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Abstract

Context. Drones, or remotely piloted aircraft systems, equipped with thermal imaging technology (RPAS thermal
imaging) have recently emerged as a powerful monitoring tool for koala populations. Before wide uptake of novel
technologies by government, conservation practitioners and researchers, evidence of greater efficiency and cost-
effectiveness than with other available methods is required.

Aims. We aimed to provide the first comprehensive analysis of the cost-effectiveness of RPAS thermal imaging for
koala detection against two field-based methods, systematic spotlighting (Spotlight) and the refined diurnal radial search
component of the spot-assessment technique (SAT).

Methods. We conducted various economic comparisons, particularly comparative cost-effectiveness of RPAS thermal
imaging, Spotlight and SAT for repeat surveys of a low-density koala population. We compared methods on cost-
effectiveness as well as long-term costs by using accumulating cost models. We also compared detection costs across
population density using a predictive cost model.

Key results. Despite substantial hardware, training and licensing costs at the outset (>A$49 900), RPAS thermal
imaging surveys were cost-effective, detecting the highest number of koalas per dollar spent. Modelling also suggested
that RPAS thermal imaging requires the lowest survey effort to detect koalas within the range of publicly available koala
population densities (~0.006-18 koalas ha~') and would provide long-term cost reductions across longitudinal
monitoring programs. RPAS thermal imaging would also require the lowest average survey effort costs at a landscape
scale (A$3.84 ha™ ), providing a cost-effective tool across large spatial areas.

Conclusions. Our analyses demonstrated drone thermal imaging technology as a cost-effective tool for conservation
practitioners monitoring koala populations. Our analyses may also form the basis of decision-making tools to estimate
survey effort or total program costs across any koala population density.

Implications. Our novel approach offers a means to perform various economic comparisons of available survey
techniques and guide investment decisions towards developing standardised koala monitoring approaches. Our results
may assist stakeholders and policymakers to confidently invest in RPAS thermal imaging technology and achieve optimal
conservation outcomes for koala populations, with standardised data collection delivered through evidence-based and
cost-effective monitoring programs.
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Drones for cost-effective koala monitoring

Introduction

A recent parliamentary inquiry into the state of koala popula-
tions and habitat in New South Wales (NSW) showed a
range of inadequacies in koala monitoring programs (NSW
Legislative Council 2020). Existing population estimates and
monitoring outcomes are now considered unreliable and
outdated, and the quality and inconsistency of baseline moni-
toring data has not assisted land-use decision-making for koala
habitat management. This has, arguably, contributed to loca-
lised declines, limited the understanding of the status of koala
populations and imperilled the species, which now faces
many local extinctions (McAlpine ef al. 2015; Woinarski and
Burbidge 2016; NSW Legislative Council 2020). A suggested
solution for inadequacies in koala monitoring, and a key step in
the recovery of koala populations after the 2019/2020 Black
Summer Bushfires, is the development of a cost-effective
standardised approach to monitoring koala populations
nationally (Dickman et al. 2020; Nolan et al. 2020; NSW
Legislative Council 2020).

Because of the koala’s cryptic nature, there are a range of
traditional survey methods and emerging tools and technologies
for the direct and indirect detection of koalas (Dique ez al. 2003;
Phillips and Callaghan 2011; Cristescu ef al. 2015; Brown et al.
2018; Law et al. 2018; Corcoran et al. 2019; Wilmott et al. 2019;
Witt et al. 2020; Beranek et al. 2021). Koalas are spread
unevenly across a large subcontinental landscape, often at low
population densities; therefore, koala monitoring can be labori-
ous and expensive (McAlpine et al. 2015). As a result, practi-
tioners often favour indirect, non-observational survey
techniques as low-cost options for koala monitoring across
broad landscapes (e.g. audio technology by Government depart-
ments or scat-based techniques by the private sector; NSW
Legislative Council 2020), demonstrating the difficult balance
that exists among survey effort, detection success, and available
budget across extensive landscapes (Rhodes et al. 2006; Ellis
etal 2013).

Remotely piloted aircraft systems (RPAS; also known as
‘drones’) with thermal imaging technology (hereafter referred to
as ‘RPAS thermal imaging’) have recently emerged as a power-
ful tool for detecting and monitoring wildlife and are experienc-
ing uptake as a koala monitoring tool across multiple sectors
(Hodgson et al. 2018; Burke et al. 2019; Corcoran et al. 2019;
Leigh et al. 2019; Beranek et al. 2021; Hamilton et al. 2020;
NSW Legislative Council 2020; Witt et al. 2020). There is
promising, although preliminary, evidence of RPAS technology
being used as a fire response tool to detect and rescue koalas,
resulting in the potential future uptake and support, in principle,
of the technology by a major government stakeholder
(Department of Planning Industry and Environment 2020;
NSW Legislative Council 2020).

The combination of RPAS thermal imaging technology and
machine learning algorithms using thermal imagery data has
been used to successfully detect and confirm koala presence
(Corcoran et al. 2019; Hamilton et al. 2020). In these instances,
koala thermal signatures were validated during ex situ auto-
mated and manual frame by frame examination of RPAS
thermal imaging derived footage posthoc (Corcoran et al.
2019; Hamilton et al. 2020). The need for direct detection
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during koala monitoring to collect fine-scale population data
(i.e. demographics, disease prevalence, recruitment) necessary
to target on-ground management interventions has prompted the
recent development of novel RPAS thermal imaging protocols
that generate successful real-time koala detections in field, using
RPAS thermal imaging-derived footage review by on-ground
observer/s (Leigh et al. 2019; Witt et al. 2020; Beranek et al.
2021). This RPAS thermal imaging protocol provided reliable
density estimates for the Port Stephens (NSW) koala population,
as well as a higher detection probability and effective detect-
ability than with systematic spotlighting (Spotlight) and the
refined diurnal radial search component of the spot-assessment
technique (SAT; sometimes referred to as a ‘koala point survey’;
Witt et al. 2020). Although RPAS thermal imaging technology
for koala detection is still in development, and current real-time
monitoring protocols are limited to the cooler months in winter
(Beranek et al. 2021; Witt et al. 2020), there is growing uptake of
the technology for koala monitoring.

Given koalas live across large areas that cross many jurisdic-
tions and land tenures, there is an extensive array and diversity of
public and private stakeholder groups conducting koala moni-
toring (McAlpine et al. 2015; NSW Legislative Council 2020).
Local councils, community and industry groups, government
departments and researchers may all at times survey localised
koala populations with varying resources and monitoring bud-
gets. A concern among many stakeholders is that while technol-
ogies may develop to improve koala research and monitoring, a
major barrier is likely to be high costs (NSW Legislative Council
2020). Before a novel technology for koala monitoring can be
confidently taken up by relevant stakeholders, there must be
evidence of increased cost-effectiveness against already estab-
lished methods (Lahoz-Monfort and Tingley 2018).

RPAS thermal imaging technology is widely proposed as a
cost-effective technique for wildlife monitoring; however, con-
cern among practitioners has been raised over the validity of
these claims (Hodgson et al. 2018), potentially owing to the lack
of any formal assessment of the cost-effectiveness of RPAS
thermal imaging technology for surveying wildlife. The koala
has historically received disproportionately large public and
community funding compared with that for other threatened
species (Tisdell and Nantha 2006; Rhodes et al. 2017; Office of
Environment and Heritage 2018), without yet securing the
future of the species. Input of ongoing public and private
resources is likely to continue following the 2019/2020 Black
Summer Bushfires because of the iconic status of the species,
tourism and economic value, as well as widespread domestic and
international media attention (Hundloe and Hamilton 1997,
Dickman et al. 2020; Markwell 2020; Nolan et al. 2020; NSW
Legislative Council 2020). It thus behoves policy makers to
ensure future investment into koala conservation, including
monitoring efforts, delivers outcomes and incorporates the most
cost-effective available monitoring tools, ultimately ensuring
that resources are well spent.

We provide the first comprehensive analysis of the cost-
effectiveness of RPAS thermal imaging technology as a tool for
monitoring koala populations. We compare RPAS thermal
imaging to two field-based methods available for koala moni-
toring, namely, systematic spotlighting (Spotlight) and the
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refined diurnal radial search component of the spot-assessment
technique (SAT) originally compared in Witt ez al. (2020). The
selection of these three survey methods is restricted by the
methods originally compared in Witt ez al. (2020). The present
study provides an approach to compare the range of available
survey method options that are not analysed here, but which
also require an analysis of cost-effectiveness (e.g. the line
transect method, double-count method, audio detection tech-
nology and koala detection dogs). We compare the overall
costs to conduct surveys of the Port Stephens (NSW) koala
population reported in Witt et al. (2020), and use these
estimates to compare methods for long-term longitudinal
monitoring using an accumulating cost model, as well as across
different landscape scales using the case study of large areas of
habitat affected in the 2019/2020 Black Summer Bushfires. We
compare cost-effectiveness of each method for the direct
detection of koalas in the low-density Port Stephens popula-
tion. We also generate a predictive cost model to compare
survey methods across the range of koala population densities
likely to require monitoring. The analyses in this investigation
may provide the basis for a decision-making tool to guide
survey method selection on the basis of cost-effectiveness and
determine whether RPAS thermal imaging technology can
provide practitioners with a much-needed landscape-scale
cost-effective monitoring tool for koala populations.

Methods
Economic analyses and investigations

We provide a range of analyses and investigations, including the
following:

(1) Comparative estimates of costs to survey koalas using
systematic spotlighting (Spotlight), remotely piloted aircraft
system (RPAS) thermal imaging (RPAS thermal imaging) and
the refined diurnal radial search component of the spot-
assessment technique (SAT). Costings data represent compre-
hensive estimates of overhead fixed and variable costs of labour,
travel and equipment, required to conduct repeat surveys of sites
of known koala presence in Port Stephens, NSW (an important
localised low-density regional koala population in NSW unaf-
fected by the 2019/2020 Black Summer Bushfires; Beranek
et al. 2021; NSW Legislative Council 2020; Witt et al. 2020).
We also generate an accumulating cost model to forecast
potential costs of long-term (10-year) monitoring of the case
study population on the basis of koala survey-method selection.

(2) Comparative estimates of average survey effort costs per

hectare (4$ha) using Spotlight, RPAS thermal imaging and
refined SAT surveys. These costings data can be used to
compare costs for koala population monitoring at a landscape
scale, across a broad range of cross-tenure koala habitat. Cost-
ings data can provide a useful decision-making tool to inform
survey method selection by applying the known size of target
koala habitat to be monitored and the equipment costs, so as to
estimate required comparative stakeholder and/or practitioner
budgets for koala monitoring. As an illustrative example, we
provide estimates of comparative monitoring costs across
different areas of koala habitat affected by the 2019/2020
Australian Black Summer Bushfires, including the fire-affected
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1.9 million hectares of ‘high- or very high suitability’ koala
habitat in eastern NSW and the fire-affected 7295.6 ha of ‘high
priority koala habitat’ reported in the North Coast Port
Macquarie-Hastings Council region, which hosts a significant
localised regional koala population (NSW Legislative Council
2020). It is important to note that census surveys of these areas
would be highly unlikely and, in practice, the areas would not be
monitored in their entirety. In reality, surveys of these areas would
be subject to specific experimental design and the areas are likely
to be sampled. In addition, unburnt habitat and refugia would also
be targeted, which we have not considered here. These hypotheti-
cal comparisons are provided only as an illustrative example of
the vast potential differences in survey effort costs when these
methods are used across large spatial areas.

(3) Comparisons of the cost-effectiveness (monitoring data
collected relative to overall spending, measured by the average
number of koala detections per dollar spent) using Spotlight,
RPAS thermal imaging or refined SAT surveys. We also
analysed the increased cost-effectiveness of RPAS thermal
imaging surveys when non-target species detections are consid-
ered, including various macropods (n = 12), phalangiformes,
including brushtail possums (7richosurus vulpecula) and com-
mon ringtail possums (Pseudocherius peregrinus; n = 7) as well
as various bird species (n = 26). This analysis of non-target
species detections is provided only for RPAS thermal imaging
because of the availability of data originally reported in Beranek
et al. (2021) and Witt et al. (2020). Data were not available to
conduct this analysis for Spotlight and refined SAT surveys,
although the authors acknowledge that practitioners are also
likely to detect non-target species during these surveys.

(4) A predictive model comparing survey effort and detection
costs using Spotlight, RPAS thermal imaging and refined SAT
surveys across population density, by using the range of publicly
available historic population densities of the koala populations
of NSW, Queensland, Victoria and South Australia, which were
sourced using a meta-review of koala population density. A
summary of our meta-review approach is given in Methods S1
(available as Supplementary material to this paper), including
search terms, databases accessed, and the list of studies and
density values identified and used in modelling (Tables S1, S2).
Using values for the average effort required per koala detection
in the Port Stephens population of known density (0.037 koalasha™';
Witt er al. 2020), we generate a model to infer costs at any
population density by predicting changes in the effort required
for successful koala detection. Our model estimates the average
effort required to detect koalas at any population density and
these outputs provide the basis for a practitioner-friendly deci-
sion-making tool for survey method selection based on factors of
survey effort, detection costs, efficiency and density of the koala
population to be monitored.

Cost comparison of survey methods

We estimated comprehensive costs to conduct repeat surveys of
the Port Stephens koala population using Spotlight, RPAS
thermal imaging and refined SAT surveys under the following
three main cost groupings: equipment, labour/personnel, and
travel. Comprehensive descriptions of the survey techniques,
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thermal imaging methodology, limitations, details of survey
periods and sites used to perform this cost analysis have been
provided in Beranek et al. (2021) and Witt ef al. (2020).

Survey costs per method (Cyy,) is given by Eqn 1 (for detailed
itemised costs and cost sources, see Tables S3 and S4 in
Methods S2).

where all costs are in nominal Australian dollars (December
2020), and where E represents equipment, L, labour/personnel,
and 7, travel costs.

We incorporated these costings into iterative processes in
Microsoft® Excel (16.45) to model 10-year accumulating costs
for longitudinal monitoring of the low-density regional Port
Stephens koala population by using Spotlight, RPAS thermal
imaging or refined SAT surveys (for detailed recurrent costs and
assumed inflation rates used in modelling, see Methods S3). The
authors acknowledge that there may be technological advances
in the next decade, which may affect several factors that
influence the overall performance and long-term costs, includ-
ing the number of potential detections, the feasible area that can
be covered per survey, or the up-front costs of RPAS thermal
imaging. We have taken a conservative approach by not factor-
ing this uncertainty into 10-year accumulating costs. We also
acknowledge that we have not included equipment replacement
costs for any survey method. These may be considerable for
RPAS thermal imaging surveys depending on replacement
frequency. User data (e.g. on maintenance costs, replacement
frequency, usage and longevity, e.g. lifespan in hours, hectares
or years) from drone practitioners could be used to apply
appropriate on-going and/or recuring maintenance costs to
modelled long-term costs for RPAS thermal imaging. The same
approach could be applied to equipment required for other
survey methods (Spotlight and refined SAT surveys).

Average per hectare survey costs

To estimate costs of monitoring koalas at landscape scales (4$ha),
we first calculated estimates of average variable survey effort costs
per hectare by using Spotlight, RPAS thermal imaging and refined
SAT surveys for the Port Stephens population. Average per

hectare survey effort costs (4$4a) are given by Eqn 2 (for detailed
assumptions, limitations, site sizes and selection criteria, see

Methods S3).
A$ha = (x‘fff$> 2)

xha

where xecA$ is the average cost of survey effort using each
method across all survey sites (based on detailed person minutes
converted to full-time equivalent effort in person hours) and
A$ha is the average area in hectares for all survey sites in Port
Stephens. The values used for analysis, including site size in
hectares for all survey sites, were first reported in Witt ef al.
(2020) and are provided in Methods S3.

The survey effort costs at a landscape scale (4$ha) for koala
habitat of any spatial area are given by substituting target areas
in hectares (ha) into Eqn 2.1. More comprehensive monitoring
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program costs (P4snq1e) are given by also substituting equip-
ment costs (£) into Eqn 2.2, as follows:

ASha = < )jzg ) X ha (2.1)
xecA$
xha
P tshate = — | Xha | +E (2.2)
xecA$

Cost-effectiveness of survey methods

We define cost-effectiveness (Cr) as the relative dollar cost in
person effort by using each unique survey method per average
number of koalas detected per site, an approach adapted from
Garden et al. (2007) and Perkins ez al. (2013). We have chosen to
use the number of direct koala detections as the proxy for
representing the benefits to conservation practitioners of using
each survey method. This proxy represents the benefit to con-
servation practitioners of greater fine-scale population data
achieved through direct koala detection, which is the focus of the
present study. Other analyses of cost-effectiveness could focus
more thoroughly on per hectare costs or develop novel proxies to
represent the benefit of more accurate monitoring information or
trend data; however, here the proxy used in cost-effectiveness
analysis was direct koala detection. The present analysis
acknowledges that conservation practitioners may often need to
directly locate and sight koalas, not just collect population
information (although the authors note that direct detections
using RPAS thermal imaging did result in the added benefit of
more accurate density estimates against SAT; Witt et al. (2020).

Cost-effectiveness (Cr) of Spotlight, RPAS thermal imaging
and refined SAT surveys for koala monitoring was compared
using the average number of koalas detected per dollar spent,
which was given by Eqn 3, as follows:

Cp=—1 (3)
xecA$

where 7 is the average number of koalas detected per site with
each method independently and xecA$ is the average cost of
effort using each method per site (based on detailed person
minutes converted to full-time equivalent effort in person
hours). These values were first reported for each method in Witt
et al. (2020); however, they differ in this investigation because
of the focus on Port Stephens and the omission of non-relevant
sites (Gilead, NSW). Detailed criteria of koala sightings/detec-
tions and values used for cost-effectiveness analyses are pro-
vided in Methods S3 and Table S5.

Survey effort and detection costs across koala population
density

To compare survey effort and detection costs using Spotlight,
RPAS thermal imaging and refined SAT surveys at different
population densities, we first collated an ascending order scale
of localised koala population density values obtained using a
meta-review of relevant literature (Table S2). We then incor-
porated the values for the average effort (in person hours)
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required per successful koala detection, Typs), with each
method in Port Stephens (known population density of 0.037
koalas ha™'; Witt ez al. (2020) into a predictive variable scaled
model in Microsoft® Excel (16.45) to infer changes in effort
required for koala detection across all population densities on
the scale. Ty(ps) is given by Eqn 4, as follows:

xec

Taps) = o (4)

where xec is the average effort (in person hours) per method per
site recorded for Port Stephens and where # is the average
number of koalas detected per site with each method indepen-
dently. For detailed reference values of effort for detection used
in modelling, see Methods S3 and Table S5. T(ps)values for
each method were first reported in Witt ez al. (2020), but differ in
this investigation owing to the focus on Port Stephens and the
omission of non-relevant sites.

Changes in effort (7,) required to detect koalas in a target
population of any density (d;) is given by Eqn 5, namely

T, = (I%d) X Taps) (%)
t

where psd is the known naive density for the Port Stephens koala
population (0.037 koalas ha™'), d, is the target population
density, and T (pg) is the average survey effort in person hours
required per koala detection in Port Stephens. Detection costs
(Cy) can be compared at any population density on the scale by
using the output value for 7; and Eqn 6.

Cd:TdXh (6)

where 7 is the average effort in person hours required with each
method until one koala is successfully detected and /% is the
standardised hourly rate (A$40).

Using output data for each method from the model, we
performed log-transformations of the average effort required
per koala detection (7,) and population density (d;) (Fig. S1).
We used these log-transformations to generate algorithms that
compare detection costs (Cy) at any population density (d;),
including those not represented on the scale (Fig. S1), providing
the basis for a decision-making tool to compare survey effort and
detection costs by using different survey methods across any
population density. Output values represent a theoretical mini-
mum estimate and do not account for changes in terrain, weather
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and other logistical factors characteristic of different habitat
areas and landscapes. Estimates also do not account for potential
travel costs.

Results
Cost comparison of survey methods

Costs to conduct surveys of the case study koala population
differed considerably among Spotlight, RPAS thermal imaging
and refined SAT surveys (Table 1). Total estimated costs to
survey all sites over the survey period were highest for RPAS
thermal imaging (A$53 485), followed by Spotlight surveys
(A$7768) and lowest for refined SAT surveys (A$5148;
Table 1). Equipment costs were highest for RPAS thermal
imaging surveys (A$49 906), representing 93% of total esti-
mated RPAS thermal imaging costs. For Spotlight surveys,
equipment costs were estimated as A$2664, representing 34% of
total costs. Equipment costs were lowest for SAT surveys
(AS$795), representing 15% of total costs (Table 1).

Estimated costs for labour (effort) differed substantially
among methods (Table 1). Spotlight surveys required the great-
est investment in labour on the basis of surveyor time (A$3112,
representing 40% of total Spotlight costs), followed by refined
SAT surveys (A$2361, 45.8% of total costs). Labour costs were
lowest for RPAS thermal imaging surveys (A$1587), which
accounted for 3% of total RPAS thermal imaging costs. These
estimates represent 49% and 32% reductions in required labour
costs against Spotlight and refined SAT surveys respectively
(Table 1). Estimated travel costs (A$1992) were consistent
among survey methods and were determined by the proximity
to survey sites, as well as required personnel numbers for vehicle
transport (Table 1).

Cost comparison of survey methods for theoretical long-term
monitoring

Total costs for projected long-term (10 years) annually recurring
monitoring of the Port Stephens population matching the survey
effort achieved in Witt et al. (2020), but through replications
over 17 weeks, would differ considerably among Spotlight,
RPAS thermal imaging and refined SAT surveys (Fig. 1). RPAS
thermal imaging surveys requiring a boom lift would incur the
highest total 10-year program costs (>A$559 000). Conducting
RPAS thermal imaging surveys with beyond-line-of-sight
accreditation (currently required as of 2021 by federal Austra-
lian aviation regulations) and no boom lift (>A$196 000) would
allow considerable reductions in total costs (Fig. 1). These

Table 1. Estimated costs (A$) required to conduct surveys of a low-density koala population (Port Stephens; 0.037 koalas ha™") by using systematic
spotlighting (Spotlight), remotely piloted aircraft system thermal imaging (RPAS thermal imaging) and the refined diurnal radial search component
of the spot-assessment technique (SAT)

All costs are presented in A$ (nominal costs for year 2020) and are estimated for a range of broad cost categories including equipment, labour/personnel and
travel

Survey method Equipment costs (A$)

Labour (effort) costs (A$);

Travel costs (A$) Total costs (AS)

based on person hours for all required personnel

Spotlight AS$2664
RPAS thermal imaging A$49906
SAT AS$795

AS$3112 A$1992 AS$7768
AS1587 A$1992 A$53485
A$2361 A$1992 A$5148
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A Spotlight
o
¢ RPAS thermal imaging (boom)
$500000.00
—e— RPAS thermal imaging (no boom)
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Spotlight = 50399 ha
RPAS thermal imaging = 51204 ha
SAT = 46286 ha
@
< A
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(8]
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$100000.00
<
$0.00
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Year
Fig. 1. Accumulating annual costs for modelled 10-year monitoring programs of a low-density koala population (Port

Stephens; 0.037 koalas ha~") by using systematic spotlighting (Spotlight), remotely piloted aircraft system thermal imaging
(RPAS thermal imaging) and the refined diurnal radial search component of the spot-assessment technique (SAT). Costs are
based on fixed start-up costs (equipment) and recurring labour costs (effort based on person hours) for 17 weeks of surveying
annually. RPAS thermal imaging surveys are modelled with and without recurring boom-lift equipment costs (boom/no boom).
The maximum number of hectares potentially surveyed across the programs are shown and were calculated using Eqn 2.1. All

costs are presented in A$ (2020).

lower-cost RPAS thermal imaging surveys would also provide
considerable cost reductions against Spotlight (>A$309 000)
and SAT surveys (>A$233000) across equivalent or greater
spatial areas (Fig. 1).

Koala monitoring costs at a landscape scale

Spotlight, RPAS thermal imaging and refined SAT surveys
varied considerably on average survey effort costs per hectare
(Table 2). RPAS thermal imaging surveys incurred the lowest
average per hectare survey effort costs (A$3.84 ha™") and pro-
vided the most efficient option at a landscape scale. Consider-
ably higher average costs were incurred for Spotlight
(A$6.09 ha~")and SAT (A$5.03 ha™'; Table 2). Costs for RPAS
thermal imaging surveys at a landscape scale would be, on
average, 36% and 23% less costly than those for Spotlight and
SAT respectively.

We successfully used the decision-making tool provided by
Eqns 2.1 and 2.2 to estimate koala monitoring costs for varying
scales, by using the case study of fire-affected koala habitat in
the 2019/2020 Australian Black Summer Bushfires (Table 2).
RPAS thermal imaging surveys had the lowest estimated survey
effort costs at both scales compared; the fire affected 1.9 million
hectares of ‘high or very high suitability’ koala habitat in eastern
NSW (A$7.2 million) and the reported fire affected 7295.6 ha of
‘high priority koala habitat’ in the North Coast (NSW) Port
Macquarie—Hastings Council region (A$28015). Labour-
intensive spotlight surveys would incur the highest survey effort
costs at both scales (A$11.5 million and A$44430). Refined
SAT surveys would incur costs of A$9.5 million and A$36 697
at the scales compared here (Table 2).

At the smaller regional scale, as was observed in the Port
Stephens case study population, total survey costs are highest for
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Table2. Estimates of average per hectare survey costs (A,$;a) and modelled costs of survey effort required to survey different spatial areas by using
systematic spotlighting (Spotlight), remotely piloted aircraft system thermal imaging (RPAS thermal imaging) and the refined diurnal radial search
component of the spot-assessment technique (SAT)

Modelled spatial areas include the ‘high and very high’-suitability fire-affected koala habitat across eastern New South Wales and the fire affected ‘high-
priority koala habitat” in the North Coast Port Macquarie—Hastings Council region, providing varying spatial sizes for comparison. All costs are presented in A$
(2020). Note: these cost comparisons are provided only as a hypothetical illustrative example of the differences in survey effort costs across large landscapes

Survey method Average per hectare

effort costs

Costs (A$) of survey effort for a
large spatial area (1.9 million

Costs (A$) of survey effort for a
moderate localised spatial area

Costs (AS$) of survey effort and
start-up (equipment) costs for

(Agﬁa) hectares of fire-affected high-/  (7295.6 ha of fire-affected high- ~ moderate localised spatial area
very high-suitability koala priority koala habitat) (7295.6 ha of fire-affected high-
habitat) priority koala habitat)
Spotlight A$6.09 A$11571000 A$44 430 A$47094
RPAS thermal imaging A$3.84 A$7296 000 A$28015 A$77921
SAT A$5.03 A$9 557000 A$36 697 A$37492

RPAS thermal imaging (A$77921) against both Spotlight
(A$47094) and SAT (A$37492) surveys when equipment costs
are factored in (Tables 1, 2). In this case, survey method
selection would consider other factors analysed here (e.g.
long-term costs, cost-effectiveness, cost to detection, maximum
potential detections; Figs 1-3, Table 3).

Cost-effectiveness of survey methods

RPAS thermal imaging surveys were the most cost-effective
method for detecting koalas in the case study population
(Table 3). RPAS thermal imaging detected the highest average
number of koalas per dollar (0.0111 koalas dollar"). Spotlight
surveys required the highest average investment in survey effort
across all sites and detected on average 0.0029 koalas per dollar.
SAT surveys represent the least cost-effective survey method,
detecting the least number of koalas per dollar spent (0.0007
koalas dollar'; Table 3).

For RPAS thermal imaging surveys, when non-target species
detections (n = 45) are included, the cost-effectiveness is greater,
with increased animal detections per dollar spent (0.05) without
the average cost of survey effort changing (Table 3).

Survey effort and detection costs across koala population
density

Average survey effort required per koala detection increases
with decreases in koala population density (koalas ha~"') using
all methods (Fig. 2). RPAS thermal imaging surveys present the
most efficient survey method, requiring the lowest effort to
detect koalas across all population densities (~0.006—18 koalas
per hectare; Table S2, Fig. 2). Spotlight surveys require more
effort than RPAS thermal imaging, but provide an efficient
alternative to SAT surveys across all population densities
(Fig. 2). SAT represents the least efficient method for direct
koala detection, requiring the highest effort to detect koalas
across all population densities (Fig. 2).

Linear functions of average survey effort required per koala
detection against koala population density (Fig. S1) provide the
basis for a decision-making tool for practitioners to identify
appropriate survey methods for efficient koala monitoring by
estimating costs of successful detection (as well as labour and
start-up equipment costs) by using Spotlight, RPAS thermal
imaging and SAT surveys at different target-population

densities (Fig. 3, Eqns 7-9). We have provided example calcu-
lations and comparisons of detection costs across population
density in Fig. 3.

Discussion

We have provided clear evidence to conservation practitioners
and stakeholders of the potential cost-effectiveness of remotely
piloted aircraft system (RPAS) thermal imaging as a tool to
monitor koala populations. Despite considerably higher start-up
costs (>A$49900; Table 1), RPAS thermal imaging provided
greater overall cost-effectiveness against conventional field-
based survey methods, including systematic spotlighting
(Spotlight) and the refined diurnal radial search component of
the spot-assessment technique (SAT). RPAS thermal imaging
was considerably more cost-effective, detecting the highest
number of koalas per dollar spent (0.0111 koalas dollar™";
Table 3). Our modelling of RPAS thermal imaging surveys with
beyond line-of-sight accreditation and no boom lift shows the
potential of this innovation to allow RPAS thermal imaging to
provide further competitive costs over time, through long-term
cost reductions to survey equivalent or greater spatial areas
(Fig. 1). Longitudinal monitoring using RPAS thermal imaging
would provide fine-scale population data at reduced or com-
petitive costs, providing understanding of density over time and
the short- or longer-term influence of management interventions
(e.g. rehabilitation and release outcomes, habitat alterations and/
or corridor usage, as well as response to pest control). Long-term
cost modelling is likely to provide a conservative view, because
modelling does not account for cost reductions for equipment
and future technological advances (i.e. improvements in battery
life, camera technology and thermal imaging capabilities, which
may increase the number of koala detections as well as the
maximum area that can be feasibly surveyed). RPAS thermal
imaging also provides clear efficiency at landscape scales, with
the lowest comparative per hectare survey effort costs (A$3.84/
ha; Table 2), as well as efficiency across population density with
the lowest survey effort costs to detect koalas at any population
density (Figs 2, 3). Our analysis may provide the basis for a
decision-making tool, currently lacking for koala conservation,
that could allow practitioners to make meaningful economic
comparisons of available survey methods for koala population
monitoring.
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Fig.2. Correlation between linear regression of log koala population density (koalas per hectare) against mean log effort in person
hours required per koala detection, by using systematic spotlighting (Spotlight), remotely piloted aircraft system thermal imaging
(RPAS thermal imaging) and the refined diurnal radial search component of the spot-assessment technique (SAT). y-axis values are
based on an ascending order scale of publicly available koala population density values between 0.006 and 18 koalas
ha~! (Table S2). x-axis values reflect the average effort in person hours required per koala detection adjusted for all density
values on the ascending order scale by using known reference values of effort for the Port Stephens population of known population

density. Axes are displayed in a logarithmic scale base 10.

Despite high up-front costs for equipment, licensing and
training, our modelling suggests that RPAS thermal imaging
may provide cost reductions or competitive costs against con-
ventional survey methods within 3 years in annually recurring
monitoring programs (Table 1, Fig. 1). RPAS thermal imaging
would also provide greater data acquisition and fine-scale
population data across long-term programs, with far more
potential koala detections being expected, on the basis of higher
detection rates relative to investment (Table 3). Successful
monitoring programs are often long term (Woinarski 2018),
which makes RPAS thermal imaging an attractive option for the
repeated longitudinal monitoring and direct detections required
to determine the on-going effectiveness of management inter-
ventions (Woinarski et al. 2018). High initial costs are charac-
teristic of emergent technologies and will likely reduce over
time with further advances in RPAS thermal imaging technol-
ogy, as has been the case with audio detection technology for
biodiversity monitoring (Lahoz-Monfort and Tingley 2018; Hill
etal. 2019).

The emergence of RPAS thermal imaging technology has
also resulted in the clear potential for reductions in survey effort
and labour costs required to detect koalas across any population
density and to survey koalas at a landscape scale (Tables 1, 2,
Figs 2, 3). The costs of survey effort quickly become unfeasible
using conventional methods at a low population density (Figs 2,
3), and across large spatial areas (Table 2), highlighting the
importance of the emergent RPAS technology, which can cover
large areas efficiently and greatly reduces time to detection
(Witt et al. 2020; Beranek et al. 2021). These benefits are
consistent with other recently emerging koala survey techni-
ques, including audio detection technology and koala detection
dogs, which both provided reduced survey effort requirements
and increased efficiency against conventional scat-based
techniques, particularly the SAT method (Cristescu et al.
2015; Law et al. 2020). We note that, in these cases, formal
cost analyses were not conducted and that comprehensive
economic and scientific comparisons of these emerging tech-
nologies and conventional field-based methods are required. A
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(a) Systematic spotlighting (Spotlight)
C= (10(—\og(d)—0.5012) x $hs) (7)

where Cis the cost of successful koala detection, dis koala population density (koalas ha™"), and $h, represents the
standardised hourly rate for labour.

For example, consider theoretical koala populations at low-density (0.01 koalas ha™), medium-density (0.4 koalas ha™") and high-
density (6 koalas ha™") assuming standardised hourly rates (A$40). Cost estimates to directly detect the first koala can be given
by the equation as A$1261, A$32 and A$2.10 respectively. See below:
(10(-109(0:01)-05012) , g40) _ AG1261
(101-109(04)-05012) , g40) — A$32
(10(10961-0.5012)  §40) = A$2.10
The same approach can be taken to estimate costs using remotely piloted aircraft system thermal imaging (RPAS thermal

imaging) (Fig. 3B) and the refined diurnal radial search component of the spot assessment technique (SAT) (Fig. 3C) and will
require varying costs.

(b) Remotely piloted aircraft system thermal imaging (RPAS thermal imaging)
C = (10t-109(e-1.081) $h,) (8)
Consider the same theoretical low (0.01 koalas ha™"), medium (0.4 koalas ha™") and high-density (6 koalas ha™") koala populations
and assumed standardised hourly rates (A$40). Comparative cost estimates can be given by the equation as A$322 for

direct detection in the low-density population, A$8 for the medium-density population and A$0.55 for the high-density
population. See below:

(10(10a(0-01)-1.081)  40) = A$332
(10(—Iog(0.4)—1.081) x $40) = A$8

(10(-109(6)-1:081)  640) = A$0.55

(c) Refined diurnal radial search component of the spot assessment technique (SAT)

C = (10-10g(@#0.1149) $h,) (9)
Consider the same theoretical low (0.01 koalas ha™"), medium (0.4 koalas ha™") and high-density (6 koalas ha") koala populations
and assumed standardised hourly rates (A$40). Comparative cost estimates can be given by the equation as A$5211 for
direct detection in the low-density population, A$130 for the medium-density population and A$8.69 for the high-density
population. See below:
(10(—|og(0.01)+0.1149) x $40) — A$5211
(10(—Iog(0.4)+0.1149) x $40) = A$130

(10(-109(6)+0.1149) , 640) — A$8.69

Fig. 3. Algorithms for a decision-making tool for koala survey method selection based on factors of effort to successful direct
detection, costs and koala population density (koalas ha™'). Equations can be used to compare detection costs across population
density by substituting any standardised hourly rate and any known or hypothetical koala population density. This approach allows
comparison of systematic spotlighting (Spotlight; Fig. 3A, Eqn 7), remotely piloted aircraft system thermal imaging (RPAS thermal
imaging; Fig. 3B, Eqn 8) and the refined diurnal radial search component of the spot-assessment technique (SAT; Fig. 3C, Eqn 9).
Equations were generated using log-transformations of koala population density based on an ascending order scale of publicly
available koala population density values between 0.006 and 18 koalas ha ™' (Table S2) and mean effort in person hours per koala
detection adjusted for all density values on the ascending order scale by using known reference values of effort required for koala
detection in the Port Stephens population of known density. Original linear functions were as follows: Spotlight (y =-—x —0.5012),
RPAS thermal imaging (y = —x — 1.081), SAT (y = —x + 0.1149), and are shown in Methods S4 and Fig. S1, available as
Supplementary material to this paper.
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Cost-effectiveness of survey methods for successful koala detection in the low-density case study koala population (Port Stephens;

0.037 koalas ha™") by using systematic spotlighting (Spotlight), remotely piloted aircraft system thermal imaging (RPAS thermal imaging) and the
refined diurnal radial search component of the spot-assessment technique (SAT)
All costs are presented in A$ (2020). Non-target species were first reported in Beranek ez al. (2021)

Survey method Average cost (A$) of effort per

method per site

Cost-effectiveness (average number of koalas
detected per one dollar spent)

Cost-effectiveness including non-target
species detections

Spotlight A$284
RPAS thermal imaging AS$179
SAT A$235

0.0029 n.d.
0.0111 0.05
0.0007 n.d.

comprehensive cost analysis of other widely used field-based
techniques (e.g. the line-transect method and double-count
method) and these emerging techniques not analysed here could
be conducted using the methodological and modelling approach
provided in the present study and would make a useful contri-
bution for national koala conservation efforts.

The efficiency of RPAS thermal imaging across population
density has particular implications for monitoring regional and
localised koala populations experiencing declines. There are
often limited resources available for monitoring (even as a
component of the large historic total investment in koala
conservation; McAlpine et al. 2015; Office of Environment
and Heritage 2018). Small stakeholders (e.g. community groups
and regional councils) may not possess the resources to chal-
lenge or validate development approvals and impact assess-
ments, monitor offset habitat, and ensure that mitigation
measures and localised management interventions are actually
effective (McAlpine et al. 2015; NSW Legislative Council
2020). Cost-effective and accurate tools may position stake-
holders to conduct repeated population monitoring, respond
to localised regional declines and threats and better target
available conservation budgets (McAlpine et al. 2015; Lahoz-
Monfort and Tingley 2018; Legge et al. 2018; NSW Legislative
Council 2020).

The comparative costs of RPAS thermal imaging at a
landscape scale were explored using the case study of large
areas of fire-affected koala habitat (Table 2). Although the
authors note that these comparisons are provided only as a
hypothetical illustrative example and are limited by the need
to consider sampling and targeting of unburnt refugia habitat,
the analysis does effectively demonstrate the vast difference in
potential survey effort costs when monitoring different spatial
areas. RPAS thermal imaging had the lowest average survey
effort costs per hectare, which would result in greatly reduced
costs (in the millions of dollars) at a landscape scale over the 1.9
million hectares of fire-affected high- or very high-suitability
koala habitat in NSW (Table 2). The high costs using conven-
tional methods demonstrate the unfeasible costs associated with
large bushfire events that threaten to exceed stretched conserva-
tion budgets and koala populations under anthropogenic climate
change, highlighting the importance of cost-effective technolo-
gies that can efficiently cover large areas (Hennessy et al. 2005;
Lucas et al. 2007; McAlpine et al. 2015; Wintle ef al. 2019).

Cost implications would be different for fire-affected koala
habitat at a localised scale. Total estimated costs to survey the
fire-affected high-priority koala habitat in the North Coast Port

Macquarie—Hastings Council Region were highest for RPAS
thermal imaging because of high equipment costs at the outset
(Tables 1, 2). Here, practitioners should consider the reductions
in survey effort, greater and more efficient data acquisition,
long-term cost reductions, and health, safety and logistical
benefits of RPAS technology in fire-prone landscapes (NSW
Legislative Council 2020). Similar monitoring decisions are
likely to be required in other regional areas such as the North
Coast, Blue Mountains, and Southern Highlands/Snowy Monaro
regions following the 2019/2020 bushfires (NSW Legislative
Council 2020). Regional stakeholders may routinely need to
conduct monitoring pre-emptively or as bushfire response under
a forecast of increasing bushfire severity as a result of anthropo-
genic climate change, highlighting the importance of transferra-
ble and cost-effective monitoring techniques (Hennessy et al.
2005; Lucas et al. 2007; Dickman et al. 2020).

The unprecedented extent of the 2019/20 bushfires has
challenged our understanding of koala populations and the
species overall status; therefore, an unprecedented monitoring
response is required (Dickman ez al. 2020). This will help target
management interventions to recover populations post-
bushfire and help respond pre-emptively to future bushfires
by understanding priority areas for protection (NSW Legisla-
tive Council 2020). Monitoring of this scale would usually call
on indirect techniques, such as community surveying and/or
participatory mapping (mapping using community or citizen
science derived data); however, community-generated data
may be hampered by bushfire impacts and these methods will
carry unique challenges (Reed ez al. 1990; Lunney et al. 1998;
Curtin et al. 2001; Brown et al. 2018). Baseline data on
declining koala populations were collected before these
unprecedented bushfires with mostly limited monitoring pro-
grams, affecting the quality of baseline data (NSW Legislative
Council 2020). This has prompted a national audit and updated
census of koala populations by the Australian Federal Govern-
ment, with A$2 million being provided for annual monitoring
programs incorporating scat monitoring, drone technology,
acoustic monitoring, detection dogs and citizen-science sur-
veys (https://minister.awe.gov.au/ley/media-releases/18-mil-
lion-koala-package-include-landmark-census). The proposed
initial investment appears inadequate compared with the high
costs we have demonstrated to survey large spatial areas
(Table 2). Because it appears that there is no clear survey
method preference for this monitoring program and there are
no guiding frameworks for survey method selection, the choice
of method (or combination of methods) could be precedent
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setting, and an adaptive approach may be required. Some
available methods may be largely problematic (i.e. SAT with
unreliable estimates of density, the potential accuracy of citizen
science post-bushfire and the labour-intensive nature of some
field-based methods to conduct a population census; Brown
etal.2018; Wilmott et al. 2019; Witt et al. 2020). Whereas there
is a lack of evidence-based comparisons of monitoring options
to guide selection (NSW Legislative Council 2020), although
see Crowther ez al. (2021) and Witt et al. (2020), on the basis of
our modelling, drone thermal imaging technology may present
an efficient method for repeatable, transferrable and accurate
monitoring of koala populations and may deliver optimal data
acquisition relative to the limited available budget.

SAT has been presented as an attractive option to public and
private stakeholders for monitoring koala populations on the
basis of low costs and claims to provide reliable population
density estimates (Phillips et al. 2007; Phillips and Callaghan
2014; Phillips 2018). However, SAT did not provide reliable
density estimates for the Port Stephens koala population and has
limited potential to determine koala habitat usage and demo-
graphics (Witt ef al. 2020). SAT is a less cost-effective option
for direct koala detection and longitudinal monitoring of koala
population density, with higher costs in the long term for less
reliable data than with more accurate and efficient emerging
technologies (Table 3, Figs 1-3). SAT remains a useful low-cost
method for determining occupancy (Table 1; Witt ez al. 2020);
however, the method should not be used for longitudinal
population monitoring where density or demographics are the
goal (Witt et al. 2020). Our analysis reflects the risks to
monitoring outcomes of selecting survey methods solely on
the basis of low cost, rather than scientific accuracy or cost-
effectiveness. Future investment into koala population monitor-
ing would be better mobilised towards more accurate field-based
methods such as Spotlighting, particularly for localised moni-
toring efforts, or towards cost-effective technologies such as
drone thermal imaging, which provides reduced costs at land-
scape scales, and other benefits, including competitive long-
term costs and far greater data acquisition.

Future innovation and further optimisation of protocols
may further increase the usage of drone technology for wildlife
monitoring. The koala’s iconic status may help draw resources
for RPAS thermal imaging surveys to further develop the
technology as well as provide important information on a
greater number of co-occurring species that would not usually
attract the same level of Government and private investment
and do not typically receive the same monitoring adequacy or
effort because of knowledge gaps, monitoring challenges and
stretched conservation budgets (Woinarski et al. 2018). Col-
lection of non-target co-occurring species data during koala
monitoring is a promising innovation for drone technology
(Beranek et al. 2021). It is important to note that the authors
recognise that non-target species are also highly likely to be
detected during surveys by using field-based methods and this
would also increase the cost-effectiveness of these surveys.
Successfully detecting macropods, other arboreal species and
birds greatly increased the cost-effectiveness of RPAS thermal
imaging surveys for koalas, without changing the survey effort
or overall costs (Table 3). Applied research delivered an
effective protocol to detect koalas using RPAS thermal

L. G. Howell et al.

imaging (Witt et al. 2020; Beranek er al. 2021). Applied
research may also deliver RPAS thermal imaging protocols
for other large-bodied arboreal (e.g. greater gliders, Petaur-
oides volans, yellow-bellied gliders, Petaurus australis,
pygmy three-toed sloths, Bradypus pygmaeus, or Bornean
orangutan, Pongo pygmaeus) or ground-dwelling (e.g. macro-
pods such as brush-tailed rock-wallaby, Petrogale penicillata)
species. In addition, if these species are similarly labour-
intensive to monitor with ground-based techniques, on the
basis of the modelling here for the koala, RPAS thermal
imaging may provide a more cost-effective survey option.
However, this cannot be properly determined without a dedi-
cated analysis and scientific comparisons. To recognise the
potential of drone thermal imaging technology as an efficient
multi-taxa ‘omnibus’ monitoring tool, practitioners should
opportunistically focus efforts on systematic co-occurring
species data collection during future koala surveys and use
koala monitoring as leverage for applied research programs
that include a dedicated focus on a wider range of species
(Lahoz-Monfort and Tingley 2018).

Our analyses and modelling presented here provide the basic
algorithms for a decision-making tool for practitioners to esti-
mate survey effort and detection costs, as well as more detailed
program costs for monitoring koala populations at different
densities and landscape scales (Eqns 2.1, 2.2, Figs 2, 3). Using
simple inputs such as target hectares to be monitored, known or
suspected density of target population to be monitored and
hourly rates to be paid for survey effort, our novel approach
may offer practitioners a means to compare available survey
techniques on their comparative costs. This includes efficiency
across population density, which may provide practitioners
realistic costs for koala detection for any localised population
(Figs 2, 3), and survey effort costs at landscape scales, which
may provide practitioners average expected costs for localised
areas of habitat or large landscape-scale census surveys (Eqns
2.1,2.2, Table 2). Our example calculations may ensure confi-
dence in investing in the initially high-cost RPAS thermal
imaging approach (Table 2, Figs 2, 3). These analyses and any
future decision-making tool could be strengthened using data
from different landscapes and habitat types (e.g. mountainous or
rugged terrain such as that for the Blue Mountains koala
population) and could add in other emerging survey methods
(e.g. detection dogs and audio detection technology). Expanding
these analyses and any future decision-making tool may ulti-
mately provide different practitioner groups the autonomy to
plan cost-effective koala monitoring programs for unique koala
populations of varying density spread across large landscapes.
Identifying survey method options that would offer the greatest
cost-effectiveness for practitioners for the particular population
or region requiring monitoring would maximise monitoring
outcomes and data acquisition and create a sustainable strategy
on which to implement targeted management interventions for
localised koala populations, with long-term financial feasibility
and maximum data acquisition.

Data availability

The data that support this study will be shared upon reasonable
request to the corresponding author.
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