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Abstract
1. Rocky environments host rich levels of biodiversity and provide vital habitat for 

specialised organisms, range- restricted species and a broad range of ectotherms 
adapted to saxicoline environments.

2. In Australia, rock habitat is being destroyed during soil amelioration practices asso-
ciated with agricultural intensification. Advances in rock crushing technology, de-
veloped to expand or increase crop yields and efficiency, pose an undocumented 
threat to global biodiversity, especially reptiles dependent on non- renewable rock 
habitat in agricultural landscapes. Rock removal is a legislated key threatening 
process in parts of Australia and will accelerate biodiversity loss if not mitigated.

3. We estimated reptile species’ range overlap with dryland cropping and modified 
pastoral regions within the Australian wheat- sheep zone to assess the potential 
impacts of rock crushing practices. We examined species-  and family- richness 
within the impact zone and across bioregions within the impact zone, to identify 
areas where rock removal has the greatest potential to impact terrestrial and fos-
sorial squamates.

4. Our analysis revealed that 159 potentially impacted reptile species occur within 
the study area, representing 16% of Australian terrestrial squamates. Fourteen of 
these species, including six threatened species, have more than 50% range overlap 
with areas of intensive agriculture, and include several endangered pygopodids, 
scincids and agamids.

5. Bioregions rich in rock and burrow- dwelling reptiles include the Brigalow Belt 
South, Murray Darling Depression, Darling Riverine Plains, Eyre Yorke Block, Avon 
Wheatbelt, Nandewar, Flinders Lofty Block and New South Wales South Western 
Slopes.

6. Synthesis and applications. The conservation of reptiles in agricultural landscapes 
requires appropriate management and retention of surface rocks. Potential yield 
increases from destroying rock habitat to intensify or expand cropland will not 
compensate for the net loss of reptile populations dependent on non- renewable 
resources. Financial incentives to prevent the expansion and transformation of 
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1  | INTRODUC TION

Agricultural intensification is a key driver of biodiversity loss world- 
wide (Foley et al., 2005; Green et al., 2019; Sala et al., 2000; Tingley 
et al., 2019). As agriculture has become more mechanised in the last 
150 years, the terrestrial biosphere is now increasingly dominated 
by anthropogenic activity (Ellis et al., 2010). During this period, 42%– 
68% of the Earth's land surface was impacted to some degree by 
cropping, grazing or timber harvesting (Hurtt et al., 2006), contrib-
uting to declines in reptiles (Böhm et al., 2013; Gibbons et al., 2000; 
Todd et al., 2010), insects, birds and mammals (Harris et al., 2009; 
Şekercioğlu et al., 2004; Thomas et al., 2004). Agricultural crop pro-
duction is anticipated to double by 2050, driven by human popula-
tion growth, food consumption, biofuel use and global crop exports 
(Godfray et al., 2010; Ray et al., 2012), placing further pressure on 
biodiversity world- wide (Ghosh & Basu, 2020).

Despite widespread land clearing, many native species persist in 
agricultural landscapes (Daily et al., 2003; Haslem & Bennett, 2008), 
especially terrestrial reptiles (Pulsford et al., 2018). Retaining na-
tive vegetation, and other natural features, is key for maintaining 
biodiversity in modified landscapes (Daily et al., 2001; Frishkoff 
et al., 2019). Rock outcrops provide one example of a keystone 
resource that provides refuge for specialised or range- restricted 
species (Fitzsimons & Michael, 2017; Mendenhall et al., 2011; 
Michael et al., 2015; Michael & Lindenmayer, 2018a; Speziale & 
Ezcurra, 2015). These types of habitats preserve functional diversity 
that is critical for maintaining biological processes, and for facilitat-
ing ecosystems services on which agricultural enterprises depend 
(Landis, 2017; Macfadyen et al., 2012). Surface rocks are also a dom-
inant feature of cleared landscapes, providing habitat for specialised 
invertebrates (Pinder et al., 2000), reptiles (Michael et al., 2008) and 
plant communities (Anderson et al., 2007; Gibson et al., 2010). Rocks 
buffer against climate extremes and mitigate the impacts of fire or 
vegetation clearing by providing ectotherms with refuge, nesting 
sites and thermal gradients (Goldsbrough et al., 2006). However, 
many rocky environments are degraded by livestock grazing, weed 
invasion and rock removal (Burke, 2003; Michael et al., 2010). 
Despite these known threats, there is a paucity of studies on the 
ecological value of surface rocks in agricultural landscapes.

Australia provides a case study where recent advances in rock 
crushing machinery (Michael & Lindenmayer, 2018), developed to 
crush sheet rock and laterite soils, may exacerbate biodiversity loss 
by eliminating critical habitat from agricultural landscapes. Surface 
rock removal is a key threatening process in New South Wales (NSW; 
NSW Biodiversity Conservation Act 2016) and has been implicated in 

the decline in several grassland species, including the presumed ex-
tinct Victorian grassland earless dragon Tympanocryptis pinguicolla 
(Melville et al., 2019), yet the practice is permitted as part of routine 
agricultural activities. Technology that facilitates broad- scale con-
version of non- arable land by crushing surface rock and cultivating 
intact soils (e.g. soil amelioration) is at odds with sustainable farm-
ing practices and will exacerbate biodiversity loss, especially species 
that are fossorial, have poor dispersal ability and are dependent on 
surface rocks or subterranean microhabitat, such as spider burrows 
and soil cracks.

The threat of rock crushing practices on biodiversity recently 
emerged in Australia (Michael, 2020; Michael & Lindenmayer, 2018b). 
However, the negative consequences of agricultural intensifica-
tion are a well- documented global issue (de Graaff et al., 2019; 
Emmerson et al., 2016). Advances in rock crushing machinery that 
enables landholders to remove broad areas of surface rock from 
non- arable landscapes have the potential to rapidly increase the 
amount of intensively cultivated land world- wide. Thus, there is an 
urgent need to assess the potential impacts of rock removal and ag-
ricultural intensification to inform sustainable land management and 
conservation policy in agro- ecosystems. In this study, we highlight 
rock crushing practices as an emerging threat to biodiversity. We 
focus our analysis on reptiles as they are the most species- rich group 
of vertebrates dependent on surface rocks in agricultural landscapes 
(Nopper et al., 2017; Pulsford et al., 2018), and therefore serve as 
a suitable surrogate for other rock- dwelling organisms. To evaluate 
the potential impacts of this threat, we collated a comprehensive 
list of reptile species known to occur within intensively managed 
agricultural regions in Australia. To reflect habitat affiliations, we 
then classified species as obligate or generalist rock- dwellers, before 
estimating species’ range overlap within the study area. Lastly, we 
identify specific taxa and bioregions potentially impacted by rock 
crushing practices. Our findings have broad implications for biodi-
versity conservation in agricultural landscapes world- wide.

2  | MATERIAL S AND METHODS

2.1 | Study area

As we were primarily interested in the impacts of rock crushing tech-
nology, we confined our analyses to the dryland agricultural regions 
of Western Australia and south- eastern Australia (see Appendix S1 in 
Supporting Information), where this has become a common and wide-
spread practice in recent years. These two regions are referred to as the 

non- arable landscapes to cropland are required to prevent the ongoing loss of 
biodiversity.
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Australian wheat- sheep zone (WSZ) and cover 986,000 km2. The WSZ 
is characterised by undulating hills, nutrient- poor soils and a seasonally 
wet/dry climate that ranges in eastern Australia from 300 mm in the 
south to 600 mm in the north, and in Western Australia from 600 mm 
in the south- west to 300 mm in the northern and eastern parts of the 
WSZ. The geology is complex and includes laterite ironstone forma-
tions in the west, limestone reefs in South Australia and basalt in the 
east and granites in the east and west. Within the WSZ, primary land 
use for cropping or modified pasture grazing was defined as the ‘im-
pact zone’, where soil amelioration increasingly involves mechanical 
removal of surface rocks and small outcrops. To map the impact zone, 
we used data from the Australian Land Use and Management (ALUM) 
Classification version 8, rescaled to a resolution of 1 km × 1 km. Based 
on this dataset, the total area of land devoted to cropping and modified 
grazing within the WSZ was calculated as 318,547 km2.

2.2 | Species assessment

We used reptile location records available in the Atlas of Living 
Australia database https://www.ala.org.au to derive a list of species 
that occur within dryland cropping and modified pasture zones based 
on the ALUM classification. Our list included species associated with 
surface rocks, low rocky outcrops and stony rises, or if agricultural 
intensification was explicitly listed as a threat in the IUCN Red List 
of Threatened Species database (IUCN, 2020). We also included 
species that use soil cracks and spider burrows (collectively termed 
burrow- dwellers), but excluded species associated with sandy soils 
and associated vegetation communities. Aquatic and arboreal spe-
cies were also excluded, as were Tympanocryptis pinguicolla and T. 
maccartneyi, as the former is presumed extinct and the latter is only 
known from three records from the township of Bathurst (Melville 
et al., 2019) and overlap with the impact zone is unknown.

2.3 | Geographical range analysis

To assess the potential impacts of rock crushing and soil amelioration 
on reptile species that met the aforementioned criteria, we estimated 

species’ range overlap within the impact zone and conservation re-
serves for comparison, classifying species conservation status ac-
cording to the IUCN (2020) or Environment Protection and Biodiversity 
Conservation Act (1999) (EN— endangered, VU— vulnerable, NT— near 
threatened, LC— least concern and DD— data deficient) and affiliation 
to rock habitat. Species that primarily shelter, breed or thermoregu-
late beneath surface rocks were classified as obligate rock- dwellers, 
whereas species that opportunistically shelter, breed or thermoregu-
late beneath rocks or use subterranean microhabitats were classified as 
generalists. Species range data were sourced from the IUCN database 
available from http://www.iucnr edlist.org/. This database was vetted 
by Australian experts during a recent workshop (Chapple et al., 2019; 
Tingley et al., 2019). To identify biological hotspots, we first mapped 
total species richness and species richness of families within the im-
pact zone, then calculated species richness within bioregions using 
the Interim Biogeographic Regionalisation for Australia (IBRA) system, 
which classifies geographically distinct bioregions based on common 
climate, geology, landform, native vegetation and species information 
(see Appendix S2 in Supporting Information).

3  | RESULTS

3.1 | Rock and burrow- dwelling species

We found 159 rock or burrow- dwelling species occur within the 
impact zone, representing 15.9% of Australian terrestrial squa-
mates (Table 1). Species composition was dominated by the fam-
ily Scincidae (44.7%), followed by Elapidae (12.4%), Pygopodidae 
(11.2%), Diplodactylidae (10.5%), Agamidae (10.5%), Typhlopidae 
(6.2%), Gekkonidae (3.1%) and Carphodactylidae (1.2%). Thirteen 
species are listed as threatened under IUCN Red List criteria or EPBC 
Act (1999; Table 1).

3.2 | Species’ range overlap with impact zone

We found 64 species have more than 30% range overlap with the 
impact zone and 14 species have more than 50% range overlap, 

Family
Number and 
percentage of species IUCN

EPBC Act 
1999

Total number of 
threatened species

Agamidae 18 (19.5) 2 1 2

Carphodactylidae 2 (6.3) 1 1 1

Diplodactylidae 17 (17.9) 1 — 1

Gekkonidae 5 (7.3) — — 0

Pygopodidae 18 (40.9) 2 4 5

Scincidae 72 (15.7) 2 3 4

Typhlopidae 10 (20.8) — — 0

Elapidae 20 (18.7) — — 0

Total 159 (15.9) 8 9 13

TA B L E  1   Number of rock or burrow- 
dwelling reptile species in dryland 
cropping and modified pastoral zones in 
Australia with this as a percentage of the 
Australian reptile fauna and including the 
number of threatened species (IUCN Red 
List and EPBC Act 1999)

https://www.ala.org.au
http://www.iucnredlist.org/
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including six threatened species and two obligate rock- dependent 
species (Figure 1). Species with small geographical ranges that have 
high overlap with the impact zone and low overlap with conservation 
reserves include Anilios pinguis (LC), Aprasia aurita (NT), A. parapul-
chella (VU), Ctenophorus adelaidensis (LC), Delma grayii (LC), D. impar 
(EN), D. molleri (LC), D. hebesa (LC), Egernia kingii (LC), Lampropholis 
elongata (DD), Lerista yuna (NT), Parasuta flagellum (LC), Tiliqua ad-
elaidensis (EN) and Tympanocryptis condaminensis (EN), and we con-
sider these species to be the most imperilled from rock crushing 
(Figures 2 and 3).

3.3 | Species- rich bioregions and hotspots

Forty- five (50.5%) of IBRA bioregions in the study area support rock 
or burrow- dwelling reptiles. A core area supporting high reptile spe-
cies richness occurs in an arc from South Australia extending east and 
north along the northern and western slopes of the Great Dividing 
Range (Figure 4). Among families, Australian states that support high 
numbers of rock- dwelling species include South Australia (Agamids), 
Western Australia and South Australia (Gekkonids), northern NSW 
(Typhlopids), Western Australia and South Australia (Elapids), and 
Western Australia and NSW (Pygopodids; Figure 5).

F I G U R E  1   (a) Proportion of species’ range overlap with the impact zone classified by conservation status, and (b) habitat affiliation. 
Species in the lower right- hand corner are likely most exposed to rock removal in dryland cropping and grazing regions, and species in upper 
left- hand corner are least likely to be at risk

F I G U R E  2   Proportion of range overlap with six land use types for 14 most imperilled rock or burrow- dwelling reptiles in the wheat- sheep 
belt of Australia
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4  | DISCUSSION

4.1 | Impact of rock crushing on reptiles

Agricultural intensification threatens biodiversity world- wide (Green 
et al., 2019; Tingley et al., 2019). Broad- scale rock removal associated 

with soil amelioration practices is an emerging aspect of agricultural 
intensification that has received little attention. Our assessment of the 
geographical range overlap of Australian rock and burrow- dwelling 
squamates within intensively managed agricultural regions highlights 
an emerging threat that could exacerbate biodiversity loss and un-
derscores the importance of retaining rock habitat in agricultural 

F I G U R E  3   Geographical location of reptile species with high range overlap with dryland cropping and modified pastureland use zones in 
Australia

F I G U R E  4   (a) Reptile species richness within the impact zone and (b) total species richness across IBRA bioregions (see Appendix S2 in 
Supporting Information)
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landscapes. We identified 14 reptile species that have half of their 
global distribution within agricultural landscapes, most of which have 
relatively little of their range within conservation reserves. These 
most imperilled species include six species already listed under a 
threatened category (Aprasia aurita, A. parapulchella, Delma impar, 
Tiliqua adelaidensis, Tympanocryptis condaminensis and Lerista yuna). 
Many of these species are characterised as range restricted, fossorial, 
have poor dispersal ability and are dependent on rocks or burrows for 
survival. Some species such as A. aurita are relatively well- protected 
within conservation reserves, and others such as D. grayii are rock- 
dwelling generalists with flexible shelter requirements. However, 
broad- scale habitat loss across the WSZ means that many unknown 
populations on private land that are reliant on surface rocks are likely 
to be affected by rapidly expanding rock crushing practices.

Species- rich bioregions include the Brigalow Belt South, Murray- 
Darling Depression, Darling Riverine Plains, Eyre Yorke Block, Avon 
Wheatbelt, Nandewar, Flinders Lofty Block and NSW South Western 
Slopes. Our assessment of the potential impact of rock crushing on 
reptiles is likely to be conservative should the technology expand 
into uncultivated land use types such as native pasture. However, 
baseline data on the impact of rock removal from agricultural regions 

are lacking. It should also be noted that range maps may overesti-
mate true distributions and so the extent to which species' ranges 
overlap with the impact zone or protected areas should be inter-
preted with caution (Tingley et al., 2019).

The practice of removing rocks from non- arable landscapes to 
establish crops is centuries old, but in some regions the impacts 
were partially offset by the construction of dry- stone walls and 
boundary rock fences. Such anthropogenic rock features dominate 
agro- environmental landscapes in Europe and parts of the United 
States (e.g. Kentucky Bluegrass and New England regions; Murray- 
Wooley & Raitz, 2015), where they have novel ecological, cultural 
and aesthetic values (Collier, 2013). The creation of rock piles and 
stone walls following past clearing of rocks from agricultural fields 
probably had similar effects in Australia, creating localised rather 
than dispersed rock habitats. However, the destruction and deg-
radation of rock habitat has well- documented negative impacts on 
species dependent on rocks for shelter, ovideposition and ther-
moregulation (Goldingay & Newell, 2017; Pike et al., 2010; Shine 
et al., 1998), and it is likely that historical rock picking from across 
Australia's farmlands caused undocumented declines in reptiles. 
Rock crushing technology, designed specifically to crush rocks on 

F I G U R E  5   Reptile species richness maps for major taxonomic groups within the impact zone (Gekkota includes Gekkonidae, 
Diplodactylidae and Carphodactylidae)
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non- arable ironstone country, has the capacity to convert rocks into 
gravel at a rate of 1 ha per hour. This practice signals concern for 
fossorial, low- vagility species dependent on rock microhabitat in  
agricultural landscapes, but also has broad implications for maintain-
ing soil microbes and landscape processes (Emmerson et al., 2016).

Since early civilisation, certain periods are marred by landscape- 
scale changes to the environment, resulting in biotic homogenisation 
and shifts in ecosystem stability (Wang & Loreau, 2016). A wave of 
localised extinctions accompanied post- World War II soldier settle-
ment schemes in Australia (Hobbs, 2003; Saunders, 1989) and the  
development of harvesting methods that enabled landholders to rap-
idly clear large tracts of native vegetation for broad- scale wheat and 
sheep production. The method at the time involved dragging a chain 
(often with a large steel sphere) through bushland with tractors or bull-
dozers (Harris et al., 2010). With less than 10% of native vegetation 
remaining across the Australian WSZs (Yates & Hobbs, 2000), rapid de-
clines in biodiversity have already occurred (Ford et al., 2001; Hobbs & 
Saunders, 1991; Saunders, 1989). Advances in rock crushing machinery 
may trigger another wave of extinctions, especially if the technology is 
used in areas not already intensely cultivated. Soil amelioration practices 
are gaining popularity in Western Australia, South Australia, Victoria 
and New South Wales, and will inevitably be adopted in other countries 
seeking to establish crops in non- arable landscapes.

4.2 | Management and conservation implications

We highlight an emerging aspect of agricultural intensification that 
has the potential to impact a broad array of range- restricted and ter-
restrial reptiles that utilise rock and subterranean habitat in Australia's 
wheat- sheep belt for shelter, breeding and thermoregulation. Potential 
yield increases from removing rocks from cropland or pastoral regions 
will not compensate for the net loss of biodiversity or non- renewable 
habitat such as rocks. We propose that appropriate retention and 
management of rock habitat is required to conserve reptile diversity 
in agricultural landscapes, and that financial incentives to prevent the 
expansion and transformation of non- arable landscapes to cropland 
are required to prevent ongoing loss of biodiversity.
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