, critically endangered), obtained from
either the IUCN Red List or the EPBC Act. When
a species was included in both lists, priority was
given to the highest threat category. We adopted
the IUCN terminology and considered a species
to be threatened if classified as either VU, EN, or
CR. The collated dataset included 23,831,959
observations on Australian endemic species:
36.2% were angiosperms, 0.1% gymnosperms,
0.8% amphibians, 56.9% birds, 4.9% mammals,
and 0.9% reptiles. Among vertebrates, 127
amphibian species (of which 20 threatened), 173
mammals (41 threatened), 324 birds (25 threat-
ened), and 209 reptiles (11 threatened) met the
selection criteria. For plants, 290 angiosperm spe-
cies (209 threatened) and 46 gymnosperms (9
threatened; Data S1) were selected.

Geospatial analyses
We used ArcMap v10.4 (ESRI, Redlands, Cali-

fornia, USA) to calculate the metrics for all vari-
ables (by bioregion) used in the ranking process
(Table 1), obtained by overlaying the species- and
landscape-spatial data with the borders of the 85
mainland or continental-island bioregions across
Australia (excluding Coral Sea, Indian Tropical
Islands, Pacific Subtropical Islands, and
Subantarctic Islands). Landscape parameters (e.g.,
land clearance, nature conservation, threatened
species) were calculated as the proportion of the
bioregion occupied by the metric of interest, while
species metrics (e.g., native plants, weeds, inva-
sive vertebrates) were calculated as the total num-
ber per bioregion. We then evaluated the changes
in land clearance and nature conservation experi-
enced by the selected endemic species. To remove
the bias caused by multiple observations of one
species recorded in the same location, the propor-
tion of sites classified as land clearance or nature
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conservation was calculated for each endemic spe-
cies by overlaying a grid of 1-km resolution on
the Australian territory (excluded minor islands)
and exporting only those grid cells where obser-
vations were present, regardless of the total num-
ber of observations per cell. Each grid cell was
then associated with land-use data for all avail-
able years. The resultant datasets were exported
as table and summaries in program R (R Core
Team 2019) using the packages plyr (Wickham
2011) and dplyr (Wickham et al. 2017). Results
are presented separately for each taxonomic class.

Metrics for bioregion ranking
For each bioregion, we calculated its land-

scape- and species-based measures of local
environmental values (irreplaceability and rich-
ness) and vulnerability (threats, decline, lack of
assets; Table 1). Irreplaceability parameters
were used to describe the uniqueness of a
bioregion, being the number of native plant
and animal species found (within Australia) in
only one bioregion, and the number and extent
of KBAs as a landscape measure of irreplace-
able areas crucial for biodiversity conservation
(Eken et al. 2004). The number of native plant
and vertebrate species and vegetation types
found in each bioregion were used as a basic
metric for species and habitat richness (Gotelli
and Colwell 2001). Threats characterized habi-
tat degradation and risks associated with inva-
sive species: Proportion of land clearance and
land-clearance change was used as a descriptor
of landscape-based environmental threat, while
the number of invasive species (weeds and ver-
tebrate pests) represented species-based threats.
Decline parameters addressed the environmen-
tal degradation already in place, based on the
proportion of land occupied by threatened
communities, the number of endemic threat-
ened species found in the bioregion, and the
proportion of land clearance they experienced
across the country. Assets described land
already (nature conservation) or potentially
(protectable) available for conservation: Values
were given a negative sign, so as the highest
scoring bioregions were those with the least
availability of land for conservation purposes.
We did not include any metric for flexibility—
defined as the replaceability of one location
with another for conservation purposes (Mar-
gules et al. 2002)—because each bioregion rep-
resents a distinct landscape and thus cannot be
considered replaceable. Parameter values for
each bioregion are reported in Data S1.

Scenarios for priority ranking
Using the metrics summarized in Table 1, we

defined 15 potential scenarios, representing eco-
logically meaningful combinations of parameters
that could—depending on local data availability
and ecological dynamics—be plausibly used to
identify priority areas for conservation. Each
metric in the scenario was assigned a relative

Table 1. Species- and landscape-based metrics identi-
fied as descriptive of environmental values (irre-
placeability and richness) and vulnerability (threats,
decline, lack of assets).

Metric Landscape Species

Environmental values
Irreplaceability Number and

extent
of KBAs†

Number of native
plants found in
only 1 bioregion

Number of native
vertebrates found
in only 1 bioregion

Richness Number of
vegetation
communities

Number of native
plants†

Number of native
vertebrates

Vulnerability
Threats Proportion of

land
clearance (2010)

Number of
introduced
weeds

Proportion of
land clearance
change
(from 1992
to 2010)

Number of
introduced
vertebrate pests

Decline Extent of
threatened
ecological
communities

Number
of endemic
threatened
species‡

Proportion of land
clearance (across
the country) of
endemic
threatened
species‡ found
in the bioregion

Assets (lack of) Proportion of
nature
conservation
(2010)
Proportion of
protectable land

(2010)

† Key biodiversity areas.
‡ Those that met the criteria listed.

 ❖ www.esajournals.org 5 September 2019 ❖ Volume 10(9) ❖ Article e02859

METHODS, TOOLS, AND TECHNOLOGIES ONDEI ET AL.



weight, with a unity sum (Tables 2, 3). The first
three scenarios emphasized the environmental
values of a bioregion and include measures of
species and habitat irreplaceability and richness.
Scenario 1, based on the concept of irreplaceabil-
ity, aimed to replicate (on a land-unit scale) the
methods used to identify international biodiver-
sity hotspots (Myers et al. 2000), giving more
weight to the number of native plant species
found in only one bioregion, but also accounting
for the presence of native vertebrates not
observed anywhere else in Australia. Unlike bio-
diversity hotspots, however, we also included
the number of KBAs, as well as the proportion of
land they occupied, as parameters. The second

scenario addressed the concept of “richness” by
using the number of native plant and vertebrates,
as well as the number of vegetation types, while
the third scenario included a combination of irre-
placeability and richness measures. Scenarios 4–
7, included in the macro-category vulnerability,
targeted bioregions characterized by high levels
of threat, based on land clearance and invasive
species (scenario 4) or only land clearance
(scenario 7), a low proportion of land considered
an asset (nature conservation or protectable land;
scenario 6), an emphasis on biodiversity decline
(scenario 5), or a combination of threats
and decline (scenario 8). The remaining scenar-
ios, classified under mix, included different

Table 2. List of potential combinations (scenarios) of landscape parameters that can be used to determine priority
areas for conservation.

Scenarios

Weights—Landscape parameters

Land
clearance

(%)

Land
clearance
change (%)

Nature
conservation

(%)
Protectable

(%)
Land

KBA (%)
No.

of KBAs

No. of
natural

vegetation
types

Land
threatened
communities

(%)

Environmental values
(1) Irreplaceability 0.1 0.1
(2) Richness 0.2
(3) Richness and
irreplaceability

0.1 0.1 0.2

Vulnerability
(4) Threats 0.3 0.2
(5) Decline 0.5
(6) Assets 0.6 0.4
(7) Land use 0.3 0.3 0.2 0.2
(8) Decline
and threats

0.2 0.1 0.2

Mix
(9) Richness,
irreplaceability,
and decline

0.1 0.1 0.1 0.1

(10) Richness
and threats

0.2 0.1 0.1

(11) Irreplaceability
and threats

0.15 0.05 0.1 0.1

(12) Richness,
irreplaceability,
and land clearance

0.4 0.1 0.1 0.1

(13) Richness,
irreplaceability,
and land
clearance change

0.4 0.1 0.1 0.1

(14) Richness,
irreplaceability,
and lack of assets

0.2 0.1 0.1 0.1 0.1

(15) All factors 0.0625 0.0625 0.0625 0.0625 0.0625 0.0625 0.0625 0.0625

Notes: KBA, key biodiversity area. To improve readability, empty cells represent zeroes. The sum of all weights (landscape
and species) in each scenario equals 1.
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combinations of environmental values and vul-
nerability parameters. Scenarios 9–11 combined
irreplaceability and richness with threats or
decline, while scenarios 12–14 focused on the
environmental impact of land use, by including
both irreplaceability and richness, as well as
either land clearance, land-clearance change, or
lack of assets. The final scenario included all fac-
tors, with weights distributed equally. These sce-
narios are not meant to be definitive, merely
illustrative: Using the code provided in Data S2,
it is possible to fully customize scenarios, param-
eters, and metric weights to suit local conditions
and priorities.

Example case study: Amphibians
The most concerning threats to amphibians are

the spread of chytridiomycosis, land clearance,
and climate change (Hof et al. 2011). Unlike the

third threat, which requires joint international
effort, the first two can be mitigated via local con-
servation action. Chytridiomycosis, caused by the
fungus Batrachochytrium dendrobatidis, is linked to
the decline and possible extinction of several
amphibian species across the world (Kilpatrick
et al. 2010). Land clearance is believed to affect
amphibians through habitat destruction and
degradation, roadkill, the use of fertilizer in agri-
cultural lands, and possibly as a synergy by facili-
tating the spread of chytridiomycosis (Fahrig et al.
1995, Hamer et al. 2004, Kilpatrick et al. 2010).
To rank bioregions based on a specific taxo-

nomic class, we adapted the approach described
above using amphibian-specific parameters. Spe-
cies metrics were the number of native amphibian
species found in only one IBRA (irreplaceability),
the total number of amphibian species (richness),
the number of endemic threatened amphibian

Table 3. List of potential combinations (scenarios) of species parameters that can be used to determine priority
areas for conservation.

Scenarios

Weights—Species parameters

No. of
native
plants

Native
plants
in one
IBRA

No. of
native

vertebrates

Native
vertebrates
in one IBRA Weeds

Vertebrate
pests

No. of
endemic
threatened
species

Average
LC of

endemic
threatened
species (%)

Environmental values
(1) Irreplaceability 0.5 0.3
(2) Richness 0.4 0.4
(3) Richness and
irreplaceability

0.15 0.15 0.15 0.15

Vulnerability
(4) Threats 0.2 0.3
(5) Decline 0.25 0.25
(6) Assets
(7) Land use
(8) Decline and threats 0.1 0.1 0.15 0.15

Mix
(9) Richness, irreplaceability,
and decline

0.1 0.1 0.1 0.1 0.1 0.1

(10) Richness and threats 0.2 0.1 0.1 0.2
(11) Irreplaceability
and threats

0.2 0.2 0.15 0.05

(12) Richness, irreplaceability,
and land clearance

0.05 0.1 0.05 0.1

(13) Richness, irreplaceability,
and land clearance change

0.05 0.1 0.05 0.1

(14) Richness, irreplaceability,
and lack of assets

0.1 0.1 0.1 0.1

(15) All factors 0.0625 0.0625 0.0625 0.0625 0.0625 0.0625 0.0625 0.0625

Notes: IBRA, Interim Biogeographic Regionalization for Australia; LC, least concern. To improve readability, empty cells rep-
resent zeroes. The sum of all weights (landscape and species) in each scenario equals 1.
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species and proportion of land clearance (across
the country) experienced by endemic threatened
amphibian species found in the bioregion (decline),
and the proportion of the bioregion where chytrid-
iomycosis was positively identified (threats). Land-
scape parameters were the extent of important
wetlands (irreplaceability), the proportion of land
clearance (2010) and land-clearance change (1992–
2010) in areas where amphibians were observed
(threats), and the proportion of nature conserva-
tion (2010) and protectable land (2010; assets—lack
thereof). We adapted the scenarios shown in
Tables 2, 3 to these parameters (Appendix S1:
Table S1, Data S3).

Statistical analyses
For ranking, we normalized the metric-by-biore-

gion raw values using z-scores, calculated as
(x � l)/r, where x is the value for one bioregion, l
is the mean, and r is the standard deviation. For
each bioregion, the overall z-score was calculated
by multiplying the z-score of each metric by the
weight assigned to it in the scenario of interest and
summing across all parameters. This operation
was repeated for each scenario, varying the metrics
included and the weights assigned as described in
Tables 2, 3. Bioregions were ranked based on their
overall z-score, and those falling into the 95th per-
centile—considered to represent the highest prior-
ity for that specific scenario—were compared with
the location of already existing biodiversity hot-
spots. The R code used to calculate z-scores and
rank bioregions is given in Data S2.

RESULTS

Environmental values (irreplaceability and
richness)

Bioregions showed marked differences in the
parameters used to quantify irreplaceability and
richness. The highest number of native plants
(average 83 � 15) or vertebrate animals (average
5 � 2) found in only one bioregion (and thus
measure of irreplaceability) was predominantly
located in the southwest, east, and north of the
continent (Fig. 1b, c), while KBAs (average num-
ber = 5.3 � 0.5; average land cover = 11.1%
� 1.8%) were concentrated in bioregions in the
north, central-east, and east (Fig. 1a). Similar pat-
terns were evident in measures of richness, with
the east and southwest exhibiting the highest

number of native plants (average 1268 � 86),
vertebrates (average 486 � 18), and vegetation
types (average 15.2 � 0.5; Fig. 1d–f).

Vulnerability
Land clearing was higher and increased more

over time in bioregions located in eastern Aus-
tralia and, to a lesser extent, in the southwest
(Fig. 2a). Average land clearance increased from
14.3% (�2.2%) in 1992 to 22.1% (�3.0%) in 2010,
but exceeded +50% in 15 bioregions, also pre-
dominantly located in the southwest and east of
the country (Fig. 2b). The same geographical
areas were also subject to occupation by the
highest number of invasive species, particularly
vertebrate pests (Fig. 2c, d). Nature conservation
accounted for, on average, 14.0% (�1.5%) of land
in 2010, similar to the average extent of pro-
tectable areas (14.1% � 1.8%). Unlike the other
metrics, nature conservation was more evenly
distributed across the country (Fig. 2e), with the
most protectable lands found mostly in the cen-
ter and southwest (Fig. 2f). Decline parameters
followed a distribution similar to threats, with
the proportion of bioregions classified as harbor-
ing a threatened community being higher in the
east, southeast, and southwest (with the excep-
tion of Arnhem Plateau in the tropics; Fig. 2g);
the number of endemic threatened species was
also higher in the east and southeast (Fig. 2h).
Across the country threatened endemic Aus-

tralian species experienced, on average, 31.9%
(�1.5%) of land clearance in 2010 (Data S1), corre-
sponding to an average increase of 10.7% since
1992. Notable differences were observed between
taxonomic classes, with the proportion of nature
conservation exceeding that of land clearance for
gymnosperms, amphibians, birds, and mammals
(Fig. 3b–e), whereas the opposite was true for
angiosperms (Fig. 3a), and reptiles after 2005
(Fig. 3f). Similar trends were observed for threat-
ened and nonthreatened species within the same
class, except for angiosperms and reptiles, where
nonthreatened species showed a much lower pro-
portion of land clearance than of nature conserva-
tion, unlike threatened angiosperms and reptiles
(Fig. 3a, f).

Priority ranking
There was strong concordance between our

results and the location of already established
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biodiversity hotspots, despite being derived
using different metrics, spatial units, and
methodology. However, our approach identified
additional bioregions and provided more fine-
grained (and potentially flexible) breakdown of
prioritization targets. For scenarios focused on
environmental values (scenarios 1, 2, 3), the
highest scoring bioregions (included in the 95th
percentile) were predominantly located in
already existing international or national hot-
spots, with the only exceptions being Cape York
Peninsula and South Eastern Highlands
(Table 4, Fig. 4a). For scenarios focused on

either threats (scenario 4), decline (scenario 5),
or land use (scenario 7), five of the 10 highest
scoring bioregions were part of existing biodi-
versity hotspots (Tables 2, 3, Fig. 4b), although
not any of the bioregions with the lowest pro-
portion of nature conservation or protectable
land (scenario 6, assets). The majority of biore-
gions included in mixed scenarios (combinations
of biodiversity and vulnerability measures) were
included in international (n = 5), or national
(n = 3) biodiversity hotspots; the remaining
bioregions were either located in the far north of
the country (Cape York Peninsula) or in the

Fig. 1. Results, for each IBRA bioregion of Australia, of landscape and species metrics used to calculate mea-
sures of irreplaceability and biodiversity richness. Irreplaceability measures included (a) the proportion of a bio-
region occupied by a KBA, and the number of (b) plants and (c) vertebrates found in only one bioregion. Richness
measures were the number of (d) vegetation types, (e) plants, and (f) vertebrates found in each bioregion. The
source shapefile is provided in Data S1.
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Fig. 2. Metrics used to assess vulnerability across bioregions. Threats included the proportion of (a) land clear-
ance in 2010 and (b) land-clearance change from 1992 to 2010, as well as the number of (c) weed species and (d)
vertebrate pest species. Assets included the proportion of (e) nature conservation and (f) protectable land in 2010,
while decline parameters were (g) the proportion of land covered by threatened communities and (h) the number
of Australian endemic threatened species found in the bioregion. The source shapefile is provided in Data S1.
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southeast (NSW South Western Slopes, South
East Coastal Plain, South Eastern Highlands;
Fig. 4c). The full outcome of each scenario is
reported in Data S1.

A similar pattern emerged for the amphibian
case study, which highlighted the importance
of the far northern and eastern portions of the
country in terms of both environmental values

Fig. 3. Proportion of land where threatened species were broken down by its classification as either land clear-
ance or nature conservation, over time. Results are reported as average for each taxonomic class: (a) Angiosper-
mae, n = 209; (b) Gymnospermae, n = 9; (c) Amphibia, n = 21; (d) Aves, n = 25; (e) Mammalia, n = 41; and (f)
Reptilia, n = 15. The insets show land-use trends for nonthreatened species (Angiospermae, n = 81; Gymnosper-
mae, n = 37, Amphibia, n = 106, Aves, n = 299, Mammalia, n = 132, and Reptilia, n = 192). Error bars are stan-
dard errors.
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and vulnerability, but also included a greater
representation of tropical bioregions and part
of the far-southern temperate forests of Tasma-
nia, compared with the general biodiversity
scenarios (Fig. 4d; Appendix S1: Fig. S1, Data
S3). The tropical Gulf Plains, MacDonnell
Ranges, Sturt Plateau, and Tiwi Cobourg
ranked high when only threats were consid-
ered, despite the limited land clearance and the
absence of chytridiomycosis, due to the lack of
nature conservation or protectable areas, while
the opposite was true for the bioregions in
Tasmania.

DISCUSSION

In Australia, biodiversity measures and threats
varied markedly across bioregions. Our research
was able to pinpoint bioregions of particular con-
servation value and, as importantly, show how
weightings could be applied to metrics to land-
scape and species metrics so as to prioritize (or
downplay) any given objective or goal. Under
most scenarios, it was clear that bioregions with
the highest values for irreplaceability or richness
were predominantly located in the east and
southwest of the country, and similar patterns

Table 4. Bioregions ranked in the 95th percentile of each scenario evaluated against the macro-categories of envi-
ronmental values, threats and decline, and mix.

Scenarios

Bioregions

Rank 1 Rank 2 Rank 3 Rank 4 Rank 5

Environmental values
(1) Irreplaceability Wet Tropics Cape York

Peninsula
South Eastern
Queensland

Sydney Basin Esperance Plains

(2) Richness South Eastern
Queensland

Brigalow
Belt South

Sydney Basin Wet Tropics South Eastern
Highlands

(3) Richness and
irreplaceability

Wet Tropics Cape York
Peninsula

South Eastern
Queensland

Sydney Basin Brigalow Belt South

Vulnerability
(4) Threats NSW South

Western Slopes
South East
Coastal Plain

Brigalow
Belt South

Southern
Volcanic Plain

South Eastern
Queensland

(5) Decline South Eastern
Highlands

Sydney Basin Southern
Volcanic Plain

NSW South
Western Slopes

Victorian Midlands

(6) Assets Central Arnhem Broken
Hill Complex

Sturt Plateau Mitchell
Grass Downs

Darling
Riverine Plains

(7) Land use NSW South
Western Slopes

Nandewar Brigalow
Belt South

Southern
Volcanic Plain

Riverina

(8) Decline
and threats

NSW South
Western Slopes

Southern
Volcanic Plain

South Eastern
Highlands

Brigalow
Belt South

South East
Coastal Plain

Mix
(9) Richness,
irreplaceability,
and decline

Wet Tropics Sydney Basin South Eastern
Queensland

South Eastern
Highlands

Cape York Peninsula

(10) Richness
and threats

South Eastern
Queensland

Brigalow
Belt South

South Eastern
Highlands

Sydney Basin NSW South
Western Slopes

(11) Irreplaceability
and threats

Wet Tropics South Eastern
Queensland

NSW South
Western Slopes

South Eastern
Highlands

Brigalow Belt South

(12) Richness,
irreplaceability,
and land clearance

Wet Tropics South Eastern
Queensland

NSW South
Western Slopes

Kanmantoo Avon Wheatbelt

(13) Richness,
irreplaceability,
and land
clearance change

Wet Tropics Brigalow
Belt South

South Eastern
Queensland

NSW South
Western Slopes

Nandewar

(14) Richness,
irreplaceability,
and assets

Wet Tropics Cape York
Peninsula

South Eastern
Queensland

Brigalow
Belt South

Sydney Basin

(15) All factors South Eastern
Queensland

Sydney Basin Brigalow
Belt South

Wet Tropics South Eastern
Highlands

Note: Bioregions in bold are not included in any biodiversity hotspots.
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Fig. 4. Location of the highest scoring Australian bioregions for (a) scenarios focused on environmental values,
(b) scenarios targeting threats and decline, and (c) scenarios including different combinations of the two. Biore-
gion codes are AVW, Avon Wheatbelt; BBS, Brigalow Belt South; CYP, Cape York Peninsula; ESP, Esperance
Plains; KAN, Kanmantoo; NAN, Nandewar; NSS, NSW South Western Slopes; RIV, Riverina; SCP, South East
Coastal Plain; SHE, South Eastern Highlands; SEQ, South Eastern Queensland; SVP, Southern Volcanic Plain;
SYB, Sydney Basin; WET, Wet Tropics. The insets show the results for just the amphibian case study (for full-size
amphibian maps, see Appendix S1: Fig. S1).
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were also observed for vulnerability, particularly
stemming from historical land clearance and its
rate of change. This national-scale trend reflects a
consistent phenomenon observed globally,
whereby habitat conversion is exceeding nature
conservation in most of the world ecoregions
(Hoekstra et al. 2005). Australian endemic plant
and animal species are also increasingly under
pressure from land clearance across most biore-
gions, with threatened angiosperms and reptiles
experiencing the highest increase in threat over
time.

Through the quantification of ecological met-
rics and threats in all 85 mainland or continental-
island bioregions across Australia, we identified
landscapes at highest risk of degradation across
all habitats, without implicitly assigning a higher
value to forested areas, which could underesti-
mate the threats to landscapes such as savannas,
grasslands, and deserts (Bond and Parr 2010).
The majority (75%) of the highest scoring biore-
gions (i.e., those falling into the 95th percentile)
in the mixed scenario assessments (i.e., that
included both threats and ecological measures)
showed good concordance with the location of
already existing national or international biodi-
versity hotspots (Table 4, Fig. 3). This suggests
that the method proposed adequately represents
the irreplaceability and vulnerability principles
used to identify important areas for conserva-
tion. According to the latest data from the Col-
laborative Australian Protected Area Database
(CAPAD; Department of the Environment and
Energy 2016), 5 of the 10 highest scoring biore-
gions in the mixed scenarios currently reached
an overall level of protection (including nature
conservation and managed protected areas)
above the 17% recommended by the Convention
of Biological Diversity (Cape York Peninsula,
Kanmantoo, South Eastern Highlands, Sydney
Basin, and Wet Tropics). Of the remaining five,
South Eastern Queensland achieved a proportion
of protection of 14.1%, while in Avon Wheatbelt,
Brigalow Belt South, Nandewar, and NSW South
Western Slopes, the levels of protection still fall
below 10%. Those under protected areas argu-
ably require immediate prioritization and inter-
vention.

The method we described and demonstrated
in this paper explores the full potential of open-
access ecological data, by linking these data to

the institutional bioregional frameworks used to
plan land management and conservation action
(Theobald et al. 2000). While national platforms
dedicated to storing biodiversity data, such as
ALA, might not be present in every country, an
increasing amount of species observations are
lodged on international, open-access data reposi-
tories (e.g., the Global Biodiversity Information
Facility [GBIF]), which represent an important
source of information on species presence and
distribution, yet are underused by planning
agencies (Ondei et al. 2018). Further, data from
citizen science projects, which harness the volun-
tary participation of non-trained observers to
provide large volumes of ecological observations,
can greatly enhance the geographic extent of pro-
fessional scientific data, while also involving the
public in the process of ecological monitoring
(Theobald et al. 2015).
The use of species observational data might

present some limitations. For instance, observa-
tions could underrepresent cryptic species or
remote locations, or be biased toward more
intensively studied taxa. Indeed, previous assess-
ments on long-term open-access biodiversity
data revealed a bias toward plants, birds, and
amphibians (Theobald et al. 2015, Ondei et al.
2018), which was confirmed by our study, where
bird and angiosperm records were in the major-
ity. Species distribution models (SDMs), which
predict species occurrence based on a chosen
range of environmental parameters (Guisan and
Thuiller 2005), are an alternative to observational
records. However, SDMs can also be affected by
sampling or modeling biases. However, such
data can also be affected by sampling or model-
ing bias (Syfert et al. 2013, Guillera-Arroita et al.
2015) and are not always available for a wide
range of species. In Australia, for instance, esti-
mated species distribution data are supplied by
the Department of Environment and Energy, but
only for species of national environmental signif-
icance (https://www.environment.gov.au/science/
erin/databases-maps/snes). CliMAS (http://clima
s.hpc.jcu.edu.au/) or Weed Futures (http://weedf
utures.net/) also provide SDMs, but solely for
animals or weeds, respectively. Species ranges
can be downloaded from the IUCN spatial
data portal (https://www.iucnredlist.org/resource
s/spatial-data-download); however, these data
do not include plants, and since they were
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designed predominantly for global-scale analy-
ses, they include a limited number of native spe-
cies for each country and their resolution might
not be appropriate for studies conducted at a
national or more local scales (IUCN 2016). In our
case study, the use of observation data provided
an adequate representation of the biodiversity
values of a bioregion, due to the large extent of
our landscape units (i.e., bioregions), combined
with the high number of observations stored in
ALA, which were used to determine species
presence (and by inference of sufficient sam-
pling, absence). Nonetheless, more local applica-
tions of this method will need to account for
these limitations and possibly include additional
data (such as species range and density, and beta
diversity) where available, at least for some focal
species or communities (Noss et al. 2002).

Spatial layers, which were also entirely
obtained from open-access sources, were also not
exempt from caveats. For example, the latest
comprehensive data on land clearance (covering
all bioregions) end in 2010, but it is well estab-
lished that, at least for some key bioregions, there
has been substantial population growth in subse-
quent years (+10.4% from 2011 to 2018; Aus-
tralian Bureau of Statistic, https://www.abs.gov.a
u/ausstats) alongside increases in agricultural
production (Grundy et al. 2016). As such, there is
an urgent need for more up-to-date information
on land use. Further, while some were global in
scope (e.g., KBAs) and could be used in any
country, others were created at a national scale
(e.g., land-use data, threatened vegetation com-
munities); for those, global (lower-resolution)
alternatives exist: for example, GlobeLand30 pro-
ject (http://www.globallandcover.com) and Glo-
bal Land Cover Share Database (http://www.fao.
org). However, while some global spatial layers
are easily accessible (such as in our case), they
might not be as available, or accurate depending
on the country or data of interest. For instance,
while KBAs in Australia have been identified,
mapped, and their level of threat assessed (Bird-
Life Australia 2017), other countries are still in
the process of identifying their KBAs, particu-
larly in marine habitats, and thus some impor-
tant areas might still be missing (Donald et al.
2018). To prevent biases in the identification of
priority areas for conservation, it is thus impor-
tant to combine multiple data sources and

evaluate the weight assigned to each one based
on the known data accuracy.
To protect biodiversity and ecological pro-

cesses, it is important to seek to preserve the
entire landscape, rather than to focus on iconic
species (Beier and Brost 2010). However, a
focus on particular taxonomic units can be
valuable to capture and ameliorate specific dri-
vers of decline. In this context, we showed
how our method can identify priority biore-
gions based on a distinct taxonomic target
(amphibians) and found good agreement
between the taxon-specific and general biodi-
versity assessments, albeit with some impor-
tant differences: More tropical areas showed
high levels of diversity and threats for amphib-
ians, as well as two cool-temperate bioregions
in southern-central Tasmania. While the latter
seem to have been selected due to the greater
spread of chytridiomycosis in cold-wet areas
(Murray et al. 2010), for tropical areas this
selection is overwhelmingly influenced by the
high levels of amphibian species richness
recorded in the tropical bioregions (Pyron and
Wiens 2013).
In both ranking examples (Australian biodiver-

sity generally, and amphibians specifically), the
prioritization generated by a scenario-based
solely on the lack of assets (nature conservation
or readily protectable areas) included bioregions
that did not rank high in any other scenario. A
high proportion of these errant bioregions fall
under the denomination of traditional indigenous
uses (e.g., Central Arnhem = 98%, MacDonnell
Ranges = 48%, and Tiwi Cobourg = 72%). While
not officially listed under the category nature
conservation, these areas are often managed for
conservation by local Aboriginal groups, based
on traditional ecological knowledge (Yibarbuk
et al. 2001, Vigilante et al. 2017) and as such are
not likely to be at high risk of being degraded by
future anthropogenic development.
The severity of the impact of human land use

on biodiversity and ecosystem services, as
revealed by the bioregional metrics, underscores
the need for effective measures to monitor its
effects and prevent further habitat and species
loss. These actions might include the expansion
of the current protected area network (Aichi Tar-
get 11) as well as the implementation of tools
and methodologies to “identify threats to
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biodiversity and determine priorities for conser-
vation and sustainable use” (Aichi Target 19).
However, approaches based on a single biodi-
versity level—be it species or ecosystems—can-
not be relied upon in isolation to prioritize areas
for conservation effectively, because conserva-
tion values embody a combination of these ele-
ments (Bonn and Gaston 2005, Brooks et al.
2006). Here, we have proposed a simple (yet
powerful and flexible) method to link species
observations with land-unit and national biore-
gionalization frameworks, by merging species-
and landscape-based information on biodiver-
sity and its threats and using weighted scenario
analysis to rank land units (bioregions in our
case study) and identify those in most need of
protection. Once priority areas are identified,
existing software which also accounts for con-
nectivity (Ball et al. 2009, Moilanen et al. 2009)
can be used to plan and implement reserve sys-
tems at the local-to-regional scale. Rather than
relying on a fixed suite of metrics, our proposed
approach (which can be run in the open-access
software R) allows the user to choose and trade
off various scenarios based on whatever priori-
ties and data availability is most relevant or
available to them. This feature, in combination
with its ease of implementation and optional
use of parameter weights, allows for incorpora-
tion of expert knowledge within a data-driven
framework: an approach shown to improve the
outcomes of conservation planning in a fast-
changing world (Cowling et al. 2003).
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