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Abstract

In the face of the ongoing biodiversity crisis and limited conservation funding, surrogate
approaches have become a valuable tool to represent biodiversity. Management surrogates
are those that indirectly benefit an ecological system or species by representing the
management requirements of co-occurring biodiversity. Recent findings highlight the
cost-effective potential of surrogate species in managing threatened species, however,
evaluating higher levels of biodiversity as management surrogates remains unexplored.
Here, we sought to maximize conservation outcomes for threatened species and threatened
ecological communities (TECs) by prioritizing management based on overlapping
distributions, threats, and costs. We describe a prioritization framework for identifying
TECs that could serve as cost-effective surrogates, and compare it with prioritizing
threatened species only or both species and TECs. We show that when the objective is
to maximize benefits for threatened species, a community approach performs poorly
due to limited geographic overlap and high costs, while prioritizing species returned 7.5
times more benefits delivered to species under the same budget. Yet, if the objective is
to maximize benefits across species and TECs simultaneously, a combined approach
including both as surrogates delivers the greatest benefit for the same costs as a species-
only approach. Range sizes and taxonomic groups significantly influenced the priority list,
with threatened invertebrates and TECs of smaller ranges more likely to be selected as
surrogates. Overall, this study emphasizes the importance of incorporating accurate data
on factors such as threats and costs for identifying effective management surrogates, and
highlights the potential benefits of prioritizing across multiple biodiversity features.
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Introduction

In ecological theory, surrogacy is the extent to which an ecological process or feature
(e.g. species, ecosystem or abiotic factor—a surrogate) effectively represents another
aspect of an ecological system (Rodrigues and Brooks 2007; Hunter et al. 2016). With
ongoing declines of species, degradation of ecosystems (Ceballos et al. 2015), and limited
funding available for conservation (Waldron et al. 2017), it is imperative to prioritize
management so that it efficiently achieves conservation outcomes (Rodrigues and Brooks
2007; Wilson et al. 2009b). Deciding how and where to allocate resources across multiple
species and ecosystems is a challenging task. Therefore, the use of surrogates can be a tool
for maximizing benefits for biodiversity when it is unfeasible to manage all features of
conservation concern (Wiens et al. 2008; Hunter et al. 2016). Surrogates can be used for
different purposes, either for providing information about an aspect of an ecological system
by measuring one component of an ecosystem to represent another (indicator surrogates;
Lindenmayer and Likens 2011; Hunter et al. 2016) or by representing an aspect of that
system that is the main focus of management (management surrogates; Hunter et al. 2016).
Management surrogates can facilitate conservation decisions for a particular ecological
system, where the primary goal is to manage an entity to achieve a broader benefit beyond
the surrogate itself (Wilson et al. 2009a; Hunter et al. 2016).

To date, most of the surrogacy literature has centered around the concept of
representation, by using different taxonomic groups, environmental units, functional
groups, land classes or habitat types to represent target species as the focus of conservation
(e.g., Lombard et al. 2003; Carmel and Stoller-Cavari 2006; Grantham et al. 2010;
Lindenmayer et al. 2014; Ware et al. 2018; Falconer and Ford 2020). The term umbrella
is commonly used to describe species that act as surrogates because they have broad
distributions and habitat requirements, therefore, protecting a sufficiently large area of
habitat for these species should protect the species that share that distribution (Noss 1990;
Caro 2003). However, umbrella species can also serve as management surrogates, when
management actions taken for these species benefit many co-occurring species facing
similar threats (Roberge and Angelstam 2004; Hunter and Gibbs 2006). A study by Ward
et al. (2020) used the concept of umbrella species to develop a prioritization framework
for choosing species that would benefit the largest number of other co-occurring species
with similar management requirements (i.e., shared threats), which increased management
efficiencies and was more cost-effective than the approach used by the Australian Federal
Government.

Management surrogates can differ by the type of biodiversity feature used: species-level
(e.g., fine-filters) and ecosystems or ecological communities (e.g., coarse-filters) (Moilanen
et al. 2009). Bioregions and ecoregions have been widely applied as landscape-level
surrogates in conservation planning to guide reserve design (e.g., Chauvenet et al. 2020;
Olson and Dinerstein 2002; Wilson et al. 2007), and represent biodiversity at the species
and genetic level (Noss 1987). At a finer geographic scale, ecosystem or communities
can serve as surrogates by representing co-occurring species assemblages (Noss 1996;
Wiens et al. 2008). However, we argue that they could also be used as a management
tool to prioritize actions benefiting associated biodiversity by managing ecosystems or
communities, though this approach remains underexplored. Some strengths of managing
at the community- or ecosystem-level is the potential protection offered to lesser known
species that might be overlooked under species-level management, the protection of
ecological patterns and processes, and ensuring continued provision of ecosystem services
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(Ferrier et al. 2009; Nicholson et al. 2009). Here, we focus on ecological communities, an
assemblage of species that co-occur in space and time (Begon et al. 2006). When formally
described, communities can take many forms, such as mapped vegetation types, land-
classes or abiotic environmental classifications (Ferrier et al. 2009).

Despite the large body of research exploring cost-effective approaches to prioritize
threat management for protecting species (e.g., Joseph et al. 2009; Carwardine et al.
2012; Auerbach et al. 2014; Cattarino et al. 2015; Ward et al. 2020), there are no studies
comparing whether species or ecological communities, or a combination of both, deliver
the greatest biodiversity benefits as management surrogates at a continental scale.
Importantly, recent literature suggests a need to shift towards integrative approaches to
selecting surrogates (Lundberg and Arponen 2022), and efforts to assess how to combine
coarse and fine filter approaches (i.e. ecosystems or land classes and species) have been
made, yet still with a focus on species representation (e.g., Lombard et al. 2003; Di
Minin and Moilanen 2014). To date, no study has answered the questions: Would using
threatened ecological communities (TEC) as management surrogates provide benefits to
threatened species? Can a structured prioritization framework help identify TECs that act
as management surrogates to cost-effectively maximize biodiversity outcomes? Would
a combination of species and ecological communities deliver greater benefits to both
biodiversity features?

In this study, we aim to evaluate the potential benefits for biodiversity under two
prioritization scenarios that consider threatened species and/or TECs as management
surrogates (Fig. 1). The first objective is to determine if managing threats to TECs
as surrogates would cost-effectively maximize the number of co-occurring threatened
species that receive a conservation benefit (Scenario la), compared to only manag-
ing species (Scenario 1b; Fig. 1). A second objective is to maximize benefits to both

(i) Scenario 1 — Objective = Maximize benefit to

(ii) Scenario 2 — Objective = Maximize benefit to
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All scenarios are subject to a AUD 125m budget constraint

Fig. 1 Scenarios used to compare our prioritization framework. The objective of Scenario 1 was to max-
imize the benefit to all threatened species, whereas Scenario 2 considered benefits for both species and
threatened ecological communities (TECs). All scenarios worked under the assumption that to maximize
benefit, the surrogate (e.g., umbrella species) and the benefitting feature (e.g., any other threatened species)
must overlap in threats (represented by fire icon) and geographic distributions (represented by overlapping
grey circles). Green circles denote the benefits for threatened species, while orange circles represent the
benefits for both threatened species and TECs. Scenario 1a: Only considered how TECs perform as sur-
rogates to benefit all threatened species; Scenario 1b: Only considered how species perform as surrogates to
benefit other threatened species; Scenario 2a: considered both species and TECS as surrogates to benefit all
threatened species and TECs; Scenario 2b: Only considered species as surrogates to benefit all threatened
species and TECs
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species and TECs across the region, by comparing outcomes from prioritizing across
species and TECs (Scenario 2a) versus species alone as surrogates (Scenario 2b;
Fig. 1). This is important if the remit is to ensure that important biodiversity features
are not overlooked. We expect that explicitly prioritizing both species and TECs will
result in more threatened biodiversity being cost-effectively managed, given the poten-
tial overlaps in threats and distribution. Testing these two scenarios can elucidate how
to efficiently prioritize management efforts by clearly identifying objectives (i.e. which
features as the conservation target), and which surrogate strategies perform best. These
hypotheses have not yet been tested, and the Australian continent offers an opportunity
to achieve this.

Methods
Spatial data

We focused on Australian species and ecological communities listed as threatened
(i.e., vulnerable, endangered or critically endangered) under the national environmen-
tal legislation. We used the Australian Government’s 0.1-degree gridded spatial data
of 1393 threatened species (hereafter, species) for which there was data available on
continental Australia, and 83 threatened ecological communities (hereafter, TECs)
from the Species and Communities of National Environmental Significance Database,
extracted on 15 December 2020. All data was processed using ArcGIS Pro 2.7.1 and
R 3.6.3 (R Core Team 2020), using the packages ‘sf’ (Pebesma 2018) and ‘tidyverse’
(Wickham et al. 2019); clipped to the extent of the Australian landmass, and projected
to the Geocentric Datum of Australia 1994. For both datasets, we limited our analy-
sis to the ‘known’ and ‘likely to occur’ parts of the distribution (following Ives et al.
2016 and Renwick et al. 2017), to more accurately represent areas of suitable or pre-
ferred habitat, as ‘may-occur’ habitat represents mostly the outer envelope of their
range. We excluded migratory and exclusively marine species (n=134). We applied
two raster masks at 100X 100 m gridded cell resolution, which increases the accuracy
of occurrences and reduces false positive errors, following the methods used in Ward
et al. (2019). These masks refined the species and TECs distributions to areas of native
vegetation, removing areas where native vegetation has been cleared or converted to
other land uses, based on the National Vegetation Information System (NVIS V5.0;
Appendix 1) (DAWE 2020a); and the Catchment Scale Land Use of Australia dataset
(ABARES 2020). For the TECs distribution layer we applied both the NVIS and land
use masks, but retained only natural land-use categories (Fig. 2, Step 1a). For the spe-
cies distribution layer, we applied the land-use mask by creating a natural land-use
layer for known and likely occurrences, plus a non-natural land-use layer for known
occurrences, which were then combined into a single layer (Fig. 2, Step 1b). This was
because species can still persist in disturbed and converted environments, unlike TECs.
We resolved spatial inconsistencies and overlaps between 17 TECs to ensure that the
ranges for each TEC were spatially exclusive (Appendix 1). When the overlap between
two TECs was greater than 500 km? or 50% of a TEC’s range, the area of overlap was
assigned to the more narrowly distributed TEC, otherwise, it was left unmodified. We
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1) Spatial data preparation:

Threatened species
geographic range
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(c) Intersection of distributions

2) Threats matrix: 3) Cost of management:
. Invasive Increased . . Area of : Threat abatement Best cost scenario
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ID  Group Agriculture weeds fire lEC TEC name Species S:ae:r:ees overlap on;o:‘z:;:: strategy (AUD km2)
2!
1 TEC1 0 1 0 (km’) Habitat restoration $176,165
2 TEC2 1 1 1 1 TEC1 5 Species1 1050 0.77 Fire regime
3 TE? 3 1 0 0 1 TEC1 6  Species 2 430 0.45 management $1,464
5 Species 1 1 1 1 2 TEC2 5 Species1 55 0.10 Invasive weed
6 Species2 1 1 0 3 TEC3 7 Species3 160 0.33 management $24,520
4) Prioritization Framework:
(i) Benefit f(x)

(i) Cost f(x)
(iii) Objective f(x) — Cost-effective
solution

(iv) Prioritization algorithm s.t budget

Fig.2 Methodological steps to obtain required data for prioritization framework: (1) Spatial data prepara-
tion for a threatened ecological communities (TECs), b threatened species and ¢ intersection between both
layers across Australia; (2) threats matrix for all TECs and species; (3) costs of threat abatement strategies.
All of these components are needed for each equation of the prioritization framework (Step 4). In Step 1
a, known and likely occurrences of TECs were masked to a broad vegetation class layer (National Vegeta-
tion Information System) and a natural land-use layer. In b, known and likely occurrences of species were
masked to a natural land-use layer, which was combined with the known occurrences masked to a non-nat-
ural land-use layer, forming the final species distribution. In ¢, overlaps between species and TECs across
Australia were obtained, and areas and proportion of overlap were calculated

then intersected the species and TECs layers to obtain the area and proportion of over-
lap between the distribution of each species and community (Fig. 2, Step 1c).

Threats data
We extracted data on the threats to all TECs from government documents used to support

the legislative threat status and appropriate management strategies (e.g., listing advices,
conservation advices and recovery plans found in the Australian Government’s online
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Species Profile and Threats Database; DAWE 2020b). Data on threats impacting Australia’s
species were obtained from the most up-to-date national-scale dataset (Ward et al. 2021).
We converted these datasets into a matrix of threats by TEC and species, to identify the
overlaps between the known and perceived threats to both (Fig. 2, Step 2). Following
Murdoch et al. (2007), Evans et al. (2011), Auerbach et al. (2015) and Ward et al. (2020),
we assumed that the spatial extent of each threat was equivalent to the geographic range
of the species or TEC affected by that specific threat. Though we acknowledge this may
overestimate the actual area threatened, and thus potentially overestimate management
costs and/or the benefit delivered to co-occurring species or TECs.

Costs of threat abatement strategies

We used the most comprehensive costs models for threatened species management in
Australia developed by Yong et al. (2023). These models include 18 threat abatement
strategies with detailed estimates of the costs (including labor, transport, equipment
and consumables) per square kilometer per year (AUD) for the actions needed to abate
40 underlying sub-category threats (see Fig. 2, Step 3 for example data). Thus, we based
our framework on threat abatement strategies rather than specific threats, as multiple
threats might be mitigated by a same management action. We assumed that TECs with
the same threat would benefit from the same actions prescribed for species. To account
for uncertainty in costs, we used three cost estimated as presented in Yong et al. (2023):
minimum, best or ‘most common across Australia’ and maximum costs. For hydrology
management, we converted the cost per instream structure to costs per km~? year™' (see
Appendix 2 for details).

Prioritization framework and scenarios

We developed a prioritization framework to identify a priority list of surrogate features
that, by managing their threats, would cost-effectively maximize the number of features
that benefit due to overlaps in geographic distribution and threats (Fig. 2, Step 4). The
prioritization framework followed a validated prioritization formula, adapted from Ward
et al. (2020), by modifying the objectives, benefit and cost functions (Appendix 3). For
each of the two objectives, we evaluated the cost-effectiveness of two different surrogate
approaches for management (Fig. 1). When the objective was to maximize the benefit to all
threatened species (Scenario 1), we compared a community approach (Scenario 1a), where
only TECs were selected as potential management surrogates versus a species approach,
where only threatened species were prioritized as surrogates (Scenario 1b, Fig. 1).
When the objective was to maximize the benefit to both threatened species and TECs
(Objective 2), we compared a combined approach where both species and TECS were
prioritized as surrogates (Scenario 2a) versus a species only approach (Scenario 2b, same
as above, Fig. 1). We did not evaluate a scenario using only TECs as surrogates for this
second objective because we assumed that TECs do not co-occur, thus the results would
be equivalent to the community approach for objective 1 (Scenario la). Further, to test
how well our prioritization framework compared with selecting species or communities at
random, we performed a scenario with 1000 iterations, where any species, TEC, or both
could be included in the priority list regardless of its cost-effectiveness. Figure 2 illustrates
a schematic workflow with all required components and datasets to run the prioritization
algorithm.
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We assumed that all threats to each surrogate feature are managed across its entire
range; that strategies are totally effective in abating the relevant threat and provide a
uniform benefit; and that the same threat abatement strategy would abate a co-occurring
threat for any benefiting features. We did not account for interactions between actions
or threats (see Auerbach et al. 2015), and did not consider whether areas are already
receiving management. The formula used for each scenario are provided in supporting
information (Appendix 3). Below, we describe the framework for the community approach
(Scenario 1a), however, the same rules and assumptions apply to each scenario. Each
scenario produces a priority list of surrogate features (TECs, species or both), benefiting
features and additional features that, if managed, would result in the most cost-effective
solution, following Ward et al. (2020). A benefiting feature is any species or TEC
receiving management indirectly via the management of threats of a surrogate feature,
due to overlaps in their distribution and management requirements (i.e., shared habitat and
threats), regardless of the amount of overlap. Additional features are those that do not offer
benefit to other features through their management, but are cost-effective to manage, thus,
are included in the priority list until the budget is met.

Objective function

The objective is to maximize the total number of threatened species that could benefit
simultaneously from implementing management actions that abate threats for TECs,
within a budget constraint. This is a maximum gains decision problem as used by Murdoch
et al. (2007), Wilson et al. (2007), Auerbach et al. (2014) and Ward et al. (2020). The
prioritization algorithm produces a list of TECs in order of cost-effectiveness, based on the
formula, Ea,

E,=& M

where Ba is the benefit of a certain TEC a to all other overlapping species j (i.e. benefiting
species) (Eq. 2); Ca is the cost of implementing threat abatement strategies to manage all
threats for TEC a (Eq. 3).

Benefit function

The benefit per TEC a can be calculated following Eq. 2, adapted from Ward et al. (2020).
The benefit function accounts for the spatial overlap between TEC a and each species j,
and the proportion of threats experienced by species j that would be abated if all the threats
to TEC a were managed (i.e. common threats), so the benefit received by the benefiting
species would be proportional to the amount of overlap. For example, if species j had three
threats, two of which were shared by TEC a, and TEC a occurred in 50% of species j range,
the benefit to j from a would be 0.33. Importantly, the remaining required management
for species j (i.e., proportion of overlap or actions not included under TEC a), could be
covered by the next most cost-effective TEC (or any following TEC prioritized) if they
share geographic range and threats. Therefore, any surrogate TEC to be managed would
have a base benefit of 1 (i.e., benefit to self), plus any extra benefit from co-occurring
species. The benefit, B, of implementing all required threat abatement strategies for TEC
ais:
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;(xlﬂZ ) @

where n is the number of species, O,; is the proportion of overlap between the distributions
of TEC a and species j (i.e., proportlon of species j distribution captured within TEC a
distribution); W, is the weight, which is 1 for all TECs in this study, but could be varied
depending on factors like threat status or value of ecosystem services; m is the total number
of threat abatement strategies (across TEC a and species j); k is a specific threat abatement
strategy; T, and T are binary variables that indicate if threat abatement strategy & is a
strategy required for TEC a and species j, respectively.

Cost function

The total cost of managing all threats for TEC a, C,, is represented by the cost of a specific
threat abatement strategy, &, and the geographic range of TEC a:

5
C,= ). pG, 3)
k=1

where p, is the cost (AUD km~2 year ~!) for implementing a threat abatement strategy &;
G, is the area over which the strategy is required for TEC a (represented by the spatial
distribution of TEC ¢, in kmz); s is the total number of threat abatement strategies required
by the surrogate TEC.

Budget constraint

A budget constraint was used to determine which species or TECs could be cost-effective
management surrogates under each scenario. We used AU$122 M year™!, based on the
estimate of how much the Australian government and state governments invested on
targeted threatened species recovery in 2018-2019 (Wintle et al. 2019). We accounted
for a 3% inflation rate over a 2-financial-year period, which provided a yearly budget of
$125,660,000.

Prioritization algorithm

The solution to this prioritization problem was determined using an iterative greedy
algorithm that selected a priority list of management surrogate features in order of cost-
effectiveness, which aimed to benefit the largest number of threatened species and/or TECs
(depending on the objective) for any given budget. We calculated the return-on-investment
based on the benefit gained per dollar spent as the budget increased. The iterative searching
for the next most cost-effective surrogate feature stopped when the budget was met.

max ) B,(2),
Z )

s.t. Z z,C, <= Budget
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where B,(z) is the benefit of managing all TECs that are in vector z, which represents the
list of surrogate TECs prioritized based on cost-effectiveness (Eq. 1); /4 is the total number
of TECs; C, is the cost of implementing all threat abatement strategies for surrogate TEC
a, subject to (s.2.) a budget.

Importantly, not all species and TECs can be identified as cost-effective surrogates
and fit within the budget. For example, some species or TECs do not overlap in their
distributions with any other species or community, or do not share any threats. Further,
some species or TECs might provide high benefits but be widely distributed and face
several threats, presenting high management costs and low cost-effectiveness. Once a
feature is prioritized, it is removed from the iteration process so its benefits are not double
counted. We evaluated the performance of each scenario by comparing the overall benefit,
number of surrogates, additional and benefiting features obtained under each surrogate
approach. The analysis was performed in R 3.6.3 (R Core Team 2020).

Generalized linear model

We modeled the likelihood of a species or TEC to be selected as a priority feature (i.e.
surrogate or additional) for the combined approach (Scenario 2a), to determine which
factors influenced selection. We fitted a generalized linear model with a binomial error
distribution and a logit link function. Cost was excluded as an explanatory variable because
it was confounded with the response variable, and Variance Inflation Factor (VIF) was used
to test collinearity between the other covariates. The model included geographic range
of species and TEC, taxonomic group, and their interaction, to assess whether priority
features are influenced by these variables. We compared five models: with and without the
interaction between the predictors, each predictor separately, and a null model (no variables
and an intercept at 1). We selected the model with the lowest Akaike Information Criterion
(AIC) value as the best-fitting model (Burnham and Anderson 2002).

Results
Maximizing benefit for threatened species

Under the assumed budget of $125 million year™!, prioritizing species alone (Scenario 1b)
performed better, maximizing benefits for a larger number of threatened species than if
threatened ecological communities were used as management surrogates (Fig. 3a, Table 1).
By focusing on TECs (Scenario 1a), we found that 22 TECs (27%) across Australia could
convey benefit to other species and act as cost-effective surrogates, and 19 TECs (23%)
were included to the priority list as additional features until the budget was met (Table 1).
This means that a community approach benefits considerably fewer species (n=13 or 1%
of species) relative to a species-only approach where 30% of all species would receive
some benefit (n=98 benefiting species (7% of species), plus 56 surrogate and 264 addi-
tional species) (Table 1, Fig. 3a). Our results also indicate that a species-only approach
delivers higher total (i.e. cuamulative) benefits for threatened species per dollar invested rel-
ative to a community approach under any given budget (Fig. 3b, Table 1). Both scenarios,
however, performed overwhelmingly better than the random scenario, where species and
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(a)
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Fig. 3 a Number of surrogate features, benefiting species and additional species or threatened ecological commu-
nities (TECs) included in the solution under each management approach for Scenario 1. ‘Surrogate features’ are
TECs (from a potential n=83 in Scenario 1a) or species (from a potential n=1425 in Scenario 1b) that were
selected to provide cost-effective management to other co-occurring threatened species with similar threats. In Sce-
nario 1, ‘Benefiting features’ are species that receive benefit (i.e., protection or management) from the threat abate-
ment strategies implemented for the surrogate features. ‘Additional features’ are species or TECs added to the list
in order of cost-effectiveness until the budget is reached, however they do not contribute to another species’ ben-
efit. b Shows the number of threatened species that would receive benefit per additional dollar invested under each
surrogate approach. All costs presented are the best cost estimates of threat abatement strategies, and cumulative
costs are presented in millions of Australian dollars (AUD) per year
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communities were selected randomly over 1000 iterations. The maximum benefit obtained
for the species and community scenarios were 230 and 15, respectively, with a median
number of seven surrogate species for the species approach and O for the community
approach, as the first randomly selected feature exceeded the budget. Priority species and
TECs selected when using lower and upper costs estimates followed a similar pattern to
the best estimate costs, with higher overall benefits, cost-effectiveness and more surrogate
features selected under the lower cost scenario, and the upper cost scenario presenting the
poorest performance (Appendix 4, Fig. al and a2).

Maximizing benefit for species and ecological communities

When the aim is to prioritize surrogate features that maximize benefits for both threat-
ened species and TECs, the two scenarios produced very similar results (Table 1, Fig. 4).
Under the budget constraint of $125 million year™!, both species and combined approach
(i.e., prioritizing across species and TECs as management surrogates) presented almost the
same overall cost-effectiveness (E=0.035 vs 0.036, respectively), and the same number of
benefiting features (n=45), yet differed by one more surrogate and 11 extra additional fea-
tures under a combined approach (Fig. 4a, Table 1). Both approaches presented a similar
trend in their cumulative benefits, however, the combined approach showed slightly higher
benefits for similar costs relative to the species-only approach (B=396 for a combined-
approach versus B =386 for species-only; Fig. 4b, Table 1). As per Scenario 1, the random
scenario showed an overwhelmingly poor performance compared with both approaches.
The maximum benefit obtained after 1,000 iterations were 32 and 31 for the combined and
species-only approach, respectively, with a median number of surrogate features of one
selected per iteration in both scenarios. Similar to Scenario 1, cumulative benefits under
lower and upper costs estimates followed similar patterns to the best-estimate costs, with
higher number of features selected under lower costs (Appendix 4, Fig. a3 and a4).

Characteristics of priority species and TECs

Plants were the most common taxon selected both as surrogates and additional features
for the species-only approaches (Scenarios 1b and 2b), as 79% of species prioritized
were plants, on average across scenarios. This was followed by invertebrates (7%),
and mammals (4%). Moreover, the average number of threat abatement strategies that
would be managed per priority species across scenarios is 1.6, ranging from one to three
strategies. Yet, for ecological communities (Scenario 1a) these range from three to ten
threat abatement strategies, with an average of six strategies per TEC, explaining the
higher costs of management for TECs. The best-fitted model for the combined approach
was the one including the interaction term between taxonomic group and geographic
range (see Appendix 5 for AIC values for all models). We found that both variables
had a strong effect on the species and TECs prioritized, both being important predic-
tors to describe which types of features were more likely to be selected (Scenario 2a).
This relationship was largely driven by plants, invertebrates, and TECs (considered as
another taxonomic group for this purpose), being more likely to be selected relative to
other taxonomic groups. The range of all threatened species and TECs used for the anal-
yses varied widely from very narrowly distributed (< 1 km?) to widespread species and
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Fig.4 a Number of surrogate features, benefiting species and additional species or threatened ecological
communities (TECs) included in the solution under each management approach for Scenario 2. ‘Surrogate
features’ are TECs (from a potential n=83 in Scenario 2a) or species (from a potential n=1425 in Sce-
narios 2a and 2b) that were selected to provide cost-effective management to other co-occurring threatened
species or TECs with similar threats. In Scenario 1, ‘Benefiting features’ are species and TECs that receive
benefit (i.e., protection or management) from the threat abatement strategies implemented for the surro-
gate features. ‘Additional features’ are species or TECs added to the list in order of cost-effectiveness until
the budget is reached, however they do not contribute to another species’ benefit. b Shows the number of
threatened species and TECs that would receive benefit per additional dollar invested. Cumulative benefits
increase when adding the next most cost-effective species (green line) or the next most cost-effective spe-
cies and TEC (orange line). All costs presented are the best cost estimates of threat abatement strategies,
and cumulative costs are presented in millions of Australian dollars (AUD) per year

TECs (> 1000 km?). However, in the combined approach, the prioritization algorithm
selected priority features with smaller ranges than those not prioritized (Fig. 5), pattern
strongest for TECs and invertebrates (Appendix 5).
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Fig.5 Natural log of the geographic range (km?) of threatened species per taxonomic group, categorized
into those that were prioritized (orange boxes) and those not prioritized (green boxes) under the combined-
approach scenario (Scenario 2a). Threatened ecological communities (TECs) were considered as an addi-
tional taxonomic group for this purpose

Discussion

With the current rates of biodiversity loss (Ceballos et al. 2015), and scarce resources
allocated towards conservation, there is a need to implement structured and transparent
prioritization frameworks that efficiently maximize benefits to biodiversity (Carwardine
et al. 2008; Joseph et al. 2009). Here, we show that we can maximize the benefits to
threatened biodiversity by prioritizing the management of surrogates that represent cost-
effective management of threatened species and threatened ecological communities for any
given budget. While using Australia as a case study, the novelty of this study centers on
assessing whether managing higher order biodiversity features, such as TECs as surrogates,
would be a cost-effective strategy for threatened species management. Further, we explored
what constitutes a suitable management surrogate, and whether combining approaches
could maximize biodiversity outcomes.

Our findings suggest that, when the objective is to benefit threatened species (Scenario
1; Fig. 1), resources should be invested in species management, since TECs in Australia
offered lower benefits to species when treated as surrogates due to their high management
costs and low co-occurrence (Fig. 3). Yet, if the aim is to conserve both TECs alongside
species (Scenario 2; Fig. 1), then using both features as surrogates would deliver the
greatest overall benefits (albeit marginal in this case study) under the same budget (Fig. 4),
while ensuring that both features are explicitly represented. Our study further contributes
to the management surrogacy literature by providing an integrated framework to assess
surrogates that may be useful for conservation management, and should be tested in other
contexts. Incorporating ecosystems and ecological communities in conservation planning
and prioritization decisions is essential, as reflected in international commitments such
as the Convention on Biological Diversity post-2020 Global Biodiversity Framework
(Nicholson et al. 2021; CBD 2022), and legislative mandates in many countries, including
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Australia (DAWE 2020b). However, government policies still tend focus predominantly on
species (e.g. Australian Threatened Species Action Plan; DCCEEW 2022).

The poor performance of the community approach is likely driven by three factors. First,
ecological communities across Australia face several complex threats, hence their recovery
is resource intensive. Restoring habitat is one of the primary methods to manage ecological
communities and ecosystems (Ferrer-Paris et al. 2019), being critical for preventing further
degradation and loss. Habitat restoration was the most expensive strategy in our case study,
and has been found to be the most expensive and least cost-effective strategy in other
studies (Martin et al. 2018). Yet, it is required by 95% of TECs, explaining why the budget
was quickly reached under the community approach. Second, TECs have faced long-term
declines due to clearing and degradation, occurring in mostly fragmented and small patches
(Tulloch et al. 2016). This resulted in small geographic overlaps with species, relative to
large co-occurring distributions among species. Given the level of fragmentation and lack
of connectivity of TECs in Australia, they do not adhere to the widespread distributions
proposed by the umbrella concept (Wilcox 1984). This might be a common factor of
threatened ecosystems listed due to a decline or restricted distribution (Bland et al. 2017),
yet, this hypothesis needs to be further examined in other case studies. Third, there are only
83 TECs in Australia compared with 1393 threatened species used in this analysis. This
large difference between the number of potential surrogates per feature could also explain
why species perform overwhelmingly better.

Despite the calls to move from a species-focused approach towards one that focuses
management on ecological communities or ecosystems (Noss 1996; Keith 2015), we show
that for the Australian context, using threatened ecological communities as management
surrogates may not be a beneficial strategy on its own. Yet, our analyses helped identify
factors that influence suitable management surrogates, including those that are both cost-
effective and provide significant benefits to other biodiversity features. Based on our data,
taxonomic groups and geographic distribution significantly influenced our prioritization
solution (Fig. 5). Specifically, both TECs and invertebrate species with smaller geographic
ranges were more likely to be selected as management surrogate because of the lower
management costs. This information can be valuable for future conservation planning and
prioritization efforts in the Australian context, and should be tested in a wide range of
contexts to explore their generality.

Management implications

Despite the large body of literature on the use of surrogates, such as indicators, umbrellas,
or flagship species (Roberge and Angelstam 2004; Wiens et al. 2008; Caro 2010; Lundberg
and Arponen 2022), and habitat-based surrogates (e.g., Lombard et al. 2003; Di Minin
and Moilanen 2014; Lindenmayer et al. 2014), no study has compared the effectiveness
of threatened ecological communities as management surrogates, and how to prioritize
across both species and ecosystems to improve conservation management. We highlight
the importance of implementing spatial prioritization approaches that account for threat
abatement actions and costs to identify management surrogates, as suggested by Cattarino
et al. (2015), Ward et al. (2020) and Salgado-Rojas et al. (2023), rather than solely
accounting for spatial representation. The latter may not fully address all the necessary
biodiversity requirements to effectively mitigate threats and ensure their persistence. Our
findings are supported by Di Minin and Moilanen (2014), who concluded that habitat
types are a critical part of successful surrogate strategies to account for poorly known
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taxonomic groups, aligning with our combined approach between species-level and above
species-level management. Similarly, Lombard et al. (2003) found that land classes (i.e.,
broad habitat units derived from vegetation layers and environmental variables) performed
well as surrogates for known plant distributions, but specific-species that fall through this
coarse filter (e.g. fauna) would benefit from targeting both land classes and species data
simultaneously.

We suggest that the framework presented here can provide information on the type
of cost-effective surrogates and inform finer-scale decisions about which management
strategies to implement. When data on threats and distribution of threatened species and
ecological communities (or ecosystems) are available, practitioners and decision-makers
can follow this process to determine optimal conservation strategies. Yet, in situations
where there is limited capacity or data availability, incorporating threatened ecological
communities or ecosystems alongside species in management and planning may lead to
improved conservation outcomes and ensure comprehensive management at both levels of
biodiversity.

Assumptions and limitations

Our study relied on two main assumptions. First, we assumed that threats to a species
or community occurred across their entire distribution, which might have influenced the
selection of management surrogates with smaller geographic distributions. This may lead to
overestimation of the extent of overlapping threats between features, which would increase
their cost-effectiveness. Ideally, the specific location and spatial variation in the intensity
of threats affecting species and TECs should be accounted for (Wilson et al. 2009b; Evans
et al. 2011), potential through integrating factors like land form, soil type, patch area, and
human population density (Maron et al. 2013). Threats can also interact when their effects
co-occur spatially and temporally (Coté et al. 2016). However, these data are rarely, if ever,
available at the continental scale, and were unavailable at the time of analysis. Given the
importance of the quality of the spatial, threats and cost data in our methodology, it is
noteworthy to recognize that the effectiveness of our prioritization framework is contingent
upon the availability and reliability of such data.

Second, we assumed that the same threat abatement strategies used for managing species
(Yong et al. 2023) would be effective in managing TECs facing the same threat. However,
ecological communities might have specific requirements that cannot be addressed solely
through species-focused management actions, such as changes in composition, structure
and disruption of ecological processes (Nicholson et al. 2009). Further, we did not account
for species interactions and dependencies within community assemblages, which are key
properties of ecological communities (Keith 2009). Addressing these interactions, and
properly incorporating them into our benefit function would provide a more realistic and
positive outcome of TEC’s performance as management surrogates. Nevertheless, these
assumptions about threats and actions are commonly required by large-scale conservation
analyses where detailed, site-based information is lacking (e.g. Wilson et al. 2007;
Auerbach et al. 2015; Cattarino et al. 2015; Ward et al. 2020). Explicitly addressing these
assumptions would likely improve the effectiveness and reliability of decision-making
processes (Maron et al. 2013).

While our prioritization framework aims to maximize conservation benefits received
across threatened species and ecological communities, it is important to note that our
methods may produce disparities in the degree of benefit conferred to certain groups
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of threatened species. For instance, some species relying on both terrestrial and marine
habitats may require additional management to fully address marine-related threats and
ensure their persistence, which was outside the scope of this study. Other prioritization
approaches, such as those presented in Cattarino et al. (2015) and Salgado-Rojas et al.
(2023), have defined their targets as species persistence in their conservation allocation
problem. These studies developed complementarity-based multi-action planning
approaches to identify an optimal combination of management actions and their spatial
allocation within a site that achieves the conservation target (either at the minimum cost,
or by maximizing recovery across all features—subject to a budget). Approaches such as
these might address the caveats on potential uneven benefits in our study by incorporating
species-specific persistence targets and associated management requirements into the
prioritization process.

Suggestions for future research

The findings presented here may be influenced by the specifics of the Australian context,
the methods used to define and list threatened ecological communities, as well as their
limited geographic overlaps with species. Therefore, it is important to test our methods
and scenarios in a wide range of other contexts, particularly countries with comprehensive
lists of threatened ecosystems (e.g., Colombia, South Africa), or under an experimental
approach with independent datasets, to evaluate the generalizability of our findings.
Additionally, future studies could also investigate the use of other levels of biodiversity
as management surrogates, such as functional groups or biomes (as per Keith et al.
2022), as well as different threatening processes and socio-economic factors that might
afftect the costs of implementing management. Categories of management costs, such as
labor, consumables and travel to sites (Iacona et al. 2018; Yong et al. 2023), might differ
considerably across different regions and countries, and should be accounted for when
implementing conservation strategies.

Future prioritization exercises could add complexity and maximize management
efficiencies by incorporating complementarity of actions across sites (Chades et al. 2014,
2019; Cattarino et al. 2015), interactions between actions (Auerbach et al. 2015), and/
or interactions and co-occurrence between threats if data exist (Geary et al. 2019; Legge
et al. 2019). A sensible next step in this research involves incorporating the recently
developed spatial management costs for Australia (Yong et al. 2023). Moreover, we
suggest that integrating approaches by managing across species and ecosystems could have
conservation benefits for lesser-known species (Noss 1987; Ferrier et al. 2009), including
those that are yet to be described, or with undetermined threat status. Managing above
the species-level also offers the potential to protect ecological processes and ecosystem
services (Nicholson et al. 2009), which were not captured in our analysis. Future studies
could examine these considerations by modifying the benefit function. TECs could be
assigned greater weights compared to species, considering their potential to conserve
lesser-known species. Additionally, if the objective, such as restoring ecosystem function,
is to be considered, the weighting variable could account for the number of ecosystem
services and ecological functions provided by each TEC or species (Akcakaya et al. 2020).
However, this is only possible if data on such processes and services exists, which was
unavailable for our case study.

This study compared the cost-effectiveness of managing threatened species,
threatened ecological communities, or a combination of both to protect threatened
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biodiversity, addressing a crucial knowledge gap on which surrogate strategies deliver
greater biodiversity benefits. Our findings demonstrate that allocating conservation
resources across multiple levels of biodiversity, incorporating both threatened species
and TECs, is slightly more efficient than using a species-only or community-only
approach. The prioritization framework presented in this study highlights the importance
of using accurate data on threats and management costs to improve efficiency (Bode
et al. 2008; Carwardine et al. 2012). Conservation practitioners and managers can adapt
this framework to their specific context, integrating different conservation features
and adjusting the spatial scale of prioritization as necessary. Transparent and strategic
spatial conservation prioritization analyses, such as the one presented here, can help
optimize the use of scarce resources for protecting threatened biodiversity.
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