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Accounting for the cost of repairing the degradation of Earth’s biosphere
iscritical to guide conservation and sustainable development decisions.

Yet the costs of repairing nature through the recovery of a continental

suite of threatened species across their range have never been calculated.
We estimated the cost of in situ recovery of nationally listed terrestrial and
freshwater threatened species (n =1,657) across the megadiverse continent
of Australia by combining the spatially explicit costs of all strategies required
to address species-specific threats. Individual species recovery required up
to12strategies (mean2.3), predominantly habitat retention and restoration,
and the management of fire and invasive species. The estimated costs of
maximizing threatened species recovery across Australia varied from AU$0-
$12,626 per ha, depending on the species, threats and context of each location.
The total cost ofimplementing all strategies to recover threatened species in
their insitu habitat across Australiasummed to an estimated AU$583 billion
per year, with management of invasive weeds making up 81% of the total cost.
This figure, at 25% of Australia’s GDP, does not represent a realistic biodiversity
conservation budget, but needs to be accounted for when weighing up
decisions that lead to further costly degradation of Australia’s natural heritage.

Halting biodiversity loss and achieving the recovery of threat-
ened species are central goals of international conservation'and a
core tenet (Goal A and Target 4) of the recently ratified Kunming-
Montreal Global Biodiversity Framework? The repair of historic
declineisalsorequiredtobuildresilience to ongoing and future threats
such as climate change’. Yet robust estimates of the budget needed to
achieve the recovery of threatened species on continental scales are
unavailable, with recent costing efforts focusing on protected area
expansion®orbased on broad assumptions*. Cost estimates for the

reparation of species decline are needed to understand the scale of
biodiversity impacts that have occurred, and to recognize the true
cost of ongoing biosphere degradation and loss. Importantly, this
information can enable effective future decision-making that contrasts
the costs of preventing further loss with those of restoring nature and
recovering threatened species.

Costing the recovery of threatened species requires accounting
forindividual species’ current and likely distributions, the threats and
recovery actions needed, and robust estimates of the necessary extent
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Fig.1| Threats and TAS for Australia’s threatened species. The number

of threatened species impacted by threat categories™ (left) and requiring
TAS" assigned to address each threat (right). Horizontal bar heights indicate
the relative number of species in each category. Threats ‘Other:1-6’ are
problematic native species, invasive animals (not otherwise stated), invasive
fish, biological resource use (fisheries, forestry), small/restricted population,
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and invasive/problematic birds and bees. TAS in the ‘Other: A-E’ category are
disease management and biosecurity, native herbivore management, invasive/
problematic bird and bee management, invasive fish management, and aquatic
connectivity. Note that the strategy ‘intensive/ex situ’ was not considered further
inanalyses, and non-spatial policy-based TAS are not included in this figure but
aredetailed in Supplementary Tables1and 2, and in ref. 13.

ofeachactionandthe financial resourcesrequired for theirimplemen-
tation across time and space’. Costing the recovery on a species and
location basis helps to quantify the likely costs of future land-use deci-
sions (at any scale) that will lead to species decline, where repair and
recovery efforts will be necessary to meet national and international
biodiversity conservation obligations"*,

Here we provide a fine-scale assessment of the cost of recover-
ing extant threatened species in their habitats across the Australian
continent, a nation with one of the highest contemporary species
losses’. We synthesized information on each of the 1,657 threatened
Australian terrestrial and freshwater species as of 31 December 2020%°,
and the best methods for abating threats to achieve each species’
recovery. Our costed actions focused on the on-ground management
of current threats. We assumed that recovery of each species would
be enabled through the effective management of threats across the
distribution in which each species was mapped as ‘known’, ‘likely”
and ‘may occur’™". We assumed that this required the retention of
habitat and management of all threats to the species across its range,
and that the management of threats would substantially increase
the probability that the species can occupy the area in which it had
been mapped to ‘may occur’. However, we recognize that even if all
required managementisimplemented, the recovery of some species
is unrealistic because parts of their habitat have been transformed
beyond the point of feasible restoration, and some threats cannot, with

currently available methodologies, be feasibly abated in all areas (for
example, invasive fish). We did not include the costs of land acquisi-
tion, lost opportunities or ex situ actions such as captive breeding,
seed propagation or translocations. However, we recognize that these
responses are needed for some species, especially as future threats
amplify current stresses.

We applied 17 established, fine-scale threat abatement strate-
gies (TAS) that were previously developed for costing threatened
species recovery” to calculate the full scale of resourcing required
toachieve thisrecovery goal across continental Australia (Fig.1and
Supplementary Table 1). Each threat abatement strategy included
standardized costs of pre-action planning, implementing the actions,
post-action monitoring and evaluation; and the expected costs of
labour, travel, consumables and equipment®. Strategies were only
costed once for each location, regardless of the number of threat-
ened species in the location requiring that strategy (that is, not
double costed). Strategies were generalized rather than prescriptive
atthesitescale because implementation needs to be planned at local
scalesin partnership with local landholders, Indigenous custodians
and the broader community". Following ref. 13, we present estimated
costs as an annualized figure based on a 30-year time horizon and a
4% discount rate. We also estimate some co-benefits of implement-
ing these strategies: jobs created, extent of ecosystems restored and
carbon sequestered.
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Results

Assigning a TAS to each species impacted by each threat revealed
complexities and challenges associated with managing many of the
threats facing threatened species (Fig. 1). While in some cases there
was a straightforward matching of threat (for example, adverse
fire regimes) to TAS (fire management), other threats required a
nuanced approach. Notably, habitat restoration was required toaddress
loss of habitat area and quality due to agriculture, forestry, mining,
urban development, roads and climate change. It was also the best
strategy to address other, often related, threats such as salinization,
erosion, water quality, hydrology alteration and in some cases, dis-
eases of freshwater species (Supplementary Tables 1-3). As a result,
habitat retention and restoration was the most frequently required
TAS (n=1,095species; Fig.1), followed by management of fire (n = 676)
and weed control (n = 528) (Supplementary Tables1and 2). Whenall the
‘policy, education and regulation’ TAS were combined, they made up
the fourthmost commonly assigned strategy (Supplementary Table 2).

Individual threatened species needed up to12 TAS, but the largest
number of species (n = 669) required only one (Fig. 2) and the mean
number of strategies is 2.3. There was strong taxonomic bias with the
number of strategies required: over 50% of plant species were assigned
only one strategy, compared with 5% of fish and 11% of birds.

Calculating the cost per area of the TAS across Australia high-
lighted the difference in cost effectiveness among strategies. TAS
that were required broadly across the continent, such as reinstating
ecological fire management and controlling invasive predators, large
herbivores and rabbits had a low cost per area (Fig. 3). Others had
similar costs per area but were required at a smaller extent: restrict-
ing (human) access to critical sites, managing problematic native
herbivores and problematic birds, and managing livestock grazing. In
contrast, habitat restoration had a substantially greater cost per area
than all other strategies, consistent with other studies highlighting
the challenge and resource intensiveness of habitat restoration'>*®.
Here we only costed habitat restoration over a relatively small area
(Supplementary Fig. 1), limited to areas not under intensive land use,
to increase the feasibility of its implementation. While the full objec-
tive of this strategy was to retain and restore habitat (Supplementary
Table 1), the ‘retention” aspect was not costed because (1) estimating
the costsinvolvedinavoided loss of threatened species habitat, such as
opportunity costs, were out of scope; and (2) intheory, there are legal
protections for threatened species habitat'". Controlling invasive
weeds had the second highest cost per area (Fig. 3 and Extended Data
Fig.1). TAS that were required by only freshwater threatened species,
aquatic connectivity and managing invasive fish, had relatively high
cost per areabut were only required in small areas (Fig. 3).

The combined cost ofimplementing allthe TASrequired torecover
species across Australia was AU$583 billion per year (Fig. 4). As per
uncertainty estimates in ref. 13, the true costs may vary by -34% and
55% (ref. 13), and accuracy is likely to increase with improved data
on actions and their costs. The most expensive overall TAS (manag-
ing invasive weeds) cost more than all other strategies combined,
comprising 81% of the total cost due to its labour intensity and the
extensivearearequired (Fig.4). Compared with the other TAS, costing
for managinginvasive weeds was also impaired by the lack of specific-
ity. For example, much of the information on the threat that weeds
posed to threatened species lacked the species name of the weed
(Supplementary Table 2); and, when the species was known, accurate
distribution maps were missing for many". Furthermore, weed control
isspecifictothe type of weed (for example, herbaceous or woody) and
the surrounding vegetation and land use. Future work will require more
detailed site-and weed-species costings. Finally,implementation of our
other TAS such as managing livestock grazing, fire, invasive herbivores
and biosecurity required for disease management can assist in weed
management. If we considered the total cost of TAS without ‘manag-
ing invasive weeds’, the total cost was $111 billion per year (that is, a
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Fig. 2| The number of TAS required by individual species and across
taxonomic groups. Left: the number of species (y axis) requiring each sum of TAS
(xaxis), out of atotal of 17 TAS (Supplementary Table 1). Right: the number of TAS
required per species compared across taxonomic groups. Inboxplots, the centre
lineindicates the median, the box limits indicate the first and third quartiles, and
the whiskers show the minimum (1) and maximum (up to 12) TAS.

decrease of 81%). Removing the ‘managing invasive weeds’ TAS had
agreater reduction in overall cost than removing the most expensive
places (81% versus 22% reductions for removing the 25% most costly
cells; Extended Data Figs.1and 2).

If our recovery actions were only implemented for those species
most at risk of extinction, thatis, those listed as critically endangered
(n=234,14% of threatened species), the costs would be reduced to
30% of the overall total (Extended Data Fig. 3 and Supplementary
Fig. 2). Implementing TAS for critically endangered and endangered
species (55% of threatened species, leaving out those listed as vulner-
able) was 96% of the total cost (Supplementary Fig. 2). These figures
(for critically endangered and endangered species, n=913) without
the ‘managinginvasive weeds’ TAS would be 9% and 16% of the overall
total respectively. The largest proportional differences across indi-
vidual TAS for only implementing critically endangered species were
for the ‘disease management’ and ‘ecological fire management’ TAS,
where costs were substantially increased if also costed for endangered
species (which make up 41% of threatened species; Supplementary
Figs. 2 and 3). Critically endangered species required TAS over less
than half the continent, missing most of western and north-western
Australia; but when examined together with endangered species, TAS
arerequired almost as extensively aswhen considering all threatened
species (including vulnerable) (Extended Data Fig. 3).

We showed that partial implementation of TAS by iteratively
removing TAS starting with the most expensive had a sharp impact
on the number of species that would not have all their threats man-
aged (Supplementary Fig. 4). Not funding the three most expensive
TAS (managing invasive weeds, managing invasive fish and habitat
restoration) will lead to only 22% of species receiving management of
all their threats.

Investigating the total costs of the TAS where they were required
to benefit all threatened species highlighted the spatial variation in
costs from AU$0-$12.6 million per km?, or AU$12,626 per ha (Fig. 5).
Substantial variations in total costs across Australia were driven by
spatially restricted, high-cost-per-area TAS such as habitat restoration;
areas of high-cost invasive weed management; and by spatial variation
inthe numbers of threatened species (Fig. 5, Extended Data Figs.1and
2, and Supplementary Fig. 1). Areas with a potentially high return on
investment for threat management may occur where there are many
threatened species and management costs are comparatively low, such
as across northern Australia, particularly tropical Northern Territory
and north-west Western Australia (Fig. 5). Region-specificapproaches
will be particularly needed in areas of high overall cost largely driven
by weed management (Extended Data Figs.1and 2 and Supplementary
Fig.1) yet very few threatened species occur such asinland Queensland
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Fig. 3| Average cost per year per km?of each of the spatially costed TAS
compared with the total arearequiring the strategy. Labels in blue indicate
strategies for freshwater species, green for terrestrial species and orange for
both terrestrial and freshwater species. The size of each pointindicates the

relative number of species each strategy was costed for. For context, total land
area of Australiais 7,688,287 km” The codes are outlined in Supplementary
Tablel.Inv, invasive.

and New South Wales (Fig. 5). Australia’s east and south-west coastal
regions contain the greatest number of threatened species, the high-
est estimated threat abatement costs and the highest human density.
These areas have also experienced the most habitat modification,
amplifying the importance of threat management and the challenge
it presentsin these areas.

Actionsthatrestore threatened species and their habitatincrease
benefits to people through connections with nature, improved soil sta-
bility, decreased run-offand cleaner waterways and oceans'®. Restored
habitat areas would also add to the retention of important ecosys-
tems across Australia. Currently, 27 of Australia’s 89 biogeographic
regions have less than 10% of their area protected under conservation
tenure”, Efforts to restore vegetation for threatened species would
contribute to the conservation of more than 29,000 km?of nationally
listed threatened ecological communities, and 77,000 km? of habitat
would be restored outside protected areas in those bioregions that
are under-represented (<10% protected) (Supplementary Table 11).
In addition to increases in the extent of threatened species habitat,
areas of extant habitat would be improved through management of
threats such as adverse fire regimes. Habitat restoration would also
be of benefit to most of the ~-340,000 non-threatened terrestrial and
freshwater species and ecosystems across Australia, reducing the
likelihood of these becoming threatened in the future. The cumulative

Map protect
Aquat conn -
Restrict access -
Inv prob birds -
Inv grazers -
Fire 4
Inv predators -
Native herbivores -
Rabbits -
Grazing -
Disease
Habitat restor
Inv fish
Inv weeds

|

|

|

I

|

I

I

I

0

H

o
L
]
|

T
200,000

1
400,000

o 5

AU$ million per year

Fig. 4| TAS costed spatially (excluding policy, regulation and education
strategies) and their relative total cost per year across all species
affected by that threat. Sequentially, the full titles of the strategies are
Map and protect refugia, Aquatic connectivity, Restrict access to critical
sites, Invasive/problematic birds and bee management, Invasive grazer
management, Ecological fire regime management, Invasive predator
management, Native herbivore management, Invasive rabbit management,
Grazing management, Disease management, Habitat restoration and
retention, Invasive fish management, and Invasive weed management
(Supplementary Table1).
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Right:implementation costs compared with the number of threatened species
occurring across Australia. Paler areas denote lower cost and fewer species, dark
purple denotes high cost and a greater number of species.

impact of multiple threats has been implicated in ecosystem collapse®,
hence improved threat management is likely to increase ecosystem
health and resilience in the face of climate change. At maturity, the
restored vegetation would sequester atleast 10.9 million tonnes of CO,
inabove- and belowground biomass (Supplementary Table12), worth
AU$331million under the carbon price at time of writing?.

While the co-existence of people and threatened species can cre-
ate potential conflicts, the abatement of threats to enable species
recovery can provide substantial benefits beyond threatened species’.
We estimated that the implementation of TAS to benefit threatened
species would involve 954,275 full-time jobs ongoing over 30 years
(9.6% of Australia’s current full-time workforce??) (Supplementary
Table 13). This includes jobs in remote and rural Australia (Fig. 5),
including economically disadvantaged regions, and could strengthen
opportunities and funding for Indigenous-led management and ranger
groups®. Many of the TAS are already a priority for sectors outside
conservation; for example, the agricultural industry currently carries
much oftheburden of controlling invasive species such as foxes, cats,
pigs, rabbits, goats, starlings and weeds across Australia®.

Discussion

The AU$583 billion annual costs of our TAS for species recovery equates
to~-25% of Australia’s 2022 Gross Domestic Product®. Current spending
onthreatened species management by Australian, State and Territory
Governments represents only ~0.02% of our estimate of required man-
agement cost®. This AU$583 billion is more than double the estimated
current expenditure on nature conservation globally (up to US$143 bil-
lion)* and more than half the target funding proposed by the Conven-
tion on Biodiversity” to halt biodiversity loss worldwide. Furthermore,
thelist of species that qualify as threatened is growing as more informa-
tion on species and their status comes to light”” and severe stochastic
events (for example, megafires) stimulate status revisions. We did
notinclude the costs of species-specificemergency actions (including
ex situ conservation such as translocation, seed and gene banking or
captive breeding)**°, industry and community consultation, specific

climate change-adapted management or monitoring>. Our analyses
also omit the costs and relative value of research, policy and practice
change toaddressthe underlying drivers of threats causing biodiversity
declines. Improved information, including atlocal scales, could enable
more accurate and nuanced cost estimates. However, our analysis
shows the range of possible investments in on-ground threat abate-
ment for species recovery across Australia and the value of decisions
that avoid further biodiversity declines.

Decisions about how, when and where to implement TAS require
collaboration with landowners, managers and traditional custodians
to identify opportunities and trade-offs and negotiate shared aspira-
tions and benefits. Threatened species and their threats occur broadly
across Australia; therefore, opportunities for improving threatened
species recovery occur across most of the continent. This is probably
the case for most countries, given the degree of degradation across
the planet™ and the pervasive nature of climate change and spread of
invasive species and disease®**’. Many TAS in Australia and probably
elsewhere could benefit threatened species over large areas insynergy
with current land uses and at a relatively low cost per km? For exam-
ple, resources could be strengthened for managing fire and invasive
speciesinareas of native vegetation used for livestock grazing, which
constitutes 82% of Australia’s agricultural land****. The management
of fire, and invasive predators, herbivores and weeds is beneficial
for multiple sectors across Australia, with implementation already
occurring through arange of government and non-governmentactors,
including the agricultural sector, Indigenous groups, non-government
organizations and landholders™.

Our analyses indicate that, to meet the target set for species recov-
eryinthe Global Biodiversity Framework®, threat abatement activities
would probably be required across vast regions. This highlights the
importance of a collaborative approach that includes benefits and
opportunities in a nature-based economy and society. For example,
First Nations Australians have rights and responsibilities over sub-
stantial portions of the Australian continent, including threatened
species habitat®, and play vital roles in threatened species recovery>°.
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We were unable to incorporate Indigenous cultural values into our
analysis, but we acknowledge that species and their relationships with
Country and people are complex, interconnected and vary across First
Nations groups. Strengthening theinclusion of cultural values, engage-
ment protocols and First Nations leadership opportunities are critical
for threatened species recovery™. In particular, culturally important
species and places require a commitment to culturally appropriate
decision-making and management led by traditional custodians, and
broader recognition of cultural values and shared benefits®®.

We estimated costs using a generalized approach and recog-
nize that the costs and benefits of threat abatement at any location
will vary over space and time due to local-scale complexities such as
species—threat-actioninteractions, economies of scale, cost sharing
opportunities and trade-offs with other land use values and aspira-
tions. The costs of some threats may reduce over time: for example,
effective weed control may drive local extirpations of weeds such that
subsequent costs are reduced; effective rabbit control could reduce
the need for invasive predator control particularly in arid regions®;
and habitat restoration could reduce the impact of aggressive native
birds on threatened bird species*’. In other cases, threats are likely to
require greater on-ground effort, particularly as new invasive species
arrive and spread**? and the impacts of climate change intensify*.
Shifting production and development priorities could see land use
intensification in new areas, compounding existing and emerging
threats*'. Notably, full species recovery is unlikely for many species
due to legacy impacts and climate change®, and realistic recovery
targets require a more nuanced approach. The dynamic nature and
interactions between humansociety, species populations, ecosystems
and threats, particularly under climate change, necessitate ongoing
evaluation of management actions.

It is unrealistic to expect governments to spend 25% of GDP for
speciesrecovery and to manage solely for threatened species outcomes
across most of Australia, given current trade-offs between species
needs and human activities and values®**. However, our approach can
be utilized at any scale to inform current and future biodiversity recov-
ery, fromsingle species recovery plans to bioregional and state biodi-
versity planning. Accounting for the full cost of biodiversity impacts
and degradation has not been previously possible due to a lack of
available costing tools, which has probably contributed to the chronic
underestimation of biodiversity impacts and recovery costs®. The cost
estimation approachwe provide caninformthe consequences of plan-
ning decisions that will degrade nature, by estimating post-activity
repairand restoration, whichis critical for guiding adequate payments
into offset funding pools to redress planned biodiversity impacts®*°.

Biodiversity loss is amaterial financial risk at all levels of economic
activity**®, which hasbeen recognized by the Australian Government®.
The considerable cost of recovering threatened species across alarge
continentindicates that substantial resourcing, along with the avoid-
ance of further impacts, are needed to address the biodiversity crisis.
Timely action results in lower costs, better outcomes® and a lower
legacy burden bequeathed to future generations. Ultimately, reduc-
ing the risks of biodiversity loss requires a cross-sectoral and trans-
formational approach that improves the compatibility between the
interconnected needs of nature and humanity™.

Methods

Overview

The present study was the culmination of a multipart collaborative
project where the first stage compiled all threats for terrestrial and
freshwater threatened species across Australia'® (see ‘Threatened
species, their threats and TAS’); the second stage developed actions
and costed TAS to address the threats” (‘Threatened species, their
threats and TAS’ and ‘Cost models’); and the third stage (the present
study) assigned TAS to each combination of species-threat (‘Assigning
TAS to species and locations’), mapped out the distributions of each

species requiring each strategy, calculated the total cost ofimplement-
ingeachstrategy whereit was required for eachimpacted species, and
calculated the total cost of all TAS (Supplementary Fig.1). We provide
the full database of species, their threats and the assigned TAS in Sup-
plementary Table 2. Finally, we show some of the co-benefits that are
likely to result from the implementation of our TAS including employ-
ment, protection of vegetation communities and carbon sequestration
(‘Estimating co-benefits’).

We defined recovery as full reparation of the species occupancy
acrosstheareasinwhichitis mapped as known, likely and may occur™".
Therefore, we assumed that to achieve this goal, all threats impacting
on a species would need to be managed across all areas in which the
species does or could occur (suitable habitat) that also contain aknown
threat'. Itisimportant to note that for many species, the total extent
of the mapped ‘known’, ‘likely’ and ‘may occur’ distributions is a very
small proportion of their pre-European range’"*.

Threatened species, their threats and TAS

We included 1,657 extant threatened species listed nationally as of
31December 2020", occurring in terrestrial and freshwater environ-
ments, on mainland Australia and its continental islands (Supple-
mentary Table 5). Listed entities” include species, subspecies and
populations, referred to here as ‘species’ for consistency with inter-
national literature. Species range data were 1 ha grids indicating the
‘known to occur’, ‘likely to occur’ or ‘may occur’ distributions of each
species'. We used species threat data that were compiled from exist-
ing sources (such as the Australian Government’s Species Profiles and
Threats Database®, individual species Recovery Plans, Conservation
Advice, Conservation Action Plans and state databases) and verified
by experts across Australia for the first stage of this broader project,
detailed in ref. 10. Threat abatement strategies” were generated by
reviewing each threatand management actionsrecommended by indi-
vidual species recovery plans, conservation advice, threat abatement
plans and peer-reviewed and grey literature, and through discussion
with species and management experts (detailed in Supplementary
Table 3), to find the most useful balance between generality (applicable
to more species or geographic areas) and specificity (relevant to the
impacted species). Through collating all the species and their threats
across Australia (first project stage), it became evident that on-ground
management was the overwhelmingly dominant approach required
to address the vast majority of threats; in most cases on-ground man-
agement was required by multiple species in each area and probably
required by allnon-threatened biodiversity also present. Creating new
protected areas was not required for most threats (for example, man-
aginginvasives, fire), providing that habitat clearing ceased. Intensive
ex situ actions such as captive breeding were not required by many
species, but were also not economically feasible or cost-effective when
compared with on-ground management. The objectives for each TAS
are shownin Supplementary Table 1.

Where available, we used spatial models for the extents of threats
generated by ref. 54 (Supplementary Table 7). Where threat distribu-
tion data were required, we clipped the spatial extent of cost models
to both the extent of the threat and the combined extent of the dis-
tributions of species that required the TAS. If management would be
required to prevent a threat occurring outside its current location,
the TAS was costed wherever the species that was impacted by this
threat occurred. For example, disease control and prevention need
to occur both where the disease occurs and where the disease does
not yet occur but the susceptible species does. Therefore, the com-
ponents of the disease management TAS pertaining to biosecurity
to prevent disease spread were costed in areas where the susceptible
species occurred (Supplementary Table 1). In cases where there were
specific threats listed for a small number of species (for example,
‘Lack of pollinators’ n =5) that we could not find any further detail
about or the location of the threat, we assigned either the uncosted
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TAS ‘Intensive/ex situ’ or ‘habitat restoration’ where appropriate (Sup-
plementary Table 2). Inthe case of habitat restoration, we were unable
to map the full extent of where species” habitat was degraded, because
thiswould be a species-by-species definition (forexample, ‘degraded’
foranarboreal species such as koala Phascolarctus cinereusis likely to
be adifferent definition from ‘degraded’ for a granivorous bird requir-
ing seeding grasses such as black-throated finch Poephila cinctacincta).
Furthermore, restoration may be passive (removing existing land use
suchasgrazing) inareas with some levels of degradation. Therefore, we
costed habitat restoration using a‘cleared and potentially restorable’
spatial layer (detailed below) that excluded land that is unlikely to be
availablefor restoration, includingirrigated production, intensive use,
rural residential areas and water®. Habitat retention, per se, was not
explicitly costed but remains a key assumption throughout, because
threatened speciesrecovery is unlikely if ongoing habitat loss occurs.
Where more than one species occurred that required the same TAS,
the TAS was only costed once.

In addition to all the on-ground action costs, we added a stand-
ardized annual cost allocation for policy, planning, development of
educational resources and compliance, to be conducted nationally
foreach TAS. All detail of cost model developmentis outlined in ref. 13.

We accounted neither for the costs of the following emergency
actions required to prevent an extinction event: intensive ex situ
conservation’**”, knowledge gathering for understanding the efficacy
of the actions such as monitoring and research®, and socioecological
factors such asthe social engagement that would be needed to achieve
feasibility and uptake®, nor for the opportunity costs arising fromspe-
ciesconservation and habitat recovery. Furthermore, conservation will
necessarily require adaptation to account for theincreased pressure of
anthropogenic climate change®, and it was out of scope to apply TAS for
threats which could occurinthe future. Giventhe widespread nature of
many of our TAS, it is likely that some actions will already be costed for
species’ future distribution extents. We assumed that the actions will
be beneficial or at least not harmful for co-occurring non-threatened
species and ecosystems. We acknowledge that all actions need to be
undertaken ethically and effectively, with appropriate Indigenous
consultation and supported opportunities for decision making and
leadership by traditional custodians. We calculated costs on the basis
of the area of ‘known’, ‘likely’ and ‘may occur’ mapping. We neither
included analysis of future likely important areas, nor excluded man-
agement of areas currently occupied that could be unsuitable under
future climatic conditions.

Cost models
We used the cost models developed for 17 TAS from the second stage
of the broader project, each including a suite of actions, such as
pre-action office planning, on-ground management and post-action
evaluation®. All spatially explicit cost models included travel to site
costs and non-spatial costs. On-ground actions were costed out over
100 km? units to optimize cost efficiencies; for example, the action
planning was costed once for each of the implementation units. At
this step, the cost per unit area was estimated for area-based costs
andthe cost per unit area per kmdistance for travel to site costs. Costs
varied spatially where they were influenced by land use, tenure, terrain
ruggedness (which influences the time taken to complete tasks while
walking), vegetation type and remoteness (which influences travel
time to location) (Supplementary Table 8). The intensity of effort of
the TAS varied where required and where it could be accounted for. For
example, habitat restoration and managing invasive weeds were scaled
into ‘intensive’,‘moderate’ and ‘light’ categories, and the ratios of these
categories depended on the intactness of the recipient ecosystem.
Each model included cost components for labour, travel within site,
consumables and equipment.

Travel to site costs were estimated using the number of trips
required to each site for onsite management to be completed in

multiples of 21 days of field work. The travel cost per hour included
vehicle cost and time compensation cost for personnel. We trans-
lated the action and travel costs to spatial layers by incorporating the
relevant threat, landscape resistance and travel time layers*’ (Sup-
plementary Table 8).

Most of the TAS were costed spatially including pre-action office
planning at the start, pre-action field planning, the actions specific to
that TAS, followed by post-action monitoring and evaluation at the
end (Supplementary Table 9). Non-spatial costs were included for
actionsthatare typicallyimplemented centrally, suchas policy change.
Policy change was a generalized labour cost to cover tasks including
policy development, education, compliance and enforcement (Sup-
plementary Table 9), and was included every year and added for each
policy-specific TAS, for example, fisheries management and wind
turbine planning (Supplementary Table1).

The underlying cost estimates for each TAS were presented as
annualized costs asdoneinref. 13, to allow easy comparison across all
management actions that had different intervals of payment frequen-
cies (see ref. 13 for more detail of payment frequencies). Our costing
spanned a30-year horizon (31 December 2020 to 31 December 2050),
and we acknowledge that over that time some threats may require
less abatement if management is highly successful, while others may
magnify. Many of our TAS will require ongoing implementation, albeit
theintensity of effort needed s likely to shift across space (thatis, areas
thatinitially require high intensity of effort could need lower intensity
ofeffortasthe threatis managed, suchasrestoring degraded habitat).

Cost uncertainty and validation. The cost uncertainty and validation
was done as part of the earlier stage of this broader project, outlined
in detail in ref. 13. In brief, to explore how true costs might vary from
estimated values, ref. 13 conducted Monte Carlo simulations varying
17 most commonly included parameter values to find the 10th, 50th
and 90th percentiles of the parameter values (1,000 iterations)". Prob-
ability distributions were constructed for each of these parameters
tofind the 75% confidence value. From these, an overall range in costs
(Supplementary Table 10) indicated the underlying variation fromthe
sensitivity analysis of underlying TAS costs, detailed in Supplementary
Material 6 in ref. 13. Validation of total cost estimates for actions was
undertaken by comparing costs reported in the literature and expert
judgements®.

Assigning TAS to species and locations

Through our review of threatened species peer-reviewed and grey
literature'®**, and discussion with experts (Supplementary Table 3),
we assigned a TAS to each combination of species and threat (Supple-
mentary Table 2). In some cases, there was straightforward matching
of threats to action; for example, where current fire regimes were a
threat, reinstating ecological fire management was generally the allo-
cated TAS. However, there were many instances where there was no
information about the nature of threats impacting individual species
that werelisted in existing government databases. For example, there
is no current method for effectively abating the threat of cane toads
where they currently pose a threat to threatened species, but intact
habitats are in many cases less suitable for cane toads than disturbed
habitats, which is why ‘habitat restoration’ was often the best action.
Other pertinent examples include where increased frequency and
length of drought threatened small birds in dry environments, such
as the Gawler Ranges short-tailed grasswren (Amytornis merrotsyi
pedleri), the best course of action®® was to map and protect climate
change refugia. In contrast, for other birds threatened by increased
frequency and length of droughts, the recommended actions ranged
from management of grazing (for example, golden-shouldered par-
rot, Psephotus chrysopterygius) to changes to water policy, planning
and regulation (for example, superb parrot Polytelis swainsonii and
Australian painted-snipe Rostratula australis). For plants impacted
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by droughts (for example, Bolivia wattle Acacia pycnostachya), the
actionssometimesincluded management of large invasive grazers. Due
to this complexity, we reviewed all literature such as species-specific
conservation advices, recovery plans and scientific publications, and
liaised with numerous species experts (entered as ‘Pers. Comm. in
Supplementary Table 3) to ensure we allocated the most appropriate
actiontoaddress the threat for each species’ context. Supplementary
Table 3 ‘Threat-Action notes’ details the species, specific threat and
assigned TAS, and provides notes and key references for where further
information on the nature of the threat and required actions were
sourced tolead to our decision of the best action required.

Land potentially available for habitat restoration identified through
creation of a ‘cleared, restorable’ spatial layer. While habitat reten-
tion and restoration was required by 1,095 species, we acknowledge
thatactive habitat restoration is only feasible in some circumstances.
We used the Catchment Scale Land Use of Australia® to define areas that
could potentially be available for habitat restoration for threatened
species. To qualify as ‘potentially available’, the land had to be currently
cleared of native vegetation and not currently under anintensive land
use. Weincluded a third category, which was ‘not cleared’ according to
the Forest and Woodland Loss data®, but wasinanon-irrigated agricul-
turalland use. Inthis ‘restorable, non-cleared’ category, we costed out
weed managementifit overlapped spatially witha threatened species
thatwasimpacted by weeds (Supplementary Table11). Three-quarters
(75.4%) of the land area that we scored as ‘cleared and restorable’ was
currently under ‘production native vegetation’ (livestock grazing);
9.4% was ‘land in transition” and 9.2% was ‘grazing modified pastures’.
Much of the land that was mapped to be both cleared and poten-
tially restorable was found across Queensland, with some patches
throughout the other states and territories (Supplementary Fig. 1).
Because the purpose of this study was to cost out the recovery of threat-
ened species, we did notinclude afeasibility component to understand
theactuallikelihood of land being available for threatened species. We
assumed that all site-level decisions for any TAS would be made with
managers, stakeholders and partners responsible for the area.

Creating ‘action’ maps. Spatial analyses were conducted in the projec-
tion GDA 1994 Australia Albers. Spatial cost models were limited to the
spatial extent of the threat, or where the threat did not (yet) occur but
prevention strategies were required (particularly biosecurity for the
prevention of disease spread)”. We intersected the distributions of
species impacted by each threat with the relevant spatial cost model
to create the costed TAS extent (Supplementary Table 1). We calculated
the area of each action map and summed the cost of each TAS using
zonal statistics as atable functionin ArcMap v.10.8.

Caveats. While we acknowledge the importance of climate change
as a threat to biodiversity and ecosystems®>**, we did not account for
climate change in species distributions (that is, likely future habitat
suitability under likely climate projections) or for the influence of
climate change on threats in our spatial analysis because this was
beyond the scope of this study. Furthermore, including climate change
projections substantially increased the uncertainty for all components
of our study (species locations, persistence and interspecific interac-
tions; threat locations, severity and interactions; action efficacy and
soon)***, By addressingall other threats, species are likely to have the
greatest chance of persisting in the face of climate change impacts®.

Testing the impact of removing expensive places and TAS. The full
cost of all TAS was calculated by summing all TAS “action” maps spatially
and adding the total cost of the policy-specific TAS. Exploring the
underlying factors driving the high costs was done by comparing the
spatial variation in total cost with spatially costed habitat restoration
and weed management TAS (Supplementary Fig.1). Next, we compared

the impact on the total cost of all TAS by removing the top 5% most
expensive places, then the top 10% and 25% most expensive places with
the total cost excluding the weed management TAS (Extended Data
Figs.1and 2). We also outlined the relative impact score that invasive
weeds had on each of the threatened species impacted by this threat
(Extended DataFig. 1, full detail in Supplementary Table 2).

Partial implementation scenarios for the most threatened species.
Weinvestigated theimpactto the overall cost ofimplementing all TAS if
the TASwere only costed for where those listed as critically endangered
(thatis, the most at risk of extinction of the species considered in this
analysis) required the actions. We repeated this partialimplementation
again for species listed as either critically endangered or endangered
(excluding species listed as vulnerable). As there are often multiple
threatened species in each management unit location, the total cost
is not a simple addition of each species threat category costs as there
are spatial overlaps. We investigated how these partial implementa-
tion scenarios (that is, those focused on the most imperilled species)
impacted the cost of implementing each TAS (Supplementary Figs. 2
and 3) and location of the TAS (Extended Data Fig. 3).

Estimating co-benefits

Managing the threats to Australia’s threatened species could generate
substantial additional benefits for biodiversity, the environment more
generally, and society. Where applicable, we used our mechanistic cost
models to quantify the additional benefits of threat management at a
greater level of detail across abroader scale than has been previously
possible. Here we focused on benefits to specific stakeholders resulting
from threat management rather than attempt to quantify the benefits
of the retained or improved persistence of threatened species them-
selves or their habitats. A fully comprehensive analysis of the additional
benefits of reducing threats to threatened species across Australia is
outside the scope of this analysis. Rather, we showcase a snapshot of
three types of benefit, which can be created through:

1. Restoringtheintegrity and extent of threatened species habitat
in ways that create additional environmental benefits, as well as
improving the outlook for threatened species

2. Creatingjobsand livelihoods

3. Reducing threats that impact on the economic outcomes of
other sectors, such as agriculture

Co-benefits associated with restoring threatened species habitat.
We calculated the carbon benefits of restoring the proposed areas
outlined in the habitat restoration TAS on the basis of the sum of the
maximum potential dry biomass® of the areatoberestored. The total
potential dry mass values came from the maximum aboveground
biomass (M) spatial layer®®. Belowground biomass was assumed to be
26% of aboveground biomass following ref. 67. The total potential dry
biomass was converted into equivalent CO, using the equation:

TotalCO,(tonnes) = (Total dry biomass x 0.5) x 3.66, 1)

where the weight of the total dry biomass is multiplied by 0.5 to get the
total weight of carbon because carbonis assumed tobe 50% of dry bio-
mass®®, The weight of carbonis converted to equivalent CO,by multiply-
ingitby 3.66 following ‘Trees for the Future®® because the ratio (based
on molecular weight) of CO,to Cis 43.999915/12.001115 = 3.6663.

We calculated the potential economic benefit (in Australian dol-
lars) to this carbon sequestration if it were to be traded as Australian
Carbon Credit Units (ACCUs), which represent one tonne of carbon
dioxide equivalent®. ACCUs were traded between $30.50 and $32.00
inthe September quarter of 2023, We took the lower, more conserva-
tive value of $30.50 per ACCU to multiply this by total tonnes of CO,
sequestered in our estimates. Given that our habitat restoration TAS
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concentrated on cleared land with at least amodicum of feasibility that
itcouldbe restored (Supplementary Table 11), we made the assumption
that most of this restoration would be eligible for the ACCU market
under the ‘Carbon Credits (Carbon Farming Initiative) Act 2011,

We calculated the area of vegetation of conservation significance
(for example, under-represented bioregions'>’°"?) restored by imple-
menting the habitat retention and restoration TAS (Supplementary
Table12).

We calculated the jobs created by the 17 TAS by summing the
number of full-time equivalent (FTE) jobs required across all strate-
gies. The FTE jobs were calculated by dividing the total labour cost by
the annual salary of $110k p.a. ($84,000 with 30% of on-costs) (Sup-
plementary Table 13).

Co-benefits from reducing threats that impact on the economic
outcomes of other sectors, such as agriculture. We estimated
the financial co-benefits of terrestrial invasive species management
by summarizing the costs of invasive species to the agricultural
industry”™”, divided by the proportion of spatial overlap between
theinvasive species TAS and the relevantland use type.

Invasive predators. Invasive predators move large distances across
landscapes; therefore, we assumed that predator controlinall land use
types would benefit areas under agricultural land use. We calculated
the additional benefits of managing invasive predators intersecting
the invasive predator management TAS spatial extent with the cur-
rent distribution for wild dogs/dingos (Canis lupus familiaris and C.
lupus familiaris combined, hereafter ‘dog’), red foxes (Vulpes vulpes,
hereafter ‘fox’) and cats (Felis catus)**. For cats, we allocated the cost
of cat management across the overlap of cat distribution and of sheep
grazing land and urban areas. For sheep grazing land, we used all graz-
ingthat could potentially have sheep across Australia, whichincludes
theland-use categories®: grazing native vegetation, grazing modified
pastures, irrigated pastures, intensive animal and plant production, and
rural residential and farm infrastructure. The cost of dogs and foxes
came from the ‘Cost of Pest Animals in NSW and Australia, 201314
report”. This report includes impacts to livestock and agriculture in
the form of management (control) and production loss. The costs of
feral predators from the report were: $89 m (dogs) and $28 m (foxes).
The cost of cats came from ref. 75 who estimated the economic costs
of cat-dependent pathogens in Australia to be $6 billion per year.
Reference 75 found that cats transmitted disease to sheep (causing
production loss) as well as causing minor illness in humans. We used
a standard inflation rate of 1.5% to adjust the values in the reports to
2021 Australian dollar value. We estimated that our invasive predator
management TAS would reduce the impact and cost of dogs by 99.53%,
foxes by 98.1% and cats by 98.74%.

Invasive herbivores and birds. We used a similar approach to estimate
thebenefit of managinginvasive herbivores andinvasive birds. We used
asubset of the area of our TAS for invasive grazer management (large
herbivore), invasive grazer management (rabbits) and problematic
invasive birds (invasive/problematic birds and bees management)
to account for the occurrence of only the invasive species that have
substantialimpact to agriculture, such as feral pigs (Sus scrofa), goats
(Capra hircus), rabbits (Oryctolagus cuniculus) and starlings (Sturnus
vulgaris). Costs were extrapolated fromref. 73 and included both the
cost of management and production loss. We assumed that impacts
occurred across the entire range of each invasive species and, there-
fore, the benefit to agriculture would be the percent of their range in
which species were controlled multiplied by the total cost of those
species. Costs of each species from the report were: $216 m (rabbits),
$69 m (introduced birds), $14 m (pigs) and $7 m (goats). We used a
standard inflation rate of 1.5% to adjust the values in the reports to
2021 Australian dollar value. We estimated that management actions

would reduce the impact and, therefore, the cost of rabbits by 91.8%,
starlings by 21.9%, pigs by 63.3% and goats by 87.5%.

Weeds. To estimate the additional benefit of controlling weeds, we
overlaid the spatial extent of our invasive weed management TAS with
the broad agricultural and production land uses likely to be impacted
by weeds from the Australian Collaborative Land Use and Manage-
ment Program®. We calculated the benefit of weed management by
multiplying the percent overlap in proposed weed management area
and agricultural land uses with the cost of weeds to the agricultural
sector. Thebroad land use categories were grazing native vegetation,
grazing modified pastures, dryland cropping, dryland horticulture,
irrigated pastures, irrigated cropping, irrigated horticulture, intensive
animal and plant production, and rural residential and farminfrastruc-
ture. The cost of weeds to agriculture and livestock production was
taken from ref. 74 who estimated the costs of weeds to be an average
of $3,927 million in 2018. The cost value included the annual cost of
weed control, yield losses and loss of economic surplus. We used a
standard inflation rate of 1.5% to adjust the valuesin the reports to the
2021 Australiandollar value. This cost was estimated to an average of
$3,927 million in 2018, which when adjusted using a1.5% annual infla-
tion rate, equates to $5,210 million per year. Adjusting for inflation,
we estimate that weeds cost Australia between $3,583-3,737 million
peryear. Our proposed invasive weed management TAS would reduce
the cost of weeds across 90.66% of the agricultural areas impacted
by weeds. The average benefit of our proposed weed action would be
$3,720 million per year.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Threatened species threat data are detailed in ref. 10, and all cost
models are detailed in ref. 13. We build on this here to add in details of
actions required and threat abatement strategy assigned, detailed in
Supplementary Tables1-6.Species distribution maps are managed by
the Australian Government.
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Extended Data Fig. 1| The total cost of all TAS comparing the total without the top 5%, top 10% and top 25% of most costly places. Areas in black are uncosted.
Graph: the percentage of the total cost of all TAS comparing dropping the most costly places with removing the ‘Invasive weeds’ TAS. Table: the number of species
impacted by invasive weeds where the impact is low, medium or high.
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Extended Data Fig. 2| The total cost of all TAS comparing the total without the top 25% of most costly places, zoomed in to show areas without TAS costed.
Areasinblack are uncosted. Bottom left: southwest Western Australia. Top right: northern gulf country of Northern Territory and Queensland.
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Extended Data Fig. 3| The spatial extents of Threat Abatement Strategies Abatement Strategies (left column), and all Strategies except weed management
required across species’ threatstatus. Mapped for only that required by for Critically Endangered species (top right) and Critically Endangered and
Critically Endangered (CR) species (top left); mapped for Critically Endangered Endangered species (bottom right). Grey indicates no cost; colours indicate costs
and Endangered (EN) species (bottom left). These are shown with all Threat above zero.
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