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Abstract

Reintroducing a species to an ecosystem can have significant impacts on the recipient
ecological community. Although reintroductions can have striking and positive outcomes,
they also carry risks; many well intentioned conservation actions have had surgmiging
unsatisfactory outcomes. A range of netwbdsed mathematical methods have been
developed to make quantitative predictions of how communities will respond tqemaeat
interventions. These methods are basethernimitedknowledge of which species interact
with each other and in what wayowever,expert knowledge isn’t perfect and can only take
models sodar. Fortunately, other types of dateh as abundance tiraeriesjs often
available butpto date, no quantitative methexdsts to integrate these various data typts
these models, allowing more precise ecosysteae predictions. In this paper, we develop
mathematal methodshat combindime-series data of multiple specie#h knowledge of
species interactions and we apply it to proposed reintroductions at BoodemeaNaark in
Australia Thereshave been large fluctuations in species abundances at Bdda&oeal

Park in recent-historyfollowing intense feral fox\(ul pes vulpes) control—including the

local extinctign of the greater gliddPdtauroides volans). These fluctuationsanprovide
information abeut the systeisn’t readily obtained from a sthbsystem, and we use them
inform models that we then use to predict potential outcomes of easternDpsylir(s
viverrinus).andlong-nosed potorodptorous tridactylus) reintroductions. One of the key
species of conservation congen the park istte eastern bristlebird@syornis

brachypterus), and we find that long-nosed potoroo introduction would have very little
impact on theeasterrbristlebird population, while theastermquoll introductionincreased

the likelihood ofeasterrbristlebirddecling although that depends on the strength and form

of any possiblesinteraction.

Keywords: Interaction network; Decision science; Population dynamics; Ensemble

forecasting; Trophic cascade; Conservation; Ecological Modelling

I ntroduction

Biodiversityacross the globe are threatened by numerous and pervasive (Butctiartet
al. 201Q Hooperet al. 2012 Steffenet al. 2015). For highly threatened species suffering
dramatic range declines, one of the key conservatitare is taranslocate speciesto

either introduce species to new areas, or to reintroduce them into areas where they previously

occurred (Ripplest al. 2014 Seddoret al. 2014) While the literature on translocations
rapidly expands (reviewed Hyriffith et al. 1989 Fischer & Lindenmayer 200@rmstrong
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& Seddon 2008Perezet al. 2012), managemerd primarily focused orthe species being
translocatedather tharon how such amactionimpacs the recipient ecosysterRecent

articles have urged for more research in understanding ecosystem implications of
introductions(Armstrong & Seddon 200®erezet al. 2012) andparticularly for more
predictivermodelling, which is only in its early stag&aylor et al. 2017).A rich history of

food web theory (e.g. Cohen 1978) highlights the potential catastrophic cascautatsiof
ecosystem modificatiofEsteset al. 2011 Saterberget al. 2013) and such collateral impacts
have beemweltlocumented following the introduction of invasiyeesiessee Zavaletat al.
2001). A singlespecies perspective to translocatigmorespotential collateral impacts on
other species in the recipient ecosystand it is important to take an ecosystem management
perspective'to environmental management (Simberloff 139B)le these issues have been
recognised in theanslocatiorliterature they have mainly focussed on “assisted
colonisation’ the release of species outside their natural réseesu McLachlast al. 2007,
Ricciardi & Simberloff 2009Routet al. 2013).Yet, a growing number of translocations
within a species’ former randee., reintroductions) have produced unanticipated outcomes,
both positive.and negae, at an ecosystem lev@.g. Hughest al. 2013).A well-

documented case of cascading ecosystem change from reintroductions comes frem the re
establishment of wolve€anislupis) to Yellowstone National Parkhich was followed by
dramaticvegetation changdsecausavolves predted onelks (Cervus elaphus), the dominant
herbivorein that ecosysterfEsteset al. 2011). Ekampledike thisclearly showthat even
translocation of species into their former range can lead to substusyistenchanges;

sometimes thisaybe positive but others may lead to negative implications on a system.

In recognition=of the potential unexpected consequences of translocations on the wider

ecosystem,ithe=“I[UCN guidelines for-ildroductions and other conservation translocations”
(IUCN/SSC™2013 explicitly called for formal decisiemaking methods to evaluat
ecosystenwide risks before reintroductionor translocatioriakes placélUCN/SSC 2013

The ecosystem _consequences of introductions has previously been the purview of invasion

ecologys(e.gKumschick & Nentwig 2010Wardleet al. 2011) which has developedsk
assessment metho(iSikderet al. 2006 Hayes & Barry 200Bthat can, in theory, evaluate
the potential impacts of reintroductions. However, the utility of these risk sasset
methods has recently been questioftéadlme 2012, in partbecause thelack consideration

of the complex and indirect nature of interactions between species in an ecdSjbktetral.
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201Q Jones & Gomulkiewicz 20)2 While the dynamics of ecosystem responses to
reintroductions can be investigated retrospectively, they have proven difficult to anticipate
because they often involve a cascading series of indirect effects through exteasies sp
interaction networkgRaymondet al. 2011) To improve the rigor and acceptability of
decisions® for=reintroductions, we must look beyond invasion ecology and develop novel
methods thaexplicitly incorporate the complex interactions between speciesléowl for
cascading changes to propogate through the system to give a quantitative assessment of the

ecosystenwide outcomes associated with species translocation.

A thoroughecosysterbased risk assessment for a proposed translocation would identify the
range of possible ecosystem consequences (i.e., the effects of the translocation on all species
in the ecosystem), and provide a quantitative estimate of their relative magrétudes
likelihoods. Such predictions require an understanding of botlditleetion and relative
strength of the interactions between species, including prepia@ypr mutualism and
competition(Herr et al. 2016) Estimates oktrength and directionf speciesrelationships
requiresfocused experiments and/or analysis on small suites of species ssitialbscale

field experiments(e.g. Fosteret al. 2015) and, controlled microcosm experimer(esg.
Fronhoferet al. 2015) Importantly, the number and diversity of interactions scale nonlinearly
with ecosystem sizgBender et al. 1984 Dambacher 2003 giving little chance of
completing enpirical measurements of all interaction strengths within an ecosystems (but see

(Honeet al. 2015)for some small case studies).

Time-series data of species’ abundances is much more readily available compared to
comprehensive_interaction strength information. These data can therefore prmiidet i
information_about the strength of species interactig®mymondet al. 2011 Baker et al.

2017 Bodeet. al.’2017). With the reality of limited information anapressing need to make
decisions aboutreintroductions at @cosystem leveit is crucial that methods are developed

that can usesall‘available forms of information to inform ecosyst&ta decisions. A variety

of methods*have been developed that use interaction netteoptedict how perturbations

will flow through an ecosysterfbambacher 2003Raymondet al. 2011 Dexteret al. 2012
Baker et al. 2017). However using timeseries data to inform an interaction netkas
challenging and although methods to estimate shifts in interaction strengths from time series

have recently emergeshio et al. 2018),thesehave not been employed in conservation
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managementTo ensure that predictions are as accurate as posaileirgently require
methods that can use this data to further constrain and improve ecosystem predictions

In this paperwe develop a new methaklat canncorporate timeseries data whepredicting
ecosystenwide~responses to translocatiorfSur approach extends previous modelling
approaches (e.g. Raymoadal. 2011 Dexteret al. 2012 Bakeret al. 2017) allowing us to

predict future dynamics, rather than being limited to equilibrium gbsiin a system with
time-series; data and connected to an ongoing conservation management project. We apply
this technigue,to a planned translocation of two spesfiesgionally extinct marsupial®
Booderee “National Park (BNP), Australia: a fungivoteng-nosed potoroo Potorous
tridactylusy/@and a carnivore (eastern quasyurus viverrinus). Extensive monitoring in the

park has generated time series of species abunddrnedenmayeset al. 2008 Lindenmayer

et al. 2016) which we use tanform our qualitative ecosystem moddts more accurate
estimates of reintroduction risk. We use this case study to illustrate two important benefits of
our nev method:first, that ecosystem models can be generated thatecagate a suite of
complex ecesystem dynamics observed over 6 years at BNP. Second, that the resulting
parameterised._models allow us to undertake quantitative risk assessments for some key
aspectsiof the BNP ecosystem in response to the staged reintroduction of two species, whi
we do in collaboration with park management. In doing so, we provide a template for
undertaking quantitative modelling of teeosystenwide risks of specific reintsductions on

the basis of limited quantitative information.

METHODS

Case study

Our study-areaswaBNP which is located in the Jervis Bay Territory, 200 km south of
Sydney, soutleastern AustralidBNP supports more than 725 species of native plants and
provides habitat.for more than 260 species of terrestrial vertebrates. Thade incl
populations ofmnanyspecies of conservation conceamdit contains animportant remaining
population of the endangeredsternbristlebird (Dasyornis brachypterus) (Lindenmayelet

al. 2016). The reserve is also subject to one of the highest intensity exotic predator baiting
programs in AustralifLindenmayetet al. 2014) Since 2003intensive baiting of foxes has
taken place throughout BNP, in conoeith a multi-speciesmonitoring progranthat

annually surveys 134 sites to quantify populatbanges in response to management
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interventions of vascular plants, reptiles, mammals and,lgirdgsg us timeseries data from
2003 to 2009 (Lindenmayet al. 2013 Lindenmayelet al. 2014 Lindenmayelet al. 2016).

The long-nosed potoroo has recently been reintroduced to Boddistieaal Parkand there
are plansttweintroduce the astern quollThe easternquoll has beemxtinct on mainland
Australia since the 1960s, and long-nosed potoroo populations are generally small and
isolated, having significantly contracted snEuropean settlemefMaxwell et al. 1996).
Re-establishing their populationgithin Booderee National Pavkll reduce the risk of
species extinctionThelong-nosed Potoros a medium sizetharsupial with males (740
16409) being typically heavier than females (660-1350g) (Van Dyck & Strahan 2008). Like
all potoroogthey are largelyungivorous and experiments from a study in East Gippsland
confirmed that 'spores carriguthe faeces were viable and thatqgroos are probably an
important agentin maintaining the fungdént symbiosi¢Claridgeet al. 1992 Claridgeet

al. 1993).Theeasternquoll is a medium sized carnivorous marsupial with males-@ming)
typically bigger than females (7€(100g) (Godsell 1995]}ts diet is mainly comprised of
invertebrates;.small terrestrial mammals and bRésestablishingeastern quolls could be a

first step inth@e-establishment of the largebxktinct native carnivore guild (Dexter 2016).

Ecosystem:modelling

We use an ecosystem network modeldsBxteret al. (2012)to represent thstructureof
interactions beteenextant species and functional groups inBNP ecaystem(Figure 1) —
specifically the existence anlifectionof the pairwise interactions between species
(postive/negative interactions arebeficial/detrimental to the abundance of the recipient)
We exteded-aprevious interaction network for this systBrexteret al. 2012) to include

the speciesieonsidered here for reintroductioa bng-nosed potoroo and the eastern quoll.
Interactionsforthese species were included based on their ecology as well as the authors’
collective knowledge of the systenom longterm monitoring of vertebrates at Booderee
National Park (Lindenmayet al. 2018).Since he network model contains individual
specieqe.g. eastern bristlebird) and functional species grtmgesher (e.g. lizards)ve refer
to these ascosystem elements. The BNPinteraction network contairestotal oftwenty
ecosystem elementssulting inhundredsf possible interspecific interaction terneven in
the simplest model of the systelm relation to heavailable data, the parameter space of

such arecosystem modés large andomplex —-which is typical of natural ecosystems
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196 Hence, weroposean ensemble modelling approach, wherecauastruct a large number of
197 models thaattempt tareplicate the observed dynami@attogtokhet al. 2002 Raymondet
198 al. 2011 Bakeret al. 2017)and thus are a feasible representation of the sy@ammethod
199 therefore contraswith otherecasystemmodelling methods which seek to find the best-
200 fitting model(Battogtoklet al. 2002) Apart from the network structure, we also have data
201 the relative change in the populations of répeciespost-fox controlLike all estimates of
202 speciesabundance in ecosystems, uncertainty is associated withddwasgue to both the
203 monitoringgprocess and underlying stochasticity in the ecosystem dynsivieickerefore use
204 information.fromtime-seriesdatato definedynamic constraints, that we place on particular
205 features in.each ensemble memfafined during a workshop with park managers).

206 Informationon population change in nine ecosystem elenisedsTable 1 six years

207 following theinstigatio of fox controlat BNP, distilled into dynamic constrainferm the
208 constraints through which generated population trajectories must pass to be cdnsidere
209 plausible realisations of the systehme dynamic constraints are deliberately kept vadeve
210 seekmodels that qualitatively recreate the observed dynamigsiiat

211

212

213 We usela set ofgeneralised Lotka Volterra equations to model the rate of change of the
214 ecosystem elementisrough time (Murray 2002):

N

dn; 1
d_tl =nmn; + n; Z ai_jnj, ( )
j=1

215 wheren; andr;are the abundance and growth rate respectively af'tbeosystem element

216 andN is the number of number of ecosystem elements being modEfied; ; terms

217 describe th@ercapitainteractionstrengthdetween ecosystem elemérind;. We aim to

218 obtain ansensemble of parameter gets, a set of both, anda; ;), that are both “viable” pre-

219 fox control'andhatcan replicate the system dynamics following fox control. Viability means
220 that there existsia stable equilibrium with every ecosystem element present. This is done by
221 first solving for the steady state of Eq. (1) and ensuring thatreaesl0, and then checking

222  stabilityrof that equilibrium point. The equilibrium point is stable if the resl gleevery

223 eigenvalue of the community matrix is negatiBaKeret al. 2017).

224

225 We generatdthe magnitude of each parameter randomly. Estimates of growth rates are

226 prevalent in the literatur@®uncanet al. 2007 Honeet al. 2010) and we use these estimates
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to constraimpossible growth rates, whilag¢ magnitude of each of th@eraction strengths

a; ; aredrawn from a logiormal distributior(seeAppendix Sl for details) Uniformed

choices fotthese distributionprovided no parameter sets that passediymamic

corstraints Hence, we implemented #erative procesdirst, we widemdthe dynamic
constraintgo find 100 parameter sets that &@h viable and that pass the dynamic
constraints. Thigieldsan initial set of parameters tifatms the basis dbg-normal
distributions, whicrare therfurther used tgenerate the parameters in the next iteration. We
continue this process tightening thedlynamic constraintantil a set of 100 parameter sets
that satisfieghe,original dynamic constrainfBo ensure that the parameter sets and dynamics
arevaried,we addedsome‘random noise'to the distributionsit each iteration (sefppendix

S1). We da this because we wantadny different models that all satisfy our constraints,
rather than a single model (or many very similar mod€isply, once weattainedparameter
sets that passal original constraints, we draw a further 10,000 parameter sets to use for
making future projectionsSeeSupporting Information for full details of the fitting process.
We fit the ensemble usirgix years of data from 2003 to 2009, ksifcethe reintroductions
only startedn:2015, we need to simulate a furtecyears. To recreate realistic processes,
we suppress glidexbundance to zexver thisfinal six yeartime period &s gliders wet

extinct (Lindenmayeset al. 2008 Lindenmayeret al. 2011).

Once we generatethe ensemble, wa&mulatedhe reintroductions of long-nosed potoroos
and eastern quolls. The first st@psto estimate their growth rates, which did in the same
way as every other ecosystem elemalutng withtheir interactions with other specids

draw the magnitude of interaction strengths, wedia lognormal distribution to ait; ;'s in
ensemble,andwsdiat distribution to draw; ;'s for the new specied.o simulate a
reintroduction;:we stagtiwith the systengwithout the species to be reintroducadyiproject
forward using Eq. (1for six years with foxes suppressten5% of their 2003 abundand&/e
thensimulatedt for afurthersix years with foxes suppressed argbauppressingreater
gliders to zeroThe final $ate of this simulation gives us the initial condition for the
reintrodietion. Wereintroducedhetargetspecies to the systestarting witha very low
abundance (10% of the smallest abundance of the other ecosystem elements). Wk require
the initial change in the reintroduced species to be positive, as we are interested in how a
successfuintroduction will affect otheecosystem elemen#nd then solve the system for a

furthertenyears. We also simulate¢histenyear period without retroducing the species,
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which provides the counterfactual — what would have occurred if there was no reitimoduc
We repeatethis simulation 10,000 times for eaghsemble memb@ndeach reintroductian

For each simulatigrwe thencheckedvhether here wereanyadverse outcomes for any
ecosystemelementd/e then consider the frequency that adverse outcomes occur for every
ecosystem element under three scenarios; arloegd potoroo reintroduction, a long-nosed
potoroo anceasterrquoll reintroduction and no reintroductions (the counterfactual). We do
not consider an eastern quoll-only reintroduction scenario because the potoroduetin
was already. approved at the beginning of this project making aaplglscenario very
unlikely. An,adverse outcome was definedaasunacceptable decline in a species
ecosystemrelement after ten ye@rsfined during a workshop with park managers, Table 1).
The valueseprésent the relative proportional change irathendance of each ecosystem
element that is considered unacceptahtelareinformed by the importance of the
ecosystem elemetd the national parke.g., the endangeredstern bristlebird has a smaller
threshold for adverse outcomes than the widely distributeshtailpossum and the speciés
starting (equilibriumabundance. Generally, highly abundant spemiesllowed large
declines (such.as unpalatable plants), wioitespecies with lower abundance, we only
allowedsmalldeclines For examplea reintroduction that decrsad the amount of palatable
plants by 5%.was considered acceptable, while a decline of 15% would be classified as
adverse.

Results

We use a novel approach to model the ecosysisla-implication of reintroductiond’he
methodfinds randomly generateslystem models that conform to a set of constragag

our approachywe were able to generat®,000systems that passed all of the constraanis
that had a'broad range of responses from our constraimagcosystem elementghile still
adhering.to.oudynamic constraintsT@ble 1 bolded rowk Thesetrajectoriegook numerous
formswithin‘these bounds (e.gigure 2 grey lines).

By forwardsimulating thes&0,000systens from whenintensive fox control began (2003),
to beyond ourperiod of observations (the constraints, in 2008), untddhetstateof the
system (2015)we wereable to obtaira picture of the potential changes in species
abundances before any further actions are implemefseourmethod produces an
ensemble of models, we obtain a distribution of chamgelative abundander each

speciesNumerous speciésbundancelistribuions arecentred neaone,indicating that
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294 these speciesould havancreasear decreasd up to 2015Thisincludes invertebrates,

295 ground-foraging birds, brown antechinus, the flying-fox, brushtail possapiteys long-

296 nosed bandicoot and owlsigure 3. The chestnut mouse shows only decreasimysome

297 stablepopulation trajectories while theajectories always increase for tiedangeredastern
298 Dristlebird, as'well akor wallabies angbythons. In contraslizards, rats and ringtail possums
299 show only/decreasing trajectories (Figure 3), includinagnyin whichtheringtail possum go
300 locally extinctby 2015, something that is now thought to have occurred (Lindenretagter
301 2018).Theggreater glider is not shown as it is fortegoextinctafter 2008.

302

303 Using generatedcosystem modelgie can explore potential adveisgplicationsin

304 response to thesintroduction ofong-nosed potoroo$-{gure 4 greerbarg and the planned
305 additionalreintroduction ofeasternquolls to BNP (Figure 4 yellow bars), both relative to the
306 no+eintrodudion scenariaFigure 4, blue barsWe also run these scenarios for the network
307 where the predation of the eastern brislebird and the chestnut mouse fieasténe quoll is
308 removed (Figure 5). The reintroduction of species Biti®® changes the frequency of adverse
309 responseswesrecorded for a number of species. Either reintroduction s@enaoog-

310 nosed potoroo.or long-nosed potoroo aasternquoll) dramatically increases the frequency
311 of adverse responses recorded forltimg-nosed bandicoot to above 90%, a doubling of the
312 frequency observed without reintroductidm increase in adverse responsesls®observed
313 for invertebratesa key food source of long-nosed bandicoots. However, the magnitude
314 increases$rom below 5% to 40% when both long-nosed potoroos asttequollsare

315 reintroducedUnder the nereintroduction scenario, rexverse outcomese observed for

316 lizards Yet, for lang-nosed potoroo reintroduction and the additionasternquolls adverse
317 responses dramatically increase, reaching over 40% and 65% of the realisations, respectively
318 Raptors andhe eastern bristlebidooth experience a considerable increase in the frequency
319 of adversebutcomes from the reintroduction asternquolls. Indeedno adverse outcomes
320 are observedifdhe easterbristlebirdin our trajectories until the introduction edstern

321 quolls whemapproximately 40% of the realisations result in adverse outcomes fep#tes
322 (Figure 4)Further, our results show thatelasterrbristlebird aderse outcome is driven

323 primarily bypotential eastern quoll predation, rather than by a chain of interactions (Figure
324 5). The bush rat, chestnut mouse and ringtail posslinave dow thresholdof population

325 change to be considered an adverse outcome (10%, 10% and 0% respectd/éhg is

326 reflected in all scenaridsaving a high frequency of adverse outcomes (Figure 4).

327
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The level of populatiodecline that managers consider adverse is important for assésing t
outcomes of reintroduction§he acceptable levels of population declured in this exercise
were arbitrary and conservative and without reference tglthial status of the species

When we explore the relative change in abundéorcine reintroductionsf long-nosed
potoroos(Figure 6, purple bars), and for the combined reintrodwafteasternquolls and
long-nosed potorod={gure 6 red bars), relative to no introductior¥ind thatspecies

respond invery differentwaysto reintroductions, with somadicating a tendency toward
populationgincreases following reintroductions, some showing a tendency to decline, and
others showingjttle changeLlizards,brushtail possums and long-nosed bandicoots show an
increase inithe frequency of realisations stable or declinitihgany reintroductiorfFigure

6). Long-nosed bandicoots, in particular, exhebisirge spike irikelihood of extinctions

from reintroductionsespeciallywhen asternquolls arereintroduced. The reintroduction of
easternquolls also potentiallpffectsthe brown antechinus and the ringtail possum with an
increase in realisations witdverseoutcomes. Mst of the realisations fahe bush ratand

the chestnut mousgesult ina population declingrespective of whether reintroductions are

implemented.ernaand in many of these realisations the spdoge®me locally extinct.

Discussion

Understanding*how species reintroductions could affeatetipientecosystemis a key
concern forassesing the risk of implementing introduction&)CN/SSC 2013 and,

although we focus on reintroductions, the same methodology can be esadhioe the
potential implications of introductions for other reasons, including for ad<ietenisation,

for ecosystem engineers and for biocontrol agents (e.g. Headrick & Goedeh @004 al.
2013). Due to the complexity etosyster, predicting the likely outcomes of
reintroductions regjrescomputationamathematicamodelsthatencapsulate both the
structure. of the.interaction networks, and the uncertain constraints of the obseavétieda
developed methods tgenerate an ensemble of models that repliciiedomplex dynamics
following fexseontrol in 2003t Booderee National Pardsing this ensemblee simulate

the reintroduction of long-nosed potoroos and eastern quolls to the paddicitherange

of potentialimpactsonthe ecosystem. A species of particular importance is the endangered
eastern bristlebirdLindenmayeset al. 2009 Lindenmayetet al. 2016), and our model
predicts that the population will be relatively stable with the reintroductitongtnosed
potoroos, but, if asternquolls arereintroducedthere is a chance of an unacceptable decline

for the easten bristlebird, depending on whetheasterrmquolls predate on it or not. This is of
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particular interest as theastern bristlebird listed as an endangered species by the IUCN.
Eastern quolls are certainly capable of killing and eating small birds bomiheublished
dietary study shows them to be mainly insectivorous (BlaitkB80). In our simulations
with predation, we find annacceptabldecline in 40% of our simulations, but without
predation; there'is no decline, indicating this to be a key interaction to bettertanders
Beyond the impacts on thasernbristlebird managers are interested in possible unexpected
declines. For example, the model predicts that with the reintroductions, lizards
reasonably high chance of unacceptable deslimterestinglyour model predicts with high
certaintya drop.to nearly zero abundance of commogtail possums by 201%lespite
constraints,thatforced ondy50% declineluring initial fox controlUnfortunatelyfor the
ringtail possumt seems our resularereflectedin reality as it isnow believedhatthis

species has beconally extinctin Booderee National Park

While the outcome for the ringtail possum indicate some success approach for

capturing ecomplex dynamics playing out in nature there are some methodologiaalarstr

that warrant.further discussion and work to allow unexplainable results toritaee
ecological'supportComputational constraints are often reflected in simplifications in the
models of the systems we are trying to predict. The complexity of ecosystems uprows

many challenges, in particular the way in which the interactietwgd®en species are
represented-or simplicity we have representtfekinteraction strengthaslinear
relationshipsalthough most intespecific interactions are likely taelmontinearsuch as

Type Il or Type 11l functional responses of prey to density to prey consumed (May E881).
examplemost mammalian predatoase believed thave a type Il (sigmoid) functional
responseso that at low prey densities predation rate decreases (Murdoch 1973). This type of
response ¢an be important when reintroducing multiple species: one might need and it can be
important.to.allow a new prey spesto build up its population before introducing predators
(Pleinet al ¥2015). Thus, the unmodified Lotka-Voltera equations as used in this study, are
likely to overestimatepredation rate when prey numbers decline, an outcome that may lead
to the prediction of higher rates of extinctidme gatial heterogeneity of habitats may also
impact the interactions between species, for example the preseirey offugia may reduce
interaction strengthHowering extinction risk and maintaing overall system stability

(Olivares & Jiliberto 2003)At Booderee National Park, for example, eastern quoll and
eastern bristlebird largely prefer different habitats, with eastern bristlpl@fdrring dense

vegetation sut as heath (Bak&000) and eastern quolls preferring more open habitat
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(Rounsevell et al 1991Thus the substantial area of dense heathy vegetation at Booderee is
likely to provide a refugia foeasterrbristlebirdspotentially dampening the strength of the
interaction between these two spedieaws 1996)Incorporating both these limitations in
future would be ideal and our work provides an incremental step towards further adeances
capture theseslimitations whilst allowing for the reality of limitiekct information on
interactions strengths.

Our methad fits into a suite of approaches that analyse the effect of peéothuslmn an
ecosystem..These include qualitative modelling, which has been used widely to model the
introduction. or removal of spees(Dambacher 20Q3Raymondet al. 2011), and fuzzy

cognitive maps (Ramsey & Norbury 200@amse)et al. 2012 Bakeret al. 2018) Our

approach is'particularijl@sely related to the computational qualitative modelling approaches
of Raymoncet al}(2011); a method focussing on equilibrium changes. To move from
equilibriums to dynamic models (like the one presented here), we have to specify a functiona
form for the species dynamics. It is important to use exquitibrium models in this system

for two reasens:'First, we could not make good use of thestmes data with an
equilibriumymodel. For example, one of our dynamic constraints was that long-nosed
bandicoot abundance had to first incesdsut then decrease. It is not clear how to translate
this informatien‘to inform an equilibrium model, because it is unclear whigtherew
equilibriumis lower or higher than the preceding one. Second, the aim of radisgsten
interventians like emication or reintroduction is to drive the system to a new equilibrium

an equilibrium with a new species present. Hence, we believe it important to usgalyna

models inthese situations.

Incorporating dynamic constraints into ecosystem modelling creates diffiethiodological
challenges. First and foremost the numerous potential parameters for such a complex system
mean that'the'parameter search space is exceptionallyWithan such a large search space
finding parameters that reproduced the complex dynamics observed at Booderee National
Parkproveddifficult To overcome thisye used a sequential search approach. First starting
with broaderdynamic constraintdlowing systemshat passed these broad constraintse

found. Second watteddistributions to th@parameter sef®und to inform future searches

and increasing the number of systems foundphased théghteningconstraintsSuch an
approach builds on ensemble modelling approaches (Battogitaki2002 Bakeret al.

2017)and is related to @ooximate Bayesian computation (Beaumont 2010). Despite our
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success icapturing thedesireddynamics, there are still some unanswered questions and
there is room for further progress. In particular, the complex model meaniseheiderlying
reasons for some of our results is unclear. For example, in about 20% of our simuations
long-nosed potoroo introduction leads to a sharp decline in brushtail possums. Whiea s
answer is‘that'the whole network causes this decline, there may also be smaller trophic
cascades within the network that is the fundamental ckusther exploration of the
mechanisms and pathways of observed dynamics would greatly enhance this waettend
inform managemenOur model will be a foundation for investigating these type of questions

as any future dynamics play out.

Making this'type of analysis broadly assiéle and widely used is a major aim of work going
forward. There'is some basic code avail¢Blakeret al. 2017) but fitting complex

dynamical models to data is challenging (Hudson & Reuman 2013) and the lack of general
algorithms to do thissia significant gap in the literatu®uch analysis will likely rely on
experts to ‘elicit information on ecosystem structure among other compdnehtse
situations itis.wise to use expert elicitation techniques to gain insight into the system
(MARTIN et al..2012) and indeethere are a range of methods in fihhezy logic literature

for developing interaction networks (Zhaeigal. 2013 Gameet al. 2018). The outcomes of
this work provide a platform to assess the ecosystem risks from reintroductiongehowe
defining explicit objectives for individual projects was not considered herarfygproject it

is essential to define all objectives. Imbedding our approach in establishedsgoraisng

this, such as structured decision maki{iMgrtin et al. 2009), that aid in objective

identification and approaches for dealing with multiple objectives would providedd a

layer of rigour to decision-making for reintroductions that we recommend.

Those responsible for the protection of threatened sp@@eascreasingly undertaking/hat
some can 'perceive as radical interventions into ecosysRamgroductions are a common
and longstanding example of this, lotihers include assisted migratsomnderadications
(Isaac Renton €t al. 2014 Jonest al. 2016) While such interventions can have important
benefitsfor sometargetspecies, it is difficult tdorecasthe consequences of these actions
especially as weften deal with large and complex novel ecosystems (Hettdds2006) .
Decisionmakers are willing to take these risks because potential benefits are large
sometimes with extraordinary succeldswever there is increasing recognition of the

potential perverse outcomes that could occur from such actions. With this remogaities
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a call for approaches that can identify these potential outcomes and inforniverdaaltstic,
management of ever increasing list of threatened plants and animals gldbadyvehave

taken up this challenge and developed methods to better predict the outcomes of tbmmserva
interventiongsuch as translocations and eradicatipgtimg)t canbe integrated into existing
frameworks-forrisk assessmehit.doing so we hope to add a level of quantitative rigour to a
processes'which can be, at times, somewh&bacdr qualitativeand toencourage further
research to explore novel approaches to model complex ecological systems wgthdema

and thus te better inform the management of our complex and little understood natural world.
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Table 1xUnacceptable (adverse) changes in abundance after 10 years fecesystem
element in.thesBooderee National Park case study, as defined by park managers.recosyste

elements with dynamic constraints amdded.

Ecosystem Dynamic Acceptable
element Constraints change
Unpalatable plants 0.7
Brushtail possum 50% - 200% at year 6 -0.6
Swamp wal laby: >150% at year 4 -0.5
>300% at year 6
Brown antechinus 50% - 200% at year 6 -0.2
Eastern chestnut mouse 0.1
Eastern bristlebird >150% at year 6 -0.1
<400% at year 6
Pythons -0.1
Owls -0.1
Raptors -0.1
Flying foxes -0.1
Ground-foraging birds -0.1
Lizards 50% - 200% at year 6 -0.1
Invertebrates -0.1
Canopy -0.1
Palatable plants -0.1
Bush rat <90% at year 6 -0.05
Long-nosed bandicoot >300% at year 3 -0.05
>75% at year 6
< 200% at year 6
Ringtail possum <66.67% at year 4 -0
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<50% at year 6

Greater glider <90% at year 4 -0

Figure l=Network of interacting species at Booderee National Park. The fox (red) has been
largely removed\from the park since 2003. The long-nosed potoroo and the eastern quoll
(yellow nodes) are"being reintroduced into the system.

Figure 2: Dynamic constraints and the range of simulation trajectories for the six years
following the start of fox control for nine ecosystem elements in BNP. The pink lgcs de

the dynamie constraints, the solid black linenis average trajectory through time, the light
grey lines are a'subset of randomly-chosen individual realisations for illustratidheagrey
shaded region shows the lower and upper bounds for all 10,000 simulated trajectories that

satisfied all nine consaints.

Figure 3: Frequency of relative changes in abundance of a subset of fifteen species in
Booderee 'National Park after fox removal from 2003 to 2015. A value of one represents
abundancetrajectories without change (dasinegl, Igreater than one means an increase and

below one a decrease.

Figure 4: The frequency of adverse outcomes when there is no reintroduction (blue), long-
nosed potoroo reintroduction (green) and eastern quoll and long-nosed potoroo reintroduction
(yellow). An adverse outcome occurs when the species declines by more than the percentage
specified in Table 1, from 2015 to 2025. The dashed line represents when a quarter, a half,
and threeguarters of the realisations are considexéderse. The vertical colour bar shows
proportional decrease in the population below which is considered adverse (i.e. eacosyst
elements atsthestop of the figure can change more before adverse events are considered to

have occurred):

Figure 5: The frequency of adverse outcomes when there is no reintroduction (blue), long-
nosed potoroo reintroduction (green) and eastern quoll and long-nosed potoroo reintroduction
(yellow), when the predation of thastern bristlebirédind chestnut mouse from thasgern

quoll is removed. An adverse outcome occurs when the species declines by more than the
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percentage specified in Table 1, from 2015 to 2025. The dashed line represents when a
quarter, a half, and threpsarters of the realisations are considered adverse. The vertical
colour bar shows proportional decrease in the population below which is considered adverse
(i.e., ecosystem elements at the top of the figure can change more before adverse events are

consideredtorhave occurred).

Figure 6: Modelled frequency of relative changes in abundance of a subset of six ecosystem
elements in Booderee National Park, ten years after the reintroduction of lomigpots®os
(purple), or.longnosed potoroos and eastern quolls (red), without eastern quoll predation on
the astern bristlebird. Each realisation is a comparison of the same model with
reintroduction’and without reintroductions. A relative change of one means no change,
greater than one an increase and below one a decrease. Bars at zero indicate realisations

where the species went extinct in the simulation.
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