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Handling Editor: Tien Ming Lee 2. We provided transparent, broadly applicable cost models for 18 Threat Abatement
Strategies aimed at managing the processes threatening Australia's biodiversity.
We defined the actions required to implement each strategy and used a con-
sistent structure to classify costs of labour, travel, consumables and equipment.
We drew upon expert knowledge and published literature to parameterise each
model, estimating the implementation cost of each strategy across the Australian
continent, accounting for spatial variables such as threat presence, terrain, and
travel distance.

3. Estimated annualised costs for the threat abatement strategies varied consider-
ably between strategies and across Australia, ranging from $24 to $879,985 per
km? ($0.24-$8880 per ha). On average, labour was the largest cost component
(49%), followed by consumables (37%), travel (13%) and equipment (2%). Based on
national scale variables and assumptions, cost estimates across Australia for each
threat abatement strategy ranged from +44% and -33% of the most common

cost estimate.
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1 | INTRODUCTION

Understanding the financial resources required to manage threats
and achieve conservation goals is important for budgeting, compar-
ing alternative actions, setting realistic targets and prioritising lim-
ited conservation resources (Cook et al., 2017; lacona et al., 2018).
However, most conservation investments occur without a repeat-
able approach for estimating the costs and the cost-effectiveness
of investments (Auerbach et al., 2014). This is, in part, due to the
lack of readily available cost data in the conservation sector (lacona
et al., 2018). Where conservation cost data are available, it often
lacks critical information on how estimates are produced, and what
is included and excluded (Armsworth, 2014). As the influence of a
cost layer in prioritisation can be as high as the joint influence of
thousands of species layers (Kujala et al., 2018), the absence of high
quality cost data can lead to sub-optimal planning (Carwardine,
Wilson, Watts, et al., 2008; Naidoo et al., 2007), driving up to 35%
loss of expected benefits due to an inferior project prioritisation
(Pannell & Gibson, 2016).

Local and regional scale conservation budgeting tools (lacona
et al., 2018; Thomson et al., 2020; Wenger et al., 2018) can con-
tribute to more accurate project cost predictions (Cook et al., 2017),
improve cost reporting processes (lacona et al., 2018) and estimate
the efficiency of delivering conservation outcomes (Margoluis
et al., 2009). However, these tools have not yet been applied exten-
sively enough to generate more generalisable cost estimates needed
for larger scale strategic planning. Hence, cost estimates cannot eas-
ily be compared across studies and applications, nor confidently ex-
trapolated to other locations (Cook et al., 2017; lacona et al., 2018).
For example, while it is possible to find one or more locations with
accurate cost information for managing weeds, we lack information
to strategically budget at a regional or continental scale (Kearney
etal., 2019).

The knowledge gap in the budget required to achieve a conser-
vation outcome at the broad scale cannot easily be filled by com-
bining multiple sources of local scale cost estimates that have been

4. Policy implications. We provide a consistent and transparent approach to budget-
ing for threat abatement strategies, aiming to improve conservation planning pro-
cesses, outcomes, and reporting across Australia. In addition, understanding the
budget required to achieve threat management outcomes can aid revenue-raising
and target setting. The models, cost layers and estimates we generate provide the
basis for a nationally consistent approach for estimating and recording the cost
of biodiversity management strategies, which should be continually updated and

improved with local-scale information over time.

bottom-up, conservation budget, cost models, cost per unit, environmental management
actions, extinction, realistic costs, threat abatement

derived using different approaches or delivery agents. The different
extents and scales of actions, and the lack of consistency in cost
collection and reporting in local budgeting efforts, mean new ways
to build cost models applicable across broad landscapes, with ad-
justable assumptions to enable transparent comparisons across re-
gions, actions, and contexts, is now critical for effective regional and
national scale conservation planning.

Here, we address this gap by developing and implementing a sys-
tematic approach to model the costs of conservation threat abate-
ment strategies across Australia. Australia is a mega-biodiverse
nation whose biodiversity faces significant threatening processes
over vast landscapes, tenures and ecosystem types (Jackson
et al., 2016; Kearney et al., 2019). Building on previous efforts
(Thomson et al., 2020; Wenger et al., 2018), we develop models that
include a comprehensive range of actions, with underlying assump-
tions on cost components including labour, travel, consumables, and
equipment. We model generic and scalable actions, that consider
variables such as threat locations, terrain and travel distance. In
doing so, we provide cost estimates of managing 18 major threats
to Australia's biodiversity, and a set of transferable, transparent cost
models and spatial cost layers that can be used for planning and pri-
oritisation across broad scales.

The cost model estimates presented in this paper are reflec-
tive of average efforts across the broadest scale in Australia (i.e.
the continent), and provide a cost-estimation framework and a
decision-support tool for continent-scale actions that apply across
Australia. Our cost model framework can also be adapted for use
at local scales, although the model assumptions should be mod-
ified for a finer resolution analyses (e.g. state-wide or a singular
national park) to reflect the cost variation relevant to the appli-
cation context, as a mismatch could lead to sub-optimal priorities
(Armsworth, 2014). For example, broad vegetation groups suffice
at the broad scale for invasive weed management, but at a finer
scale the knowledge of the locations of specific weeds like Lantana
Lantana camara or Buffel grass Cenchrus ciliaris will improve the ac-
curacy of estimates.
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2 | MATERIALS AND METHODS

Our approach applied the best available national scale knowledge on
the key threats to Australia's biodiversity and builds upon existing
approaches for estimating threat management costs. We collated
information on threat abatement actions and costs from scientific
and grey literature, including Australian threat abatement plans
(TAP), Australian threat abatement advices, action plans, and avail-
able data and approaches from two existing programs: the Saving
our Species program in New South Wales, Australia (DPIE, 2021)
and the Department of Environment, Land, Water and Planning's
Strategic Management Prospects in Victoria, Australia (Thomson
et al., 2020). We established a working group of 47 experts who
provided general advice on this methodology, predominantly at two
online workshops. Six of the experts are co-authors in this paper
(Supporting Information 13) and provided more detailed information
used to parameterise the models and their assumptions. This study
did not require ethical approval.

A total of 18 broad strategies were identified. We applied a four-
step process to estimate the costs of each strategy (Figure 1). The
first step was to define each threat abatement strategy (hereafter,
TAS), its assumptions, underlying actions, and cost components. We
described each TAS with an objective and the underlying actions in-
volved to achieve the TAS objective over a 30-year period. Within

Output: TAS definition and
model assumptions

e.g., an action example within
Invasive Rabbit TAS

Initial biocontrol reduction action assumptions:
- Viral biocontrol (RHDV1) every 10 years
with initial non-baited feed followed by
virus-baited feed.

Each feed has 2 staff doing 10 min/km of
bait laying in transect widths of 500m at
$30/hr (Labour).

Non-baited feed is a 20kg/km of carrots at
$2/kg and 5kg/km of oats at $1.80/kg
(Consumables).

Baited feed is 10% of non-baited feed with
treated carrots and oats at 2kg/km and
Skg/km. Each 10ml vial of reconstituted
RHVD1-K5 coats 10kg of carrots and 5kg of
oats, costing $120 with $50 for shipping per
vial (Consumables), with extra delivery cost
of $1.60/km for the schedule 7 poison
(Travel).

Bait mixer and PPE was $10k (Equipment).

1. Define Threat
Abatement
Strategy (TAS)

- Define TAS, actions
and assumptions for
cost components
through literature and
expert consultation

Ground travel costs (hypothetical)

- With increasing petrol prices, the
cost/km has increased from $1.10/km to
$2.20/km.

- The cost of vehicles has also increased

due to a global logistical issues, however

the salvage value at the end of 5 years
has also increased.

After incorporating new information, the

ground travel cost assumption has

increased from $167.60/km to
$195.60/km

4. Learn, improve
and update

- Learn through cost
model verification or
obtaining new
information

- Update assumptions
and/or cost models with
new information

e.g., improved assumptions for
vehicle cost/km driven

Output: Annualised PV cost per km?

Actions i PV/km2 ised trips [Frequency
and trips required Invasive rabbit management
. . . 3 Initial viral biocontrol s 8 0.2 | Every 10 years
e.g., actions within Invasive Rabbit | warren ripping : o 02 | Every 10 yeurs
TAS for a typical landscape resistance| Warren rivping extra fumigation | $ 10 02 | Every 10 years
Ground shooting $ 1,052 3.0 | Annual
Standardised Actions
Pre-action office planning $ 88 - | Annual
Pre-action field planning $ a4 1.0 | Annual
H Post-action monitoring $ 44 1.0 | Annual
2. MOdeI action Post-action evaluation S 66 - | Annual
costs Total PV/km?2 for low resistance | $ 1,426 79|

- Estimate Present Value

(PV)/unit and trips to

site

- Units are per km2, per

km waterway, and per
stream structure

count, annualise
and apply multipliers

cost layers for

3/ Create Spatial Actions Estimated Costs $/km2

0

45
1030
2060
3090

. 4120

+

each strategy

- Create 1x1km2 grid cell
national cost layers
based on cost/unit layers
and travel cost layers

- Management extent
and effort is influenced

by threat layers and
other spatial vag

Output: Improved model estimates  Output: Strategy and travel ’ g
costs at 1km?2 grid resolution <5
e.g., Invasive Rabbit TAS

each action we defined four specific cost components: labour (L),
travel within site (T), consumables (C) and equipment (E) (Supporting
Information 4). The second step was generating structured generic
models to estimate the cost of each TAS as a function of actions
included in the strategy (spatial and non-spatial) and the respective
travel to site costs. The third step was extrapolating the estimated
action and travel costs across Australia to create spatial cost lay-
ers at 1km? resolution where the strategy is likely to be relevant,
using information on available spatial extent of threats, vegetation
type, remoteness, terrain ruggedness, rivers, irrigation channels, and
travel time. The final step was the incorporation of feedback and im-
provement of cost estimates when new information arises. We detail

each step in the following sections.

2.1 | Step 1: Define threat abatement strategies

We worked with experts in biodiversity conservation and man-
agement (Supporting Information 13) to define TASs to abate the
threats to Australia's terrestrial and freshwater biodiversity detailed
by Ward et al. (2021). We assumed the threats impacting threatened
species would be relevant to the full range of Australia's mainland
biodiversity. We excluded all threats existing in offshore islands, the
marine zone, as well as catastrophic events from the analysis.

100%

Initial viral Warren ~ Warren  Ground  Pre-action Pre-action Post-action Post-action
biocontrol ripping  ripping  shooting  office  field  monitoring evaluation
extra planning  planning

mlabour mTravel = Consumables Equipment

Travel to site Invasive Rabbit TAS

FIGURE 1 The four-step process applied to estimate costs for Threat Abatement Strategies (TASs). Each TAS constitutes multiple actions,
and each action is defined by the cost components of labour, travel, consumables and equipment. The broad steps are shown in the middle
quadrants, with the output specified for each step and demonstrated with the Invasive Rabbit TAS example. In Step 1 the TASs are described
in detail, defining the actions and the corresponding cost components. In Step 2, for each action the Present Value (PV) per management
unit and travel to site trips are calculated. In Step 3, the per management unit costs are modelled spatially. In Step 4, the models are updated

when new information arises.
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We grouped threats compiled by Ward et al. (2021) of similar
nature that could be abated under a combined TAS (Supporting
Information 1), to create a total of 18 TASs that would address the
key threats. Our groupings of the TAS were guided by the first and
second level comprehensive actions in the World Conservation
Union-Conservation Measures Partnership (IUCN-CMP) clas-
sification of direct threats to biodiversity (version 1.1) (Salafsky
et al., 2008). However, for the detail needed in modelling manage-
ment costs we defined TAS at the third level classifications, which
were not comprehensively defined by Salafsky et al. (2008) as they
involved more specific strategies.

We specified that the objective of each TAS was to manage and
reduce the impact of each threat as effectively as possible given
current knowledge and management techniques. We then out-
lined the underlying actions involved to achieve each TAS objec-
tive over 30-years, which included defining the assumptions that
would be used to estimate the costs of each action (Supporting
Information 2). Underlying actions involved the planning, on-
ground implementation, and evaluation process of the strategy
(adapted from Carwardine et al., 2019; lacona et al., 2018; Wenger
et al., 2018).

Following Salafsky et al. (2008) we defined four general man-
agement actions for the planning and evaluation stages that were
applied to all TASs (Table 1). Next, we described the on-ground im-
plementation actions that were unique to each TAS, keeping these
generic rather than attempting to prescribe context-specific details
(Supporting Information 2). We then defined four cost compo-
nents within each action: labour (L), travel within site (T), consum-
ables (C), e.g. and equipment (E) (For more details see Supporting
Information 2). Labour included all personnel hours, travel within
site was the cost of on-site vehicle hire, consumables were any
items expended (e.g., accommodation, food, herbicide, bait), and
equipment included the necessary apparatus needed to achieve the
action (Supporting Information 4). Apart from vehicle use intensity
that can differ across projects and jurisdictions, the particular vehi-
cle arrangements for a project (e.g. which could vary from lease hire

or purchase with salvage value) can mean it shifts between being

classified as a consumable (consumed during implementation of the
action) or a piece of equipment that is paid for as an outlay and then
re-used. Hence, we have included travel within site as a separate
cost component allowing modification and/or removal if necessary.

Some actions and costs varied spatially based on land use
or tenure, terrain ruggedness, vegetation type and remoteness
(Supporting Information 3). Each action was assigned a frequency of
re-occurrence over the time period (e.g., occurs every ‘X’ year over
30years). We assumed all actions are performed humanely, under-
taken by competent/skilled practitioners that follow best practices,
and landholders and stakeholders are willing to participate.

We did not attempt to account for all the costs involved with
threat abatement. We excluded some elements of costs that were
context-specific and advise that end-users add these where rele-
vant. These include unforeseen changes in actions or pricings over
time, costs associated with achieving social and political feasibility
of a particular effort (e.g. comprehensive Traditional Custodian and
Indigenous community engagement, liaising with the relevant stake-
holders and community members to gain support for threat manage-
ment, time and process to get approval for projects/policies), costs
related to land rent or purchase that is an enabling action rather than
threat abatement action, opportunity costs for land-owners as a re-
sult of threat abatement (i.e. changes in grazing management to im-
prove biodiversity outcomes that potentially shifts the undertaken
activities on land), research costs to improve threat management
outcomes, training costs for personnel performing threat abate-
ment, and the costs involved with industry transitions to changed
policies and practices to be less harmful to biodiversity (e.g. costs
to transition the state of New South Wales, Australia out of native
forest logging; Frontier Economics, 2022).

2.2 | Step 2: Model costs of actions and strategies
We designed a generic cost model structure to estimate the action

and travel to site costs for each TAS and evaluated the robustness of

the models with a Monte-Carlo analysis

TABLE 1 The general management actions that encompass planning and evaluation included in each Threat Abatement Strategy (TAS),
with the assumed effort required and the relevant cost components. These actions are additional to the on-ground actions for TASs. The
effort assumptions were based on expert knowledge and grey and published literature (Supporting Information 2).

Action Description

Office-based planning to coordinate
action logistics

Pre-action office planning

Evaluation of site context, threat status
and habitat condition

Pre-action field planning

Monitor the threat abatement impact
within management area

Post-action monitoring

Reporting requirements, data analysis
and integrating insights into
management

Post-action evaluation

3weeks of off-site labour per

On-site survey of 30% of the

On-site survey of 30% of the

3weeks of off-site labour per

Effort Cost components

Labour only
standardised management area

Labour, travel, consumables

management area* and equipment

Labour, travel, consumables

management area* and equipment

Labour only
standardised management area

*Survey of 30% was chosen based on existing literature and the knowledge of the authors on this paper as the percentage that would be on average
sufficiently representative to plan for management actions in the 200km? grid management areas across Australia.
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2.21 | Generic cost model

The total cost of a TAS within a management area was a function
of its spatial action costs, travel to site costs, and non-spatial costs
(Equation 1), with the action costs per km? calculated as the sum of
the cost components (Equation 2), and the travel to site cost per km?
determined by the cost of the return trips required for each action
(Equation 3) (see Table 2). We assumed 1x 1km? grid cell resolution
for all analyses, all on-ground actions were carried out over a man-
agement area window of 100km? or 100 1x 1 km grid cells (Table 2),
and that the generalised management actions (e.g., planning, valua-
tion, monitoring) only occurred once per standardised grid scale of
100km?. We assumed managers will only need to do one trip to visit
all grid cells within a 100km? management window and we calcu-
late the ‘average travel to site cost’ for all cells within this manage-
ment window. We first calculate the travel cost to each grid cell, sum
up the travel to site costs for all grid cells in the management area,

TABLE 2 Cost model parameter descriptions from Equations 1-5.

then divide by 100 so that the travel to site costs for the manage-
ment area equate to 1 trip per 100 grid cells averaged across those
cells, or each grid cell contributing 1/100 of the travel to site cost
(Equation 3).

The time horizon for the cost models was 30years from 31
December 2020 to 31 December 2050. We present all final cost
estimates as an annualised cost of the 30-year Present Value (PV)
as at 31 December 2020 accounting for the frequency of actions,
assuming constant real costs into the future and using a real discount
rate of 4% (Supporting Information 3). The annualised cost is the PV
paid in equal amounts for each year across the time horizon, that
allows cash flows to be compared consistently and additively across
all actions and strategies.

We calculated the PV of costs accounting for differing pay-
ment frequencies by adapting the standard annuity-due formula
(Chan & Tse, 2017) (Equation 4) to a complex annuity-due formula
(Equation 5) so that there were ‘r' repayments that occur at the start

The three management units for action cost estimation are per km? for land-based
actions, per km of waterway length and per in-stream structure for waterway-

The action spatial extent for the management unit based on relevant threat layers

The standardised management unit size that is managed as a standalone unit, for
planning, action and travel purposes. This is set at 100km? for land-based
actions, 100km of waterways and per instream structure

Used for travel to site cost calculations, this is the number of 1 x 1 km? grid cells
that the management unit size translates to (i.e., 170km of river length could be
across 130 1x 1km? grid cells)

The standardised management area was measured in in 1x 1km? grid cells and is set
as the number of grid cells managed as one area for travel to site purposes. We
created a cost-sharing window of 100 neighbouring 1 km? grid cells to distribute
the travel cost of the distance travelled over the management area, such that
each grid cell incurred 1% of the travel cost required for the management area.
The exception to this was the Hydrology management TAS with no cost-
sharing window as travel to locations was site specific and not spread over a
management area

Distance to closest city/airport from each grid-cell, multiplied by 2 for return trip
High level efforts that do not vary spatially, for example, policy and education

This is a summation of the annualised cost components that are labour (L), travel
within site (T), consumables (C) and equipment (E). The annualised value is the
equivalent annualised cost of the present v(PV)

30% for overheads applied to labour and 10% for on-site contingencies only applied
to on-site actions

The trips required for onsite action to be completed in multiples of 21-day periods

Includes vehicle and personnel-time compensation cost. The annualised value is the
equivalent annualised cost of the present value (PV).

d, is the PV of an annuity due at time zero for n payments, P is the regular cash flow
incurred from period O to period n — 1, and i is the real discount rate

dy is the PV of a complex annuity due at time zero for r repayments of amount P

Equation Cost model parameter Description
1 Action Cost per management unit
based actions
1 Management unit size
2 Standardised Management Unit
Size
1 Management area
3 Standardised management area
1 Distance to grid cell
1 Non-spatial costs (if any)
2 Annualised Cost components
2,3 Multipliers
3 Number of trips
of field work
3 Annualised travel cost
4 Annuity due formula (a,,)
5 Complex annuity due formula (d)

that occur at the beginning of every k periods such that n = rk, and the adapted
real discount rate | across the k periods such that (1 + I) = (1+0)*, where i is the
real discount rate
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of every 'k’ periods (Equation 5) (e.g., over a 30-year period, (r = 30,
k = 1) is an annual payment and (r = 3, k = 10) is a payment that
occurs every 10years). We then converted the PV of the complex
annuity to an equivalent annualised value using the standard annuity
formula (Equation 4; see Table 2).

We included two cost multipliers, a 30% multiplier to labour that
employers pay in excess to a person's salary (hereafter, overheads)
including employee support, office space and IT equipment, insur-
ance, leave, and superannuation (retirement money set aside by em-
ployers in Australia). We also included a 10% multiplier for on-site
contingencies that was applied to labour, travel and consumables to
account for unforeseen circumstances for on-site based work (for
more detail see Supporting Information 3).

The description of model parameters is shown in Table 2.

TAS cost= z (Action cost per management unit x management unit size)
actions

+ Z (Travel to site cost pe grid cell per km distance
actions (1)
X management area x distance to grid cell x 2)

+ Z Non spatial costs,
actions
where
Action cost per management unit= Z Annualised Cost components

LT.CE (2)
x multipliers x (standardised management unit size) %,

and

Travel to site cost per grid cell per km distance = Annualised Travel cost per hour
x (transit speed) ™! x Number of trips required x multipliers x

(standardised management area )™,

3)
an:Pxﬁx(lﬁ) (4)
dy =Px —1 — A+ X1+
—rk
=Px#x(1+i)k (5)
1+H -1
2.2.2 | Action and travel to site costs

Based on the model assumptions (Supporting Information 3) and
cost component assumptions (Supporting Information 4), we mod-
elled the action costs within each TAS at the relevant unit of meas-
urement (Equation 2) (Supporting Information 5). The relevant unit
of measurement was typically per km?, with certain actions esti-
mated per km of waterway length (e.g. waterway fencing in Grazing
Management TAS, Trout Barrier Installation in Invasive fish manage-
ment TAS), and actions for Hydrology TAS estimated per in-stream
structure (Supporting Informations 2 and 5). We annualised the PV
costs for each action (see annuity calculation above), divided all

the costs by the standardised area to calculate a cost per unit of
measurement and applied the corresponding cost multipliers for
the relevant cost components. We estimated the travel to site costs
per km? per unit area (Equation 3) driven by the mode of transport,
travel distance and the number of trips required (for more detail see
Supporting Information 3).

2.2.3 | Uncertainty in costs

We assumed that the modelled costs represent our baseline estimates
that correspond to the median value (50th percentile). We used a
Monte Carlo (MC) simulation (Mooney, 1997) to evaluate the impact of
cost model input uncertainty on TAS cost estimates, by varying 17 pa-
rameter values that were used in the majority of the TAS cost models
(hereafter, global parameters) and an extra uncertainty parameter (For
more detail see Supporting Information 6). The uncertainty parameter
was to account for overall budget deviance from the baseline cost esti-
mates as the majority of projects in mega industry project management
had a 33% over-run cost (Merrow, 2013). We applied the McNamee-
Celona method of assigned probabilities 0.25, 0.5 and 0.25 for the
p10, p50 and p?0 parameter values (McNamee & Celona, 1990). We
constructed individual probability distributions to capture the range
of these parameters with a 75% confidence value across 3 values, with
a 25% probability of occurrence for the lower bound value, 50% for
the baseline value and 25% for the upper bound value (Supporting
Information 6 Table 1), with the range of values set objectively based
on the observed data. We then applied the Monte-Carlo simulation
with 1000 repetitions for all parameters simultaneously. Uncertainty
of action-specific variables (e.g., cost per bait, bullet cost, phosphide

costs) were not evaluated.

2.24 | Cost estimate validation

We validated cost estimates for certain actions against informa-
tion in the scientific and grey literature when available, and/or
through verifying with experts (for more detail see Supporting

Information 7)

2.3 | Step 3: Create spatial cost layers for
each strategy

We created spatial cost layers to reflect the approximate effort
needed in each 1km? grid cell for each TAS over its potential man-
agement area across Australia, a summation of the spatially variable
action and travel to site costs excluding any continent-wide costs
(Equation 1 without the non-spatial costs). All analyses were carried
out in ArcGIS version 10.4 (Redlands, 2016).

We overlayed geographic layers to account for spatial variation
(Supporting Information 3) through the type of action suitable to the
(e.g., vegetation canopy cover influences whether an action is aerial
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or ground based) and the level of effort required to conduct the ac-
tion (e.g., a rugged terrain requires more walking time compared to
a smooth terrain) (Supporting Information 3). All action variations
were modelled as an annualised PV (Step 2 Figure 1) and applied to
the corresponding spatial extent (see sheets with prefix ‘GIS - ..." in
Supporting Information 5).

The spatial travel cost layers were calculated for each action in
each grid cell (second term, Equation 1), providing a return trip cost of
the number of annualised trips required, weighted by the closest 100
1x1km? grid cells. These travel cost layers differed by land, air and
poison transport (Supporting Information 3), the time to travel from
each grid cell to the closest city (Weiss et al., 2018) and the distance
from each grid cell to the closest airport (Supporting Information 8).

Spatial action and travel layers were cropped to the extent of
the relevant threat (Supporting Information 8), and when a relevant
threat layer was unavailable, we presented the cost layers at the na-
tional scale (e.g. Invasive/Problematic Bird Management). The TAS
cost totals were then calculated by adding the cost layers for each

action including the relevant travel layers.

2.4 | Step 4:Learn,improve and update

Knowledge of threat abatement actions and cost estimates are
likely to change over time. Through the on-going model update
step the a priori assumptions used in the models can be improved
upon based on new information. In some cases, new information can
arise through an additional peer review or consultation with subject
matter experts, or cost estimates may change due to dynamic envi-
ronments and socio-economic systems. Where a priori cost model
assumptions were adopted with limited empirical data, a revision
could be deemed relevant using cost information that has recently
been systematically recorded.

The strategic acquisition of new information on uncertain pa-
rameters or better model structures can be guided by value of infor-
mation analyses, evaluating the trade-offs of the costs and benefits
of acquiring new information that have an impact on the decision-
making outcome (Raiffa & Schlaifer, 1961). We recommend system-
atically recording and reporting of actual conservation action costs
when possible and reviewing cost model assumptions and estimates
at least every 2-years to ensure the models are as current, relevant
and accurate as possible.

3 | RESULTS

3.1 | Costestimates for threat abatement
strategies

The 18 strategies identified in our analysis to address key threats
to Australia's biodiversity (detailed estimates in Supporting
Information 9 summarised at the TAS level in Table 3) were com-
prised of 52 actions. Some actions, such as pre-action office and

field planning, post-action monitoring and evaluation, and some
policy and liaison actions were common to multiple TASs. The re-
maining actions were largely unique to each TAS, except for ground
shooting which was applied to invasive predator management, large
Invasive herbivore management, native herbivore management and
invasive rabbit management, and habitat fencing that applied to na-
tive herbivore management and grazing management (Supporting
Information 9)

The annualised spatial cost estimates of TAS ranged from the
cheapest strategy of $24/km? ($0.24/ha) (Map Refugia), to the most
expensive strategy of $0.88m/km? ($8800/ha) (habitat restoration
in rainforests) (Table 3, for more details see Supporting Informations
2 and 11). Cost estimates of TAS varied depending on the underlying
action and effort required, influenced by characteristics like action
suitability, environment type, vegetation type and human popula-
tion density (Supporting Information 3).

Continent-wide costs were estimated for efforts that pertained
across Australia and were independent of spatial areas. The highest
non-spatial costs was estimated for Biosecurity—at $932m (Table 3)
that was largely adapted from the reported and recommended
spending from the Australian biosecurity enquiry (Craik et al., 2017)
(Supporting Information 2). Map Refugia also had a non-spatial
(desktop) mapping action that was conducted at the national scale
and costed per species (Supporting Information 2), with the total
cost of this strategy equivalent to the ground survey cost required
for the threatened species and the non-spatial cost multiplied by
number of species that need this TAS (i.e. 10 species would require
a total non-spatial cost of 10x $13,899). There were multiple TASs
that had the same cost for continent wide control as this was a ge-
neric communication/liaison cost that involved 11 full-time staff (1

management staff and 10 liaison staff) at the national scale.

3.2 | The proportion of budget for each
cost component

The average proportion of TAS budgets split by cost component
were labour (49%), travel within site (13%), consumables (37%)
and equipment (2%), with these proportions differing across TASs
(Figure 2). Certain TASs were labour intensive and required relatively
minimal consumables apart from accommodation and meals (e.g.
Hydrology management, Map Refugia). Others were more evenly
balanced between labour and the necessary consumables such as
Invasive Predator Management (baits), Invasive/Problematic Bird
Management (bullets and nest-boxes), Ecological Fire Management
(petrol for burning and water refills), and Invasive Rabbit Management
(viral and bait supplies) (Figure 2). Some TASs required consuma-
bles that outweighed other cost components, like restoration con-
sumables for Habitat Restoration, fencing materials for Grazing
Management, and phosphide application for Phytophthora manage-
ment (Figure 2). Equipment costs were generally minimal (on average
2% of total costs) as the annualised cost of equipment is minimal due
to the low frequency of cost incurrence (e.g. every 10years).
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TABLE 3 The range of annualised present value (PV) cost per unit estimated for each threat abatement strategy (TAS) summed across the management actions (‘number of actions’),
compared across all possible cost variation scenarios (‘# cost variation scenarios’), where costs could vary by topographic resistance level (low, medium and high) and management action type
(e.g., aerial vs ground, intactness, etc.). We show the median, minimum, maximum and the mode or ‘most common cost across Australia’ determined from the highest proportion of projected
threat management area at a national level. Unit of measurement for spatial actions were per instream structure, per km of waterway, and per km? area. Any non-spatial estimated costs were
displayed separately as ‘continent-wide’ and were either a TAS (e.g., Biosecurity) or the non-spatial component of the TAS (i.e. policy within Habitat Restoration). There was a ‘continent-wide
per species’ non-spatial component for Map Refugia.

10

11

12
13
14
15

16

17
18

Threat abatement strategy

Biosecurity

Critical Sites Access Management

Disease Management—General

Disease
Management—Phytophthora

Ecological Fire Regime
Management

Forestry Management

Grazing Management

Habitat Restoration

Hydrology Management

Invasive Fish Management

Invasive Large Herbivore
Management

Invasive Predator Management
Invasive Rabbit Management
Invasive Weed Management

Invasive/Problematic Bird
Management

Map Refugia

Native Herbivore Management

Policy & Education

Unit for costing

Continent-wide
Per km?
Continent-wide
Per km?

Per km?

Per km?

Per km?
Continent-wide
Per km?
Continent-wide
Per km waterway
Per km?
Continent-wide
Continent-wide
Per structure
Continent-wide
Per km waterway

Per km?

Per km?
Per km?
Per km?

Per km?

Per km? per species

Continent-wide per

species
Per km?

Continent-wide

Number of actions

(o NN NN |

10

13

o b 00 O

[N

# cost variation
scenarios

1

3
1
3
3

Cost across cost variation scenarios

Median

$931,770,000
$297
$1,205,100
$196
$139,948

$1505

$334
$1,230,371
$1392
$1,205,100
$4549
$440,080
$1,205,100
$1,205,100
$42,235
$1,205,100
$59,022
$719

$750
$1535
$36,690
$727

$25
$13,899

$814
$2,960,100

Minimum

$286
$192
$139,877

$1461

$328

$1380
$176,164

$52,053
$498

$296
$1426
$219
$664

$24

$483

Maximum

$329
$202
$140,089

$2403

$346

$1424
$879,985

$77,525
$1201

$1289
$1761
$146,060
$868

$28

$1532

Most common
across Australia

$286
$192
$139,877

$1464

$328

$1380
$4549
$176,164

$42,235
$77,525
$498

$296
$1426
$24,519
$664

$24

$716

A30]027 paljddy jo [euinor | 8

IV 13 ONOA

85UBD17 SUOLLLOD BAEaID 3|qedtjdde auy Ag pausenob afe sapie O (85N 4O S3|nI o Ar1q1T 8UIIUO AB|IM UO (SUOIPUOD-PpUe-SWIBIALID" 3| 1M AReiq 11 |UO//SANY) SUORIPUOD PUe SWIS | 8UY8eS *[£202/60/62] Uo Afiqiauljuo A8|IM eIfelIsNY 8URIH00D UOIEN DY INHN Ad LLE7T 7992-G9ET/TTTT 0T/I0pALI0Y A8 | ARIq1 BUIIUO'S eUIN0 630//:SANY W01} papeo|umoq ‘0 ‘#992G9ET



YONGET AL.

Journal of Applied Ecology 9

3.3 | Uncertainty in cost estimates

We evaluated TAS cost estimate uncertainty by simulating 17 global
parameters and including an uncertainty multiplier across their in-
dividual probability distributions (Figure 3). The overall relative
distance of the lower and upper bound of TAS estimates from the
baseline were -34% and 55% (Supporting Information 6; Table 2).
The three most uncertain TAS cost estimates were for Map Refugia
(-62%, +116%), Critical Sites Access (-51%, +84%) and Invasive

100%

Predator Management (-50%, +77%) (Supporting Information 6;
Table 2).

TASs with higher cost/km? had a higher absolute variation in
cost estimates under uncertain global parameters. For example,
the cost estimate for Habitat Restoration ranged from $122,000
to $259,000/km? (a difference of $137,000) with % variation from
the baseline (-31%, +46%), and Phytophthora Management had
the second highest absolute range in values from $115k to $195k
per km? (a difference of $80,000) with relative distance from
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FIGURE 3 An uncertainty analysis (N = 1000) reveals the range of annualised Present Value (PV) costs for each TAS, simulated based on
the discrete probability distributions of 17 parameters that were used in the majority of the Threat Abatement Strategy (TAS) cost models
(hereafter, global parameters) and an extra uncertainty parameter (see Supporting Information 6). This includes a) spatially variable costs
using the baseline (mode) cost value, determined from the highest proportion of projected threat management area at a national level, and
b) the baseline total for Australia-wide non-spatial costs. Box plots show the median, the quartiles and interquartile ranges, with the mean
marked with an X and the outliers with dots. The chart groupings were determined by the axis range of costs of each TAS.
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baseline (-21%, +34%) (Figure 3 and Supporting Information 6;
Table 2).

3.4 | Spatial variation in the costs of actions

The cost of implementing a TAS at a location was a summation of
the contributing action costs, accounting for spatial variables at the
location and the travel to site cost (Supporting Information 3). We
projected 16 TAS costs across the threat range or Australia-wide
if there was no specific threat range and excluded continent-wide
non-spatial actions and TASs (Biosecurity and Policy and liaison only
had continent-wide actions). Including travel to site costs, the an-
nualised TAS cost estimates were $24-$1,022,803/km? (Figure 4,
Supporting Information 10 for individual spatial cost maps).

TASs with fewer or less pronounced spatial variables were rela-
tively uniform throughout Australia, such as Map Refugia ($24-$72/
km?) where the only spatially variable action was ground surveys
that varied by terrain ruggedness and travel to site costs. In contrast
Large Invasive herbivore management ($411-$1422 kmz) included

divergent cost estimates for aerial and on-ground actions that were

Critical SesA Cess Forstry. '

Ecological Fire Regime

prescribed at a location depending upon the suitability of each ac-
tion, and Grazing management ($1380-$7460/km?), which includes
different fencing costs at each location depending upon whether
riparian zones fencing was prescribed (Figure 4).

TASs with higher management costs per unit were often associ-
ated with smaller management areas or limited threat ranges. For ex-
ample, Habitat Restoration had high costs ($219-$1,022,803/km?)
driven by the relatively large labour effort required to regenerate
ecosystems but was only projected across a smaller management
area (1.6% of Australia-areas that have been previously cleared and
could potentially be restored) (Figure 4). Similarly, Phytophthora
management has a high cost/km? ($139,877-$144,206/km?) but a
small geographical range of 9.3% of Australia. In contrast, Ecological
Fire Regimes ($315-$1823/km?) and Invasive Rabbit management
($1426—$267O/km2) have lower associated management costs
but are projected over a large extent of Australia (100% and 82%)
(Figure 4). The exception was Invasive Weed Management that had
a moderate to high cost per km? ($219-$200,101/km?) but was re-
quired across a broad range of Australia (64%).

Travel costs were generally higher in the central west of Australia,

and for strategies with lower action costs, the travel cost in these

Native Herbiy
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FIGURE 4 The spatial cost layers for 16 spatially variable Threat Abatement Strategies that include the travel time to site (inset ground
travel time and air travel distance) projected to threat range or Australia-wide if there was no pre-determined threat range.
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regions represented a larger proportion of overall costs (TASs on the
left half of Figure 4). For TASs with action costs that had low spa-
tial variation the travel to site costs represented the source of over-
all cost variation. For example, Disease management and Invasive
Rabbit management had expensive pockets in remote areas increas-
ing by up to ~2 fold due to travel to site and viral consumable delivery
costs (the initial biocontrol reduction of a 10-yearly administration
of RHVD1-K5 to induce rabbit haemorrhagic disease virus (RHDV)
or myxomatosis) (Supporting Information 12). For higher cost/km?
TASs, the travel to site costs were not as observable due to the lower
contributing proportions. For example, Invasive Weed Management
had a labour-intensive weeding action cost that dominated the ‘re-
moteness’ travel to site cost, with spatial variation instead driven

mostly by intactness and aridity (Supporting Information 12).

4 | DISCUSSION

We provide a novel threat abatement budgeting tool for estimat-
ing the costs of a comprehensive set of generic threat manage-
ment strategies impacting biodiversity across Australia. The cost
estimates presented are useful for program managers who work at
larger scales (e.g. region, state or national recovery programs), with
the approach transparent and can be updated when better infor-
mation on the models and assumptions are available. However, the
costing framework lends itself to all spatial scales of costings and
can be used by on-ground managers who work at the local scales
with appropriate adjustment of cost models and the underlying as-
sumptions to account for the spatial resolution of actions.

Our approach builds on existing information focussed on the ac-
tions and resources required to abate threats to biodiversity (Brazill-
Boast etal., 2018; DPIE, 2021; Ward et al., 2021) and cost estimation
efforts at smaller spatial scales (Carwardine et al., 2019; Cattarino
etal., 2018; Thomson et al., 2020; Wenger et al., 2018).The three out-
puts include a set of expert-derived assumptions that define the 18
TAS, a mechanistic cost model for each strategy that can be applied
or modified to suit the locally determined locations and extent of
management, and spatially variable TAS cost maps that can estimate
management effort across large scales. These outputs can inform
on-ground management and decision-making across broader scales,
allowing systematic budget estimates that lead to informed planning
and funding applications. When coupled with benefits, they could
also be used to inform a cost-effectiveness or cost-benefit analysis
and subsequent prioritisation of management actions.

Our models show that the cost of managing a threat to biodi-
versity across Australia are likely to vary from $24 to $1.02 m/km?,
depending on the TAS required, the site characteristics and travel
distance. Our per km? cost estimates were similar or higher than
cost estimates from previous analyses, which is likely due to the
comprehensive inclusion of all cost components in our cost models,
including planning, travel to site and labour overheads (Supporting

Information 7).

Current conservation investments largely occur without reli-
able information on their costs, and conservation expenditure is not
typically recorded in ways that can improve current knowledge of
conservation costs. The importance of cost inclusion within envi-
ronmental decision making has been realised globally and has ex-
panded rapidly over the last two decades (Ando & Langpap, 2018;
Carwardine, Wilson, Ceballos, etal.,2008; Gordon etal., 2020; Jantke
& Schneider, 2011; Murdoch et al., 2007; Naidoo & Iwamura, 2007;
Wilson et al., 2007). No extensive and intensive scale costing exer-
cise like this has been done for environmental management and the
application of this work could provide a useful way to validate and
improve cost estimates in conservation.

The set of TASs proposed and costed here are unique to the
threats that mainland Australian threatened species face; however,
the actions that sit within the TASs are modular and they can be ap-
plied to other regions of the world with updated assumptions. When
using these cost models at a different spatial scale or resolution,
the assumptions will need to be tailored to the relevant scale that
is required (e.g., 5 baits/km? for predator control across Australia
accounts for the range of predator intensity across the landscape
but does not translate to an area that is only 3 km? that might have a
high density of predators).

The costing model structure we provide can inform, and be im-
proved by, the collection of additional cost information. We have
allocated general management actions for each TAS (e.g., post-
action monitoring and post-action evaluation) that are placehold-
ers for ongoing evaluation and improvement of the TASs. Ideally,
conservation managers can consistently record relevant informa-
tion contributing to better quality cost estimates within the project
over time and creating comparable costs across different conser-
vation organisations.

The targeted data collection of conservation expenditure
should be performed by decision-research scientists or data mod-
ellers to improve the accuracy and precision in the presented cost
models. Our uncertainty analysis indicated our estimates varied
widely (-34%, +55%) for the baseline TAS values, and this variation
can be improved through better assumptions with a more certain
range. We only simulated global parameter variation, and further
investigation could reveal action specific parameters that are in-
fluential of cost estimates. As described briefly in the Methods,
Value of Information analyses can help prioritise the collection of
improved information for the parameters (Bolam et al., 2019). We
strongly recommend this as a complementary exercise to the on-
going collection of data.

The cost models presented here are the first attempt at system-
atic nation-wide cost estimates of threat abatement, and they are
by no means perfect nor complete. The estimates are useful in their
current form and can be applied with periodical revisions. However,
given their novelty these cost models should be treated as a starting
point for discussion and improvement, where the model structure
and underlying assumptions can be challenged, verified and/or re-

placed with superior models and assumptions.
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5 | CONCLUSIONS

Every year billions of dollars are spent on conservation manage-
ment worldwide (Waldron et al., 2013). This expenditure largely oc-
curs without a priori estimates of conservation management costs
across broad scales and is not recorded in ways that can inform
future conservation management budgets and analyse the relative
cost-effectiveness of actions. Our work provides new guidance on
consistent approaches for estimating, recording, and informing cost
estimates that can be built on or adapted with additional informa-
tion from local to national scales. We aim to enable the conservation
sector to match other sectors in articulating the investment required
to achieve its sought goals. By continuing to progress knowledge on
the costs of managing threats to biodiversity, more strategic rev-
enue raising and improved use of available resources to achieve con-

servation outcomes are possible.
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