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A B S T R A C T   

Land clearing and protected area provision are two contrasting forces shaping the persistence of species in the 
landscape. Using Australia's flora as a case study, we characterize the three possible states of species persistence: 
protected, cleared, or at risk of future loss based on agricultural capability, using a comprehensive suite of plant 
distributions and traits. We test the assumption that plant species, assemblages, and growth forms are adequately 
preserved in protected areas in Australia, and contrast this result with historic and future loss driven by trajectories 
of continued land clearing. We find levels of protection and clearing are inversely related, with both bioregions and 
species with high levels of clearing having low protection. We find only one third of Australian bioregions meet 
international protection targets of 30 % of area in formal protection. Similarly, we find that 29 % of plant species 
have met representation protection targets (with 30 % of their range protected), while similar numbers (33 %) have 
clearing as the dominant land use across their ranges. Protection and clearing have also unevenly affected species 
with different growth forms, range sizes, and distributions across agricultural land capability. Narrow-ranged woody 
species (e.g., trees) are the most at-risk group in relation to clearing, whereas large-ranged non-woody species (e.g., 
graminoids, herbs) are afforded a high level of protection in reserved lands. We demonstrate that the Australian 
protected-area network, although theoretically underpinned by sound CAR principles (comprehensive, adequacy, 
representativeness), falls short in protecting both individual plant species and growth forms.   

1. Introduction 

Human actions threaten biodiversity, with extinction rates estimated 
to be 1000 times the background rate (Pimm et al., 2014), and 1,000,000 
species facing extinction within decades (IPBES, 2019). Protected areas 
are a cornerstone of the global conservation strategy to combat this 
extinction crisis. The centrality of protected areas to meeting global 
biodiversity goals has been codified in the Convention on Biological Di-
versity (CBD) biodiversity targets which have included specific area based 
protection targets since 2002 (Gurney et al., 2023). Over the last two 
decades global protected area targets have expanded from the original 
target of 10 % of each of the world's ecological regions effectively 
conserved, to now specifying 30 % of land and sea by 2030 including 
specific provisions for ecological representation (Target 3 of the Kunming- 

Montreal post-2020 Global Biodiversity Framework; CBD, 2022). 
Despite significant growth in the global protected area network, 

achievement of representation targets for protection of all ecosystems 
and species has lagged due to systematic biases in the placement of 
protected areas (Adams et al., 2021; Kuempel et al., 2016; Venter et al., 
2017). These systematic biases result in over-representation of some 
environments, commonly those associated with remote or relatively 
unproductive land, and under-representation of others potentially more 
suitable for agricultural land uses, which are a dominant global driver of 
habitat loss and in particular for plants (Devillers et al., 2015; Joppa and 
Pfaff, 2009; Kuempel et al., 2019; Pressey, 2002; Venter et al., 2017). 
Similarly, landholders make rationale extractive land use decisions 
based on the underlying capability of land, thus biasing production land 
uses such as agriculture to higher capability lands (Adams and Engert, 
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2023). These biases in land uses can consequently leave some species or 
ecosystems at elevated risk of loss to outright conversion or modification 
(Montesino Pouzols et al., 2014; Pressey et al., 2017). 

Global plant diversity is particularly under threat from human-induced 
pressures (Gallagher et al., 2023), with habitat loss resulting from agri-
culture the primary driver of decline (Antonelli et al., 2020). As of March 
2023, 24,194 plant species are considered threatened in the IUCN Red List 
(Vulnerable, Endangered, Critically Endangered), with 33 % of these 
affected by habitat loss from agriculture (Antonelli et al., 2020). For many 
widespread plant species, the impact of agricultural-related habitat loss 
can be pernicious, resulting from a gradual erosion of distributional range 
and shifting of suitable growth conditions, which creates an appreciable 
extinction debt (Helm et al., 2006; Reside et al., 2017). The entire distri-
bution of some narrow-ranged endemic plant species may be impacted in a 
single land clearing event, as is likely to have occurred for several now 
extinct species in the Avon-Wheatbelt bioregion of southwest Western 
Australia (e.g., the shrubs Tetratheca fasciculata and Acacia kingiana) 
(DCCEEW, 2023). Plant growth forms (i.e., trees, shrubs, grasses, herbs) 
are also likely to differentially experience habitat loss due to differences in 
their perceived utility to landholders. For instance, trees may be targeted 
for wholesale removal from landscapes subject to the use of mechanized or 
precision agriculture (Fischer et al., 2010). Conversely grasses, herbs and 
forbs, are often initially retained as fodder within native vegetation grazing 
systems, but over time may be gradually replaced by selective grazing and 
shifting soil conditions (Lunt et al., 2007). 

Here, we first construct a qualitative narrative of post-colonial land 
use history in Australia as the basis for quantitative analyses of patterns 
of protection, clearing, and at-risk areas for future agricultural expan-
sion for plant species and their relationships in a path analysis. We 
specifically ask: What are the spatial patterns of three land use fates at a 
continental scale across bioregions and the distributional ranges of plant 
species?; and, What is the relationship between level of protection, 
clearing, and at-risk areas for future agricultural expansion for bio-
regions, species, and growth forms? We aim to understand the extent to 
which current protection adequately represents individual plant species 
and, for species without protection, understand to what extent does 
having distributions outside protected areas put species at risk from 
habitat loss due to agriculture. Our analysis at the species level adds to 
traditional tracking of patterns of protection at bioregional levels. 

2. Methods 

2.1. Case study 

We use Australia – a global land clearing hotspot – as a case study for 
exploring our questions. Australia has approximately 26,000 plant taxa, 
the majority of which (88 %) are endemic (Gallagher et al., 2023) 
(Fig. 1). Australian plants occur across strong spatial and climatic gra-
dients, in particular precipitation, which varies in both amount and 
predictability across the continent, shaping species and functional 
composition (Andrew et al., 2021). Several of the world's major vege-
tation types and biomes are present in Australia, including desert, 
alpine, rainforests, savanna and arid/semi-arid groups. 

We focus our analyses on species-level distributions, traits (growth 
form), range size, as well as vegetation groups and bioregions. Plant 
species provide a direct link to the most common surrogates for con-
servation planning: ecosystems and biomes, where they are the foun-
dations of primary production. Plants also form critical habitats and 
provide essential food resources on which other species depend. The 
ranges of plant species have been extensively documented in herbarium 
collections which are taxonomically verified and increasingly digitized, 
forming an important source of occurrence information. 

2.2. Australian land use history narrative 

We first reviewed and summarized the narrative of Australian land 

use history, and in particular, choices in the landscape to clear or pro-
tect. This narrative is the basis for developing a conceptual model as the 
key first step in model specification for quantitative path analysis and 
model testing (Fig. 2) (Fan et al., 2016). 

The narrative of post-colonial land use history is as follows. Although 
there had been a long history of widespread fire management and 
stewardship of vegetation and country by Australia's First Nations peo-
ple (‘firestick farming’; Fletcher et al., 2021), the post-colonial history of 
land use and associated clearing in Australia meant that production 
landscapes were prioritized as a land use over sovereign rights for 
indigenous people and long before the first National Park was declared 
(Royal National Park, NSW, in 1879; the second such in the world). The 
Crown Lands Alienation Act of 1861 drove previously unseen large-scale 
vegetation clearing, as new landowners were financially penalized for 
not ‘developing’ (i.e., clearing) their land (Braithwaite, 1996). Thus, 
land use choices, both sequentially and in parallel, were largely that: 
land was cleared; land in potentially productive landscapes was main-
tained as available to ensure future production potential, and; land was 
formally protected. Opportunities for protection were displaced due to 
historical clearing alongside choices that biased protection to less pro-
ductive landscapes. This bias has been documented extensively in 
Australia (Benson et al., 2010; Bryan, 2002; Mendel and Kirkpatrick, 
2002; Rundle, 1996; Sharafi et al., 2012), as well as globally (Joppa and 
Pfaff, 2009). The dominance of production-oriented decisions over de-
cisions to protect should result in the proportion of a species' range that 
is cleared being a direct predictor of the proportion of species range 
protected, with an expected inverse relationship. 

The choice of where to clear, according to the above rationale, is 
based on whether land is suitable for agriculture or has high agricultural 
capability. Thus, we expect that land with high agricultural capability 
would be targeted for clearing and intensive land use first, and therefore 
be at highest risk of future clearing. Woody vegetation is the vegetation 
type most often cleared for agriculture, while herb and grass dominated 
vegetation is often used for grazing. On this basis we expect that woody 
growth forms should show a higher proportion of clearance. Lastly, the 
larger a species' range, the more exposed it is to clearing, other things 
being equal, and thus we would expect a positive relationship between 
range size and proportion cleared. We acknowledge that land capability 
is not the sole predictor of where land will be developed; other factors 
are likely to be proximity to markets and infrastructure, such as irriga-
tion and broader networks for processing and moving products. Thus, 
some spatial patterns of land classed as high capability but remaining 
available could reflect historical absence of infrastructure or large dis-
tances to markets. Our model does not consider these predictors of 
spatial variability but rather uses land capability as a strong indicator for 
individual landholder's choices for land use. 

Where land is not cleared, and is thus available for protection, 
choices about where to locate protected areas are biased towards re-
sidual or areas with low agricultural productivity. Thus, the proportion 
of a species' range that is of low agricultural capability would positively 
predict the amount protected. Lastly, under the systematic conservation 
approach to expanding the national reserve system, species targets have 
followed advice to scale targets based on percentages of range sizes, such 
that lower protection targets are set for larger species ranges, while 
higher targets are set for narrow-range species (e.g., Adams et al., 2011; 
Watson et al., 2009). Given this relationship we would expect range size 
and proportion protected to be negatively correlated. 

This narrative is captured in a path model in Fig. 2. In our path model 
the endogenous variables are proportions of a bioregion or species that is 
cleared and protected; exogenous variables are proportion of range that 
is high capability, proportion of range that is low capability, whether the 
bioregion or species is a woody growth form, and range extent (Fig. 2). 
The path model for proportion protected is mediated – the exogenous 
variables act both directly upon protection but also through an inter-
mediary endogenous variable, in this case proportion cleared. 
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2.3. What are the spatial patterns of land use at a continental scale across 
bioregions and the distributional ranges of plant species? 

Reflecting our narrative analysis, we considered that the landscape 
could be divided into three fundamental categories: protected, cleared, or 
available (neither protected nor cleared) (Fig. 1). Within available land, 

future clearing may occur but the variable levels of risk within this land will 
be driven in part by agricultural land capability (Adams and Engert, 2023). 
To consider the spatial distribution of those areas that are most likely to be 
exposed to future clearing, we further segment available land into land ‘at 
risk’ defined as both available and with high capability for agricultural 
land uses (see Table 1 for definitions and data for each land class). 

Fig. 1. Australian protected and cleared lands. Agricultural land capability (high = classes 1–4, moderate = 5–6, low, =7–8 (Adams and Engert, 2023)) shown for 
land that is available (not protected or cleared). 
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To explore continental patterns of historic colonial land use decisions 
(since the mid-1800s), we summarized the proportion of each IBRA 
bioregion that is: protected, cleared, available. We mapped the domi-
nant (defined as the highest proportion) land category and then further 
mapped proportion of bioregion at risk. To do so, we intersected a 
spatial layer of IBRA regions with the 2020 protected area data 
(Commonwealth of Australia, 2021), the National Vegetation Informa-
tion System Major Vegetation Groups and national scale agricultural 
capability data (Adams and Engert, 2023) to estimate protected, cleared 
and available land, respectively. We excluded the IBRA regions Pacific 
Subtropical Islands and Subantarctic Islands from the analysis. 

For species analyses we used distributional ranges of 24,780 
Australia plants (as described in Andrew et al., 2021), and for each range 
then calculated proportion of that is: protected, cleared, available. We 
further considered the proportion of each species' range that is at risk. 
The distributional ranges of the Australian plants were defined based on 
climatic and soil conditions using three approaches (Poisson point- 

process modelling; range bagging; area of occupancy) with method 
choice being defined by availability of occurrence records. Range maps 
were intersected with spatial data on protected, cleared and available 
land as for IBRA regions (see Table 1 for full data details and defini-
tions). We appended data on growth form (woody vs. non-woody) to 
each species based on information in the AusTraits database (Falster 
et al., 2021). After joining all spatial and trait data, we had a complete 
data set for 24,592 plant species. All spatial analyses were completed 
based on a 1 km grid and conducted in R v. 4.2.1. 

To visually explore similarities in spatial patterns of land use, we 
mapped species richness in bioregions using only those species that have 
a majority proportion of range cleared and are also exposed to further 
risk of clearing (identified as species with a large proportion of 
remaining range available at risk) and compared to bioregional patterns 
of dominant land use (protected, cleared, available). Similarly, we 
identified those species that have a dominant proportion of range 
available and mapped those which, within the available land, are 

Table 1 
Data terms, associated definitions, and data sources.   

Definition Data reference 

Protected Declared protected areas (IUCN I-VI) recognized as part of the national reserve system Collaborative Australian Protected Areas Database (CAPAD) 
2020 (Commonwealth of Australia, 2021) 

Cleared Land areas that have been cleared Cleared vegetation as mapped in National Vegetation 
Inventory System (NVIS) data (Australian Government, 2021) 

Bioregions Land areas characterized by broad, landscape-scale, natural features and environmental 
processes that influence the functions of entire ecosystems; 89 bioregions in total but we 
restrict our analysis to the 85 that intersect with our land capability layer 

Interim Biogeographic Regionalisation for Australia (IBRA) 
bioregions (Department of Agriculture, 2020) 

Major vegetation 
groups 

Vegetation groups representative of distinct vegetative environments; they can extend over 
large areas and often contain more than one vegetation association or community 

NVIS major vegetation groups (MVG) (Australian 
Government, 2021) 

Plant ranges Plant species ranges (presence, absence) (n = 24,780) derived from thresholded modelled 
species distributions developed from Poisson Point Process models, range bagging and area 
of occupancy; model type chosen based on availability of occurrence records. 

Plant distributions (Gallagher et al., 2021) 

Growth form Plant growth form (herbs, grass, tree, shrub, crawlers) used to identify those that are woody 
or not (binary variable) 

AusTraits (Falster et al., 2021) 

Agricultural 
capability 

Agricultural capability measures the extent to which land is capable of supporting 
agricultural activity such as cropping, grazing, and forestry, given sufficient irrigation. The 
rating system is a ranking of 1–8 where a value of 1–4 is rated as high capability (can host all 
cropping types with only minor to moderate limitations), 5–6 is rated as moderate capability 
with land being primarily suited only to grazing and some forestry activities, and low 
capability where only non-extractive conservation-oriented activities are recommended. 

Australian agricultural land capability layer (Adams and 
Engert, 2023) 

At risk Areas at risk of clearing from agriculture; defined as land that is available (not protected or 
cleared) and also high capability (classes 1–4) 

Derived product based on CAPAD, NVIS, land capability 

Moderate risk Areas at moderate risk of clearing or intensified agricultural land use (grazing), defined as 
land that is available (not protected or cleared) and moderate capability (classes 5–6) 

Derived product based on CAPAD, NVIS, land capability 

Low risk de facto 
protected 

Areas at low risk of clearing and thus de facto protected, defined as land that is available (not 
protected or cleared) and low capability (classes 7–8) 

Derived product based on CAPAD, NVIS, land capability  

Fig. 2. Conceptual model of patterns of clearing and 
protection for species. At a species level the propor-
tion of range that is cleared or protected is ultimately 
a function of location in the landscape relative to land 
capability, growth form, and range extent. The con-
ceptual model represents the path analysis in which 
protected and cleared are endogenous variables and 
suitability for land use, woody growth form, and 
range extent are exogenous variables and arrows 
indicate direction of influence.   
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predominantly at risk and compared them to bioregional patterns of 
dominant land use. 

Lastly, we considered levels of protection and the extent to which 
global protected area targets at bioregion and species level have been 
met. Thus, for bioregions we considered the number of bioregions that 
have met the current protection target of 30 % of area protected, and for 
species we calculated how many plant species have met this target based 
on range area protected. For species we further considered the number 
of species that have not met this target and thus have protection 
shortfalls and whether it is possible to meet the 30 % protection target 
considering available range area for future protection. 

2.4. What is the relationship between level of protection, clearing, and at- 
risk area for species? 

To test the relationship between land use types at a species level we 
used the land use narrative to construct a path regression analysis and 
test whether this system model is accurate. The first step in path analysis 
is to specify the model structure and expected relationships between 
endogenous and exogenous variables. This was completed based upon 
the narrative. The second step is to prepare data matched to the model 
specification, as detailed in our data selection and collation. The third 
step is model fitting. We completed this step within SPSS. Given our path 
model is relatively simple, we chose to use standard regression based 
path analysis models and report her on standardized path coefficients, 
R2, and standard errors (Fan et al., 2016; Streiner, 2005). Collectively 

Fig. 3. Map of dominant land category (protected, cleared, available) and proportion of region at risk by IBRA bioregion. Areas at risk of clearing from agriculture 
are defined as land that is available (not protected or cleared) and also high land capability. 
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these allow assessment of the validity and reliability of each path in our 
path analysis (Fan et al., 2016). All variables in the path analysis for 
species were significant and were thus retained in the final path 
regression analysis. Variables that were not significant in the path 
analysis for bioregions were excluded. 

2.5. Robustness tests 

We note that, for species with small ranges, the entire extent could be 
cleared or protected with a single property or landholder making land 
use choices. Thus, restricted range species can be entirely protected or 

entirely cleared in a single pixel resulting in a bi-modal relationship with 
modes at 0 and 1 for proportion of ranges cleared or protected. We tested 
the robustness of our model inferences to this by running the analyses 
with and without small-range species. 

3. Results 

3.1. Patterns of protected, cleared, and at-risk lands across bioregions 

In 66 % of bioregions (58 of 87 bioregions examined) the dominant 
land use category is ‘available’ (neither cleared nor protected) (Fig. 3). 

Fig. 4. Richness of species in bioregions with large proportions of their ranges at risk. A. Species with the dominant category of their ranges available (n = 530). 
These are species for which proactive conservation would be beneficial as they are largely available for protection but exposed to future clearing. B. Species with the 
dominant category of their ranges cleared (n = 1703). These are species for which reactive conservation is needed to secure remaining parts of ranges. For context, 
bioregions are displayed including dominant land category (available, cleared, protected). 

Fig. 5. Path analysis for proportion protected of A) species range, with an R2 of 0.310 and B) bioregions, with an R2 of 0.156. Standardized path coefficients are 
displayed and significant. Standard errors for the endogenous variables are shown within the boxes. 
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Of these bioregions dominated by available land, those with the highest 
risk of future clearing, based on mapped high land capability for 
intensive land use, are in the Northern Territory (Tiwi Islands, Daly 
Basin, Gulf Coastal, Sturt Plateau), and New South Wales (Riverina) 
(Fig. 3). 

By contrast, 20 % of Australian bioregions have ‘cleared’ as their 
dominant land use (18 of 87 bioregions). These are largely in coastal 
regions but also extend inland in the east and southwest of the continent. 
Within these cleared bioregions, those with the most ‘at-risk’ area, 
defined as both available and with high capability for agricultural land 
uses, are Jarrah Forrest (27 % at risk) and Swan Coastal Plain (16 %) in 
Western Australia, Victorian Midlands (33 %) and South East Coastal 
Plain in Victoria (17 %) (Fig. 3). 

‘Protection’ is the dominant land use in 14 % of bioregions which are 
notable for having large protected area systems, such as the Wet Tropics 
and Tasmanian West bioregions (Fig. 3). Considering these protection 
levels, only one third of Australian bioregions (33 %) meet the Kunming- 
Montreal protection target of having at least 30 % of area in formal 
protection. However, when considering informal de facto protection due 
to low agricultural land capability of available land, most bioregions 
(68 %) would meet the threshold of 30 % protected if converted to 
formal protected areas (Appendix Table S1). 

3.2. Patterns of protected, cleared, and at-risk area for species 

Similar to patterns of dominant land use category for bioregions, 
about half of species had available land as the dominant proportion of 
their ranges (51 % of 24,952 species), of which 530 have a large pro-
portion of at-risk land in their ranges (Fig. 4A). There is some overlap of 
the spatial distributions of these species with those of at-risk bioregions. 
For example, species richness is high in the Tiwi Islands and Daly Basin. 
However, there are also key differences. The Cape York and South East 
Corner bioregions also have high richness of species at risk. Within 
highly cleared bioregions, there are also species with the majority of 
their ranges still available but at risk. These bioregions include Ger-
aldton Sandplains, Jarrah Forrest, and Swan coastal plain in Western 
Australia and in, Victoria and New South Wales, the Victorian Midlands, 
South East Coastal Plain, and South East Corner. 

Thirty three percent of species (8137) are cleared as a dominant 
proportion of their ranges. Of these, 1703 have a large proportion of 
their ranges at risk (Fig. 4B). Richness of these species is matched to 
those bioregions identified as having high levels of clearing alongside 
large portions of remaining at-risk land: Jarrah Forrest and Swan coastal 
plain in Western Australia, Victorian Midlands and South East Coastal 
Plain in Victoria. 

Protection is the dominant land use in the ranges of 16 % of species. 
Considering level of protection across all species, we found that 29 % 
(7092) meet the formal protection target of 30 % of range area. Of those 
with less than 30 % protection, the average split across land use cate-
gories was: 15 % protected, 35 % cleared, 50 % available. While the 
majority of species with less than 30 % protection could meet protection 
targets with available land, a small number could not; these were 1409 
species with more than 70 % of their range cleared, indicating they 
require restoration. 

3.3. What is the relationship between level of protection, clearing, and at- 
risk area for species? 

Our path analysis for species had an R2 value for proportion cleared 
of 0.63 with all three exogenous variables being significant (Fig. 5A). 
The regression analysis for proportion of species ranges protected had an 
R2 value of 0.31 with all variables being significant. Range size had both 
a direct and indirect (via proportion cleared) negative influence on 
proportion protected. Woody growth form and proportion high land 
capability had indirect effects on the proportion of range protected as 
well via proportion cleared. Proportion cleared had a negative direct 

effect on proportion protected (β = − 0.508). Proportion low agricultural 
capability had a positive direct effect on proportion protected (β =
0.077). 

For bioregions the path analysis excluded area of bioregion as an 
exogenous variable influencing proportion cleared as well as proportion 
of bioregion low capability as an exogenous variable for proportion 
protected. All other exogenous variables were significant. The model 
had an R2 value for proportion cleared of 0.57 with woody vegetation 
and proportion high land capacity being significant (Fig. 5B). Our 
regression analysis for proportion protected had an R2 value of 0.19. 
Woody growth form and proportion high land capacity had indirect 
effects on proportion protected via proportion cleared. Proportion 
cleared had a negative direct effect (β = − 0.428) and range extent had a 
negative effect (β = − 0.259) on proportion protected. The direction of 
the coefficients for the exogenous variables were similar to the species 
path model with the exception of woody growth form, which was 
negative for bioregions (β = − 0.179) in contrast to positive for species 
level (β = 0.072). It is worth noting that, at a bioregion level, the 
dominant growth form for dominant vegetation was used to characterize 
whether a bioregion was largely characterized by woody vegetation as 
opposed to the more precise delineation of growth form at species level. 

4. Discussion 

Levels of protection and habitat loss via clearing are key de-
terminants of the overall health of the environment and biodiversity 
(IPBES, 2019). Less than a quarter of the Earth's land remains free from 
substantial human impact (Brink et al., 2018) and extensive further loss 
is predicted over the next decade (Arneth et al., 2020; Taylor, 2015). In 
this context it is essential to understand patterns of protection and 
clearing at a species level to detect whether there are spatial biases in 
either, or both, of these. Our analyses identified patterns of protection, 
clearing, and areas at risk for bioregions and species in Australia, a 
continent with notable endemism (Gallagher et al., 2023) and a global 
deforestation hotspot (Taylor, 2015). While spatial patterns were largely 
the same between species and bioregions, when considering the rela-
tionship between clearing and protection the path analysis and in-
ferences they support varied slightly between bioregions and species. 

Our post-colonial land use narrative captures key elements of historic 
choices to clear and develop land in Australia, which reflect global 
(Joppa and Pfaff, 2009) and local literature (Pressey et al., 2000) on 
biases in protection. Our quantitative analysis of the path model 
reflecting this narrative provides support for key aspects including: 1) 
that landholders make rational choices to develop high capability land, 
2) that clearing has crowded out opportunities for protection, 3) that 
protection choices are biased to lower capability land to leave oppor-
tunities for agricultural development open. Both preemption by clearing 
and resistance to protecting available, high-capability land have 
contributed to residual protection in Australia (Benson et al., 2010; 
Bryan, 2002; Recher, 2018; Sharafi et al., 2012). Those two drivers are 
not independent, of course. Both reflect political and economic forces 
favoring development over conservation, with resistance exacerbating 
later preemption. 

Importantly, our path model explained more variance at a species 
level, and in particular found that high capability land was an exogenous 
variable for clearing, while lower capability land was an exogenous 
variable for protection. A key finding from the species level path analysis 
is that narrow-ranged woody species (e.g., trees) are the most at-risk 
group in relation to clearing, whereas large-ranged non-woody species 
(e.g., graminoids, herbs) are afforded a high level of protection in 
reserved lands. This indicates that protection alone is not effective at 
retaining woody species, in particular narrow ranged ones, in the 
landscape. Confronting these biases in landscape scale retention of 
species will require reserve design that avoids loss and thus targets areas 
that are at risk of clearing due to their innate suitability for production 
land uses (Pressey et al., 2021), while also designing policies that are 
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effective at halting ongoing clearing of native vegetation (Evans, 2016; 
Simmons et al., 2018a; Simmons et al., 2018b). 

Our analysis of the spatial patterns of land use, can support both 
reactive and proactive conservation strategies that draw upon both 
clearing and protection policies. We define reactive protection as tar-
geting species that are identified as threatened or have already experi-
enced large losses in habitat; we define proactive protection as 
protecting species while their ranges are still intact and where protec-
tion is placed to maximise population outcomes by avoiding future loss 
of habitat (Pressey et al., 2007; Pressey et al., 2021). While the mix of 
reactionary and proactive conservation will depend on measures of 
success, considering the likely future loss of habitat allows strategies to 
minimize loss of species (Visconti and Joppa, 2015; Visconti et al., 
2010). 

In our analysis, priority bioregions for reactive protection (where 
extensive clearing has already occurred but there are remaining areas at 
risk of further loss) included the southeast and southwest of Australia. In 
contrast, bioregions of priority for proactive protection where there are 
low levels of both protection and clearing and a high proportion of at- 
risk land include the Tiwi islands, Daly Basin, and Cape York Penin-
sula. Given the eastern coastline of Australia is a global deforestation 
hotspot (Taylor, 2015), prioritizing protection there to combat further 
loss might be necessary. However, the opportunity to act in intact 
landscapes could be fleeting. For example, there has been ongoing in-
terest in developing the North with particular emphasis on Tiwi Islands, 
Daly Basin and Cape York (Commonwealth of Australia, 2015). This 
interest in development and investment in required infrastructure could 
be accelerating land use change in these previously intact bioregions 
(Adams et al., 2016; Hernandez et al., 2021). Considering the optimal 
mix of where and when to act (Adams et al., 2019; Kuempel et al., 2020) 
using our analysis can provide advice on how best to further build the 
Australian protected area network to minimize ongoing biodiversity loss 
(Adams et al., 2021). This also emphasizes the relative importance of 
habitat outside of protected areas, and thus highlight the contributions 
that private and Indigenous lands can make to securing biodiversity. 
This is consistent with other studies in Australia that highlight the 
relative importance of engaging these tenures for effective biodiversity 
conservation (Fitzsimons, 2015; Kearney et al., 2018; Kearney et al., 
2022). 

5. Conclusions 

We use the case study of Australia as a megadiverse country for plant 
species, globally important for protecting plant endemism (Gallagher 
et al., 2023), and also a global deforestation hotspot (Taylor, 2015), to 
test for the relationship between agricultural land capability, clearing 
and protection. In doing so we highlight important spatial patterns in 
historical protection and clearing for species and bioregions while also 
identifying regions that are important for reactive or proactive conser-
vation. While spatial patterns are broadly similar across species and 
regional analyses, the species-level analysis provides further insight into 
where there are high levels of richness and endemism that are at threat 
from future loss, an insight lacking when considering only regional-level 
patterns. Similarly, our path analysis to test our land use narrative 
confirms processes of protection bias, which provide key insights around 
how to design conservation strategies which include, but are not limited 
to, protection, to ensure that biodiversity is secured. Our findings pro-
vide critical insights for protecting plant species in Australia and are also 
of broader global relevance in considering what structural processes 
might be driving continued clearing in deforestation hotspots. These 
processes indicate that protection alone is an insufficient strategy, 
particularly if structural biases in placement of protection continue. Our 
analysis also confirmed that woody growth forms are more likely to have 
experienced clearing in their ranges and are thus more exposed to 
habitat loss. This is an important insight as it suggests that particular 
types of plants and functional traits in ecosystems may be exposed to 

loss. Notably in Australia our results demonstrate that woody vegetation 
is more likely to have been cleared which has important implications for 
carbon stocks and highlights the role of halting land clearing to address 
the twin crises of climate change and biodiversity loss. As reserve design 
moves beyond species to consider ecosystem function (Cadotte et al., 
2011; Flynn et al., 2009), measures of functional diversity based on 
multivariate trait spaces may prove useful to support reserve design (e. 
g., Andrew et al., 2021). Ultimately effective conservation will include 
multiple, interacting interventions which take into account the values of 
people to combat the complex problem of land clearing (Brink et al., 
2018). 

CRediT authorship contribution statement 

VMA, NB, and RVG conceptualised the study. VMA and SA 
completed analyses. All authors wrote the manuscript. 

Declaration of competing interest 

The authors declare no potential conflicts of interest or competing 
financial interests. 

Data availability 

All data links are shared. 

Acknowledgements 

VMA was funded by an Australian Research Council Future Fellow-
ship (220100210). RLP acknowledges the support of the Australian 
Research Council. The Australian Research Data Commons provided 
support for AusTraits through their Data Partnerships Scheme. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.biocon.2023.110201. 

References 

Adams, V.M., Engert, J.E., 2023. Australian agricultural resources: a national scale land 
capability map. Data Brief 46, 108852. 

Adams, V.M., Segan, D.B., Pressey, R.L., 2011. How much does it cost to expand a 
protected area system? Some critical determining factors and ranges of costs for 
Queensland. PLoS One 6, e25447. https://doi.org/10.21371/journal.pone.0025447. 
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