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A B S T R A C T   

The intensification of human pressures on soil can reduce pedodiversity and decrease soil multifunctionality 
impacting soil security. Mapping genosoils (least modified soils within a soil class or soil map unit by contem
porary drivers of soil change) and phenosoils (variants resulting from land use history and management) can be a 
preliminary step for quantifying soil security dimensions and prioritising areas for soil preservation and 
regeneration. Genosoil properties can be used as a baseline for assessing the effects of management on soil 
condition for a particular pedological, climatic and landscape context. In this study, we stratified Australia into 
1370 pedogenons (i.e., groups with relatively homogeneous environmental covariates, proxies of soil-forming 
factors) that represent soil classes prior to the European settlement from 1788 onwards. We overlayed the 
maps of global Human Modification and the Habitat Condition Assessment System for Australia for identifying 
areas with minimum human influence on terrestrial ecosystems and soils. Areas with very low human influence 
were defined as genosoils at the continental level. The percentage of land mapped as genosoils accounted for 
56% of the continent and had a median area of 2550 km2. There were 32 pedogenon classes that did not have any 
remaining genosoils while 218 pedogenon classes had less than 5% of their area as genosoils. The proportion of 
genosoils protected in conservation areas or managed resource protection varied widely, although almost 25% of 
the genosoils had at least half of their area under conservation. In addition to soil multifunctionality, the criteria 
for prioritising soil conservation areas could consider: 1) endangered genosoils and 2) genosoils closest (in the 
scorpan feature space) to the phenosoils without an existing reference soil.   

1. Introduction 

The soils we know today will be very different in some centuries from 
now. While soils evolve naturally, human activities have accelerated soil 
change to an unprecedented rate (Kuzyakov and Zamanian, 2019; 
Richter and Yaalon, 2012). The extent and intensity of human influence 
over soil systems have caused the reduction of the area occupied by 
certain soil classes, especially those soils and landscape positions most 
suitable for agricultural use (Amundson et al., 2003). Soil classes at the 
lowest taxonomic level, e.g., soil series in the Soil Taxonomy (Soil Sur
vey Staff, 2022), can be compared to biological species in the sense that 
they designate entities with unique characteristics (Amundson et al., 
2003). Several studies have tested the hypothesis of soil “species”-area 

relationships at global and continental scales (Guo et al., 2003; Ibáñez 
et al., 1998). The spatial distribution of soil types is controlled by the 
combination of conditions of soil-forming factors (Dokuchaev, 1883; 
Jenny, 1941) and the local pedogenetic processes over time. Whereas 
some soil classes occur naturally over large areas, other soil classes 
occupy small areas naturally (rare soils) or occur under specific condi
tions (endemic soils) (Amundson, 2022). The soil transformation and 
change driven by agriculture, extractive activities or urban expansion 
have led to a decrease in pedodiversity, with some soil classes becoming 
“endangered” or even “extinct” (Amundson et al., 2003). In an analo
gous way to the conservation of biological species and ecosystems, it is 
important to preserve soils’ diversity as the functions and ecosystem 
services they provide within an area are modified or reduced when 
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pedodiversity disappears. 
Soil microorganisms are fundamental actors of soil functions as they 

mediate multiple processes like nutrient cycling and bioavailability, 
mineralisation and stabilisation of soil organic carbon, or soil structure 
formation (Nannipieri et al., 2017). Guerra et al. (2022) identified areas 
across the world with high soil microbial species richness, community 
dissimilarity, and soil-based ecosystem services, showing that most 
hotspots are not located in conservation areas and are vulnerable to 
global change. Their findings highlight the need to set up soil reserves 
across different pedogenetic settings that consider the soil microbial 
biodiversity and functionality as well as a set of functions and services 
mediated by their physico-chemical soil attributes (Guerra et al., 2022). 
Evangelista et al. (2023b) proposed that “soil policy should consider 
soils and the planet as stakeholders in their own right”. The protection of 
soil through a network of soil reserves would require to: 1) assess the 
pedodiversity by mapping soil classes, and 2) establish criteria to pri
oritise which soil classes should be protected. An anthropocentric 
approach to pedodiversity conservation could rely on soil multi
functionality mapping (Calzolari et al., 2016) and spatially-explicit 
decision-support tools (Debeljak et al., 2019; Terribile et al., 2015) to 
optimise the delivery of ecosystem services in an area of interest (e.g., 
watershed, region). A more ecocentric view would sustain that diverse 
soils should be equally protected and independent from the value 
perceived by society. 

Evangelista et al. (2023a) proposed the Soil Security Assessment 
Framework (SSAF) for quantifying and mapping the ability of soils to 
perform several functions for each of the five dimensions of soil security. 
An anthropogenic approach for identifying soil reserves could apply the 
SSAF for locating the most multifunctional soils or hotspots of functions 
that only have high performance in a few soils. Some of the proposed 
indicators by the SSAF for estimating capacity and condition are 
calculated with the values of soil properties in genosoils (i.e., genetic soil 
classes least altered by human activities and that are used as the basis for 
detailed soil mapping) and phenosoils (i.e., soil classes whose charac
teristics and functions have been modified by management practices) 
(Rossiter and Bouma, 2018). Conversely, soil reserves could be also 
established to preserve as much variability of genosoils as possible ac
cording to a more ecocentric approach. Either way, genosoil mapping 
can be a valuable tool for soil conservation. Huang et al. (2018) and later 
Román Dobarco et al. (2021a) developed digital soil mapping frame
works for mapping genosoils and phenosoils. Román Dobarco et al. 
(2021a) proposed pedogenon mapping as a preceding step for delin
eating genosoils. 

The assumptions for pedogenon mapping stem from the concept of 
genon (Boulaine, 1969) and the soil-forming factor models (Dokuchaev, 
1883; Jenny, 1941). Pedogenon classes aim to define groups of homo
geneous environmental variables, which act as proxies of the 
soil-forming factors for a given reference time. These units would 
represent soil systems in quasi steady-state for the combination of 
soil-forming factors at a selected time (Román Dobarco et al., 2021b). 
The assumption is that in an area sufficiently large where the 
soil-forming factors are homogeneous, the long-term pedogenetic pro
cesses would have been relatively similar and thus have developed soils 
with similar properties (Boulaine, 1969). Pedogenon classes can be 
divided into subclasses along a gradient from less (i.e., remnant pedo
genons or genosoils) to more anthropogenic pressure on soils (i.e., 
pedophenons or phenosoils). The genosoils and phenosoils share some 
similarities with the concepts of genoform and phenoform (Droogers and 
Bouma, 1997; Rossiter and Bouma, 2018) but differ in that the latter use 
detailed soil (series) maps (which may not exist everywhere) and an 
established soil classification system (e.g., Soil Taxonomy, Soil Survey 
Staff (2022)). Droogers and Bouma (1997) defined genoform and phe
noform as an analogy with the terms genotype and phenotype in 
biology. Genoform referred to pedons of the dominant genetic soil type 
(results from long-term pedogenesis) within a map unit, while pheno
forms were areas within the genoform that had been sufficiently 

modified by management to alter soil functions. Later, Rossiter and 
Bouma (2018) defined genoform as “soil classes as identified by the soil 
classification system used as the basis for detailed soil mapping in a 
given area”, and the degree of human modification on phenoforms is 
addressed as “persistent, non-cyclical variants of a soil genoform with 
sufficient physical or chemical differences to substantially affect soil 
functions”. 

Pedogenon mapping stratifies the landscape so it can be used for 
first-order soil mapping in areas lacking detailed soil data and mapping. 
The resulting mapping units can be modified after carrying out soil 
sampling and evaluation (Jang et al., 2022). Pedogenon classes, when 
divided into genosoils and phenosoils can also be used as the basis for 
estimating changes in soil condition due to recent land use changes and 
management practices (Román Dobarco et al., 2021a), quantifying and 
mapping the biophysical dimensions of soil security (capacity and con
dition), and mapping soil change with a space-for-time substitution 
approach (Jang et al., 2023). Genosoils can serve as reference soils to set 
targets for restoration (if contemporary land use has caused degradation 
of soil functions), but this will depend on the resilience of the soil, 
whether there is hysteresis in soil functions with respect to human 
pressure and land use intensification (Saiz et al., 2022), and if the soil 
system has reached a point of no return in degradation (Clunes et al., 
2022). Conversely, many phenosoils have higher capability than their 
respective genosoils from the food and biomass production perspective. 
The role of genosoils for benchmarking can also be used to assess the 
positive effects of optimal management practices for several soil func
tions. Pedogenon classes, genosoils and phenosoils can serve as strata for 
soil monitoring. Long-term monitoring of genosoils will allow us to 
measure the effects of natural soil processes and indirect anthropogenic 
drivers of soil change (e.g., climate change, atmospheric N deposition) 
(Richter and Yaalon, 2012), and differentiate the soil change due to 
direct human activities on phenosoils. Thus, a continental map of 
pedogenon classes can provide an a priori estimate of pedodiversity and 
a way of finding areas for soil conservation, which in turn can be used for 
developing policies to protect unique soil entities and prevent their 
degradation and extinction. 

This study has several objectives: 1) Produce a map of pedogenon 
and genosoil classes for continental Australia, 2) discuss ways of visu
alising and exploring the data, and 3) explore how genosoil mapping 
could be used to set up soil reserves. 

2. Methods 

2.1. Pedogenon mapping at continental extent 

The methodology for pedogenon mapping was adapted from Román 
Dobarco et al. (2021b) to handle a greater sample size both during the 
clustering and the mapping steps. A set of 27 selected covariates 
(Table 1) were processed to cover the whole of Australia at the same 
extent, coordinate reference system and alignment. These covariates 
were proxies for the scorpan factors (McBratney et al., 2003) at the time 
of the European settlement in Australia (e.g., climate, relief, parent 
material, time). We did not include any proxy for organisms since the 
map of estimated pre-1750 major vegetation groups for Australia results 
from joining state maps with different methodology and has significant 
mismatches in the state borders (NVIS Version 6.0, 2023). Thus, we risk 
producing artefacts in the pedogenon map by including the pre-1750 
vegetation map. However, future epochs of pedogenon mapping for 
Australia could incorporate updated versions of pre-1750 vegetation 
maps, and pre-1750 land use and management maps. 

A regular sample (a grid of 840 m x 840 m) of 20,000,000 pixels was 
taken from the covariates, of which 9854,024 had data. The inverse 
Cholesky transformation was applied to decorrelate the covariates. The 
Euclidean distance of the decorrelated variables is equivalent to the 
Mahalanobis distance calculated on the original variables (Román 
Dobarco et al., 2021b). Subsequently, Euclidean distances could be used 
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in the k-means clustering process as a result of this data transformation. 
To reduce the computation time when working with more than 9 million 
observations, we applied a parallelised version of k-means (scalable 
k-means by Bahmani et al. (2012)) with the module dask_ml.cluster from 
the package Dask (https://ml.dask.org/modules/generated/dask_ml. 
cluster.KMeans.html). The algorithm was set for defining 1370 classes, 
with a maximum of 30,000 iterations, convergence tolerance set to 
0.000001, and initialisation method k-means ++. We ran 50 different 
initialisations and retained the result with the lowest sum of squared 
distances of samples to their closest cluster centre (inertia). Mapping at 
90 m resolution was carried out using the Google Earth Engine platform, 
assigning each pixel to the closest pedogenon centroid after rescaling the 
scorpan variables with the inverse Cholesky transformation. 

Distinguishing between 1370 classes visually is challenging. We 
compared two methods of generating a colour legend and organising 
pedogenon classes by similarity with a map with random colours by 
class. The first method consisted of finding groups of similar pedogenons 
by hierarchical clustering using the Ward method and treating the 
pedogenon centroids as individuals. The optimal number of branches in 
the dendrogram was identified with the Silhouette method as well as the 
Dunn index. After visually inspecting the dendrograms, we repeated the 
hierarchical clustering excluding very dissimilar pedogenon classes. The 
second method consisted of first applying the Uniform Manifold 
Approximation and Projection (UMAP) (McInnes et al., 2018) to the 
pedogenon centroids, followed by clustering of the first two umap di
mensions. UMAP is an algorithm for dimensional reduction that pre
serves both the local and global structure of the data. A density-based 
spatial clustering of applications with noise (DBSCAN) (Ester et al., 
1996) was applied to the umap scores to identify groups of pedogenons. 
DBSCAN was applied with a minimum of 10 points to define a cluster 
and eps = 0.35 (distance for finding neighbours falling in the same 
cluster). 

2.2. Genosoil mapping 

We employed a genosoil mapping approach to identify suitable lo
cations for establishing soil reserves (i.e., mapping the least affected 
areas by human activities within each pedogenon) rather than on a 
value-based perception of the soil functions and services. We used two 
indices for locating minimally modified ecosystems, the global Human 
Modification (HM) map (Theobald et al., 2020) and the Habitat Con
dition Assessment System (HCAS) (Harwood et al., 2016b). 

2.2.1. Human modification map 
Areas minimally affected by human influence were identified using 

the global Human Modification map at 300 m resolution for the year 
2017 (Kennedy et al., 2019; Theobald et al., 2020). The cumulative 

Table 1 
Covariates used to describe clorpt (Jenny, 1941) or scorpan (McBratney et al., 
2003) factors and generate pedogenon classes. P: parent material; S: soil; T: time; 
R: relief; Cl: climate; O: organisms.  

Covariate Description SCORPAN 
factor 

Original 
resolution 
(m) 

Reference 

Sand Sand content (%) for 
the depth intervals 
30–60, 60–100 and 
100–200 cm 

S 90 Malone and 
Searle (2021) 

Clay Clay content (%) for 
the depth intervals 
30–60, 60–100 and 
100–200 cm 

S 90 

ADM Mean annual aridity 
index (annual 
precipitation/ 
annual potential 
evaporation) 

Cl 270 Harwood et al. 
(2016a); Xu 
and 
Hutchinson 
(2013) 

PTA Annual precipitation 
(mm) 

Cl 270 

PTS1 Precipitation: ratio 
of annual contrast in 
regional rainfall 
conditions between 
summer and winter 
solstice conditions. 

Cl 270 

PTS2 Precipitation: ratio 
of annual contrast in 
regional rainfall 
conditions between 
spring and autumn 
equinox conditions. 

Cl 270 

TNM Minimum 
temperature (annual 
mean) ( ◦C) 

Cl 270 

TXM Maximum 
temperature (annual 
mean) ( ◦C) 

Cl 270 

TRA Annual temperature 
range (TXX – TNI) ( 
◦C) 

Cl 270 

TRX Maximum monthly 
mean diurnal 
temperature range ( 
◦C). High variation 
in temperature 
conditions (inland or 
continental 
locations). 

Cl 270 

TRI Minimum monthly 
mean diurnal 
temperature range ( 
◦C). Consistent 
temperature 
conditions (coastal 
locations). 

Cl 270 

RSM Short-wave solar 
radiation - annual 
mean (MJ/m2/day) 

Cl 90 Gallant et al. 
(2014) 

Dose Radiometrics: Total 
dose 

S, P 100 Wilford and 
Kroll (2020) 

K Radiometrics: 
filtered K element 
concentrations (%) 

S, P 100 

Th Radiometrics: 
filtered Th element 
concentrations 
(ppm) 

S, P 100 

Th/K Radiometrics: Ratio 
Th/K derived from 
the filtered Th and K 
grids 

S, P 100 

WII Weathering intensity 
index 

P, T 100 Wilford (2012)  

Table 1 (continued ) 

Covariate Description SCORPAN 
factor 

Original 
resolution 
(m) 

Reference 

Gravity Total Magnetic 
Intensity (TMI) 
Anomaly Grid of 
Australia 

P 80 Lane et al. 
(2020) 

Elevation SRTM-derived 3 S 
Smoothed Digital 
Elevation Model 

R 90 Gallant et al. 
(2009) 

Slope Slope (%) R 90 
TWI Topographic wetness 

index 
R 90 Quinn et al. 

(1991) 
MRVBF Multi-resolution 

valley bottom 
flatness index 

R 90 Gallant and 
Dowling 
(2003) 

MRRTF Multi-resolution 
ridge top flatness 
index 

R 90  
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degree of human modification of terrestrial ecosystems results from 
combining spatial data from multiple stressors: urban and built-up, crop 
and pasture lands, livestock grazing, oil and gas production, mining and 
quarrying, power generation stations, lines and towers, roads, railways, 
logging and wood harvesting, human intrusion, reservoirs, and air 
pollution. Each stressor is weighed by the amount of non-renewable 
energy required to maintain that activity and the proportion of the 
pixel occupied by that stressor (Theobald et al., 2020). The stressors are 
combined into an index with the fuzzy algebraic sum, which calculates 
the cumulative effect of the stressors while minimising the bias associ
ated with correlated variables (Kennedy et al., 2019; Theobald et al., 
2020). The HM index is continuous and ranges between 0 and 1, with 
0 indicating no human influence and 1 corresponding to the maximum 
modification. Although this index is not explicitly defined for soil, it 
informs on the degree of human pressure on the environment. Several 
stressors represent direct pressures on soil systems (agriculture, mining), 
some may represent an indirect or diffuse pressure on soil functions (e. 
g., night lights as a proxy for human population density, air pollution), 
and a few do not represent pressure on soils (e.g., reservoirs). Thus, we 
consider it a good proxy for anthropogenic pressures on soils. We set the 
same thresholds as Kennedy et al. (2019) of HM ≤ 0.01 to identify areas 
with very low modification, and 0.01 < HM ≤ 0.1 for areas of low 
human modification. 

2.2.2. Habitat condition assessment system 
The HCAS is a remote-sensing algorithm for assessing the condition 

of habitats for native terrestrial biodiversity (Harwood et al., 2016b). 
HCAS was designed to differentiate when an ecosystem’s condition re
sults from natural dynamics to anthropogenic influence, taking into 
account the temporal and ecological variability of natural ecosystems 
(Harwood et al., 2016b). HCAS uses as input abiotic environmental data 
(soil, landform, climate, etc.), remote-sensing data, and reference sites 
condition data. The spatial ecological model is based on the notion that 
sites with similar abiotic environmental conditions would have a similar 
remote-sensing signal averaged over time. The reference sites are 
assumed to be the least modified for that habitat type, and are identified 
based on explicit knowledge (field observations) or inferred from mul
tiple spatial data sources (land tenure, land cover, remote sensing) 
(Williams et al., 2021). We used the HCAS version 2.1 (2001–2018) at 9 
arcsecond resolution (approximately 250 m grid) and Geocentric Datum 
of Australia (GDA94) (Harwood et al., 2021). The HCAS scores range 
between 0 (completely removed habitat) and 1 (habitat in best possible 
condition). While the HCAS score is not an index of anthropogenic 
pressure on soils (there would be a delayed response of soil systems to 
the replacement of natural vegetation, and the effects on soil properties 
would depend on the type of land use and management, e.g., cropping, 
grazing), it is useful for identifying genosoils under the assumption that 
the least modified ecosystems would be indicative of the least modified 
soils. The HCAS scores can be assigned to categories of the Vegetation 
Assets, States, and Transitions (VAST) classification (Thackway and 
Lesslie, 2006). The VAST class residual indicates that the “native vege
tation community structure, composition, and regenerative capacity is 
intact, without significant perturbation from land use or land manage
ment practice” (e.g., old growth forest, native grassland that has not 
been grazed), whereas the class modified corresponds to “native vege
tation community structure, composition and regenerative capacity 
intact, but perturbed by land use or land management practice” (e.g., 
native vegetation subject to sustainable grazing practices) (Thackway 
and Lesslie, 2006). Thus, we set a threshold of HCAS ≥ 0.8 (or VAST 
class residual) for very low modified ecosystems, and 0.6 ≤ HCAS < 0.8 
for low human modification (Fig. 4). 

The HM grid was resampled to 250 m with bilinear interpolation and 
aligned to the extent of the HCAS index. The pedogenon map was 
resampled to 250 m resolution with the mode as the aggregation 
method. Forest plantations and surface waterbodies were masked from 
the HCAS layer. The analyses were conducted at 250 m resolution 

because the HM index had been calculated using the proportion of 
different stressors occurring within 300 m pixels. We overlayed Aus
tralia’s 2018 land use map (ABARES, 2022) to calculate the proportion 
of each pedogenon class with very low modification (according to HM 
and HCAS) located in conservation areas. The land use map was 
resampled from its original 50 m resolution to 250 m with nearest 
neighbour resampling. For comparison with other main land uses, we 
calculated the number of pedogenon classes, and the proportion of their 
area dedicated to cropping and grazing: dryland and irrigated cropping 
were designated as phenosoil cropping, dryland and irrigated grazing 
were designated as phenosoil grazing. 

3. Results 

3.1. Pedogenon mapping at the continental extent 

The pedogenon map for continental Australia showed relatively 
spatially compact classes, where the pixels of the same class were mostly 
contiguous or in proximity (Fig. 1). However, it was common that 
different classes overlapped, and several classes occurred as neighbours. 
A focal filter can be applied to assign the dominant class and eliminate 
the “salt and pepper” effect with GIS. Assigning random colours allows 
one to distinguish individual classes (Fig. 1) but does not indicate the 
similarities between pedogenon classes. 

We distinguished 21 branches in the dendrogram of the hierarchical 
agglomerative clustering after excluding 7 classes that were clear out
liers (pedogenon classes 14, 95, 309, 472, 522, 576 and 799) (Fig. 2). 
The spatial distribution of the pedogenons organised by the dendrogram 
followed mainly a climatic gradient (Fig. 2c) but also reflected the in
fluence of the parent material variables (gamma radiometrics and 
gravity). For example, the impact of the gravity anomaly is visible in the 
centre of Australia (Fig. 1 and 2a). The influence of the relief was more 
evident at the watershed and local scale. 

The pedogenon classes were projected onto a two-dimensional plot 
after reducing the centroid coordinates from 27 scorpan variables to two 
UMAP dimensions (Figs. 3b and 3c). Pedogenon centroids that are more 
similar to each other are in similar regions of the plot. We trialled 
different settings for defining clusters of pedogenon classes with 
DBSCAN and plotted the results. We finally set the parameters to 
eps=0.35 and a minimum of 10 data points (centroids) to define the 
clusters (Fig. 3b). This defined 22 dense clusters, while 95 pedogenon 
classes were considered noise by DBSCAN. In this case, “noise” classes 
are those pedogenon centroids that were not close enough to other 
classes in the UMAP two-dimensional space to form a group (Fig. 3b), 
remaining as individual pedogenons. The groups of similar pedogenons 
differed between clustering algorithms (Fig. 2c and Fig. 3). However, 
some groups or regions were identified by both methods. For example, in 
the north of Australia (orange region in Fig. 2c and blue violet in Fig. 3a) 
which corresponds to a cluster of centroids on the left side of Figs. 3b and 
3c (negative scores in the first UMAP dimension). Another region of 
similar pedogenons is in southeast Australia (sage green in Fig. 3a and 
two branches of the dendrogram —maroon and blue— in Fig. 2c). To 
determine which method of organisation is preferred, future studies 
should compare the correspondence between these two groupings and 
similarities between soil profiles based on their soil properties (Carré 
and Jacobson, 2009), e.g., which grouping has smaller average 
intra-dissimilarity and greater inter-dissimilarities. 

3.2. Mapping genosoils and phenosoils 

Both indices showed that areas within or close to the wheatbelt 
(southwestern, eastern and south Australia, or areas in grey in Fig. 4) 
had a higher degree of human influence on terrestrial ecosystems. Main 
areas of very low influence were in central, north, and western Australia, 
generally in semi-arid or tropical climate except for some areas in the 
Great Dividing Range in eastern Australia and Tasmania in temperate 
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climate. The HM index indicated a larger area assigned to very low 
impact areas (HM ≤ 0.01) than HCAS (HCAS ≥ 0.8), whereas the HCAS 
index assigned a higher area to low impact areas (0.8 > HCAS ≥ 0.6) 
than HM (0.1 > HM ≥ 0.01) (Fig. 4). The discrepancy between both 
indices are likely explained by being developed with different aims 
(pressure on terrestrial systems vs habitat integrity), methods (cumu
lative stressors vs. distance from reference) and scale (global vs conti
nental). This resulted in a bimodal distribution of the percentage of 
pedogenon classes assigned to very low impact areas according to HM 
(Fig. 5), with 194 pedogenon classes having less than 10% and 819 
classes having at least 90% of their surface in very low impact areas 
(genosoils), while 1009 classes had less than 10% of their surface in HM 
low impact areas (Fig. 5). Areas of very low impact according to HCAS, 
had a heterogeneous spatial distribution across Australia, resulting in 
142 classes with up to 10% of their surface as potential genosoils, but 
795 classes with at least 50% of their area, and 189 classes with at least 
90% of their surface in very low impact areas (Fig. 5). The percentage of 
pedogenon classes assigned to low impact areas was generally smaller, 
with 1344 classes having up to 50% of their extent in low impact areas 
(Fig. 5). 

We overlayed the land use map of Australia (ABARES, 2022) and 
quantified the proportion of pedogenon classes under nature conserva
tion or managed resource protection. The percentage of pedogenon 
classes under conservation had a right-skewed distribution (Fig. 6a), 
with a median around 21% and a mean of 31%. The proportion of 
pedogenon classes that were both, assigned a very low human impact 
and under conservation was also right-skewed with a median around 
13% and a mean of 24% (Fig. 6b) for HM and similar values for HCAS 
(median = 13% and mean = 22%). Conservation or managed resource 
protection covered a varied proportion of very low impact areas 
depending on the index (Fig. 6c). An important fraction of genosoils (~ 

25%) had between 50 and 100% of their area under conservation 
(Fig. 6c). 

Genosoils were identified by locating areas assigned to very low 
human impact by both indices (Fig. 7). There were 32 pedogenon classes 
with no genosoils while 218 pedogenon classes had less than 5% of their 
original area as genosoils (Fig. 6d). However, some pedogenon classes 
(n = 166) also had at least 90% of their area as genosoils (Fig. 6d). The 
histogram of the area occupied by genosoils was also strongly right 
skewed. The summary statistics indicated areas of 2 km2, 22 km2, and 
396 km2 for the 5th, 10th, and 25th percentile. The median genosoil 
area was 2550 km2, reaching a maximum value of 26,212 km2. 

Most pedogenon classes had some area dedicated to agriculture (n =
1187). In 458 classes the area was smaller than 1 km2. The number of 
pedogenon classes used for grazing was 856 (273 classes < 1 km2). The 
median phenosoil cropping area was 1.6 km2 (interquartile range (IQR) 
= 94 km2) and for phenosoil grazing 0.2 km2 (IQR = 28km2), with mean 
areas respectively of 328 km2 and 162 km2 for cropping and grazing. In 
relative terms, phenosoil cropping and phenosoil grazing represented 
7% and 4% of the pedogenon classes on average. 

One application of genosoil and phenosoil mapping is using soil 
properties of genosoils as baseline for assessing how management affects 
soil condition and the performance of soil functions (Evangelista et al., 
2023a). For pedogenon classes that no longer have genosoils or very low 
impact areas, the alternative is to either use the indicator value of the 
least affected phenosoil as a reference state or the closest genosoil (in the 
scorpan space). An example of a phenosoil (pedogenon class 288) and its 
closest genosoil (genosoil class 1149) is shown in Fig. 8, showing dif
ferences in pH between genosoil and phenosoil. 

Fig. 1. Map of 1370 pedogenon classes for Australia. Colours were randomly assigned to each class.  
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4. Discussion 

Global maps of the human influence on terrestrial ecosystems started 
to be produced in the 1980s in the field of ecosystem and biodiversity 
conservation (Riggio et al., 2020). Riggio et al. (2020) compared four 
maps of human modification of terrestrial ecosystems produced with 
different methodologies (Anthromes (Ellis et al., 2010; Ellis and Ram
ankutty, 2008), global Human Modification (Kennedy et al., 2019), 
Human Footprint (Sanderson et al., 2002), and Low Impact Areas 
(Jacobson et al., 2019)), finding that around 48%− 56% of the land had 
low impact and 20%− 34% had very low impact. In Australia, the per
centage of land mapped as genosoils (where both HM and HCAS indi
cated very low human impact) accounted for 56% of the continent. This 
value is larger than the global average and is likely related to the vast 
extent of semi-arid and arid areas that have not been transformed by 
agriculture (nor are they likely to be transformed). Finding genosoils in 

Australia is probably easier than in other areas of the world, noting that 
by genosoils we do not refer to pristine soils without human influence. In 
this context, genosoils are soils representative of the legacies of 
natural and anthropedogenetic processes up to a reference time 
(pre-European settlement) which have been least affected by 
contemporary drivers of soil change (Richter and Yaalon, 2012; 
Yaalon and Yaron, 1966). We set as reference time the transition from 
the agricultural systems practised by the First Nations Australians 
(traditional knowledge adapted to the environment and ecological 
conditions of the Australian landscape) (Gammage, 2011; Pascoe, 2014) 
into more intensive agricultural land use, following the cropping and 
grazing systems brought by the European settlers. Our analysis indicated 
that some pedogenon classes no longer have areas designated as geno
soils (Figs. 6d and 7). These pedogenons have been transformed mainly 
by agricultural activities along the Australian wheatbelt. However, 
whether the genosoils are extinct will depend on the soils’ vulnerability 

Fig. 2. Organisation and visualisation of pedogenon classes for Australia using agglomerative hierarchical clustering. a) and b) Pedogenon classes (n = 1370) 
coloured assigning a different sequential (multi-hue) palette to each branch of the dendrogram where we distinguished 21 main branches. c) and d) Each branch of 
the dendrogram (n = 21) has a colour assigned. 

M. Román Dobarco et al.                                                                                                                                                                                                                     



Soil Security 13 (2023) 100108

7

to human pressure and on the rate of soil change. The results presented 
here are a preliminary step but the analysis of soil change and genosoil 
specific vulnerability to anthropogenic change needs to be further 
assessed. Some pedogenetic processes modified by human activities will 
eventually be reflected on inherent soil properties after some decades or 
centuries while more dynamic properties may have been altered already 
(Yaalon and Yaron, 1966), e.g., loss of soil organic carbon. In this case, 
the least affected phenosoil from the same pedogenon class or the closest 
genosoil (Fig. 8) could be used as reference state. 

Our approach for mapping genosoils and identifying areas where soil 
reserves could potentially be set up has several caveats. First, we need to 
validate the pedogenon classes and characterise that they describe 
distinct soil entities. This task is easier at the local scale (Jang et al., 
2022), but efforts for sampling and characterising the soil properties of 

pedogenon classes at the continental scale are ongoing. The soil data of 
the sampled pedogenons can be used for merging classes based on 
taxonomic distances between soil profiles (Carré and Jacobson, 2009) 
and updating the map with an iterative process. The second is that the 
indices of human pressure were not designed for soil systems, but for 
terrestrial ecosystems or habitat conditions. In addition, the resolution 
of HM and HCAS is not high enough for locating genosoil profiles in the 
field. The global HM map does not represent some stressors for 
Australia, like grazing in relatively natural areas (Theobald et al., 2020). 
Grazing can be an important pressure on Australian rangelands, 
increasing the risk of soil loss by water and wind erosion (Aubault et al., 
2015; Bartley et al., 2006). This may explain the high proportion of 
pedogenon classes assigned to very low impact areas by the HM map 
(Fig. 5). The HCAS index showed more detail in the spatial pattern than 

Fig. 3. a) Organisation of pedogenon classes by cluster defined by DBSCAN. In red, classes that remain individual (noise according to the DBSCAN clustering), b) 
clusters defined by DBSCAN on the UMAP scores of the pedogenon centroids. Red stars indicate those classes that were not grouped with others, c) UMAP scores of 
the pedogenon centroids with the same colour legend as by the agglomerative hierarchical clustering. 

Fig. 4. a) Habitat Condition Assessment System and b) Global Human Modification index.  
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HM. HCAS is not defined to identify pristine soils but to score the ca
pacity of an area to provide the structures and functions necessary for the 
persistence of all species naturally expected to occur in that area if it were in 
an intact (reference) state (Williams et al., 2021). However, we assumed 
that terrestrial ecosystems that are intact or have high ecological 
integrity according to the HCAS framework would indicate the least 
affected soils, taking as reference time the European settlement in 
Australia. HCAS is defined as a reference to the environment prior to the 
arrival of Europeans to Australia and also considers that continued 
Indigenous land management practices are part of the ecosystem’s dy
namic reference state (Richards et al., 2020). Equating high ecological 
integrity to lack of pressures on soils is not exempt of uncertainty since 

plant biodiversity and soil properties often recover at different rates 
after anthropogenic disturbance depending on local conditions (An 
et al., 2019; van der Sande et al., 2023). 

There are multiple examples of thematic maps of threats to soil, e.g., 
vulnerability to subsoil compaction (European Commission, 2008; 
Nazari et al., 2023). Orgiazzi et al. (2016) developed indices of potential 
threats to soil biodiversity by assigning weights to different stressors 
with a knowledge-based approach. Yet, a methodology for calculating 
an integrative index of pressures for all soil functions is missing. A cu
mulative index of pressure on soils following a similar methodology as 
for HM (Kennedy et al., 2019) could be developed for Australia but 
including proxies of the stressors at an adequate resolution for a conti
nental assessment. Designing a method for assigning the weights to each 
stressor is challenging since their impact on soil properties and functions 
will vary geographically and with pedoclimatic conditions. 

Generally, just a small proportion of genosoils in Australia were 
under conservation and 218 pedogenon classes had less than 5% of their 
area classified as genosoils. These genosoils could be considered at risk 
of becoming endangered (Amundson et al., 2003). Mapping them fol
lowed by field work to characterise their properties is essential for their 
protection. An increase in the anthropogenic and environmental pres
sure on soils and terrestrial ecosystems reduces the supply of soil-based 
ecosystem services (Rillig et al., 2023). Hence, policy and best man
agement practices should be implemented for limiting the anthropo
genic impact on genosoils and on multifunctional phenosoils. A 
value-based approach for identifying which soils should be protected 
in conservation areas could prioritise the soils that can satisfactorily 
perform more functions and those that can perform functions rarely 
fulfilled by applying digital soil assessment or multi-criteria decision 
support systems (Rabot et al., 2022; Vazquez et al., 2021). 

Complementary criteria for prioritising soil conservation areas can 
consider: 1) endangered genosoils (i.e., they represent less than 5% of 
the pedogenon or the total genosoil area is less than a minimum, e.g., 5 
km2), 2) genosoils that are closest (in the scorpan feature space) to the 

Fig. 5. Histogram of percentage of pedogenon classes assigned to very low 
impact and low impact areas by HM and HCAS indices. 

Fig. 6. a) Proportion of pedogenon area under conservation, b) proportion of pedogenon area under conservation and with very low human impact (genosoil), c) 
proportion of genosoils (very low impact areas) that are under conservation, and d) proportion of pedogenon classes found as genosoils according to both HM 
and HCAS. 
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phenosoils that do not have remnant genosoils, and 3) capability to 
perform different functions. The suggested threshold of 5 km2 could be 
modified after genosoil delineation and verification with fieldwork. 
Nevertheless, the conservation of genosoils that occupy large areas 
should not be disregarded. McBratney (1992) proposed some criteria for 
setting up soil reserves and preserving endangered soils from extinction 
based on pedodiversity: 1) a set of potential soil reserves are ranked in 
terms of pedodiversity (weighed by soil taxonomic distance and pro
portional area soil units), 2) the area with the highest pedodiversity is 
selected, 3) areas that incorporate new soil classes are added 

subsequently. The proposal in the current paper is based on better data 
(environmental covariates) and is more concrete and sophisticated, but 
should also incorporate pedodiversity estimates from soil profile data 
(legacy data or from new field campaigns) as additional criteria. 

Finally, monitoring genosoils could serve for assessing changes in 
soil condition with land-use changes (genosoil vs phenosoil assessment) 
(Román Dobarco et al., 2021a), but also for assessing temporal trends in 
capacity and condition due to natural pedogenesis and global change 
drivers (e.g., climate change, atmospheric deposition), as is often done 
with long-term soil monitoring networks (Arrouays et al., 2002; Keith 

Fig. 7. Genosoil map of Australia. Genosoils are mapped here as very low human impact areas by HCAS and HM indices. Soil reserves could be set up within 
these genosoils. 

Fig. 8. a) A phenosoil class (in blue) from southwestern Australia that does not have genosoil area left. The closest genosoil (in red) in the scorpan feature space 
could be used as baseline for condition assessment. b) Topsoil pH from the genosoil and phenosoil. 
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et al., 2020). 

Conclusions  

• The mapping of genosoils and phenosoils based on disaggregating 
pedogenons has been demonstrated for the Australian continent.  

• For wider application, the methods for mapping pedogenons and 
delineating genosoils and phenosoils need to integrate spatial data of 
land-use history and management at the appropriate temporal and 
spatial scales. This is challenging for areas lacking historical maps or 
georeferenced records of land management. Global datasets of his
torical population density, land use, and cultural biomes (Ellis et al., 
2021; Klein Goldewijk et al. 2017) can be coarse resolution (~ 90 
km2) proxies of human influence in the organisms soil-forming factor. 
In Australia, products like HCAS or the map of estimated pre-1750 
vegetation are amongst the best available datasets.  

• The choice of methods for the hierarchical grouping of pedogenons 
remains somewhat subjective and needs to be contrasted with soil 
profile descriptions and laboratory data.  

• Definitive criteria for setting up soil reserves should consider the 
remaining genosoil area, the representativity of combinations of soil- 
forming factors at the continental scale, and the diversity of soil 
classes and soil properties within a reserve unit. 
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