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Executive Summary

Invasive species pose a serious risk to a variety of industries, to people and to the environment.
Identifying the magnitude of the potential harms caused by these hazards is generally accepted to
be the first step in effectively managing them. However, most studies assess harm at relatively small
[micro] scale (considering the impact of a single species, on a single industry or in a single region)
complicating, or even preventing, the allocation of resources across risks and the many interventions
used to manage them. In part, this reflects the difficulty of undertaking large-scale assessments,
though, it is also a product of the different disciplinary norms within each of the environmental,
agricultural and public health sectors. Thus, the aim of our project was to identify a framework for
analysing impacts at the system [macro] scale — as biosecurity agencies need to do, in practice.

This aim contributes to our broader objective to estimate the net present value (NPV) of Australia’s
Biosecurity System (Dodd et al., 2020). To the best of our knowledge, no one has ever successfully
completed an economic evaluation of an entire biosecurity system and, during the first phase of this
project, we identified several knowledge gaps preventing us from easily doing so (Dodd et al., 2017).
The most critical of these gaps was the lack of an overarching framework capable of appropriately
characterising and aggregating the spectrum of harms arising in a multi-hazard, multi-intervention —
therefore, multi-asset — context (though, see Bowen et al., 2012; Liu et al., 2014; Hafi et al., 2015).
We outline our thinking around such a framework here with a view to its use as the basis for our
valuation (estimated via simulation) in the next phase of our project (see Dodd et al., 2020).

We begin by summarising the available literature, clearly conceptualising the objective function, and
articulating a generic framework that assesses hazards in the context of assets. Focusing on 56
terrestrial regions across continental Australia, we then undertake a large benefit transfer exercise
to generate spatially explicit estimates of the current value of the ecosystem services (ES) and
physical infrastructure (collectively, assets) that are protected by the biosecurity system (totalling ~
AS250b p.a. across all regions and assets). Finally, we use this information to draw inferences about
the relative ‘vulnerability’ of different assets (excluding agriculture) to 40 types of invasive species
based on existing empirical estimates of impact and expert elicitation. Distinct heterogeneity was
observed in both the spatial arrangement of asset values and their vulnerability to incursions.

In contrast to the existing pest-focussed biosecurity literature, our generic framework puts assets at
the centre of the valuation; not only because considerably more is known about assets than hazards
but also because the aim of any biosecurity system is to protect these assets from harm. Our
regional estimates further allow us to consider asset vulnerability to a wide range of hazards and are
thus of potential use in numerous policy settings, not just biosecurity. In particular, the spatial
heterogeneities apparent in our estimates underscore the critical importance of spatio-temporal
analysis for decision support —irrespective of the hazard. Though, most importantly, our framework
standardises the kind of information required to estimate the harm caused by invasive species at the
macro scale, potentially streamlining the collection of this information, by agencies, in the future.
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1 Introduction

A key externality of the rapid increase in global trade and travel that has occurred since the
beginning of the industrial revolution is the spread of biological organisms, both accidentally and
deliberately, well beyond their natural biogeographic boundaries (Ricciardi, 2007; Hulme, 2009).
While many of these species have contributed positively to their recipient region, a small proportion
—those collectively referred to as ‘invasive species’ (sensu lato; including pests and diseases) — pose
a significant risk to the economy, the environment and to public health (Williamson & Fitter, 1996;
Pysek et al., 2012; Bradshaw et al., 2016). Biosecurity is the practice of minimising the impacts of
these species through a coordinated set of measures/interventions that aim to reduce both the
likelihood that these introductions occur and the consequences that are incurred when they do
(Nairn et al., 1996; Beale et al., 2008; Craik et al., 2017). Thus, estimating the potential impact of a
species, pest or disease, is generally accepted to be the first step in effectively managing them.

The valuation of impacts has two parts. One must first characterise the biophysical impacts that an
organism has on its recipient community/host and then secondly assign a monetary value to those
impacts (DeFries et al., 2005; Boardman et al., 2011). In agricultural contexts this is relatively
straightforward because production losses and control costs can be directly measured, and prices of
commodities can be observed in markets (Soliman et al., 2010, 2015). Thus, most of the existing
monetary estimates of the impact of invasive species relate to damages occurring to the agriculture
and forestry sectors (Bradshaw et al., 2016; Epanchin-Niell, 2017). In environmental contexts,
however, this is more complicated as the biophysical processes are diverse, not easily observed, and
many of them are not directly related to the market (Vila et al., 2010; Blackburn et al., 2014).
Consequently, the tools used in the so-called ‘non-market’ valuation literature are numerous, varied
and complex (Bateman et al., 2002; Getzner et al., 2004; Farr et al., 2016a; Hanley & Roberts, 2019).

Most commonly, impact estimates are developed to justify investment in a proposed management
intervention, such as the application of import controls or the initiation of an eradication program.
This has consequences for how the analyses are undertaken. For example, consequence estimates
used to justify a trade restriction (e.g., Buetre et al., 2006; Buetre et al., 2013) must comply with the
World Trade Organization Agreement on the Application of Sanitary and Phytosanitary Measures
(the SPS Agreement; WTO, 1994) which restricts standing to producers. Conversely, a consequence
estimate used to justify the eradication of a species with primarily environmental (including cultural)
effects (e.g., Hafi et al., 2013; Spring et al., 2014) might focus solely on consumers. In either case,
the implicit objective of the analysis is to determine whether the impacts exceed a threshold (e.g.,
that the Appropriate Level of Protection [ALOP] is exceeded, or that the program is cost-beneficial).
Consequently, a common feature of these analyses is that they most frequently assess impacts at a
small scale (i.e., considering the impact of a single species, on a single industry or in a single region)
because a more comprehensive analysis is unlikely to alter the decision (Dodd et al., 2017).

Those charged with developing biosecurity policy, however, need information about the potential
economic consequences of numerous biosecurity hazards that could individually or simultaneously
impact numerous different ‘assets’ (be they economic, environmental, human or other) over time,
and across space (Kompas et al., 2019). Yet despite the fact that “single-species [hazard] oriented
management philosophy has been increasingly replaced by an ecosystem approach” (Schlueter et
al., 2012), whole-of-system studies that simultaneously consider numerous impacts on numerous
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assets, belonging to numerous stakeholders, by numerous hazards are scarce and for the most part,
qualitative/conceptual in nature (Liu et al., 2014; Hafi et al., 2015). Instead, many researchers
approach large-assessment tasks by compiling estimates from multiple sources and aggregating
(e.g., Bradshaw et al., 2016; Paini et al., 2016; Diagne et al., 2021); although great care must be
taken when doing so because compilation and aggregation issues are non-trivial and there are
significant risks of double counting (Stoeckl et al., 2014).

Consider the case where programs in the same region have had their impacts estimated using
different valuation methods — for example, both the hedonic pricing and the travel cost method.
Although both are perfectly valid micro-economic approaches that are well suited to the task of
assessing the value of precisely defined changes to a small set of goods or services that generate
impacts at small geographic scales, aggregating their results together (even though they are in the
same units) could result in double counting (Holmes et al., 2009; Boithias et al., 2016). Recreational
values appropriately estimated using the travel-cost method are known to be impacted by aesthetic
values (regions of high aesthetic value attract more visitors). So, although the travel cost model
focuses on recreational values, travel cost values will often have embedded within them, aesthetic
values. Similarly, aesthetic values, most often estimated using hedonic pricing methods (e.g.,
comparing house prices in regions of differing aesthetic values), often have embedded within them,
recreational values (houses in aesthetically pleasing areas likely also have good recreational
opportunities). Therefore, to add both travel cost and hedonic estimates, generated for the same
location, is to risk double counting. The small-scale nature of these analyses complicates the
problem to such an extent that large-scale assessments all but demand a different type of approach.

Thus, the aim of our project was to identify a framework for analysing and comparing impacts at the
system [macro] scale — as biosecurity agencies are ultimately required to do — to use as the basis for
estimating the Value of Australia’s Biosecurity System (Dodd et al., 2020). Australia operates one of
the most comprehensive biosecurity systems in the world, collectively spending in the order of AS1b
on biosecurity activities annually (Craik et al., 2017; Dodd et al., 2017). Though, without a picture
[framework] for piecing together the numerous individual estimates of the economic consequences
of various incursions and biosecurity measures, it remains unclear what the magnitude of benefits
generated from these investments are, because the situation is somewhat akin to having a handful
of jigsaw pieces but no box — we’re not sure of whether we have all of the pieces or even what the
completed puzzle looks like.

The nationally endorsed definition of environmental biosecurity in Australia is as follows:

“Environmental biosecurity is the protection of the environment and/or social amenity from
the risks and negative effects of pests and diseases entering, emerging, establishing or
spreading in Australia”.

In this definition, ‘the environment’ includes Australia’s natural terrestrial, inland water and marine
ecosystems and their constituent parts, and its natural and physical resources. ‘Social amenity’
includes the social, economic and cultural aspects of the environment, including tourism, human
infrastructure, cultural assets and national image (COAG, 2019). When assessing values and impacts
relevant to such a biosecurity system it is thus clearly essential to consider a broad range of impacts
on a broad range of what we hereafter refer to as assets.

Given the breadth of this scope, the Total Economic Value (TEV) framework (Pascual et al., 2010) is
an obvious potential choice for guiding our analysis (see Born et al., 2005). Evolving gradually from
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(about) the 1940s, the TEV framework categorises benefits according to the way in which people
benefit (i.e., derive utility) from environmental goods and services: directly, indirectly, or as a non-
use. As one moves along the continuum from direct, to indirect, to non-use values, the link between
benefits and markets becomes increasingly tenuous and the valuation task becomes increasingly
complex. Although some researchers have attempted to argue that TEV can be estimated by adding
direct-use, indirect-use and non-use values, the values cannot be assumed to enter the utility
function in an additively separable manner (see Carbone and Smith (2013) who highlight this
problem when discussing the difficulty of trying to use non-market valuation estimates, derived from
partial equilibrium methods, in a computable general equilibrium model). Consequently, adding
values using a TEV framework risks double counting. This is not a critique of the TEV framework: it
was not developed with the intention of being used to guide large-scale ‘whole of system’ valuation
exercises, but rather to highlight the diversity of values associated with the environment.

As part of the development of the Risk-Return Resource Allocation (RRRA) Model (described in Craik
et al., 2017), Bowen et al. (2012) briefly reviewed non-market valuation approaches, with a view
towards considering ways of including non-market values in macro scale biosecurity assessments.
Their general conclusion was that it would likely be too costly to conduct separate non-market
valuation studies for each potential impact (suggesting the use of general scales instead), but — most
pertinent here — they highlight the need for using a framework for thinking about impacts. Their
work is extended in Chesson et al. (2014), who look at biosecurity impacts on several different
‘capitals’, using various ecosystem services (ES) as a type of natural capital. Like the TEV, however,
the RRRA capitals framework was not developed with the intent that it be used as a framework for
organising ‘values’ for whole-of system valuation, and its use could lead to double-counting.

Derived from the original Millennium Ecosystem Assessment classification system (MEA, 2005), the
Common International Classification of Ecosystem Services (CICES; Haines-Young & Potschin, 2012) is
another framework for thinking about various ecosystem services in a systematic manner that
minimises potential problems of double counting related (ecosystem) values. It includes all the
different types of direct-use, indirect-use, option and non-use values identified in the TEV, but refers
to them using different terminology, and groups them in different clusters. If done carefully, one
can use this framework to guide the compilation of information about the value of ES, to generate a
final composite estimate of the value of all ES from a particular area or region without double
counting (see Costanza et al., 1997). The framework does, however, exclude many potentially
important biosecurity-related impacts currently captured within the RRRA framework (specifically
those unrelated to the environment), and could not therefore, be used without adaption.

We begin by summarising the available literature, clearly conceptualising the objective function, and
articulating a generic framework that assesses hazards in the context of assets. Focusing on 56
terrestrial regions across continental Australia, we then undertake a large benefit transfer exercise
to generate spatially explicit estimates of the current value of the ecosystem services (ES) and
physical infrastructure (collectively, assets) that are protected by the biosecurity system. Finally, we
use this information to draw inferences about the relative ‘vulnerability’ of different assets to 40
types of invasive species based on existing empirical estimates of impact and expert elicitation.

Note: our value estimates are not standard measures of welfare/wellbeing. Data deficiencies make
it impossible to use such standard measures. We detail the measures used in each section.



2 Methods

We begin this section by conceptualising the process of valuation (section 2.1). This clarifies that
one can ‘value’ the biosecurity system in different ways: compiling estimates of biosecurity values
directly from the literature; or, first estimating the value of assets ‘at risk’, and second determining
what proportion of the ‘at risk’ assets could be damaged by incursions. We then review relevant
literature (section 2.2), finding that data deficiencies preclude option one, our task thus being to first
determine the value of assets that are protected by Australia’s biosecurity system. In section 2.3 we
give an overview of methods used to value each asset, with additional methodological and data
details provided in the appendices. Section 2.4 describes our approach for estimating the relative
vulnerability of assets to different types of invasive species, completing our framework for valuation.

2.1 Conceptualising the process of valuation

We conceptualise the problem of trying to ‘value’ the biosecurity system (or indeed any biosecurity
measure) in Table 1 — noting the importance of the counterfactual. This conceptualisation greatly
simplifies reality, but serves a useful purpose, demonstrating that one can in principle estimate the
value of a biosecurity measure in two different ways:
1. Estimating (or collating existing estimates of) the damages likely to occur to assets in the
absence of a biosecurity measure (=~ column ///, Table 1), or
2. Estimating (or collating existing estimates of) both:
a. existing values, with the current measures in place (~ column /, Table 1); and
b. expected values in the absence of a biosecurity measure (~ column //, Table 1)

and then subtracting (1) from (1).

Table 1: Conceptualising the whole-of system valuation problem. Observed values are highlighted in
grey emphasising the importance of the unobserved counterfactual when estimating damages.

Observed values with Expected values in the
vea vajues wi xpected values | Estimated (expected) value of

existing biosecurity absence of biosecurity R .
biosecurity measure

measure measure i
Good/Service (asset) 1 1]
Benefits
Market goods Ay A, (A1-A))
Non-market goods B; B: (B1-By)
Costs
Control costs C G (C1-C)
System costs (expenditure) S 0 S
Total (A1 T Bl) = (C1 ar S) (Az + Bz) - (Cz + 0) (A1 - Az) + (Bl - Bz) - (Cl- C+ S)

What can be done in practice, however, will depend upon resources available and upon the
presence/absence of studies that provide data about ‘damages’ which can, like ‘benefits’, be
transferred. Before deciding how best to approach the problem, we thus reviewed literature to
assess the extent of knowledge.



2.2 Knowledge state

We sought to identify the knowledge state by collating published papers relating to the economics
of biosecurity and categorising the subset generating monetary cost/benefit values according to the
broad type of hazard evaluated, the type of asset considered, and the type of value generated. Our
overarching aim being to determine which assets/hazards we have the most/least knowledge for.
As an initial starting point, we chose to work with broad taxonomic categories to prevent sparsity
given the large number of potential asset x hazard combinations and known taxonomic biases (Pysek
et al., 2008). Drawing on insights from other researchers who have worked at similar scales (e.g.,
Akter & Grafton, 2010; De Lange & van Wilgen, 2010), we adopted the following categories:

1. Terrestrial plants;
Terrestrial invertebrates;
Terrestrial vertebrates;
Pathogens (n.b., plant and animal pathogens were considered separately in later studies);
Freshwater species (all); and
Marine species (all).

ou kW

For assets, we used categories that align with the Common International Classification of Ecosystem
Services (CICES; Haines-Young & Potschin, 2012) — albeit with minor variations to adequately cover
all assets of concern to Australia’s biosecurity system, and to ensure that categories are adapted for
context (after Diaz et al., 2018). Provisioning services were nominally grouped according to whether
they fall within scope of the Australian Government’s Agriculture Portfolio Budget Statement, or not.
We also explicitly noted that amenity values are a type of cultural service, and added the additional
categories (companion animals, physical infrastructure, human and social capital) identified by
Chesson et al. (2014) for use within the RRRA model. Our asset framework, grouped into broad
categories, is shown in Table 2. A detailed description is included in Table 8 (Supplementary Tables).

Table 2: Asset classes used in the initial analysis.

Portfolio Industries Agriculture
A Forestry
Provisioning . . . .
Non-Portfolio Services Indigenous Subsistence
Water for Consumption
Erosion Control Erosion Control
Flood Control Flood Control
Regulating Genepool / Nursery Genepool
Natural Carbon Sequestration Carbon Sequestration
Mediation of Soil / Air Toxin Mediation
Residents — Use Recreation / Aesthetics
Residents — Non-Use Existence / Bequest
Cultural . .
Non-Residents — Use Tourism
Indigenous — Non-Use Indigenous
. ) Pets (Cats, Dogs, etc) Domestic Animals
Companion Animals . .
Horses (non-racing) Recreational Horses
Physical Infrastructure Dwellings / Utilities Infrastructure
Human Human Health Human Health Human Health
Social Social Infrastructure Social Infrastructure Social Infrastructure



We began by updating the dataset compiled by Dodd et al. (2017) to include additional recent
publications relevant to our analysis; this compilation numbered 268 articles. More than one half of
these studies did not report monetary estimates of damages, control or eradication costs in a way
that could usefully inform an empirical assessment, so we focused on the 117 studies that did. We
then counted the number that provided empirically ‘transferable’ estimates of the potential (or
actual) damages inflicted by each broad hazard type on each asset category, and on control or
eradication costs (Table 3). Some studies provided cost/benefit estimates for more than one asset
or hazard. Some studies did not assess costs/benefits by asset category, instead considering control
or eradication costs associated with a hazard; and some studies provided separate estimates of
control/eradication costs and costs/benefits associated with particular asset types. Consequently,
the total number of estimates identified in Table 3 (262 internationally) exceeds the number of
studies (117). The total number of estimates was 262, a small subset of which (52) were Australian.

Our compilation of studies is neither definitive nor exhaustive, so does not describe the entire body
of literature and, therefore, under-states the true availability of information®. Nevertheless, it
demonstrates that most empirical work is concentrated on a subset of hazards (terrestrial), assets
(agriculture and forestry) and cost categories (control costs). Internationally, and in Australia, more
than 50% of estimates relate to control costs or yield losses (Table 3). About 16-17% of studies
provide estimates relating to the potential damage that invasive species could cause to regulating
services. Other research is sparsely scattered across the remaining asset categories. Most notable
are the knowledge gaps relating to the monetary ‘value’ of incursions on the ‘social’ or ‘companion
animals’ asset categories (there were several studies focusing on the Hendra virus, and its impact on
horses, and several talking about the social impacts of various hazards, but none were monetised).
Evidently, there is enough knowledge to draw inferences about the impact of some hazards on some
assets, but there is insufficient knowledge for a comprehensive, whole-of-system assessment.

That said, Table 1 clearly shows that compiling estimates of ‘impact’ (akin to collating studies
relating to column 1ll) is not the only way to approach the problem: it is possible to instead, gather
data relevant to columns | and Il and compare. Noteworthy here is the fact that studies which
consider non-market asset values in general (e.g. column I) are much more prevalent than those that
only consider asset values in a biosecurity context (Holmes et al., 2009). The Economics of
Ecosystems and Biodiversity (TEEB) valuation database (van der Ploeg & De Groot, 2010), for
example, contains no fewer than 1310 value estimates, 116 of which are Australian. We thus chose
to approach the whole-of-system valuation problem by determining first, the value of assets at risk
(section 2.3), leaving open the task of predicting the impact of hazards on ‘at risk’ assets (i.e., their
vulnerability) for later analysis (section 2.4).

1 A more targeted search of studies within the field of health economics would likely identify many more empirical studies that assess the
impact of pathogens on human health, but more targeted searches are unlikely to uncover a substantive body of empirical research relevant
to other assets. In addition, there is likely to be at least some double counting in this summary, because the studies using benefit transfer
(BT), may be referencing other studies that are included in the table.
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Table 3: Count of empirical studies focused on the economics of biosecurity by asset and hazard.

Total numbers shown in black; numbers relating to Australian studies and Australia studies that assessed ‘consequence’
shown in grey; asset/hazard categories for which we could find no potentially transferrable estimates shaded in grey.
Numbers relating to ‘consequence’ indicative only.

Hazard category
0 ©
g% ng 2y gg %A g _ =2 % Total
$e 5 85 8¢ 23 53 33 &
S LS A D A
Asset Category -
Portfolio 18 5 11 19 4 2 5 64
Australian 4 1 5 2 12
Consequence 2 1 7
Non-Portfolio 1 1 3 1 1
Australian 1 1
Consequence
Regulating 1 3 12 1 1 1 1 3 23
Australian 1 1 1 1 4
Consequence
Cultural 10 5 13 3 4 5 1 3 44
Australian 3 1 2 1 1 8
Consequence 2 3
Infrastructure 6 3 4 1 3 17
Australian 1 1 2
Consequence
Domestic Animals
Australian
Consequence
Health 2 2 2 2 1 1 10
Australian 1 1 2
Consequence
Social
Australian
Consequence
Not specified 5 3 1 1 0 2 2 14
Australian 1 1 1 3
Consequence 1 1
Control costs 18 10 13 16 4 2 3 4 70
Australian 3 3 2 3 1 1 13
Consequence 1 1 1 4
et 1 -
Australian 1 2 2 1 6
Exclusion 2 1 3
TOTAL 65 36 60 46 17 10 9 19 262
Australian 14 9 7 14 2 6 52
Consequence/exclusion 5 3 7 1 2 18




2.3 Estimating asset values ‘at risk’

Although it is possible to simulate the spread of a species at fine geographic scale, the scale at which
it is possible to estimate and thus spatially allocate asset values depends, amongst other things, on
the geographic scale at which relevant economic data are available. Generally, the smaller the
geographic area considered, the less available are economic data. Most of the data required to
inform an assessment of the market and non-market value of Australia’s biosecurity system are
available for Natural Resource Management (NRM) regions (DoEE, 2017) — and it is on these regions
that we focus. Figure 1 shows the boundaries of these regions with population densities, clearly
highlighting the concentration of people around the coastline — particularly around urban centres.

We chose to exclude the marine environment and to also exclude human and social capital when
assessing values. These decisions were driven by a desire to develop ‘defensible’ estimates. Our
background investigations highlighted that there was insufficient economic data (or underlying
knowledge) to accurately estimate values associated with human and social capital at the NRM scale
or to assess values in the marine environment (where geographic boundaries are transcended by
both socio-economic and natural systems/interchanges). To have included the marine environment
or social and human capital would, we feel, have required us to make indefensible assumptions
which could risk eroding confidence in other estimates.

Alic i
e Springs. S

Persons per

Figure 1: The geographic resolution of our analysis: Natural Resource Management (NRM) regions
and their population density.
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2.3.1 Provisioning Services I: ‘Portfolio’ Industries

Agriculture

The Australian Bureau of Statistics (ABS) provides data about the value of agricultural production, at
NRM scale, for broad commodity groups (ABS, 2018). We used that data, in conjunction with land-
use data, to generate estimates relevant to portfolio assets. Although data relating to the value of
production is available for relatively fine-scale commodity groups, we work with more aggregated
data that can be linked to the two-digit land-use classification of the Australian Land Use Mapping
(ALUM). Estimates thus relate to cropping, horticulture and livestock (intensive (e.g. pigs, poultry),
and extensive (e.g., sheep, cattle)). For each commodity group, we divided the ABS estimates of
production values, by the hectares of land used for that type of production, to estimate NRM
specific (per hectare) values. Variations in per-hectare values reflect differences in products mixes
(e.g. hay, sugar) and in the economic, social, meteorological and biophysical conditions which create
differences in costs and productivity across NRMs. This captures heterogeneity across NRMs though
data deficiencies prevent us from identifying intra-NRM heterogeneity — which could be substantial
in the larger NRMs such as the Northern Territory (NT) and Rangelands in Western Australia (WA).

Forestry

Forests account for more than 16% of Australia’s land area (ABARES, 2017), although not all forests
are logged — so only a portion of forested areas provide a provisioning service (all provide regulatory
services, discussed later). Data relating to the value of logs produced are not available at NRM level,
so we combined Australia-wide value-of-production data (ABARES, 2017), with ALUM data to
estimate the average (Australian) value per hectare for forest activities. Estimates of the Australian
average value per hectare of forest activities were then linked to land use classifications to infer
whole-of NRM estimates. We note that more sophisticated methods of estimating forestry values
are multi-period and take into account both growth and harvest rates — the aim being to estimate
net present values (see Creedy & Wurzbacher, 2001). While much more simplistic than these
approaches, our data-constrained approach of simply calculating average values per hectare from
production data is consistent with our overall expected value approach outlined in Table 1.

2.3.2 Provisioning Services Il: Non-Portfolio Services

We consider both Indigenous subsistence values and water values as non-portfolio provisioning
services. However, to estimate water values we use a supply-side approach that is inextricably
linked to the methods used to estimate other related regulatory service values, so although
(drinking) water values are strictly speaking, classified as provisioning services under the CICES, we
postpone their discussion until section 2.3.3, explaining related methods together.

Indigenous Subsistence

Sangha et al. (2019) used insights from the literature to estimate Indigenous subsistence food and
material values for the Northern Territory: = $500 per (Indigenous) person. This estimate is relevant
to Indigenous people who live ‘on country’ but may be somewhat less relevant for Indigenous
people living in large cities (when access to ‘country’ is more difficult). To allow for that:



1. We calculate an ‘area weighted’ ARIA+ score for each NRM using the 2011 ARIA+

(Accessibility/Remoteness Index of Australia) scores for each 2011 ABS defined SA1 region

within the NRM: NRMAria+ = YV  AreasixaRids;

AT@CINRM

2. We estimated (per Indigenous person) subsistence food values within each NRM as a

. . . NRMATi
proportion of maximum values ($500) — that proportion calculated as: 1—5m+ The most

remote regions (with NRMAria+ scores of 15) thus have food values of $S500; in urban areas
(with NRMAria+ scores of 0), subsistence food values are zero.

3. All-of-NRM Indigenous subsistence values were estimated by multiplying these Aria-
weighted per-person values by estimates of the Indigenous population. This assumes that
the value per-person is constant throughout each NRM — though, it is possible to derive
estimates that are more spatially disaggregated by, for example, multiplying per-person
values by small area population estimates, to derive small area values and re-aggregating.

We consider other Indigenous cultural values (albeit inadequately) — in section 2.3.4.

2.3.3 Regulating Services (and Water)

First, we consulted van der Ploeg and De Groot (2010)’s database, identifying studies that had
generated estimates of water and regulating service values. We used sub-categories of ES from the
CICES (Haines-Young & Potschin, 2012) to guide the compilation of data and minimise the risk of
double-counting. We focused on: water purification (including, but not limited to water for human
consumption); erosion control; flood control; gene-pool/nursery values; carbon-sequestration; and
the mediation of soil and air. We also conducted additional literature searches to identify more
recent estimates, focusing primarily, although not exclusively on studies undertaken in Australia, or
in arid regions (which comprise so much of the Australian landscape).

Second, we developed a concordance system to match the descriptors of ecosystems used in the ES
value database (hereafter biome) to the Major Vegetation Groups (MVGs) used in the (Australian)
National Vegetation Information System (NVIS; DoEE, 2018), so that we could allocate values
spatially (Appendix A). We then used information from each study in our compilation of data, to
determine which ‘biome’ each (sub) ES value estimate referred to.

Third, we estimated transfer functions for each (sub) ES/biome. If seeking to map ecosystem service
values at regional scale, one must consider a wide range of socio-economic factors such as the
spatial pattern of population distribution (Paracchini et al., 2014) in addition to supply-side factors
such as type, quantity and ‘quality’ of biome (Tardieu & Tuffery, 2019). It is also important to
consider the availability of substitute sites (Tardieu & Tuffery, 2019) and income — since the income-
elasticity of demand for environmental goods and services is not constant (Barbier et al., 2017)2.
We, therefore, sought to reduce transfer errors by using (benefit) transfer functions.

There is much controversy about the best transfer approach and about the best variables to use
within transfer functions (Baker & Ruting, 2014), with evidence to suggest that one can reduce
transfer errors by ensuring that transfer functions include socio-economic (Johnston et al., 2017),
geospatial (Fitzpatrick et al., 2017) and ‘perception’ variables (Farr et al., 2016b), all of which have
been found to influence value estimates. We reviewed several meta-analyses of studies undertaken

2Values will depend not only on biophysical, but also upon socioeconomic context. For example, aesthetic, amenity and recreational values
describe the benefit that people derive from being able to enjoy an area’s aesthetic, amenity and/or recreational services. If there are no
people to recreate or to appreciate these things, then by construct, their actualised value must be zero.
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across multiple countries to identify socio-economic factors which are commonly found to be
statistically significant correlates of ES values (Appendix B). Noting there is a difference between
what should be done and what could be done, we focus on three core variables since they were
readily available for most study and transfer sites. Appendix C provides data by NRM (our transfer
sites). For study sites, we compiled information on size of the study site, population of country, area
of country, and GDP per capita (for the year in which the study had taken place). Abundance was
estimated as area of study site divided by area of county. If there was insufficient information
provided in the primary study, we sought such information from FAO (2019), The World Bank (2019).

We converted value estimates from our compilation to 2015 AUD (per hectare, per annum) and used
that data (N=208) to estimate transfer functions. This was done by regressing value estimates
against estimates of biome abundance (area of study site/area of county), population density and
GDP per capita. We sought to minimise the influence of outliers, focusing on median values, rather
than means. Consistent with this practice, we used quantile regression (rather than OLS) when
estimating transfer functions?; coefficients were used in conjunction with data from ABS (relating to
NRM area, population density and incomes/regional product) to develop equations to contextualise
(sub) ES value estimates for each NRM. Appendix D lists the studies and values used in this analysis;
it also provides results from the regressions and equations used to contextualise values by NRM.

2.3.4 Cultural Services

Haines-Young and Potschin (2012) segregate cultural services into two divisions, which we discuss
separately. In line with recommendations from Diaz et al. (2018), we further contextualised our
estimates, including a category for Aboriginal and Torres Strait Islander (Indigenous) cultural values.

Cultural Services I: Use-values

We focused on aesthetic, amenity and recreational values. Aesthetic values are often estimated
using hedonic pricing techniques — but property prices also reflect amenity and recreational
opportunities, so estimates generated from these studies may not always exclusively relate to
aesthetic values. Similarly, studies of recreation values often employ the travel cost method which
can capture recreation, aesthetic and amenity values. We thus treat all aesthetic, amenity and
recreational values as if they capture a single ‘use value’, rather than treating as separable and
adding (recognizing that in carefully designed studies it is possible to do so).

As previously, we consulted van der Ploeg and De Groot (2010)’s database, identifying studies that
had generated estimates of use-values. This database reports most values on a per-hectare basis,
but recreation use values are almost always estimated using methods that rely on per-person (or per
household) expressions of value/utility. In line with Wei et al. (2018), we thus chose to work with
the per-person estimates. When only per-hectare estimates were recorded in the database, we
sourced original studies to identify per-person estimates where available. We also conducted
additional searches for more recent estimates. We converted all estimates to 2015 AUD (per
person, per annum), and determined which biome they related to. We also compiled information
on size of the study site, population of country, area of country, and GDP per capita (for the year in
which the study had taken place). If there was insufficient information provided in the primary
study, we sought such information from other sources (FAO, 2019; The World Bank, 2019).

3 We also ran models using OLS regression; the sign and magnitude of coefficients were similar to those reported here (within about 10%-
20%) but generally larger. P-values were generally lower (with statistically significant coefficients for most models)
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Using this sample of estimates (N=136), we estimated transfer functions using quantile regressions;
coefficients were used in conjunction with ABS data to generate contextualised estimates of per-
person use-values associated with each biome within each NRM. Use values are relevant to both
residents and tourists, however, there is a danger of significant double counting if one first counts a
resident’s use-value within the NRM in which they normally reside, and then also counts that value,
when the person visits another NRM. This is because a person who is in enjoying the use-values on
offer in region A, cannot simultaneously be enjoying the use-values of region B. In theory, it would
be possible to avoid double counting if domestic tourism data recorded NRM of origin as that data
could be used to estimate ‘net’ tourism in each NRM, though, the agencies responsible for collecting
tourism data do not use NRM regions. Even if such information were available, it would be a non-
trivial exercise to derive net-tourism estimates, from it. We thus took the pragmatic step of
estimating use values for residents and international tourists separately — flagging domestic tourism
numbers as something that could be refined in in the future. Specifically:

1. We assumed that all resident use values are associated with the NRM in which a person
lives. Total residential use values in each NRM were simply estimated by multiplying per
person values by population estimates.

2. We used published data to estimate international tourist numbers for each NRM,
multiplying those estimates by per-person use values.

Total use-values within each NRM were estimated by adding resident and tourist estimates.
Appendix E lists the studies and values used in this analysis; it also provides results from the
regressions and equations used to contextualise values by NRM.

Cultural services Il: Non-use values

There were relatively few non-use value estimates in van der Ploeg and De Groot (2010) so we
sourced most estimates from elsewhere — focusing mainly, although not exclusively, on research
undertaken in Australia. As previously, we converted all estimates to 2015 AUD, wherever possible
recording (a) value-per hectare; (b) value per person; (c) study area; and (d) population density for
the country in which the study area was located. Rather than recording the GDP per capita of the
country in which the study site was located, we recorded the GDP per capita of the country in which
study-respondents lived (irrespective of the location of the study site), since it is household income
which will constrain willingness to pay. Where a single study generated multiple estimates for one
grouped biome (e.g., different types of grasses), we included the average of those estimates. In
many cases, researchers sought to estimate non-use values for areas that included multiple biomes
(e.g., the non-use values of a national park that has within it, areas of forest, woodland, grassland
and lakes) — these were coded as covering ‘multiple biomes’. Non-use studies often use choice-
experiments to estimate the value of particular ‘attributes’ (e.g., water quality, number of endemic
species). If no information was provided regarding the separability of attributes, we averaged the
reported attribute-values before recording; where separability was established, we added.

As previously, we used data from this compilation of 69 values to estimate the transfer functions,
regressing logged estimates of per-hectare non-use values against (logged) estimates of ‘abundance’
(study-site-area/country area), per-capita GDP and the population density of the country in which
the study had been undertaken (for the relevant year)*. The functions were used in conjunction

4 We also explored options for using per-person values; see supplementary materials for an explanation.
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with data from ABS (relating to NRM area, population density and regional product) to contextualise
value estimates for each NRM. Appendix F lists the studies and values used in this analysis; it also
provides results from the regressions and equations used to contextualise values by NRM.

Cultural Services lll: Indigenous cultural values

The inextricable link between Indigenous cultural values and the health/condition of land and sea
country (referred to simply as ‘country’) is widely documented (Hill et al., 2011), but rarely
quantified or valued in monetary terms. A decision to do so, is not uncontroversial. At least part of
the issue is related to the appropriateness of methods, some is epistemological and some is ethical.
For numerous reasons stated preference valuation techniques, which are based on the construction
of hypothetical markets, are not generally useable in Indigenous settings (Venn & Quiggin, 2007;
Farr et al., 2016a; Stoeckl et al., 2018). We have conferred with several Indigenous scholars when
considering valuation in another study (for the Great Barrier Reef) — and these scholars gave ‘in
principle’ support to the idea of including very rough estimates in a broader assessment, because to
exclude them altogether may risk implicitly assigning them a value of zero. There is, however,
collective agreement on the need to ensure that more detailed work is undertaken to properly
assess these values, and to ensure that this work is led by Indigenous scholars.

We used information from the relatively small number of relevant Australian studies that we were
able to find, to draw inferences about potential values, concluding that Indigenous cultural values
would — at the barest minimum — amount to about $3100 per person per annum®. We consider this
a ‘place-holder’ — used until a more appropriate method of allowing for these crucially important
values is developed. Multiplying $3100 by the estimated number of Indigenous people living on
mainland Australia gives a collective ‘place holder’ of $1.9781b per annum. Actual values are likely
to be much higher than these — because many Indigenous cultural values are not even partially
substitutable for other goods/services. In principle, we could spatially allocate these values down to
the NRM level — multiplying estimates of the number of Indigenous residents by the per-person
values. But many Indigenous people live away from their traditional lands. Like non-Indigenous
cultural non-use values, Indigenous cultural values are thus best considered as place-based, and thus
arguably better recorded on a per-hectare basis. We therefore divided our estimate of total value
(51.9871b) by the total area of our NRMs to infer per-hectare values ($2.59 per hectare). We then
multiply per-hectare values by the size of each NRM to generate NRM-specific values. Appendix G
provides a more complete discussion of the studies used to inform these estimates.

2.3.5 Companion animals

Following the lead of O’Sullivan (2012), we consider different groups of animals/types of industries:
(1) animals kept primarily as household pets (including horses for ‘recreational/social’ purposes and
animals such as working farm dogs); and (2) animals associated with the racing industry (greyhound
dogs and horses). We were unable to find economic data on the racing industry (and associated
breeding activities) that could be allocated spatially so focus entirely on domestic pets and horses
kept for recreational purposes only. To the best of our knowledge, no Australian researcher has
generated pure [human] welfare estimates associated with these animals, so we use measures of
‘value’ that are comparable to those used for portfolio industries — namely expenditure (noting that

5 Median of estimates from: Sangha et al. (2019), Taylor and Stanley (2005), the midpoint from Zander and Straton (2010), and the (mean)
of all SVA estimates. Section G, supplementary materials, provides more background.
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willingness to pay will exceed expenditure estimates, so — consistent with previous biases — the
decision to use expenditure understates true values).

For cats, dogs and other small domestics animals, we use data from Animal Medicines Australia
(2016) which reports average expenditure on pets per (owner) household, and pet ownership by
state to generate estimates of the expected expenditure per capita on different pets, for different
states (expenditure per owner household * % of households owning * average household size). This
allows us to allocate values across the landscape using ABS census data on usual place of residence.

We use information about (a) ownership; (b) expenditure; and (c) stabling, to generate spatially
explicit estimates of expenditure on recreational horses. O’Sullivan (2012) suggests that about 2% of
Australians own (recreational) horses. We assume a constant rate of horse ownership across the
entire country. Macleay (2018) found that more than 70% of owners kept their horses within 5km of
their place of residence so we allocate values spatially according to the distribution of population.
We use Gordon (2001)’s estimates of the cost of keeping horses for recreational purpose only:
$8774 in metropolitan areas (converted to 2015 AUD); and $1500 for horses kept permanently in
pasture. We use different annual costs for regions that are differentially ‘remote’, effectively
assuming that expenditure falls by 5.53% for each one-point increase in the ARIA+. Appendix H
provides a more complete discussion of the data and calculations underpinning these estimates.

2.3.6 Physical Infrastructure

We focus on the values associated with infrastructure such as buildings, roads, wharfs, pipes and
wiring; and goods such as wooden furniture that may be susceptible to damage. We use estimates
of net capital values, from the ABS experimental estimates (ABS, 2017), focusing on just a subset of
all types of capital. This subset includes capital that is most likely to be susceptible to damage by
invasive species (Lovell et al., 2006; Burnett et al., 2008; Arthur et al., 2015) - namely dwellings and
infrastructure associated with electricity and water utilities. Even for that subset of capital, we note
that not all will be susceptible, so we consider just a fraction of the total (24%)®. We annualise
estimates, and divide through by state population, to derive an estimate of the average per-capita
value of dwellings and utilities ‘at risk’, for each state. We then exploit some mathematical
tautologies to convert the state-wide per-capita estimates into NRM-specific estimates of the value
per hectare and total value of utilities ‘at risk’ (using ALUM data on utilities in each NRM). Appendix
| provides a more complete discussion of the data and calculations underpinning these estimates.

2.4 Vulnerability

We then turned our attention to the question of vulnerability. That is, how vulnerable are these
assets to the presence of the various biosecurity hazards? As we highlighted earlier (section 2.1),
when seeking to value a single intervention to control a single pest/threat, it is simpler to directly
estimate the damage (or willingness to pay (WTP) to avoid the damage) that might be caused by a
hazard (using, for example, choice modelling) than it is to estimate both the value of the asset and
the reduction in the value of the asset that would occur given the presence of the hazard (Table 1).

6 The national accounts show that in 2017, about 24% of the capital in the electricity, gas and water sector was industrial machinery and
equipment that could potentially be damaged by pests. We are unaware of any Australian study from which we could determine the percent
of housing stock is ‘at risk’ (to pests), but note that in the US Guillebeau, Hinkle, and Roberts (2008) report that quotes for repairs from
termite damage range from about $18,500 to $129,000 (AUD, 2015). This is between 6 and 40% of the median value of houses in their study
area. In the absence of other information, we thus use the same estimate of infrastructure ‘at risk’ for housing, as we do for utilities.
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As such, most studies that estimate the impact of invasive species do so using the former method.
But on their own, these absolute (dollar) estimates of impact were insufficient to use as the basis for
a whole-of-system valuation (Table 3) — and, discussed in section 2.1, even if there were estimates of
the potential impact of all hazards on all assets, to naively add would be to risk double counting.

Instead, we use available studies of absolute damage (column Il in Table 1) to estimate the relative
damage to total asset values (column | in Table 1; expressed as a percent of the total) that different
hazards are reported to have caused. These were then grouped by both asset type (e.g., regulating
services) and hazard category (e.g., invertebrates) to determine the mean, median and maximum
damages associated with each interaction. This is an attractive proposition for two reasons: firstly, it
is possible to directly measure a relative change in some assets (such as percentage reduction in
agricultural production; or reduction in water runoff); and secondly, it allows species’ impacts to also
be considered relative to others in the same hazard category (allowing their per unit area impacts to
be inferred; potentially resolving the knowledge gaps preventing us from completing our valuation).

Damages to portfolio industries (i.e., agriculture and forestry) were excluded from our analysis as
these impacts are largely directly observable and, therefore, relatively well described in the
literature; see, for example, Hafi and Addai (2014) and Hafi et al. (2014) who estimate the market
impacts of the 40 functional groups of taxa that we use also as the basis for our analysis, here.

2.4.1 Absolute vs Relative Vulnerability

Returning to the dataset that we compiled for our exploratory analysis in section 2.2, we looked for
studies that report on empirical damages or WTP to avoid damages, categorising each according to
both the type of hazard considered (often more than one) and the type of asset considered (often
more than one). If damage estimates were reported separately for different hazard/asset groups,
we recorded estimates separately, noting to which hazard/asset group each estimate referred. If
damage estimates were reported at a more aggregated level, then we recorded estimates as a single
value, listing the various assets or hazards considered (if more than two, listing ‘multiple’).

Some studies reported estimates of both current asset values and damages. If they did this, we
simply used published estimates to calculate damages as a percent of current asset values. For
studies that did not (or could not) estimate current values, we converted reported damages or WTP
estimates to units that could be validly compared to the current value estimates generated in the
first part of this study. To enable comparison, we first converted damage estimates to the same
currency and year used when reporting current values. We then took one of two approaches:

1) If damage estimates were reported as S per-person, we focussed on per-person current
value estimates from part one of our study. Where possible we tried to match geography
(e.g., if a damage study focused on NSW or QLD, we used only NRM data from NSW or QLD).
We also tried to match ‘biomes’ (e.g., if a damage study reported estimates in wetlands, we
only looked at current wetland values). If the damage study reported, say, damages to
recreation use values but did not report biome specific estimates, then we calculated
comparable per-person current value estimates by adding all recreation use values of
Australian NRMs (irrespective of biome) and then dividing through by the Australian
population to arrive at an ‘average’ estimate of current recreational values, per Australian.
We then divided per-person damage estimates by our per-person current value estimates,
to estimate damages as a percent of current values (i.e., relative impacts).
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2) If damage estimates were reported as per hectare, we focused on per-hectare current value
estimates from part one of our study. Where possible we tried to match geography (e.g., if a
damage study focused on NSW or QLD, we used only NRM data from NSW or QLD). We also
tried to match ‘biomes’ (e.g., if a damage study reported estimates in wetlands, we only
looked at current wetland values). If the damage study reported, say, damages to recreation
use values but did not report biome-specific estimates, then we calculated comparable per-
hectare value estimates by adding all recreation use values of Australian NRMs (irrespective
of biome) and then dividing through by the total numbers of hectares in Australia, to arrive
at an ‘average’ estimate of current recreational values, per hectare. We then divided per-
hectare damage estimates by our per hectare current value estimates, to estimate damages
as a percent of current values (i.e., relative impacts).

2.4.2 Inferring Species Impacts

Chesson et al. (2014) and Parsons and Arrowsmith (2014) report the outcomes of several workshops
whereby expert participants were asked to think about the potential ‘consequence’ of various
hazards — beyond the more frequently assessed impacts on portfolio industries. For each of 55
different hazards participants were asked to rate the likely severity and extent of impact, on a scale
of 0 (no potential consequence) to 4 (significant, nation-wide consequence) on ten different non-
market assets. As discussed in the introduction, while the ABARES [RRRA] asset classification system
works well for the purposes it was expressly developed for, using it as a classification system for
generating aggregate estimates of ‘value’ risks double counting.

Consequently, as a first step, we re-classified impacts to ensure separability using Table 8 as a
concordance guide. When more than one Likert measure was associated with an asset category
(e.g., regulating services), we used the mean value. This left us with Likert scores for 40 functional
groups of hazards (once the aquatic and zoonotic species were removed) for 5 different asset types
(once social and human capital were removed). Although other studies (Hurley et al., 2010; Liu et
al., 2011; Liu et al., 2012; Measey et al., 2016; Rumlerova et al., 2016), have also used Likert-type
scales to assess impacts, significant differences in approaches and in the asset categories precluded
us from blending their insights with these. However, as outlined in the discussion, it is possible to
use insights from other studies to judge the plausibility of the estimates.

The simplest approach to converting these Likert scores into % damage estimates would be to
assume that a linear relationship exists between two variables. That is, those species with the
maximum Likert score (4) would be assigned the maximum % damage estimate from section 2.4.1,
with the midpoint (2) being assigned 50% of the % estimate, and so on. However, there are several
clear limitations with this approach. Principally, participants in the original workshops envisaged a
logarithmic relationship (base unspecified) between impact and the Likert score; that is, an up to
order of magnitude difference between the impacts associated with each category (e.g., 1=0.1%,
2=1.0%, 3=10%.). Vulnerability also varies by both hazard and asset (i.e., the maximum damage
caused by a plant pathogen on tourism is not equal to the to the maximum damage caused by a
vertebrate on carbon sequestration. Consequently, we used a logistic function to transform the
Likert scores where the midpoint was set to 2 (the middle Likert score), the asymptote was set to the
maximum % estimate, by asset type, by hazard class and the steepness (reflecting the base) was set
to 2 (which resulted in the best alignment between the mean observed and predicted impacts).
Where we lacked asset-specific estimates, we used the ‘multiple asset’ estimate. As a final check we
compared the means and variances of the observed and transformed estimates for similarity.
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A note of caution — these estimates of vulnerability describe the average damage that is likely to
occur, across an area, once a species from within that group has established. Depending on the
scale of the analysis, it may take time for damages to rise to those levels (the temporal growth to the
maximum value, potentially also following a logistic pattern) (Cook et al., 2011; Cook et al., 2012)
and different species (even from within a particular group) will likely have different impacts (Aukema
et al., 2011; Paini et al., 2016). So, while the estimates generated using this method are likely robust
enough to be used to generate broad estimates of expected values (e.g., Paini et al., 2016) they
cannot not be used to predict actual impacts for individual species or to predict actual impacts at a
particular point in time. Wherever possible, the inferred damages (estimated from these
conversions) should be compared, and where necessary calibrated, with estimates generated from
other empirical studies. Testing the sensitivity of final value estimates, to assumptions made about
damage functions, is also critically important; particularly when knowledge gaps preclude the option
of comparing and calibrating damage functions/estimates.

3 Results

3.1 Values

Table 4 collates estimates of the flow of benefits in Australia. Even omitting two crucially important
assets (human health and social capital), these add to approximately $250b per annum with a range
of $174b to $1365b if using per unit values for regulating and cultural services associated with the
lower and upper quartile of studies included in the assessment. Across all of Australia, less than half
of those assets are closely associated with the market (including portfolio assets, infrastructure and
expenditure on companion animals). Almost 60% of the assets protected are non-market ‘values’ —
environmental goods and services which make significant contributions to social welfare (human
wellbeing), but which are not generally bought and sold in the market and so do not always have
attached to them, an explicit price. This is in line with other research (see, for example, Costanza et
al., 1997; Wei et al., 2018), and highlights the importance of considering both market (agriculture
and forestry) and non-market values for whole-of system assessments.

There is also much evidence of spatial heterogeneity (Figure 2). In accordance with intuition, the
asset values that are most closely associated with the market are much more important (when
considered as a percent of total values) to NRM regions in the southeast and southwest than
elsewhere in Australia (market-related values are shown in the left panels of Figure 2). These are
generally the NRM regions that have the highest population densities (Figure 2). The ‘non-market’
assets that are most closely associated with the environment (regulating services, water and
subsistence values shown in the top two right maps of Figure 2) are relatively more important to the
sparsely populated NRM regions than elsewhere. Cultural service values are generally most
‘valuable’ (relative to total services) in NRMs with relatively dense populations. NRM-specific
estimates of the value of services provided by each asset are provided in Appendix J.
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Table 4: The current value of assets protected by Australia’s biosecurity system - Sm, p.a. (equivalent to estimates of Al and B1 from Table 1)

Range ($m p.a.) — estimated from values

Asset Estimated current associated with lower and upper quartiles of
Relevant value (Sm p.a.) studies used in transfer equations, where available
capital Broad class Sub-class Additional information Ql Q3
Provisioning-
(portfolio)
Omitted (data deficiencies and exceedingly difficult modelling challenges)
TOTAL $62,585 $62,585 $62,585
Provisioning
(non-
portfolio) TOTAL $16,353 $1,162 578,783
Regulating
Natural services
TOTAL $111,593 $61,264 $1,096,657
Cultural
services
TOTAL $19,845 $8,209 $86,435.39
Companion
animals
TOTAL $15,247 $15,247 $15,247
Physical Infrastructure
TOTAL $25,898 $25,898 $25,898
Human Human health Omitted — (data deficiencies and exceedingly difficult modelling challenges)
Social Social-capital Omitted — (data deficiencies and exceedingly difficult modelling challenges)
Total $251,519 $174,365 $1,365,605
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Figure 2: Asset values as a percent of total assets (excl. human and social capital), by NRM (% of total
asset value for NRM region).
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3.2 Vulnerabilities

3.2.1 By Asset

Restricting our focus to studies for which it was possible to devise what we feel is a ‘reasonable’
comparison, we identified 41 studies (66 estimates) that included transferrable estimates of
damages to non-portfolio assets (Table 5). We define a ‘reasonable’ comparison as being one where
either the primary study provides enough data for us to directly estimate damages as a percent of
current values, or one where damages relate to a specific hazard/asset group (facilitating a direct
comparison) and where one could compare ‘like with like’ (e.g., values per person for infrastructure
and most cultural values or values per hectare for particular types of biomes for regulating services).
Studies that recorded damages greater than the value of the underlying assets were excluded from
the dataset. The complete list of studies used in our analysis is included in Appendix K.

Table 5: Summary statistics relevant to studies from which it was possible to derive a reasonable
estimate of the damages (% of total value) that biosecurity hazards are likely to impose on current
assets.

Subsistence 0
Water & Regulating 9 9.89% 5.47% 0.04% 36.61%
Cultural 35 10.13% 7.58% 0.11% 38.44%
Infrastructure 5 3.33% 1.14% 0.03% 11.27%
Companion animals 0
Multiple 17 1.70% 0.06% 0.00% 12.66%

Regulating (including water) and cultural assets had the highest average (mean and median)
vulnerability to biosecurity hazards (c. 10%), followed by infrastructure (c. 3%; Table 5). As discussed
earlier (section 2.2), we were unable to identify any studies with transferrable damage estimates for
either of Indigenous subsistence or companion animals. Studies that estimated the impact of
invasive species on multiple assets, recorded the lowest average vulnerability (c. 2%), likely
reflecting the larger denominator in those circumstances. Maximum estimates of damage followed
a similar trend, with cultural assets having the highest of the damage estimates (38%). The
maximum estimates for each asset class were at least 3x the mean in all cases (Table 5).

3.2.2 By Functional Group

Table 6 provides a summary of the data from Table 9, showing the mean Likert (consequence) score
by broad hazard group and asset category; portfolio assets were not included in these consequence
assessments so are omitted here. Weeds had the highest mean score, followed by invertebrates,
vertebrates, and pathogens. Though, significant variation existed within each of the taxonomic
groups. In addition, these scores assume that each of the assets are equally weighted/valuable,
which our earlier results (Table 4) confirm is not the case. Consequently, a high total score should
only be interpreted as indicating that a species is likely to have a broad set of impacts (which may, or
may not, be greater than a species that scores particularly highly against just a single asset).
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Table 6: Mean Likert scores (scale 0-4) estimating the relative consequence (severity and extent) of
an incursion, by broad taxonomic group and asset category.

Provisioning Regulatory Cultural services Companion Physical capital

non-portfolio services animals
Animal Pathogen 0.24 0.10 0.11 1.33 0.00
Invertebrate 1.11 1.07 1.56 0.52 0.54
Plant Pathogen 0.85 0.78 1.50 0.11 0.00
Vertebrate 1.50 1.13 0.00 1.00 0.00
Weed 2.08 1.63 1.50 0.75 0.00
MEAN 0.99 0.85 1.24 0.64 0.34

Of the assets, cultural and provisioning services had the highest relative vulnerability (Table 6) —
similar to the results of our literature search (Table 5). In fact, the order of the assets’ respective
vulnerabilities was identical (e.g., A > B > C), and their relative vulnerabilities approximately similar
(e.g., A=1.2B =3.0C). This suggests that the expert elicitation conducted by Parsons and
Arrowsmith (2014) was likely successful in its aim to correctly identify the relative consequences of
the various hazards that they sought to assess. Once transformed to percent/proportional
reductions in asset yields (Table 7) we were then also able to confirm good absolute similarity with
the empirical estimates gathered during the exploratory phase of the project (Table 5). That is, the
mean vulnerability estimates for each asset were similar in both datasets — giving us some
confidence that our estimates are plausible, notwithstanding our earlier caveats about the method’s
limitations.

Table 7: Mean reduction in the value of asset flows (% of total) in the event of an incursion, by broad
taxonomic group and asset category.

Provisioning Regulatory Cultural services Companion Physical capital

non-portfolio services animals
Animal Pathogen 0.34% 0.41% 0.51% 3.48% 0.00%
Invertebrate 2.94% 7.49% 14.94% 1.06% 1.33%
Plant Pathogen 2.08% 5.23% 14.64% 0.17% 0.00%
Vertebrate 3.40% 5.42% 0.00% 1.51% 0.00%
Weed 6.84% 11.83% 11.90% 1.13% 0.00%
MEAN 2.58% 5.59% 11.38% 1.35% 0.85%
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4 Discussion

When assessing values and vulnerabilities relevant to Australia’s (or indeed any country’s)
biosecurity system it is essential to consider a broad range of impacts on a broad range of assets.
Focusing on only a small subset of hazards or assets could unintentionally focus thought, policy and
resources on that which is easy to estimate. However, this may not necessarily be that which is
most important; it is crucially important to consider impacts ‘at scale’.

But it is more than a little challenging to do this — primarily because most valuation methods have
been developed from within the (sub) field of microeconomics and are thus designed to investigate
changes and impacts at a small scale (i.e., they are partial equilibrium in nature). Moreover, despite
the abundance of studies that consider economic issues relevant to biosecurity, the vast majority
focus on market related impacts (Hafi et al., 2015; Bradshaw et al., 2016; Paini et al., 2016) or
consider just one or two pests (Burnett et al., 2007; Gutrich et al., 2007; Beville et al., 2012) leaving
significant gaps in the literature. From a compilation of 268 articles, we identified 117 separate
studies that reported 262 estimates of damages associated with pests. But only 52 of those were
Australian, more than 50% focused only on damages to [agriculture] portfolio industries, just 17%
considered other non-market values such as those relating to regulating services, and there were no
published estimates relating to the potential monetary value of incursions on ‘Indigenous’, ‘social’ or
‘companion animals’ asset categories.

These findings mirror those of Bradshaw et al. (2016) who also undertook an extensive search of
literature relevant to the impacts of invertebrates. They identified no fewer than 737 studies — but
only 21% (n=158) had useable economic estimates. They commented, in particular, on the absence
of studies generating what they term ‘reproducible’ estimates of the impact of invertebrates on
physical infrastructure and on regulatory services — the vast majority of studies being focused on
costs/damages relevant to portfolio industries. Notably, Bradshaw et al. (2016)’s compilation did
not identify any ‘reproducible’ empirical estimates of damages specific to the (non-portfolio) assets
focused on here; we found only three. This points to a critical gap in our knowledge regarding the
impacts of invasive species. That is not to say that the biophysical processes are not well understood
— significant progress has been made in that regard in recent years — just that these studies aren’t
reporting impacts in a manner that enables their translation into economic analyses.

It is unsurprising, then, that data deficiencies prevented us from generating system-level estimates
by compiling previously published values (and it is not feasible to estimate them all from scratch).
Consequently, we chose to approach the whole-of-system valuation problem by determining first,
the value of assets at risk (to biosecurity hazards); and second, the relative vulnerability of these
assets to incursions — where data existed. We use observable market prices and a benefit transfer
approach to do so. Benefit transfer is commonly used in the biosecurity literature, with researchers
regularly compiling estimates (of losses in productivity, or control costs) generated in other studies,
for use in theirs. See for example: Burnett et al. (2006); Burnett et al. (2007); and Burnett et al.
(2008) in their studies of the impacts of miconia and brown tree-snakes on islands; Wylie and
Janssen-May (2017)’s study of the impact of red imported fire ants in Australia; Xu et al. (2006)’s
study of invasive species in China; and Pimentel et al. (2005)’s study of invasive species in the US.

Our study differs from these analyses in three key aspects: first, in that we use transfer functions
rather than simple unit value transfers; second, in that we consider a broad range of assets that are
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‘at risk’ from biosecurity hazards rather than just a single asset; and third, in that we examine the
impacts of multiple hazards not just one. The most pressing challenge arising from these differences
is the need to have a clear framework for aggregating together damages (sensu Parker et al., 1999)
to prevent both the multiple- and partial-counting of impacts (Holmes et al., 2009; Boithias et al.,
2016). The CICES framework (Haines-Young & Potschin, 2012) is the obvious choice, though, its
adoption to date in the biosecurity literature has been somewhat limited with more prominence
given to the GISS/EICAT/SEICAT framework (e.g., Blackburn et al., 2014; Nentwig et al., 2016; Bacher
et al., 2018). There are a myriad of reasons for this; most notably (at least from our perspective)
that the EICAT framework focusses on means outcomes where CICES is focussed on ends outcomes
—and the disparate nature of the long-term monitoring of invasive species impacts (Pergl et al.,
2020) hinders the collection of data about ends. Nevertheless, we’re hopeful that our work in
conjunction with the recently released INVACOST database (Diagne et al., 2020) and possibly the
Alien Scenarios project (Essl et al., 2019) might stimulate more interest in this topic.

4.1 Asset Values

Notwithstanding our exclusions, we found that the biosecurity system protects assets which
generate a flow of benefits worth in excess of A$250b p.a. (ranging from $174b to $1366b if using
per unit values for regulating and cultural services associated with the lower and upper quartile of
studies included in the assessment; Table 4). We are unaware of any other study that has sought to
estimate the value of the same suite of assets across all of Australia, but note that at approximately
AS325 p.a. per hectare, our estimate is significantly less than Costanza et al. (2014)’s estimated
$4900 per hectare value associated with global terrestrial regions — or their earlier 1997 estimate of
$1109 per hectare (Costanza et al., 1997). Indeed, our estimate, which captures 16 different asset
values, is less than the average per-hectare value estimates for some individual services (see, for
example, the appendices where: Tables 11-14 report mean per hectare values associated with
regulating services from 249 published estimates; Table 17 reports on cultural use values from 108
separate published estimates; and Table 21 reports on cultural non-use values from 33 separate
studies). At least some of these differences are likely attributable to the fact that so much of
Australia is arid and has low population densities. Most evident in the literature is that ecosystem
service values (particularly regulating/maintenance services) are lower in arid regions than, for
example, in forested areas. Use-values also depend on people: so uninhabited parts of the world
will, by definition, have lower use values. But some of the difference between the broader global
studies and our estimates are also methodological; whenever faced with a choice as researchers we
have deliberately selected the option that generates an unambiguous downward bias. There is
significant uncertainty in our estimates. But we can, at least, be confident that our estimates of
current asset values, though admittedly imperfect and biased, are defensible. This is because we are
certain of the direction of their bias: they unambiguously understate true values.

Most of the values protected by the biosecurity system are ones not normally captured through the
market (i.e., they relate to regulating and non-use cultural services). This is despite the fact that
more than 50% of the studies included in our biosecurity economics ‘stocktake’ considered only
portfolio assets (i.e., those associated with agriculture, forestry and fishing) — these assets accounted
for less than 25% of all values at risk across Australia (36% if using lower quartile values for non-
market estimates, just 5% if upper quartile values). This suggests that the existing body of research
may substantially understate the importance of biosecurity measures, particularly those that protect
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so called ‘non-market’ assets, as has recently been suggested (Bradshaw et al., 2016; Cuthbert et al.,
2020). In many respects this is not surprising, given that portfolio industries are arguably a
provisioning service of nature, even though we do not typically think of them in that way. It also
reflects findings from decades of studies worldwide, which repeatedly report that regulating and
cultural services (most of which are not closely associated with the market) are often of greater
value than provisioning services (see examples in van der Ploeg & De Groot, 2010).

Our NRM scale estimates of asset values begin to allow us to draw inferences about the potential
‘vulnerability’ of different regions to different types of hazards. Notably, areas inland from the
major population centres appear most at risk to incursions that affect portfolio assets. The more
populated regions near Australia’s major cities have most assets at risk to hazards that impact
infrastructure, companion animals, aesthetic and/or recreational values. Inland areas have a large
proportion of assets at risk which are associated with regulating, non-use cultural, water and
subsistence values and are thus likely to be most susceptible to hazards that cause environmental
damage. Regional variations are even more evident when considering sub-classes of assets. Carbon
sequestration values, for example, are driven solely by vegetation type with the highest values in
mangrove, wetland, forest and woodland areas — regional variations in those values thus driven by
regional differences in vegetation. Similarly contrasting patterns can be found in each of the 16
asset classes and 56 NRM regions, suggesting that the realised impact of pests/diseases is likely
highly dependent on when and where an organism establishes in the first instance.

This suggests a broader benefit from adopting an asset led framework — namely that biosecurity
hazards are not the only threat to these assets and, as such, our estimates have the potential to be
used in a wide variety of contexts. One can easily imagine our estimates of water (provisioning) or
carbon sequestration (regulating) being useful inputs into bushfire impact analysis and planning.
Similarly, our estimates of flood mitigation (regulating) or coastal recreation (cultural) could be used
in studies of climate change effects. Within the international disaster risk reduction literature
(UNDRR, 2015) assets are referred to as ‘exposures’, though, our use of the terms ‘hazard’ and
‘vulnerability’ are otherwise consistent. This presents an opportunity for economies of scale. Non-
market valuation is frequently cited as being expensive and difficult to do well (Bowen et al., 2012;
Hanley & Roberts, 2019). As we highlighted in the discussion, this leads to small-scale and piecemeal
analyses. Having a more standardised approach would, therefore, enable more to be done for less.
In the [much] longer term it also suggests the potential for a truly ‘all agencies, all hazards’ approach
to disaster risk reduction and community resilience.

4.2 Asset Vulnerabilities

Returning to the reproducible estimates of asset vulnerability we are reminded of the sparseness of
empirical data that can be reasonably be used to infer economic impacts. We were only able to
identify 41 studies with (66) transferrable damage estimates of damages to non-market assets, over
half of which related to cultural services (i.e., amenity, recreation and tourism; Table 5). Despite the
relatively small sample size — critically — the ordinal rankings were identical in the two independently
collected datasets (i.e., the empirical data and the expert elicitation data) giving us some confidence
that our use of the expert elicitation data to fill gaps in the empirical estimates is sufficiently robust.
The fact that our transformed estimates have a similar distribution to the empirical estimates is
reassuring. In any case, our use of the ‘multi-asset’ vulnerability estimate to scale the elicited scores
is a conservative choice, consistent with our approach to uncertainty throughout the entire study.
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In comparison to the larger body of literature relating to portfolio damages these results also appear
plausible. When adjusted for the size of their respective agricultural sectors, the various well-known
estimates of total damage (summarised in Olson, 2006; Heikkild, 2011; Marbuah et al., 2014) suggest
impacts in the range: 0.08 — 0.38 of agricultural yield. At the individual species level, the results of
Hafi and Addai (2014); and Hafi et al. (2014) likewise indicate a similar range (min=0, mean=0.21,
median=0.12, max=0.8), albeit with a greater maximum. Hayes et al. (2005) used non-monetary
scales (0-1) to assess the potential economic, environmental and human health impacts of 53 marine
pests. Averaged across all pests, their scores were also quite similar (minimums ~ 0.1, mid-points ~
0.18, maximums ~ 0.26) with the same ordinal relationships. Taken together, these comparisons
suggest that our mean vulnerabilities in the range of 0.02-0.15 (Table 7) are likely well calibrated.

Of course, understanding the values of assets (or exposures) and their relative vulnerability to
various hazards is just the first step in determining the expected impact of these hazards and the
value of any risk reduction measures put in place to prevent them (Soliman et al., 2015; Epanchin-
Niell, 2017). The determination of impact also requiring knowledge about the likelihood of an
outbreak of the various hazards occurring and the rate at which those hazards will spread across the
landscape, encountering the various assets. Not to mention encountering each other. Given our
stated aim of estimating the aggregate value of Australia’s biosecurity system (Dodd et al., 2017),
our attention will now turn to these questions with a view towards estimating both the damages
that one would expect to occur should the biosecurity system be turned off and those that will occur
despite its operation — following the framework that we set out in Table 1 (Dodd et al., 2020).

4.3 Limitations

Irrespective of our belief that our estimates are well calibrated it is critical that we acknowledge the
many necessary limitations and assumptions upon which they are based. Mostly, these limitations
arise due to significant knowledge gaps and data deficiencies forcing us to make assumptions or rely
on expert judgement in lieu of empirical data. For example, as we have discussed extensively, there
is a paucity of Australian studies that examine the impact of pests / diseases on assets other than
agriculture, therefore, benefit transfer techniques must be relied on to obtain such data. Our
approach to this has been clear — where sufficient data existed, we used that data to inform our
inputs, but where it didn’t, we omitted that element from our analysis. As such, our analysis does
not consider impacts on social or human capital. Nor does it consider aquatic or zoonotic organisms.
Whenever we transferred values, we used medians rather than means, therefore, minimising the
influence of outliers. Similarly, wherever ambiguity existed about the assignment of a value to a
group we always defaulted to the lower estimate. Whilst, in aggregate, these decisions will lower
our overall estimate of value we believe that such an approach provides the most defendable result.

4.4 Conclusions

Biosecurity is defined as the minimisation of the adverse impact of pests and diseases on the
economy, the environment and the community (COAG, 2019). In Australia, at least, biosecurity is
most commonly contextualised as protecting Australia’s A$62b agriculture sector (ABARES, 2018;
ABS, 2018) from hazards such as foot and mouth disease that is predicted to have a $52b impact
(Buetre et al., 2013) if a widespread outbreak were to occur. Though, this paints a narrower picture
of biosecurity than the definition suggests. Our results demonstrate that the total flow of benefits
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arising from assets vulnerable to biosecurity hazards is in excess of AS 250 billion per annum.
Further, several of these assets — particularly regulating and cultural services — are highly vulnerable
to the introduction to invasive species. Through the development of a transparent and repeatable
framework for compiling current-value estimates we have opened the door to a new way of
estimating impacts at the macro scale — one that is not only crucially important when attempting to
value biosecurity interventions at the system level but also other impacts providing opportunities for
economies of scale and a truly integrated approach to disaster risk reduction.
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6 Supplementary Tables

Table 8: Asset categories for whole-of-system monetary assessments of Australia’s biosecurity system.

Type of ‘capital’

Impact broad category

Impact sub-category

Natural Capital

Provisioning services

Ecosystems  provide
food, water, energy
and material goods
(e.g. for housing, and
other things)

Portfolio industries describe provisioning services that are sold in the marketplace —
agriculture, fishing and forestry, including trade.

Non-portfolio provisioning services are defined here as provisioning services which
are not sold in the market or part of a portfolio industry. They include things such as
the value of food which Indigenous people harvest (cultural values associated with
the harvest are considered elsewhere) and other materials extracted from
ecosystems which are used but not sold. Also included here, is water for drinking and
(non-portfolio) industry use

Regulating &
maintenance services

(R&M)

Includes impacts on
three asset categories
used in RRRA model:
Native biodiversity,
regulating functions
and atmosphere

Sub-category definitions match those of CICES.

Mediation of waste, toxics & other nuisances: For example, forests help purify the
air by removing pollutants such as SO, and NOXx (this is in addition to their ability to
sequester carbon). Similarly, wetlands and seagrass beds help filter sediments from
waterways, and remove nutrients — which can, in excess, cause damage elsewhere
(nutrient loads in the GBR being a notable example).

Mediation of flows — e.g. reefs, mangroves and other wetlands provide storm surge
protection to people and physical infrastructure by slowing liquid flows.

Maintenance of physical, chemical, biological conditions (includes ecological, soil,
water and atmospheric quality). Natural habitats provide the required environment
for species to survive and to pass-on genes from one generation to another, which
maintains the continuity of ecological processes and functions, and hence ES.
Vegetation (and other core parts of an ecosystem) helps maintain soil nutrients - a
service which is valuable to ecosystems by and of itself, but which also benefits
people (e.g. enhancing agricultural productivity). Ecosystems also stabilise
atmospheric conditions — most tangibly by sequestering carbon.

Cultural services
Includes impacts on
amenity (from RRRA
model)

Sub-category definitions match those of CICES.

Physical and intellectual interactions with ecosystems & land-/seascapes. Some of
these cultural services are closely related to the market (e.g. those relating to
tourism). Others are not. Aesthetic, amenity and lifestyle values are not traded in
markets, but their value is often built in to other market prices. A house with an
ocean view will generally sell for more than an identical house without one, and
people who must live and work in unpleasant environments often need to be offered
higher wages than those living (and working) in more attractive locales.

Spiritual, symbolic & other interactions with ecosystems & land-/seascapes are
rarely, if ever traded in the market.

Domesticated and
companion animals

Definition matches that used in the RRRA model assessments. Includes impacts on
species not captured in the other categories (particularly portfolio industries,
regulating and maintenance services and cultural services) (e.g. dogs, cats, horses,
aquarium fish and aviary birds).

Human Capital

Human health

Definition matches that used in the RRRA model assessments. Measures consider
the impact of pests or diseases on the physical health of residents.

Physical Capital

(Physical)

Infrastructure and
produced goods

Definition matches that used in the RRRA assessments.

Includes the impact of the pest or disease on infrastructure such as buildings, roads,
wharfs, pipes and wiring; goods such as wooden furniture and stored food products
not covered under portfolio industries.

Social Capital

Social
(capital/infrastructure
): impacts on human
individuals and
communities

Definition loosely matches that used in the RRRA model assessments — albeit with
minor variations relating to provisioning services; note also the exclusion of impacts
on physical places of residence, captured in physical infrastructure and the exclusion
of social interactions that involve the environment that are considered within our
cultural values category (including recreational and amenity values). Includes,
impacts on, access to services, freedom of movement and relationships with others.
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Table 9: Originally elicited Likert scores estimating the impact (between 0-4) of each functional group on assets following
the framework outlined in Chesson et al. (2014) and Parsons and Arrowsmith (2014) as used in RRRA.

1 AGM 4 2 3 2 0 1 0 0 2
2 Animal other bacteria 0 0 0 0 0 0 1 0 1
3 Animal other micro other 1 0 0 0 0 0 2 0 1
4 | Animal other virus 0 0 0 0 0 0 2 0 2
5 Avian virus 2 0 1 0 1 0 1 0 1
6 Broadacre bacteria 3 1 3 2 1 0 0 0 2
7 Broadacre beetle 25 2 25 2 1 0 1 1 1
8 Broadacre bug thrips mite 3 3 3 3 1 0 1 0 1
9 Broadacre fungus 3 1.5 3 2 1 1 1 0 2
10 Broadacre mollusc 3 2 2 2 2 0 1 0 1
11 Broadacre virus 1 0 1 0 0 1 0 0 0
12 Broadacre weed 3 3 2 0 1 0 1 0 0
13 FMD 0 0 0 0 2 0 2 0 3
14 Forestry beetle 1 0 2 1 0 0 0 2 0
15 Forestry fungus 3 2 2 2 1 0 0 0 3
16 Forestry nematode 0 0 2 0 0 0 0 0 2
17 Forestry termite 2.5 15 2 0 0 0.5 0 4 2.5
18 Forestry weed 3 3 2 0 0 0 0 0 0
19  Fruit fly 0 0.5 0 0 0 0 0 0 2
20  GAS 3 2 2 0 0 0 0.5 0 2
21 Horticulture bacteria 1 0 0 0 0 0 0 0 2
22 Horticulture beetle 1 1 1 1 0.5 0 0 0 2
23  Horticulture bug thrips mite 2 1 0.5 0 0 0 0 0 2
24  Horticulture fly moth 1 0.5 0.5 0 0 0 0 0 1
25 Horticulture fungus 1 0.5 0.5 0 0 0 0 0 2
26 Horticulture nematode 0 0.5 0 0 0 0 0 0 0.5
27 Horticulture virus 0.5 0.5 0 0 0 0 0 0 0.5
28 Horticulture weed 3 3 1 1 0 0 1 0 0
29 Khapra beetle 3 3 3 2 1 0 1 3 2
30 Livestock bacteria 0 0 0 0 0 0 0 0 1
31 Livestock bug thrips mite 0 1 0 3 1 0 1 0 0.5
32 Livestock fly moth 1 0 0 0 0 0 1 0 0
33 Livestock virus 0.5 0 0 0 0 0 1 0 1
34 Non-agricultural bee wasp 1 1 1 3 0 0 0 0 0
35 Non-agricultural fly moth 0 2.5 2 0 0 1 1 0 2
36 Non-agricultural fungus 0 1 2 0 0 0 0 0 2
37 Non-agricultural micro other 0 1 2 0 0 0 0 0 2
38 Non-agricultural vertebrate 3.5 1 0 0 0 0 1 0 1
39 Non-agricultural weed 3 3 1 1 0 0 1 0 0
40 Tramp ant 3 1 2 1 0 0 3 1 1
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Table 10: Re-factored Likert scores (ensuring separability) estimating the impact (between 0-
4) of each functional group on assets following the extended CICES framework.

1 AGM 2.00 2.25 3.00 0.00 0.00
2 Animal other bacteria 0.00 0.00 0.00 1.00 0.00
3 Animal other micro other 0.33 0.25 0.00 2.00 0.00
4  Animal other virus 0.00 0.00 0.00 2.00 0.00
5  Avianvirus 1.00 0.50 1.00 1.00 0.00
6  Broadacre bacteria 1.67 1.50 3.00 0.00 0.00
7  Broadacre beetle 1.83 1.63 2.50 1.00 1.00
8 | Broadacre bug thrips mite 2.33 2.25 3.00 1.00 0.00
9  Broadacre fungus 1.83 1.88 3.00 1.00 0.00
10 Broadacre mollusc 2.33 1.75 2.00 1.00 0.00
11 Broadacre virus 0.33 0.50 1.00 0.00 0.00
12 Broadacre weed 2.33 1.50 2.00 1.00 0.00
13 FMD 0.67 0.00 0.00 2.00 0.00
14 Forestry beetle 0.33 0.50 2.00 0.00 2.00
15 Forestry fungus 2.00 1.75 2.00 0.00 0.00
16 Forestry nematode 0.00 0.00 2.00 0.00 0.00
17 Forestry termite 1.33 1.13 2.00 0.00 4.00
18 Forestry weed 2.00 1.50 2.00 0.00 0.00
19  Fruit fly 0.17 0.13 0.00 0.00 0.00
20 GAS 1.67 1.25 2.00 0.50 0.00
21 Horticulture bacteria 0.33 0.25 0.00 0.00 0.00
22 Horticulture beetle 0.83 0.75 1.00 0.00 0.00
23 Horticulture bug thrips mite 1.00 0.75 0.50 0.00 0.00
24  Horticulture fly moth 0.50 0.38 0.50 0.00 0.00
25 Horticulture fungus 0.50 0.38 0.50 0.00 0.00
26 Horticulture nematode 0.17 0.13 0.00 0.00 0.00
27 Horticulture virus 0.33 0.25 0.00 0.00 0.00
28 Horticulture weed 2.00 1.75 1.00 1.00 0.00
29 Khapra beetle 2.33 2.00 3.00 1.00 3.00
30 Livestock bacteria 0.00 0.00 0.00 0.00 0.00
31 Livestock bug thrips mite 0.67 1.00 0.00 1.00 0.00
32 Livestock fly moth 0.33 0.25 0.00 1.00 0.00
33 Livestock virus 0.17 0.13 0.00 1.00 0.00
34 Non-agricultural bee wasp 0.67 1.25 1.00 0.00 0.00
35 Non-agricultural fly moth 0.83 0.88 2.00 1.00 0.00
36 Non-agricultural fungus 0.33 0.25 2.00 0.00 0.00
37 Non-agricultural micro other 0.33 0.25 2.00 0.00 0.00
38 Non-agricultural vertebrate 1.50 1.13 0.00 1.00 0.00
39 Non-agricultural weed 2.00 1.75 1.00 1.00 0.00
40 Tramp ant 1.33 1.25 2.00 3.00 1.00
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Table 11: Estimated impact (proportional decline in the value of asset flows) of each functional

group on assets following the extended CICES classification.
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AGM

Animal other bacteria
Animal other micro other
Animal other virus

Avian virus

Broadacre bacteria
Broadacre beetle
Broadacre bug thrips mite
Broadacre fungus
Broadacre mollusc
Broadacre virus
Broadacre weed

FMD

Forestry beetle

Forestry fungus

Forestry nematode
Forestry termite

Forestry weed

Fruit fly

GAS

Horticulture bacteria
Horticulture beetle
Horticulture bug thrips mite
Horticulture fly moth
Horticulture fungus
Horticulture nematode
Horticulture virus
Horticulture weed

Khapra beetle

Livestock bacteria
Livestock bug thrips mite
Livestock fly moth
Livestock virus
Non-agricultural bee wasp
Non-agricultural fly moth
Non-agricultural fungus
Non-agricultural micro other
Non-agricultural vertebrate
Non-agricultural weed

Tramp ant

0.0633
0
0.004361
0
0.015091
0.042948
0.052847
0.083652
0.052847
0.083652
0.004361
0.083652
0.008225
0.004361
0.0633
0
0.02641
0.0633
0.003155
0.042948
0.004361
0.011191
0.015091
0.006004
0.006004
0.003155
0.004361
0.0633
0.083652
0
0.008225
0.004361
0.003155
0.008225
0.011191
0.004361
0.004361
0.034048
0.0633
0.02641

0.227882
0
0.010731
0
0.017363
0.098459
0.117453
0.227882
0.160287
0.138218
0.017363
0.098459
0
0.017363
0.138218
0
0.0542
0.098459
0.008412
0.066786
0.010731
0.027772
0.027772
0.013665
0.013665
0.008412
0.010731
0.138218
0.18305
0
0.04364
0.010731
0.008412
0.066786
0.034907
0.010731
0.010731
0.0542
0.138218
0.066786

0.338578
0
0
0
0.045822
0.338578
0.281019
0.338578
0.338578
0.1922
0.045822
0.1922
0
0.1922
0.1922
0.1922
0.1922
0.1922

0.1922
0
0.045822
0.018231
0.018231
0.018231
0
0
0.045822
0.338578
0
0
0
0
0.045822
0.1922
0.1922
0.1922
0
0.045822
0.1922

0
0.015091
0.0633
0.0633
0.015091
0
0.015091
0.015091
0.015091
0.015091
0
0.015091
0.0633
0

0
0
0
0

0
0.006004
0

0
0
0
0
0

0
0.015091
0.015091

0
0.015091
0.015091
0.015091

0
0.015091

0

0
0.015091
0.015091
0.111509

O O o o o

0
0.013434
0

0
0
0
0

0
0.05635
0
0
0.110673
0

O O O O o o o o o

0
0.099266
0

O O O O O o o o

0
0.013434
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