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Summary Landscape rehabilitation following mining is required to be resilient to dis-
turbance impacts such as fire, drought and disease. As mining companies undergo the pro-
cess of rehabilitation certification and mine closure, there are notable knowledge gaps on
the ecological risks associated with mature rehabilitated landscapes, based largely on the
assumption that rehabilitation is analogous to reference communities. However, the
response to fire disturbance across a range of landscapes remains largely untested and
in particular there is limited understanding of recovery traits of plant species that occur nat-
urally or are commonly seeded into rehabilitation. In August 2018, a controlled fire was
applied to 37 hectares of 12-year-old coal-mine rehabilitation in central Queensland, Austra-
lia. We used a combination of (i) ground plot surveys and (ii) drone imagery to compare the
vegetation response of burnt woody species to unburnt controls prior to, and for, two years
following the fire. The survival of the most dominant shrub species found on the rehabilita-
tion site was significantly impacted by the fire. Old Man Saltbush (Atriplex nummularia Lindl.
subsp. nummularia) recorded significant post-fire mortality, with ground surveys recording
an average reduction of 89% of stems per hectare across the burnt site, while unburnt con-
trols remained unchanged. The plot data analysis was supported with high spatial and tem-
poral resolution drone imagery, classified using a Random Forest machine-learning
approach. Change analysis of these maps showed a significant decline of 82% in Old
Man Saltbush plant density and 92% reduction in foliage cover following the fire. In addition,
the mean canopy area of individual Old Man Saltbush shrubs reduced significantly from a
pre-fire mean of 11.3 to 4.8 m2 two years following the fire. A spatial proximity analysis
showed that those individuals that survived the fire were located significantly closer to
unburnt areas and bare spoil, indicating that discontinuous ground fuel loads can greatly
improve the survivability of individuals. This study provides new evidence on the contested
fire sensitivity of Old Man Salt bush and demonstrates the risk that future climate-driven
extreme events may have on the resilience of novel ecosystems.

Key words: Atriplex nummularia subsp. nummularia, machine learning, novel ecosystems,
post-mine rehabilitation, reclamation, restoration.
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Implications for
Managers

� Old Man Saltbush recorded high

mortality rates when impacted

by fire in post-mine rehabilita-

tion containing high-ground fuel

loads dominated by Buffel Grass.

� The resilience of novel ecosys-

tems may be compromised if

post-mining fire regimes and

recovery traits of desired species

are incompatible.

� Practitioners can assist the sur-

vivability of Old Man Saltbush

individuals after fire by creating

a mosaic of fuel loads and reduc-

ing the continuity of fuel loads

associated with Buffel Grass

pastures.

� Regulators should consider

future fire events as a residual

risk to rehabilitation sustainabil-

ity, particularly when high fuel

loads are not controlled.

� Multispectral drone imagery and

machine-learning algorithms

such as Random Forest can be

used to improve monitoring of

post-mine rehabilitation.

Introduction

In Australia, post-mining site rehabilita-

tion aims to achieve four key goals –
safe, stable, self-sustaining, and non-

polluting landscapes (Queensland Trea-

sury 2017; Government of Western Austra-

lia 2019). As policy, regulation and

legislation are intended to deliver self-

sustaining ecosystems, the concept of eco-

logical resilience may be considered a pri-

mary and urgent objective, given the

already changing climate and the

increased exposure of rehabilitated eco-

systems to more frequent disturbance

events such as drought and uncontrolled

fires (IPCC 2021; Commonwealth of Aus-

tralia 2022). A question arises, therefore,

around the risk of rehabilitation decline,

loss or failure at some future point follow-

ing mine closure and lease relinquish-

ment. Recently published guidance

documents suggest that the Queensland

Government is concerned primarily with

residual engineering risks (geotechnical

and geochemical) rather than the risk of

ecosystem failure following disturbance

events (Government of Queensland 2018,

2022). Both mine operators and govern-

ment regulators consider that rehabilitated

vegetation communities do not pose a sig-

nificant residual risk, based largely on the

assumption that once a mine lease is relin-

quished, vegetation on a post-mining land-

form will function in a manner analogous

to unmined landform vegetation (Govern-

ment of Queensland 2022). While this

may prove to be the case, there is cur-

rently no data to support this assumption,

and its validity in eastern Australia is yet to

be tested.

The Bowen Basin, in central Queens-

land, contains over 40 coal mine sites on

which the predominant rehabilitation

activity is seeding a mixture of exotic

and native plant species to reinstate pas-

ture for grazing or to re-establish native

ecosystems for biological conservation

(Erskine & Fletcher 2013). Due to the rad-

ical chemical and physical changes in

properties of topsoil and spoil, mine site

rehabilitation in the region is often con-

ceptualised as securing ‘novel’ ecosystems

which permit ecologically achievable out-

comes for the industry and stakeholders

(Hobbs et al. 2006; Doley & Audet 2013).

Novel ecosystems, as indicated by their

name, are ‘new’ ecosystems, and the

unique combination and assemblage of

flora and fauna is largely untested for resil-

ience following disturbance impacts such

as fire, drought, floods and disease. Novel

ecosystems in the central Queensland

region are mostly dominated by the exotic

and invasive Buffel Grass (Cenchrus

ciliaris L.) which has historically been

favoured by rehabilitation practitioners

for its wide environmental tolerance and

rapid growth to stabilise highly erodible

slopes (Erskine & Fletcher 2013). Addi-

tionally, Buffel Grass is often included in

rehabilitation seed mixes at the request

of future pastoralists.

Research on fire on rehabilitated mine

sites is almost exclusively represented by

Australian-based studies, especially in

Western Australia’s bauxite mines (Grant

et al. 1997a,b; Smith et al. 2004; Bell &

Hobbs 2007). This work has been founda-

tional for the development of conceptual

succession models for multiple theoretical

ecological states (Grant 2006) and the rec-

ognition of achievable rehabilitation tar-

gets in highly disturbed environments

(Doley & Audet 2013). However, compar-

atively little fire-related rehabilitation

research has been conducted in eastern

Australia, including in central Queensland,

where Buffel Grass pastures have been

shown to increase the risk of high-

frequency and high-intensity fires (Butler

& Fairfax 2003; Erskine & Fletcher 2013;

McKenna et al. 2017).

Old Man Saltbush (OMSB) is a large,

sprawling native shrub, commonly used in

post-mine rehabilitation projects through-

out arid and semi-arid Australia (Preston

et al. 2002). Prior to European settlement,

the species formed part of shrub-woodland

communities associated with Acacia spe-

cies in inland Australia (Moore 1953; Leigh

&Mulham1977)andformsacritical compo-

nent of chenopod shrubland communities

in central and south-western Australia

where it is considered largely inflammable,

but is at an increased risk of fire damage fol-

lowingthe invasionofexoticgrasses suchas

BuffelGrass (Friedel etal. 2014;VanEtten&

Burrows 2018). A considerable amount of

research has been conducted on this spe-

cies,butwitha focuson itspotential forcon-

tributing to the national and international

pastoral industry as a perennial fodder spe-

cies (Wilson 1966; Hobbs et al. 2009;

McKenna et al. 2009; Norman & Barrett-

Lennard 2019) and landscape values such

as protecting soils, livestock and fauna from

wind(Lefroyetal.1992;Collardetal.2011).

OMSB is tolerant of highly saline soils and

canpersist in lowrainfall anddroughtcondi-

tions (Ledger & Morgan 2007; McKenna

etal. 2009),making it a valuable agricultural

species in semi-arid parts of the world.

There is considerably less information, and

conflicting opinions, on the fire ecology of

OMSB. Gillieson et al. (1996) suggest that

OMSB is sensitive to fire impacts and that

non-indigenous methods of fuel reduction
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burning have impacted on the distribution

of the species in southern Australia. In con-

trast, other sources suggest that this species

is fire tolerant and fire resistant (Govern-

ment of South Australia 2015). While the

primary source driving the fire resistance

narrative is unknown, it is possible that this

conclusion may be derived from studies on

the related Atriplex lentiformis (Torr.)

S.Watsonwhich has been shown to contain

high field leaf moisture and reduced flam-

mability in early studies in southern Califor-

nia (Montgomery & Cheo 1969).

The scarcity of knowledge on the fire

ecology of rehabilitated landscapes in east-

ern Australia necessitates further enquiry.

There is an assumption by rehabilitation

practitioners and industry regulators that

species seeded into rehabilitated areas have

the resilience to cope with fire disturbance

both at the species level and at the novel

community level (Government of Queens-

land 2022). To test this assumption, we

assessed the fire resilience of a 12-year-old

rehabilitated pasture site in central Queens-

land, Australia, by quantifying the fire

impact on, and post-fire recovery of OMSB

which had been widely seeded across the

study area. The first objective of this study

was to measure the stem density of OMSB

andotherwoody species seeded in the reha-

bilitation to determine changes over time in

relation to fire. The second objectivewas to

quantify changes in OMSB canopy cover

across the burnt and unburnt control

blocks. The third objective was to develop

a deeper empirical understanding of the

resilience of rehabilitation dominated by

OMSB, and the management implications

for novel ecosystems impacted by fire. We

conclude by discussing the capacity for

improved monitoring efforts using drone

imagery to complement ground surveys

for futuremonitoring of rehabilitated areas.

Methods

Site description

The study site was located in the Bowen

Basin, central Queensland, Australia,

approximately 200 km west of Mackay

(Fig. 1). The climate in the area is defined

by the K€oppen climate classification as

sub-tropical (BOM 2022), with distinct

Figure 1. Study site location showing the burnt Block B and two unburnt control Blocks A and

C. Each treatment had a total of six ground plots. Block A is 13 ha, Block B is 37 ha and Block C is

13 ha in size. Image is 15 cm red, green, blue aerial captured in November 2018 (two months

post-fire) with the fire scar still visible.
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wet and dry seasons and an average

annual rainfall of 614 mm (BOM 2021).

The experiment was conducted on an

operational coal mine that has been pro-

gressively rehabilitated with a post-mine

land use of pasture for cattle grazing.

Three rehabilitated blocks were assigned

to the study, with each seeded in 2006

making the rehabilitation 12 years old at

the time of burning. Block A and Block C

were unburnt controls, each 13 hectares

(ha) in size, and Block B (37 ha) was the

burnt treatment. The site is a ‘box-cut’

(first entry to the coal seam) and as a

result, all blocks had largely westerly

aspect slopes. The western boundary of

Block B graded into unmined, remnant bri-

galow regrowth and contained a pro-

tected Cultural Heritage Area for the

Traditional Owners, The Birriah and

Jaanga People, as identified under the

Aboriginal Cultural Heritage Act (2003).

Each rehabilitation block was trisected

into equal parts and plots were randomly

located in each portion, to give six plots

in the burnt site (Block B) and six in the

unburnt control sites (three in Block A

and three in Block C) (Fig. 1). Burnt and

control treatments were therefore of the

same age and had similar site preparation

conditions (reshaped mine spoil, topsoil

depth, deep ripping, seed mix) as well as

experiencing similar rainfall and climate

due to proximity.

The rehabilitation at the study site can

be described as a novel ecosystem (Hobbs

et al. 2006; Doley & Audet 2013; Erskine

& Fletcher 2013). The area was seeded

with a mix of native and exotic pasture

and woody species, and at the time of

the study, the understorey across all sites

was dominated by the high biomass

pasture grass Buffel Grass. The midstorey

was dominated by OMSB which was com-

mon across all three rehabilitated blocks

and formed a shelter for fauna including

Kangaroos (Macropodidae) and a range

of bird species. The canopy consisted of

a sparse cover of mixed Acacia and Euca-

lyptus species.

In August 2018, a controlled fire was

applied to the 37-hectare Block B. The fire

was a research burn designed to test the

capacity for the rehabilitation to recover

from fire disturbance (i.e., resilience to

fire), while also serving to reduce fuel

loads and reduce the risk of future wildfire

at the mine. The fire was conducted at

night in low temperature and high relative

humidity conditions, a measure that is

generally expected to produce fires with

low to moderate intensities (Cheney & Sul-

livan 2008). However, the region was in

drought and the grasses were estimated

to be 85%–90% cured. As a result, based

on estimates of ground fuel loads and rate

of spread, the grassfire produced moder-

ate to high intensities ranging from 200

to 12,000 kW/m (Byram 1959).

The site was assessed using a combina-

tion of (i) ground survey methods and (ii)

remote sensing methods.

Ground surveys

Ground surveys were conducted across

seven time periods to record fire impacts

and changes over time (Table 1). Plot

dimensions were 50 m 9 10 m

(500 m2), and these were aligned with

the longest side orientated at right angles

to the slope to avoid bias associated with

soil erosion rills and gullies. Within each

plot, every live OMSB shrub was counted,

and height class recorded (cm) using a

height pole. OMSB counts were summed

for each plot and converted to stems per

hectare for the analysis.

Statistical modelling was conducted in

R (R Core Team 2014) v 2022.12.0, Build

353, using the packages ‘lme4’ (Bates

et al. 2015), ‘emmeans (Lenth 2022) and

plotting using the package’

ggpolt2 (Wickham 2016). Generalised lin-

ear mixed models have been used success-

fully to apply to non-normalised, complex

data containing both fixed and random

effects (Bolker et al. 2009). Thus, we used

generalised linear mixed models (GLMM)

to test if stem density changed overtime

depending on the treatment (burnt vs

unburnt), using Block as a random effect

to account for between Block variation.

If the effect of Block was found to be

non-significant, then we proceeded to

generate generalised linear models (GLM)

to relate the response of stem density with

the interaction between months post-fire

and treatment. Models were fitted with

Gaussian error distribution with log link

function and were compared with and

without Block as a random effect for sig-

nificance using Analysis of Variance

(ANOVA). We also compared the GLMM

and GLM significance based on to the

Akaike Information Criterion (AIC) where

lower AIC values represent a better-fit

model (Burnham & Anderson 2002). Fol-

lowing model selection, pairwise compar-

isons were conducted using Estimated

Marginal Means (least-squares means) to

determine significant differences for:

i pre-fire and post-fire mean stem density

modelled values within each treatment;

and

ii burnt and unburnt mean stem density

modelled values between each treat-

ment for each epoch.

To accurately determine the effect of

treatment on OMSB individuals that were

present at the start of the experiment,

we excluded those plots that did not con-

tain OMSB at the pre-fire measurement

(n = 2 for each treatment).

Drone-based remote sensing

High spatial resolution (<10 cm) multi-

spectral imagery was captured using a

Table 1. Timeline of field data and drone imagery capture for the project

Epoch Ground survey data Drone image capture

Pre-fire 5–13 August 2018 12 August 2018
Post-fire 13–17 August 2018 14 August 2018†

+3 Months post-fire 12–15 November 2018 –
+6 Months post-fire 25–28 February 2019 25 February 2019
+12 Months post-fire 12–15 August 2019 12 August 2019
+18 Months post-fire 24–27 February 2020 –
+24 Months post-fire 10–14 August 2020 11 August 2020

The controlled fire occurred on the evening of 13 August 2018.
†Post-fire imagery was captured on the burnt Block B only.
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MicaSense RedEdge sensor in five spectral

bands – blue, green, red, and red-edge

(RE) and near-infrared (NIR) (Table S1)

mounted on a DJI M210 quadcopter

drone. Flight paths were programmed to

capture imagery with 80% forward overlap

and 75% side overlap to generate accurate

reflectance orthomosaic imagery, point

clouds and digital surface models. Individ-

ual tiles were mosaiced using Pix4D soft-

ware version (4.6.4) (Pix4D 2011).

Individual bands were composited using

ArcGIS Pro version 2.8.0 (ESRI 2021) to

create 5-band raster images (Supporting

Information Fig. S3).

Post-fire imagery was georeferenced

using ground control points established

using a Trimble 79 Global Navigation

Satellite System (GNSS). The field rover

data was post-processed using RINEX

base station files downloaded via HxGN

SmartNet (https://hxgnsmartnet.com/en-

au) so that the field rover files

were <10 cm x, y, z accuracy. All imag-

ery in Block B was georeferenced to

the immediate post-fire georeferenced

imagery and the unburnt control imagery

was georeferenced to the pre-fire imag-

ery using ArcGIS Pro with an RMSE less

than one pixel.

The supervised classification technique

Random Forest (RF) (Breiman 2001) was

used to classify the imagery for each

epoch. Random Forest classifiers are com-

monly used in remote sensing analysis,

including in fire severity (Collins

et al. 2018; Gibson et al. 2020). Aerial

photograph interpretation (API) was used

to select training and validation points

from the drone imagery using six cover

classes (Atriplex, Euc/Acacia, Buffel/Pas-

ture, Bare Spoil, Bare Topsoil and

Shadow). Additional classes were added

for the post-fire image and 6-month post-

fire image to account for the presence of

ash, scorched vegetation and regrowth of

forbs/herbs. Separate collections of API

points were created independently for

each epoch and these were selected from

the imagery to correspond with each

class. Using the "caret" package

(Kuhn 2021) in R Studio, the API points

were randomly split into 70% training

and 30% validation. The number of trees

(ntree) was set to 1,000 and the number

of variables randomly sampled was set to

20 (mtry = 1:20) (Abdi 2020). The points

used in validation were assessed using an

error matrix to calculate overall map accu-

racy, class accuracies and the Kappa statis-

tic which shows the level of agreement

between the API and classified raster

(Jensen 2005).

Following classification, the rasters

were smoothed using a majority filter,

masked to the rehabilitation boundary

and converted to polygons. Shapefiles

representing the classified OMSB were

manually filtered and cleaned to remove

false positives and each discrete canopy

was numbered. We defined a canopy as

a contiguous image area, consistent with

the presence on the ground of one or

more individual plants of OMSB. Canopy

areas were averaged across each epoch

and statistically compared (i) within each

treatment (pre-fire vs post-fire) and

(ii) between treatments (burnt vs con-

trol) using one-tailed t-tests using R soft-

ware (R Core Team 2014) to determine

directional significance, with alpha equal

to 0.05. Paired t-tests were used for (i)

and non-paired t-tests were used for

(ii). Data were initially tested for equal

variance using Levene’s test and normal-

ity using Shapiro–Wilks and inference of

outliers and skew using boxplots. Where

the assumptions for t-tests were not

met, we used the non-parametric equiva-

lent Mann–Whitney Wilcoxon test. The

p-values were adjusted for multiple com-

parisons using the Bonferroni method.

For comparative purposes, unburnt con-

trol data were aggregated for both

Blocks A and C.

A linear regression analysis was used to

compare stem density measured in the

field surveys with the RF classification

stem density values. The centroid of each

canopy was generated using the ‘polygon-

to-point’ function in ArcGIS Pro, and

points that fell within each ground survey

plot area were included in a regression

analysis. To account for the sprawling

nature of OMSB we also included those

centroid points that fell within 50 cm of

the plot boundary line, and when >20%
of the canopy polygon area was located

inside the plot boundary.
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Figure 2. Time-series trends for stem density (stems per hectare) for Old Man Saltbush.

Values are for those plots containing Old Man Saltbush (n = 4 in each treatment) expressed as

mean values � SE. Significance values derived from generalised linear modelling pairwise com-

parisons, blue stars = between treatment significance, black stars = within burnt treatment signif-

icance compared to pre-fire values (*p < 0.05, ***p < 0.001)
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The proximity analysis used bare spoil

area derived from the RF classification as

well as the unburnt areas derived from

the fire severity map. Using the ‘near’

function in ArcGIS Pro, the distances

from each pre-fire OMSB polygon to the

nearest bare spoil and unburnt polygon

(>2 m2) were recorded and averaged for

the burnt Block B. Then t-tests were con-

ducted to compare the mean pre-fire dis-

tances to bare spoil and unburnt polygon

edges for those individuals that were

categorised as (i) alive and (ii) dead based

on the 24-month post-fire classification.

The fire severity map was created using

image differencing of the green-red nor-

malised difference vegetation index (GR

NDVI) (Rouse et al. 1974; Wang

et al. 2007). This index uses the green,

red and near-infrared bands from each

capture to generate rasters representing

vegetation condition and biomass loss

from fire impacts. See Supporting Infor-

mation Table S21 and Fig. S12 for more

information on fire severity methods and

results.

Results

Vegetation densities from

ground surveys

OMSB was recorded in plots across the

two treatments at low to moderate densi-

ties. Pre-fire densities in those plots con-

taining OMSB were 45 and 35 stems/

ha�1 for burnt and unburnt treatments,

respectively. Following the fire, density

on the burnt block decreased significantly

and by the end of the study, OMSB density

had decreased to an average of five stems/

ha�1, a reduction of 89% over two years.

Unburnt control averages for OMSB

recorded consistent values throughout

the monitoring period with an average of

35 stems/ha�1 that did not change over

the two-year period (Fig. 2).

The statistical modelling comparison

between GLMM and GLM showed that

the random effect of Block was not sig-

nificant (p = 0.5073, AIC = 618) and as

a result, the GLM was used to test the

months post-fire/treatment interaction

(Supporting Information Table S16).

Model outputs following pairwise com-

parisons suggested that there was a sig-

nificant effect within the burnt

treatment when compared with pre-fire

values starting at three months post-fire

(p < 0.05) and for the rest of the time

series (p < 0.001). Comparisons between

Table 2. Classification results showing overall mapping accuracy (OMA) and producers accuracy (PA) and users accuracy (UA) for the Old Man

Saltbush class.

Block Epoch Overall classification Atriplex classification accuracy

OMA (%) Kappa # Validation
points

PA (%) UA (%) # Validation
points

Burnt Block B Pre-fire 94.4 0.930 555 96.5 96.0 172
Burnt Block B Post-fire 90.2 0.876 1134 94.6 95.4 391
Burnt Block B 6 Months post-fire 86.0 0.822 1376 75.3 81.1 320
Burnt Block B 12 Months post-fire 97.1 0.964 800 98.8 99.4 165
Burnt Block B 24 Months post-fire 97.3 0.966 676 97.0 97.0 197
Unburnt Block A Pre-fire 97.3 0.962 890 97.0 97.4 236
Unburnt Block A 6 Months post-fire 92.4 0.899 899 89.9 92.4 258
Unburnt Block A 12 Months post-fire 95.5 0.943 696 98.0 96.1 251
Unburnt Block A 24 Months post-fire 97.8 0.969 723 99.1 99.1 330
Unburnt Block C Pre-fire 93.2 0.914 511 96.4 98.2 167
Unburnt Block C 6 Months post-fire 82.5 0.748 1621 81.6 83.6 505
Unburnt Block C 12 Months post-fire 96.5 0.955 769 98.6 97.9 283
Unburnt Block C 24 Months post-fire 97.2 0.964 712 98.3 96.7 242

Validation points were selected from the drone imagery using aerial photograph interpretation prior to the classification. Greyed cells represent
those epochs with lower accuracy. Lower producers accuracy indicates a higher chance of missing Old Man Saltbush (omission error) and lower
users accuracy indicates a higher chance of including other species erroneously (commission error).

Figure 3. Examples of three fire-affected Old Man Saltbush canopies on the burnt treatment

(Block B) identified in the time series drone imagery using Random Forest (RF) classification

and associated field photographs taken at 24 months post-fire. Top two rows represent individuals

that survived the fire, while the bottom row shows an individual that died following the fire.
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treatments at each time period resulted

in significant differences from

six months onwards (p < 0.001) (Fig. 2,

Supporting Information Tables S17–S19).

Vegetation mapping from

drone imagery

The RF classification overall map accu-

racy ranged from 82.5%–97.8%, resulting
in moderate to high accuracy and Kappa

between 0.75 and 0.96 suggesting

moderate to high agreement between

API training data and the final classifica-

tions (Congalton 1991; Jensen 2005)

(Table 2). Error matrices for each classi-

fication can be found in Supporting

Information Tables S3–S15 and Support-

ing Information Figs S9–S11. In general,

the results show high class accuracies,

with reduced accuracy in the six-month

post-fire assessments, due largely to

the spectral confusion between OMSB

and actively growing Buffel Grass

tussocks.

Classification of OMSB canopies

showed that mean canopy size within

the burnt treatment decreased signifi-

cantly following the fire from 11.3 to

5.69 m2 (p < 0.001) and at 24-months

post-fire were significantly lower than

pre-fire values at 4.78 m2 (p < 0.001)

(Figs 3 and 4a). Canopies on unburnt con-

trol blocks were on average 10.1 m2 pre-

fire and by the end of the study decreased

to 9.26 m2. The 12-month post-fire epoch

canopy area on the unburnt block

(12.4 m2) was significantly higher than

the pre-fire mean (p < 0.001). This result

was an artefact of the classification rather

than an actual change in the site (Fig. 4a),

as can be seen by the fewer fragments

classified canopies compared to classifica-

tions in other epochs (Supporting Infor-

mation Fig. S4).

Area calculations show that OMSB total

cover decreased by 92% on the burnt

block from 1.01 ha to 0.08 ha, compared

to the unburnt blocks where cover

remained relatively constant throughout

the study with the exception of the 12-

month epoch (Fig. 4b).

Plant density decreased by 82% from

24.16 to 4.46 stems/ha�1 on the burnt

treatment, compared with the unburnt

controls that remained constant and

recorded 42.58 and 41.19 stems/ha�1 for

the same epochs (Fig. 4c).

The linear regression between stem

densities measured in the RF classification

and the ground surveys showed a strong

positive relationship for all sites

(R2 = 0.84, p < 0.001), particularly for

the plots in the burnt treatment

(R2 = 0.93, p < 0.001) and for the

unburnt treatment (R2 = 0.81, p < 0.001)

suggesting a high level of agreement

between the plot data and classification

results (Supporting Information Fig. S5).

Post-fire mortality for OMSB can be

seen across the burnt treatment in Fig. 5.

Analysis of the spatial distribution of mor-

tality showed that those individuals that

survived the fire were on average signifi-

cantly closer to unburnt areas compared

to those that were dead at the end of the

study (6.29 and 9.1 m, respectively

(p < 0.001)). Similarly, individuals that
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Figure 4. Old Man Saltbush canopy area summary derived by Random Forest (RF) classifica-

tion. (a) Mean canopy area changes over time (*p < 0.05, ***p < 0.001, ns = not significant).

Stars inside bars represent within-treatment pre-fire comparisons and stars above the bars repre-

sent between-treatment comparisons for each epoch. (b) Total canopy area and (c) density (stems

per ha) changes over time. Note that the unburnt blocks did not have a post-fire capture. Further

detail on statistical tests can be found in Supporting Information Tables S16-S19
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survived the fire were on average 17.8 m

distant from classified areas of bare spoil,

compared to individuals that were dead

at the end of the study and were on aver-

age further away at 26.4 m (p < 0.001)

(Supporting Information Fig. S5).

Discussion

In the United Nations’ Decade of Ecosys-

tem Restoration, it is vital that mine site

rehabilitation is resilient and capable of

withstanding disturbance impacts. While

the occurrence of fire on post-mine reha-

bilitation in eastern Australia is rare

(McKenna et al. 2019), the mining indus-

try has a responsibility as stewards of the

land to create successful rehabilitation to

provide for ongoing, sustainable land-use

(Government of Western Australia 2014;

Queensland Treasury 2017). This study

showed that a controlled fire resulted in

the widespread deaths of an important flo-

ristic and structural component of the

rehabilitation at this site. A time series of

drone imagery revealed a significant

decrease in OMS stem density and cover,

at both the plot and landscape scales fol-

lowing the fire. At the same time, unburnt

controls showed no significant changes in

stem density in the ground surveys, while

unburnt control differences recorded in

the drone imagery were in line with sea-

sonal growth or were associated with clas-

sification limitations. Other species such

as Acacia, Eucalyptus and Corymbia spe-

cies showed no significant changes

between the burnt and unburnt

rehabilitation (Supporting Information

Table S2). The weight of these outcomes

provides new information on the fire sen-

sitivity of OMSB and raises several ques-

tions on residual risk and the importance

of species selection when developing

novel ecosystems.

If the ultimate desired outcome of post-

mine rehabilitation is long-term sustain-

ability, then it is important that we under-

stand the limitations of species that are

commonly used across different sites. This

includes the biotic and abiotic characteris-

tics that define a species’ geographical

range as well as the niche tolerance and

survival strategies for disturbances such

as fire, flood, drought and disease. Novel

ecosystems, by their nature, may include

a collection of species drawn from dispa-

rate regions and locations, and as such,

the seed mixes may contain species with

mutually incompatible traits. For example,

Buffel Grass (originally from Africa) has

been shown to facilitate intense and fre-

quent fires which can kill fire-sensitive

components of an ecosystem (Fairfax &

Fensham 2000; Franks 2002; Butler & Fair-

fax 2003). In turn, this creates areas for

further migration, germination and estab-

lishment of the grass, which then fuel fur-

ther fires in what has been called the

‘grass-fire-cycle’ (D’Antonio & Vitou-

sek 1992; Bowman et al. 2014). The inclu-

sion of species such as Buffel Grass in

novel ecosystem seed mixes may there-

fore impact on the survival and recovery

strategies of native species that have

evolved under a different set of fire condi-

tions, as defined through historic ecosys-

tem associations. It is likely that the high

fuel loads from Buffel Grass created

intense fire conditions that impacted on

the survival of OMSB and this is supported

by our proximity analysis where individ-

uals that were closer to bare areas and/

or unburnt areas were more likely to sur-

vive fire. While many factors will contrib-

ute to fire conditions – weather, fire

direction, topography, fuel loads and grass

curing- it is feasible that unburnt areas and

bare spoil are representative of lower-

ground fuel loads and can be used as a

proxy for reduced fire conditions that

were more conducive to OMSB survival.

This finding supports previous findings

Figure 5. Mortality and survival of Old Man Saltbush shown in the pre-fire drone image (a) and

derived fire severity map with those individuals that were still alive 24 months post-fire shown in

white (b). The surviving individuals can be seen clustered around bare areas and unburnt areas,

respectively.
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by McKenna et al. (2017) where discon-

tinuous fuel layers reduced fire severity

and intensity in Buffel Grass pastures,

and promoted higher post-fire native spe-

cies richness compared with topsoiled

areas.

There is a dearth of information on the

fire ecology of the vegetation communi-

ties where OMSB was found prior to wide-

spread vegetation clearing on the

Australian continent in the past few hun-

dred years (McKenna et al. 2009; Van

Etten & Burrows 2018). Leigh and Mul-

ham (1977) suggest that prior to European

settlement OMSB formed part of a wood-

land alliance with a discontinuous shrub

stratum and a ground stratum that was

“probably not well-developed”. Gillieson

et al. (1996) indicate that on the Nullarbor

Plain, the original chenopod shrubland

(including OMSB) was barely flammable

apart from areas with grass cover, and that

with increased frequency of controlled

burns, OMSB cover has decreased and

grasses such as Stipa spp. and Danthonia

spp. are now more prevalent. Similarly,

Burnside et al. (1995) suggest that fire

and rabbit invasion resulted in community

changes that favour fire-tolerant annual

grasses and shrubs such as Senna and Aca-

cia species. It is therefore highly probable

that the persistence of OMSB is incompat-

ible with high-intensity fires facilitated by

Buffel Grass associations. OMSB is well

known for survivability under drought

conditions, but the degree of resistance

to extremely high temperatures from

high-intensity fire is unknown, and apart

from our study, there is very little pub-

lished information on the interactions

between fire, OMSB and Buffel Grass.

A phenomenon affecting the resilience

of the system in this study was the lack of

post-fire recruitment. Surviving plants in

the study area responded to fire by re-

sprouting from stems, but no seedlings

were recorded or observed in the post-

fire environment. OMSB is predominantly

dioecious with unisexual flowers in long

panicles (BFF 1984). ‘Fruits’ (seeds

encased in bracteoles) are up to 15 mm

long and 11 mm wide, but few were

observed during any epoch of the study.

Atriplex species are known for complex

dormancy and germination characteristics

(Meyer 2008), and while the reasons

behind the lack of recruitment are only

speculative, the post-fire death of most

OMSB plants and the failure of seedlings

to establish after fire disturbance has

impacted its persistence and future seed

production at the site.

This study highlights the potential for

remote sensing – conducted at appropri-

ate spatial and temporal scales – to play

a part in the ecological monitoring of reha-

bilitated and restored ecosystems. Histori-

cally, remote sensing has been used

primarily for land cover assessments in

rehabilitated landscapes, but in the last

decade there has been an increase in

new approaches to monitoring of post-

mine rehabilitation using remote sensing

(McKenna et al. 2020). Here we demon-

strated the utility of multispectral drone

imagery to classify changes over time to

support ground surveys and introduce

additional metrics such as shrub canopy

area to assess impacts of fire disturbance

and fire resilience. The statistically signifi-

cant results for the metric mean canopy

size were representative of the entire land-

scape and demonstrated comparable

trends for stem density decline while

unburnt controls remained relatively

constant.

The seasonal variation observed in the

drone imagery offered several insights into

the limitations of using drones for time-

series monitoring. When grasses are cured

and the contrast is greatest between

shrubs, trees and ground cover, the classi-

fication accuracies were highest (Table 2).

However, following the wet season, the

re-greening of grasses and forbs created

notable confusion between all vegetation

classes, which resulted in higher commis-

sion and omission errors (Supporting

Information Tables S3–S15). As a result,

the area calculations for the six-month

post-fire epoch did not accurately depict

ground cover, particularly for the burnt

Block B. Manual filtering and numbering

of individual canopies greatly improved

the classification result, but was labour-

intensive and time-consuming and is a pro-

cess that would need to be automated in

the future using code or geospatial tools

to improve the utility of the remote sens-

ing monitoring approach. Another

challenge for the remote sensing assess-

ments included the presence of canopy

shadows in different locations due to cap-

ture times and seasons. This is largely

dependent on the timing of image capture

and can be minimised by appropriate plan-

ning – such as flying in the middle of the

day and aligning the time of capture with

each epoch. Additionally, Acacia and

Eucalyptus canopies were highly variable

in the imagery – sometimes represented

by cloudy/convoluted circles and other

times mostly absent, and only noticeable

because of the adjoining shadow. This is

primarily an error associated with the

point cloud coverage of each canopy dur-

ing the image capture and Pix4D proces-

sing and to some extent can be

improved through multiple drone flights

at different solar elevations (Fletcher &

Mather 2020). Other improvements could

be made by combining structural data

such as LiDAR or canopy height models

derived from the drone point clouds to

improve the classification (Dash

et al. 2019; Xu et al. 2020). Additionally,

one of the benefits of using an RF pixel

classifier is the option of increasing train-

ing sample sizes and re-running the classi-

fier to improve classification accuracy.

This was used to improve the six-month

post-fire classifications, but the threshold

to determine improvements in accuracy

would require further study. Similarly, var-

ious parameters within the RF modeller

such as predictor variables at each node

and number of trees may be varied to

improve class separation and class accu-

racy. It is clear therefore that converged

monitoring of remote sensing and ground

surveys has considerable potential, but

improvements are required to instil confi-

dence and encourage operational deploy-

ment of drones by rehabilitation

managers.

The loss of OMSB from the burnt reha-

bilitation at this site does not disqualify

the rehabilitation from Government certi-

fication and nor will it reduce the likeli-

hood of successful mine closure.

However, the loss of a key species indi-

cates that ecological residual risk of post-

mine rehabilitation has been largely under-

estimated. This has implications for gov-

ernment regulators who acquire parcels
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of land from mining companies that are

rehabilitated to an acceptable level and

for practitioners who are responsible for

generating and managing rehabilitation

activities including any future distur-

bances. While a grazing outcome may still

be achieved, the loss of OMSB may have

additional implications for soil water avail-

ability, soil stability and the loss of shelter

for macropods and future stock as well as

fodder to provide additional feed, and this

may impair the overall quality of the site.

There is evidence of recovery of surviving

individuals, with significant increases in

canopy area recorded after the six-month

post-fire assessments, but given the lack

of any observed seedlings, and ongoing

dominant cover of Buffel Grass, it is possi-

ble that recovery of OMSB density may not

occur on this site without management

intervention. It is therefore recommended

that future rehabilitation activities with

OMSB should attempt to limit the cover

of Buffel Grass to protect the shrubs from

inevitable fire impacts.

Conclusions

The mining industry in Australia is respon-

sible for rehabilitating vast tracts of land to

functioning ecosystems that are self-

sustaining and able to withstand future

challenges from fire, drought, flood and

disease. However, the development of

novel ecosystems includes a species mix

of unknown capacity to cope with distur-

bance events at both the plant level and

the community level. We found that a con-

trolled fire on 12-year-old rehabilitation

resulted in an 89% decline in stem density

for Old Man Saltbush at the plot scale, and

an 82% decline in stem density and 92%

decline in cover at the landscape scale.

The results suggest that the assumption

of low ecological risk for established reha-

bilitation requires further investigation,

and a deeper understanding of distur-

bance response traits for species used in

rehabilitation is required. The capacity

for converged monitoring using remote

sensing and ground surveys has been

highlighted in this study, and the time-

series imagery was able to reliably quantify

land cover classes of interest to rehabilita-

tion managers, including to the species

level. The time-series drone imagery was

highly sensitive to seasonal changes,

including the re-greening of Buffel Grass

tussocks and the associated class confu-

sion needs to be accounted for when plan-

ning image capture to quantify changes

over time for future rehabilitation

monitoring.
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