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Selecting indicators fananagement

Indicator species are frequently usedor biodiversity managementbut whether
indicator speciesselectionis explicit abouttheir ability to improve management
decisions remains unclear. We reviewethe scientific literature to assessvhether
existing méthodsfor selecing indicator species account fothe following five
monitoringTand:management decision factors : objectives, constraintsactions,
uncertaintiespand biodiversity outcomesOf the selectedstudies, mostfocused only on
improvingJmonitoring efficiency rather than on management effectiveness, potentially
leading to ineffective indicatorsfor decision making; only 21% of the studies explicitly
accounted for management objectives and actions. Crucially, 94% tfe reviewed

studies and onehalf of all indicator selectionmethods overlookedconstraints (eg
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budgets), & well asuncertaintiesin indicator responses to management.To improve
selection ofindicator species we suggest a systematic approach using key concepts from
structured decisionmaking. This approachfacilitates explicitly evaluating management
outcomesas part of the indicator species selection proceasd allows for the review of
indicatorsechoices over timeto improve future monitoring and management decisions
Front Ecol Environ 2018;

In a nutshell:

e Indicator, peciesprovideinformation that can influence decisions for managing specific
species; threatsr whole ecosystems

e Currentapproaches faselectingndicator species generally ignore the management
context and do not test the capacityraficators tamprove management decisions

e Ignoring the link between indicatopaciesand management decisions can result in
selectingthe wrong speciesesultingin wasted resources andmisguided management
actions

e Takingdessons from structured decisimaking, we recommend incorporating
management factorsto a systematiéramework for indicator selectiosuch an

approachwill improve monitoring anthanagement decisions over time

Decisions about how to manage biodiversity can be difficult, and the wrong decisions can
have unexpected and lomgrm ramifications for conservati@fforts (Lindenmayeet al.
2013). Conscious of the risks of making lotisions, researchers and resource managers
often call for detailed monitoring and evaluation to imprthasr understanding about the
state of biodiversity being managed and the processes influencing it. Indicatos &pegie
speciesand/or.group®f speciesie communities, guilds, andxa)simplify this task by
providing=proxiegor monitoring biodiversity, thereby reducing the scale, ¢atty, and
expense of monitorings€eFigure 1 for examples; Landretsal. 1988;Pereiraet al. 2013).
Hence the"useof indicator species has become a standawditoringapproachn ecological
assessment and biodiversity conservation (Caro 2010). Howespiteh marked increase

in thereliance onndicator species (Siddig al. 2016),it is still unclearhowto choose the
most appropriatendicator speciet inform management decisiofzavreatet al. 2006;
Rodrigues and Brooks 2007). Moreovedicatorselection iften not straightforward

because monitoring different species may lead to diffenamagement decisions (Grantham
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et al. 2010).There isthereforea need to develop systematic selection approaches that clearly
link monitoring of indicator species to well-defined management decisions\g-ard

Gregory 2003). In this review, we outliadramework to improve the consisterayd
transparencyf current approaches used to select indicator spkri@sanagement, and
evaluaterthevextent to which management decisions are explicitly considdredelection
process

Existing ®lection apppachesarecommonly based ogualitative (Lindenmayest al.
2015) or quantitative (Beliaeff and Pelletier 2011) assessments of indiagdorstset
criterig suchassensitivity to change, or feasibilitf data collection, analysisnd
interpretation (Henk and Kowarik 2010; Joness al. 2011).More recenframeworks for
indicator selection conceptually link indicators with management actionsotonimiolicy
(Nicholsonetal2012) or account for tradaffs betweermultiple managemenfactors (see
Tullochet al. [2011]for anexample of balancing the costs of monitoring indicators with the
quality of information obtained). However, a general framework for indicator species
evaluation‘andelection- onethat systematicallyncorporates monitorirgand management-
relatedcompenents s currently lacking

One.approach to guide the selection of effective indicator speatsdsured
decision making (Lyonst al. 2008) whichembodies a set of tools for systematically
analyzing complex problems to support more transparent and robust decisions (@ralgory
2012). Structured decision makihgs helped addressonitoring questionsuch asvhether
and when to monitor (McDonald-Maddenal. 2010), how often to monitor (Hausetral.
2006), how to allocate resources for monitowifferentspecies (Wilsomt al. 2015), and
how to target monitoring to resolve key uncertainties (Rehge 2011).However, it is
unclear towhat extent such formal approaches are routinely used for the selection and
evaluationof indicator species in conservation.

Structured decisiomaking encompassége basic omponentsi{ereaftereferred to
as “decisionfactors’seeTable 1) objectivesgconstraintsactions, uncertainties, and
biodiversitysoutcomegGregoryet al. 2012).Clearly articulatingnanagement objectivésr
indicator selectiomllowsfor the evaluation odlternative indicator speciéy determining
whether andte,what extent monitoring a species helashi@vedesired management
outcomes\Vienset al. 2008;Beliaeff and Pelletier 2011 onsidering decision constraints,
such as monitoring budggfBulloch et al. 2013), in addition to whether an indicatprecies
is agood proxyfor other species in the communitg urrogacyWienset al. 2008),can

help practitionerghoose species that are responsive to chandks systenwhile also
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being affordable to monitor. Furthermore, uncertaintigbeémesponses dfiodiversity to
management affect our ability to manage optimally, but can be resolved through monitoring
(Regaret al. 2002). Biodiversity management can be improved by selecting indicator species
that resolve the most uncertainty with respecth&effectiveness of different management
actions(yonset'al. 2008).

In this study, we first propose a general frameworkhe adaptive selection and
evaluation ofndicator specigdollowing the core tenets of structured decision making, to
link indicators towell-definedmanagement decisionBhen, we condud systematic review
of the scientific literaturéo assess (1) the extetiotwhich decision factorse objectives,
constraints;,actionsincertainties, and outcomemk explicitly considered ithe choiceof
indicator speciesand (2) the methods ustxselect indicator species in these studies. Our
primaryaimwasto identify thesuccesses and gaps in accountingfermanagement context
in indicator species selection amidoing soto highlight future opportunitiesas well as
possible challenge&r improving monitoring and management decisiarhen indicators

are necessary.

Decision framework for indicator selectionand evaluation

We first develop a decision framewdik indicator selection badeon structured decision
makingto systematically account fdey decision factorgFigure 2)via the following steps:
(1) define the problem, management objectives, and decision constraints (egingpaitor
management budget4?2) list alternative managemaeamttions(egthreat mitigation or habitat
restorationand identifycandidate indicator species; (3) evaluhwexpectedconsequences
of alternativemanagement actiorad indicator species baseda priori beliefs regarding
system dynamicand responses to managemamid therselect management actions and
indicatorsbased on this evaluatipf#®) implement seleed management and monitoring
actions and(5).evaluate outcomes and update knowledge, management actions, and indicator
specieghroughradaptive managemerere, we emphasize the importance of evaluating
indicatorspecies to ensure that the selected spéelgsimprove management decisions and
outcomes.over time. Evaluation of indicators and management actjmer$asmned a priori

at the start of each loaysing analytical tools to estimatege expectedhanagement outcomes
underdifferentmanagement actions and seledteticatorspeciesSincethe ability of

different indicatos to inform future managemenmntayvary with the current choice of
management action, in SteprBanagement actiorsse selectefirst followed by indicator

selection The adaptive design of the framework thedlowsinformation obtained from
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monitoringindicator species the current timestepto improve managemeudecisionsn the
nexttime-step as facilitated through post-hoc evaluatitmst compare the expected and
observed management outcomédsingthis as a benchmaflr our systematic reviewve
assessvhich decision factors in our framework are considerestibgiesthatselector

evaluatandicator speciefor management

Methods

Systemati cireview methodology

We searchetbr journal articles published in Englifietweenl Jan 1990 and 31 Dec 2015,
usingthe keywords (“indicator species” OR “surrogate spegiadlD (manage* OR policy
OR decision OR action) AND (assess* OR evaluat* OR priouttiger TOPIC in the ISI

Web of Sciencéelatatase The titles and abstractsf the resulting 519 studiegerethen
examinedor inclusion based on whether a studgt all three of the following criterigl)

was about indicator species, (2) aimedhtorm the management of biodiversity, and (3)
selected or.evaluated indicators (see Panel 1 for definitions of search terms). When a study
considered.multipleypes ofindicators, we only reviewed article content relating to indicator
speciegsingle specieand/or groups of specids communities, guilds, artdxa) Although
studies 'may use alternate terms suchteaslogical indicatdror “bioindicator” (Siddiget al.
2016), commenly used terms like “indicator” @utrogate speciésaptured a representative
subset of stdies from the literatur@VebTable ). We excluded studies that focused only on
indicators for sustainability, ecosystem servjagsocial indicators that were not directly
related to biodiversity management (see WebFigure 1 for details). The 108dsledies
were then|categorized based on whethed#usionfactors (Table 1associated with
management or monitoring were (1) not considered, (2) discussed only, or (3) explicitly
evaluated (categories explainedHigure 3). Unlike other decision factors, uncertainty
applies to albtepsof the decisiormaking process (Reganhal. 2002 Addisonet al. 2017).

We did notdifferentiatbetweerdifferent types of uncertainty (egpistemic and linguistic)
nor did wesaddress how uncertaimigs dealt with in the studieBowever, we did record
whether a.study considered any kind of uncertainty relating to indicator selection. The

method usetiiselecindicator species was also recordééebTable 2).

Results

Decision factors considered in indicator selection
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In general, studies evaluated indicator species against monitoring objectives-(§dfe 3)
and ignored the management objectives altogether. For example, studies usualy éocus
establishing indicator species’ surrogacy for biodiversity or their sengitiovanthropogenic
pressures (WebFigure @gde la NuezHernandezt al. 2014; Brunbjerget al. 2015).0Only
21% ofstudies evaluated indicator species agdhsstated management objectivasd
considered alternative management astidhese studies evaluatadlicatorspeciedor
achievingmanagement objectives suchidentifying new conservation areas to supplement
existingpretected arenetworks(eg Culmseet al. 2014) orreserve selection decisions to
minimize speciegextinctions €gNicholsonet al. 2013).Monitoring actions were always
considered,and/were either implicit (eg alternative indicator species based on data from
published studies; Culmsetal. 2014) or explicit (eg surveys to monitor indicator species;
Brunbjergetal. 2015). Consaints,such asimited monitoring or management budgetg) (
Juutinen and Mankkonen 2004)lonited area available fomanagementeg Nicholsonet

al. 2013),were rarely consideredrigure 3). Further, only 30% of studies considered
monitoringfelated uncertaigt(egestimating detection probability of bird species via bird
calls Rempelet.al. 2016),while managementelated uncertaty was generally overlooked
(egparametric.or model uncertainty describing indicator response to managenuerg act
butsee Tullocket'al. [2011)).

Methods used for indicator selection

Onehalf of the studies used standard statistical methods such as descriptive statistics or
correlations for evaluating and selecting indicator spe€igsi(e 4). For example, de la
NuezHernandezt al. (2014) compared the mean abundance of a coral species between
localities with high and low diving pressure to establish its sensitivityd@ationadiving
impacs. Multivariate ordination/cluster analysis was the second most cammethod of
which Indicator.Species Analysis (ISA; Dufrene and Legendre 1&88)he most widely
used. Foinstance ISA was used to differentiate among invertebrate communities in
disturbed areas‘and identify species representative of different tygesusbances
(Brunbjergetal. 2015). The mosta@nmonmethods of indicator evaluation (standard
statistical methods, ordination/cluster analyaisd regressionyeremore ofterused to
assessnonitoringfelated actionsoutcomes, and uncertainties tharassesmanagement
uncertaintiegfWebFigure 3). Of the 21 studies that explicitly evaluated indicator species
against management objectives, standard statistical methods were again the most common,

followed by regression and mathematical optimization methods (FigurBddakion-
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analyticmethods such as optimization (eg Nicholsbal. 2013) and cosbenefit analysis
(egTullochet al. 2011)wereused infrequently, budonsistently accounted fbioth

monitoring andnanagemerfactors(WebFigure 3).

Discussion

When intended to inform management decisions, monitoring is not an end in itself but
derives its'purpose and value from improvements in decision making (Nichols arzand/ill
2006).As such,ndicatorselectiomneed to move beyond the mudited discussion on
improvingmeasurement accuratywarda full clarification ofthe management decision
factors thashould govern indicator choice (Possinghairal. 2012). Despite this need, our
review demonstrates that management objectives and aatemasedy considered in
indicator species selectigRigure 3) Insteadindicator species were often evaluatedly for
their monitoring efficiencyeghow wellan indicator speciagpreserganother species or
the ecological communityWebFigure 2).ndicator specieshosen this waynay lack
pragmatic utility in effectively informing decisions to trigger management intéores
(Lindenmayeiet.al. 2013). A number o$election methodwere able t@account for most of
the decision factors the manageent-related component of the decision (WebFigyse8
Nicholsonetal. [2013] for an example that considers all factors except monitoring

constraints)but'these were rarely appliéeigure 4.

Applying indicator selection as a structured decision-making process

By drawing on the certenets of structured decisioraking (Gregonet al. 2012), our
proposed framework for indicator selection and evaluation (Figurastires the
consideratiorof factorsrelating to bothmonitoring and management decisiadsre, we
provide an exampléallustrationof our framework formanagingdeclining small mammals in
the Pilbara\WesternAustralia(Figure5).

In Stepd; ve would descrite the problem of small mammpbpulationsleclining
under the impacts of increasing fire frequency and overgrazing by feral ungulates and
domestic_herbivores (PanelQarwardinect al. 2014). There is uncertainty about which
mitigation actiens will be most effective slowing down the populatioteclines so
monitoring is required tbetterunderstandhe potential responses of mammals to
management. The management objedswe minimize the expected number of speaies
declire, but amonitoring obgctivecouldalsopotentially bespecified(egto minimize

uncertainty in the response [population treofdgach species to managemeBbth
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management and monitoring are constrained by limited budg&gep? actionsthat can be
taken to manage fire frequency and to reduce graategsity in the Pilbarare identifiedas
arecandidate indicator specidsat are likely tdoe indicators of the response of the mammal
community to manageme(ifable 3. Possiblemdicator species includbe greater bilby
(Macrotistagetis), the northern quoll@asyurus hallucatus), andthe pale field rafRattus
tunneyi) (Figure 6). The set ofgtential indicatoispeciesmay be based on expert
consultation, empirical data on species occurrence and trends in the region, or available data
on species’ performances in response to managemesitep 3 management actions
(manage fire and/or reduce graziaggselectedo minimize the number of spesin
declire, given existing information and within budget constraints. For instance, a return-on-
investmentapproadeg Possinghanet al. 2012) could identify the most cost effective
action(s) achievable within budget constraints. On the baslie shanagement action
chosen, we theselectthe species to monitothe onethat provides théest informatiorfor
improving managemettecisions in the next timgtep For instancea value of information
analysigan. approacko assess the management gains from obtaining new informatialt)
allow usto guantify the value of reducing uncertaintynianagementutcomesvhen
monitoring thebilby versus the quoll or field raBé et al. 2018). In $ep 4, the selected
threat management actions are implemeatetitheselected indicator speciase monitored.
In Step 5 observed responses of the indicator species under the selected management actions
are comparetb theexpectations establishadStep 3and information about the
effectiveness of management for each species is updated.

In the first round of application of the framework, several indicator specig s eadl
to be monitoredhn orderto identify thespecieghatprovide themostimprovement in
management outcomes acrafispeciexonsidered. Rureiterations of this will help
narrow down the indicator species that should be monitasedgll as the management
actions that.most benefit biodiversigor instancesubsequent evaluation may indicate that
M lagotis responds to both threats and their management and is therefore a good indicator to
inform managemerdctionsfor all species. Alternatelyy lagotis may respond onlio
grazing management, suggestihgteither () additional species need to be monitored to
assess the impactsfoe managemerfor all specie®r (2) fire management activities have
been usuccessfulThe adaptive nature of our framework would enable these uncertainties to
be resolvedvertime. Importantly for indicator species, theseakiations may reveal

correlations between respossd multiple species to thremind managemerndicating that
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some species can serve as effectimeogatendicators forachieving management objectsve

and others less so

Evaluating management effectiveness of indicators

Commonlyfavered methoddor selecting indicator speciesuch as regression, correlatipns
or ordination/cluster analysigigure 4), do noaidin the integration ofhe multiple decision
factors inherent in most selectionientedproblems (WebFigure),3and therefore do not
constitute @ decisiemaking framework (Gregorst al. 2012).Selecting indicators that are
relevant to the decision context requiessluatingtheir management effectivendssfore
implementing managemeattions. This involves using methods or modelsstimate the
expected improvement in management outcomes as a result of monitoringiaéernat
indicators (Step 3) whilat the same timaccounting for uncertainty in management
effectiveness. These models demt always be quantitative (@gllochet al. 2011),as even
simple conceptual (eyicholsonet al. 2012) and qualitative (ddayeset al. 2015) models
canprovide a good foundational understandifigauseeffect relationships ecological
systems and-.aJmneansexplorethe uncertainty in the decisianaking process (Addiscet

al. 2013).In,some casesormal decisior-analytic tooloffer an objective approach to
identify indicators and management actions thatetdrance management outcomex, y
these methods‘have sdetie uptake in indicator species selectiéigure 4,egeconomic
decision frameworks such as cdstnefit analysis anchathematical optimizatiorseeMaron
et al. 2013;Field et al. 2004).The \aluation of indicators using value of information analysis
(egMaxwellet al. 2015 Bal et al. 2018 also providesa formalway to quantify the
management benefits of monitoring alternative indicator species.

Importantly, ndicators evaluated against management thresheldddgvel of change
in the environment or biodiversity metric that triggieonservation actigrran assist
managers'imaking difficult decisions about when to intervene in ecosystems to address
undesirableschangé€kindenmayeset al. 2013) Models used to set decision triggers, evaluate
indicators sand-inform management can be statistical or decsialyticin nature (de Biet
al. 2018),and theseshould be embedded in amerarching process for indicator selection and

evaluation (Figure 2

I terative learning and selection of indicators
Adaptive management and iterative monitoring framewtak#itate learningbased decision

making such that subsequetions can be adjusted based on what hasgregously
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learned(Lyonset al. 2008; Williams 2011). For example, Hauseal. (2006)demonstrated
how monitoringeffort to inform the management of red kangarddadopus rufus) in South
Australia changed according prior knowledge of the population density of kangaroos in the
previous year, andlsoaccording tdhe number of yeatsetween successive surveys.
Similarlyyrindicator species need to be reviewed and updated to respond to the dynamic
nature of ecological systems and decision procé8ggisams 2011) However, our review
found no examples of adaptive selection of indicator spegiestime.

In contast to a more surveillandgpe approach that monitors the state of biodiversity
ata specific.paint irtime, our proposed approashan adaptive framewoyrkn whichthe
process of framing the objectivasdthe monitoring desigras well asnterpretingnew
informationare iterative (sethe“Learn and Review” loop in Figure Ringoldet al. 1996).
This is because the data needed to inform sefect updatingof indicators and management
actionswill often (but not always) come frorng monitoring of the indicator species
themselves. The adaptive component of our framework comes into play if decisions are
recurrent and the structured decision process identifies critical uncertainties that, if resolved,
have the potential to improve selogient indicator choicestép 5. This can be facilitated
through feedback loops to (1) clarify and learn about uncertainty associated with model
parametersand evaluate the true effectiveness of indicator species and management actions
and (2) revievithe decision context where necessary (desBa. 201§.

Barriers and opportunities

Applying structured decision making to monitoring decisiorsredativelynewapproachn
conservatiorascompared withts application irother disciplinessuch as mediciner
economicsThis may explain why methodsich asosteffectiveness analysis are rarely used
to compare different indicator choicdsdure 4),despitebeing well documented (Edwareis

al. 2007)..To. facilitate the adoptiafi structured decisiomakingfor indicator species
selection, secientists need to play a bigger role in communicating both the bénsfitg the
appropriatestools (Addisost al. 2013)as well aghe risks of failing to link indicators to
managememnjuestions (Lindenmayet al. 2013). In addition, building partnerships between
sdentists, statisticians, poliayakers, and resource managers can toalipentify policy- and
management-relevant reasons for monitorasgywell ago developscientifically robust
approaches for the selection of ceffective indicatorsl{indenmayer and Likens 2010;

Addisonet al. 2017). In the context of structured decision making, however, adequate
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fundingis requiredto maintain long-term monitoring programs, which pasesajor
challengéfor practitioners obiodiversity conservation (Lindenmayer and Likens 2010).
Most decisionanalytic methodsely heavily on the use of mathematical models that
requirea substantialdegree of technical expertisgéddisonet al. 2013). In response,
scientistshaverbegumo develop usefriendly toolsand software to make modelimgtensive
methods more accessible tonspecialistusers(Canessat al. 2015; Di Fonzet al. 2017).
Alternatively, a collaborative approach between scientistcanservatiorpractitioners to
carry out thenodeling and monitoring components of the work (Rusigeé. 2011) caralso
enable the use the most ugo-date decisiontheoretic method®r indicator selection.
Finally, dioices & often made based on decision makers’ beliefs and values, habits
or preferences rather than solely in accordance with scientific methods (FailiGyegaty
2003;Gregoryetal. 2012). Althoughwe identified recent research advandes developing
robust indicator selection approachesjewingmanagement pies and/or interviewing
decisionmakerscould provide valuable insighintoopportunities to integrate decision
factors more formally into indicator selectionreatworld monitoring and management

decisions.

Conclusion

With increasingpressureon practitionerdo taketimely conservation actions, the nefed
systematic approaches to seledicator species thatn best infornbiodiversity
management is paramount. Our study proposksiision framework for indicator selection
and evaluation that draws on theetenets of structured decisiorakingto ensure that
selected indicator species are relevant to the decision pradesstelythis will lead to
improvements in managemeartd monitoringdecisions over timeandjustify costeffective

spending of scarce resources.
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[Note to SPS: please embeligure 1 within Panel 1]

Figure 1. (a) Bengal tigerRanthera tigristigris); (b) dark blue tiger butterflyTirumala
septentrionis);«(e) controlled burning as part of the Yawuru Indigenous Protected Aéa (

program effort.to reduce the incidence of damaging wildfires.

Photo credits:
(a) oM Gala
(b) © T Varghese

(c) © Yawuru Land and Sea staff

Figure 2. Decision framework for indicator selection and evaluation based on the structured
decision-making approach (Gregatyal. 2012). Decision factors are highlighted in red (see
Table 1 fofr.definitions). The daggé) @lenotes steps where indicet are seleted (Step 3),
whereas the"asterisK (lenotes where indicators are usedwaluate management outcomes
(Steps 3 and:5):'See WebFigure 4 for more details.

Figure 3. Percentage of studies considering the (a) monitaefaged and (b) management
related decision factors for indicator selection (see Table 1 for definitions of decision
factors).“Not considered” indicates that the decision factor was not mentioned ituthe s
“discussed only” indicates that the factor was mentioned or discussed quedlithtit not

included quantitatively in indicator evaluation and subsequent selectionegictitly
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evaluatedindicates that the factor was quantitatively included in indicator evaluatithn a
subsequent selection. When monitoring or management objectives were explicitbtedal
the corresponding ecomes were estimated (categorizedexplicitly evaluated”), and if

objectives were discussed or not considered, the outcoareswt estimated (categ@@ as

“not considered).

Figure 4. Frequency of use of indicator selection methods in (a) all studies considered in the
review and (b) studies evaluating the indicator against management outcomes. Categories

used for methads are not mutually exclusive (see WebTable 2 for definitions).

[Note to SPS; please embed Figurewithin Panel 2]
Figure 5. Examples of the diversity of the Pilbara landscape. (a) Gorge cp(bjtied Hill

station.

Photo credits:
(a) ©S Murphy
(b) © L Corker.

[Note to SPSisplease embed Figu@within Panel 2]

Figure 6. Candidate indicator species in the Pilhamaluding (a) the greater bilbyacrotis
lagotis), (b) the northern quol{Dasyurus hallucatus), and(c) the pale field ratRattus
tunneyi).

Photo credits:

(a) ©Save the Bilby Fund
(b) ©J Lochman

(c) © S Murphy:
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Table 1. Decision factors considered in indicator selection based on structured decision
making (Gregory et al. 2012)

Decision

Definition Monitoring-related example Management-related example
factor
Objectives Intentions, aims, or goals Estimate the number of specie Minimize the number of species

Constraints

Actions

Uncertainties

Outcomes

for biodiversity

conservation

Factors that limit
conservation objectives
and actions (eg policy,
financial, logistical, or

ethical)

Alternative actions to
choose from in order to

achieve the objectives
Ambiguity in
observability and

knowledge of the system

Consequencesf

decisions or actions

present in a given area

Limited resourcesncluding

budget, personnel, or time

Indicator species use or

monitoring, remote sensing

Observation or detection error,
noise inthe system
(stochasticity), poor
information on how the system

might evolve over time

Assessment of species

abundance within a given area

declining in a given area

Limited resources, limited area
available for management
intervention, time limit within
which objective needs to be

achieved

Manage threats causing specie
declines (eg fire control or

invasive weed removal)

Poorly known efficiency of
management actions
(feasibility), poor information on
how the system will respond to

actions (effectiveness)

Reduced species declines withi

an area

Table 2. Threats; management actionsand indicator species in the Pilbara

Threats

Management actions

Indicator species

Increased fire frequency

Overgrazing

Control burning

Feral ungulate management

Macrotis lagotis

Dasyurus hallucatus, Rattus tunneyi

Notes: Management actions and indicaspecie listed are for illustrative purposes only.
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Panel 1. Operational definitions of search terms adopted for the systematic review

Indicator species are single species or groups of species used to represent other species or
aspects of the environment that are too difficult, inconvenient, or expensive to monitor
directly (Landrest al. 1988).Speciesor environmentelatedcharacteristicsepresented

may includequalitative or quantitative variables that provide simple and reliable means to
express the attainment of a conservation objective or the results stemming from a specific
change (Caro 2010). Metrics may be used to record a directly obserhiatdeteristic of
species or communities, such as abundance or diversity (Ret@ir2013), or they may be
combinedwithin@ formula to provide a composite indicator (Burgesal. 2017). Common
examples of indicator species include charismatic species stioh tager (Figure 1a) and
taxonomic groups like butterflies (Figure 1b). We use the term surrogatesspecie
synonymously for the purpose of this review.

Management implies policies, decisions, or actions to prevent or reduce biodiversity
loss. This includes conservation management actions (eg establishing protected areas,
controlling invasive species, controlled burning; Figure 1c) and resource mardgations
aimed at conserving biodiversity (eg fisheries management).

Evaluation implies a qualitative or quantitative assessment or prioritization of
indicators withsrespect to their specified role (eg surrogacy for other species, ability to detect
change, ability to track response to management intervention), which might alskeincl

comparing.indicators against each other.

Panel 2. Threat management and monitoring in the Pilbara region of Western Australia

Problem_context

Populationsroferitical weightange speies are declining in the Pilbara, Western Australia
(Figure 5) duesto increasing fire frequency and overgrazing by feral ungulates and domestic
herbivores«(Carwardinet al. 2014). However, there is uncertainty about whitkeat
mitigationactionsare most effectiven reducing the population declines of these species.
Monitoring is required tdetterunderstand howhe speciesespondo theseactions. The
management objective is to minimize the number of species in decline. A monitoring

objective may also be specified (eg minimize uncertainty in the response [pmptriatid]
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of each species to actign8oth management and monitoring are constrained by limited

budgets.

Alternatives

Actions to mitigate the threats in the Pilbara are identified, such asksamtourning and
feral ungulate management. Candidate indicator spééigsre 6)are alsadentifiedfrom
among the species that have known distributions within the study region disteal@s
vulnerablegby the Australian Environment Protection and Biodiversity Conseryatida

the two threats
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