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ABSTRACT

Assisted migration is an emerging conservation that serves to deliberately relocate
species threatened by environmental change to #iatare predicted to be suitable in
the long-term. Whilst it holds promise, it has atgrnered considerable controversy,
and to date there are few examples of its impleatemt within a climate change

context. This thesis explores the general prenfis¢ Australia’s rarest reptile, the

western swamp turtlePéeudemydura umbrina) is a suitable candidate for assisted
migration, and then aims to assess potential agsisigration sites through mechanistic

species distribution modelling.

To demonstrate that the species is a suitable datedfor assisted migration, | reviewed
decision support tools available in literature amskessed®. umbrina against the
considerations contained in these. The swamp tigtdn obligate summer aestivator,
inhabiting swamps that fill seasonally with raindadry annually over summer. The
species is principally threatened by a reduction ranfall which reduces the
hydroperiod (the length of time swamps hold wasen) thus increases the time spent in
aestivation (dormancy) each year. To provide ewdenf local climate change, |
compiled and analysed water depth recordings 18 fdesent, and showed a reduction
to hydroperiod length with time. Using literatutegxplain how this shortening affects
the swamp turtle and also submit why reasons fodécline also make it a suitable
candidate for assisted migration. | then suppas ihea by discussing. umbrina in
context of over 150 factors, in five themes usédulassessing a species’ suitability for
assisted migration, arguing the turtle is an appate candidate for a deliberate,

outside-of-range translocation.

As P. umbrina is Critically Endangered and as its distributienrestricted, species
distribution modelling is most appropriately acl@dwusing a mechanistic (rather than
correlative) approach. | used the mechanistic mhidgieMapR (an R integration of the
model NicheMappél') to create a species distribution model useful desessing
assisted migration sites f& umbrina under climate change. | then modelled the post-
hatchling life-stage under current and future (2GB@ 2070) Western Australian

climate scenarios, simulating a warmer and drierrenment.



To parametrise the model | measured standard metabtes of swamp turtles across
their preferred temperature range using flow-thfougespirometry at nominal
temperatures of 15, 20, 25 and 30°C. | estimatecttiergy requirements Bf umbrina,

and produced a thermal response curve for driviegriodel.

Next | generated a Dynamic Energy Budget (DEB) rhadebetter understand how
translocation success might be maximised. DEB nsodglantify how organisms
assimilate and allocate energy for maintenanceagéo growth and reproduction, and
are attractive for species distribution modellireg@use they provide an opportunity to
capture dynamics of growth, body condition, andadpction as an explicit function of
temperature (and thus, climate change). | analyseat fifty years ofP. umbrina
population records, using growth and reproductiatadrom wild and captive-bred
turtles to parameterise a DEB model that could wapseasonal aestivation events.
Using this, | was able to make predictions fordgan and times to starvation, both

elements of the turtles’ biology that were previgusiknown.

Finally, | integrated this DEB model with NicheMapB produce an energetically-

driven, spatially-resolved prediction & umbrina growth, maturation, reproduction,

and survival within the species’ current core ranged at five candidate assisted
migration sites. To validate the model | compatwse dimulations for growth, carapace
temperatures, reproduction, water temperatures, hyaloperiods against measured
observations taken during the same years. It wastifted that an increase in basking
behaviour was able to mitigate the predicted negatnpacts of climate change, and
also improve the long-term suitability of the s@scicore range. | conclude that three of
five candidate assisted migration locations wikely be suitable foP. umbrina if

individuals are able to employ some flexibilitythreir current basking behaviours.

Whilst the primary emphasis of this thesis wasPommbrina, this work exemplifies a

range of factors necessary for evaluating an a&skistigration strategy: from arguing
the requirement and appropriateness of the tapgsties, to filling knowledge gaps for
distribution modelling, to assessing potential pemt sites, and discussing their



appropriateness in the context of a deliberatedhiction event. As such, it forms a

template for other at-risk fauna.
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CHAPTER ONE







INTRODUCTION

Habitat destruction and fragmentation means thdhwirapidly changing climate,
many species will be unable to disperse into aosgable of supporting them in the
long-term.

Many regions are expected to undergo relativelydrapanges in climate (IPCC 2014),
which follows an unprecedented history of globalrmiag (Marcott et al. 2013)
thought to have been anthropogenically caused (@bak. 2013). When faced with
climatic challenge, species typically exhibit threere strategies to resist local
extinction: shift spatially (change in range, éBgrmesan & Yohe 2003; Chexn al.
2011), shift temporally (change their phenology, &eet al. 2015), and shifts in ‘self’
(avoidance of stressful conditions through phygmal or behavioural means; e.g.
Donelsonet al. 2011; Bellardet al. 2012). A species’ potential for acclimation,
plasticity and/or evolutionary adaptation (see Alega 2009) has a large influence on
the effectiveness of these strategies. For examspksies with high reproductive rates
and relatively short lifecycles (r-strategiss&nsuMacArthur & Wilson 1967) may be
able to adapin-situ and indeed, there are already examples of genatifor plastic
responses that have been attributed to climategehémg. Frankst al. 2014, but see

Hoffmann & Sgro 2011).

Impacts of climate change are magnified for longexd species whose slow generation
times and low reproductive rates hamper a micrdetiamary response to a changing
environment (Salamiret al. 2010). For longer-lived species, the simplest amubst

strongly supported response is to shift spatiatlyas to track their climatic niches
(Moritz & Agudo 2013). But the Anthropocene (Steffet al. 2007) has brought about

additional challenges; when habitats are anthrapioghy (or naturally) fragmented,
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opportunities for dispersal are disrupted. Consetiyjesome species will develop a
high risk of extinction due to an inability to leawlimatically unsuitable habitats
(Thomaset al. 2006). This limitation has given rise to ‘assistedgration’: the

“safeguarding [of] biological diversity through thieanslocation of representatives of a
species or population harmed by climate change noaeea outside the indigenous
range of that unit where it would be predicted tove as climate changes, were it not
for anthropogenic dispersal barriers or lack of & Hallfors et al. 2014). The

management concept of assisted migration was ifitsbduced in 1985 (Peters &
Darling 1985), and has since garnered both contsgvand momentum (reviewed in

Hewitt et al. 2011 and Seddoet al. 2015).

Examples of assisted migration are limited (Wikis al. 2009; Greenet al. 2010;
McLane & Aitken 2012; Castellanos-Acufe al. 2015; Torreya Guardians 2015),
largely due to the ethical dilemmas it createsuiigested nature, and the uncertainty
surrounding costs and benefits (Javekeal. 2015 and references therein). However,
relatively recent research (Javelieeal. 2015) suggests that despite early opposition
(e.g. Huang 2008; Ricciardi & Simberloff 2009; Anlat al. 2011) most conservation
scientists and policy makers now hold fairly neluttiews on assisted migration. Many
experts justify the use of assisted migration witers designed to prevent species
extinction and overcomes human-made dispersaldogymespecially if any risks to non-
target species can be eliminated. Further, adogheg‘precautionary principal’ (by
delaying action due to lack of scientific certainf®/Riordan 2014) may drive species to
extinction due to inaction, given the relativelyich rate of global change (Sat al.
2009; Schwartzt al. 2009; Martinet al. 2012). Thus, assisted migration has quickly
become a practicable conservation tool for someiepewith focus rapidly shifting

towards the creation of policies and recommendationfacilitate its implementation
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(e.g. Burbidgeet al. 2011). As translocations outside of native rarfggge historically

shown high failure rates (Lindenmayer & Burgman 208hort 2009), the challenge is
now to develop protocols and methods that will mage the success of assisted
migration initiatives, particularly in selectingatrslocation sites that are likely to

support the persistence of the target speciesitotig-term.

Common modelling approaches have limited applicegtimr guiding the translocation
of threatened species

Any model that can predict the future distributadfra species under climate change will
be a valuable tool for selecting translocationssite the future. Species distribution
models (SDMs) which can be used to predict the, passent and future distributions of
species are viewed as being particularly imporiantlimate change planning and
management (e.g. Guisah Thuiller 2005; Elith & Leathwick 2009; Rowlancdtt al.
2011). Species distribution models can be usetireetkey ways to (partially) inform
translocation decisions: 1) by revealing whethditaa suitability is likely to change in
regions currently occupied by the target specigdyy2identifying potentially suitable
recipient sites for the translocation of the taigcies, and 3) by detecting which local
species may be at risk of impact from the introdutz@get species through an overlap
in their predicted distributions (Guisat al. 2013). Because these considerations all
apply to assisted migration, SDMs have bspacifically recommended in numerous
decision support frameworks developed for guidisguse (e.g. Chauvenet al. 2013a

and others; see Chapter 2 for an extensive list).

SDMs most commonly take the form of correlativen@te-envelope’ models (Elith &

Leathwick 2009; Dormanret al. 2012) which use species occurrence records to
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characterise a set of suitable habitats, captuiiegassociation between the species’
geographic location and its climate (Lawing & PA@@11). These models are statistical
in nature: they rely on correlation between disttitn records and environmental
variables to create a species’ probability of osence across a landscape, or some
index of the suitability of the area for occupati@fearney 2006). Unfortunately, as
many threatened species have restricted distrisiti@orrelative approaches have
limited value as there is insufficient occurrencatad with which to draw the
environmental correlations necessary for the mo@lssan & Thuiller 2005; Mitchell

et al. 2013). Species requiring assisted migration &edylito be rare and have narrow
distributions (Foderet al. 2013), which makes them especially poor candidéies
climate-envelope modelling. Further, the inabildy correlative models to produce
accurate predictions in novel or non-equilibriurtuations such as climate change has
been noted (Dormann 2007; Fitzpatrick & Hargrov®@2®Buckleyet al. 2010; Elithet

al. 2010). This point is particularly pertinent in assisted migration context, because
unlike traditional translocations, assisted mignasi will occur in a dynamic landscape

driven by changing bioclimatic conditions (Hareisal. 2013).

Mechanistic models offer a promising alternativeifdorming assisted migration

A mechanistic (or ‘process-based’) modelling apphoaffers an alternative to climate-
envelope models that can be used independentlypeties’ distribution records.
Mechanistic models are based upon a species’ timadtiraits (morphology, behaviour,
physiology) and its associated life history (depebent, growth, reproduction),
operating independently of its geographic range taecclimate it inhabits (Kearney &

Porter 2009; Dormanet al. 2012). The output variables mapped on a siteratseape



scale are not probabilities of occurrence but ratdaa be fitness components such as
survival and reproduction (Kearney 2006). Mechamishodels offer a promising
alternative to correlative models as they can lael s forecast “what if” scenarios such
as climate change (Huey & Janzen 2008; Iverson &é&mhzie 2013), making them

particularly useful in an assisted migration cohtex

Underpinning all species distribution models is thehe concept (Hutchinson 1957,
Kearneyet al. 2010; but see Mclnerny & Etienne 2012). Becauseetative models use
actual records of a species’ distribution, preditsi are drawn from the realised niche of
that organism (Robertsagt al. 2003). The projective power of mechanistic models
thus greater than that of their correlative coyrdds because they do not model the
realised niche (i.e. the space occupied by a speemulting from biotic and abiotic
interactions; which reveals little in the way ofusal understanding; Kearney al.
2010) but the fundamental niche. The fundamentaheniis based only on the
functional/physiological constraints of the orgamjgepresenting all the possible space
that could support viable populations of a spe¢axl in which the species may not
necessarily currently occupy; Lawing & Polly 2011For these reasons,
mechanistically-based SDMs are useful for isolatifagtors that could drive

translocation success in novel circumstances.

Robertsoret al. (2003) state that ‘while mechanistic models ael\i to yield superior
results to correlative models (particularly undémate change scenarios), they are
often extremely time-consuming and more difficult build, relying on a greater
knowledge of the biology of the target organisrmtlearrelative models’. Specifically,
mechanistic models have drawn criticisms over #ingd number of parameters required

for estimation, and their reliance upon data tlsatoften limited in availability or
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temporal-spatial resolution (Dormaret al. 2012). However, these constraints are
similar to the prerequisites of assisted migratmanning, which ideally requires
refined knowledge on the target species’ biolody, Specific response/s to climatic
shifts and the causative mechanisms for its declivieilst there are few mechanistic
SDMs specifically created to inform assisted migraplanningd, there are numerous
examples of these models being applied to othenatically-driven scenarios. For
example, Kearnewt al. (2008) apply mechanistic SDMs to understanding Hbev
spread of an invasive toad species may be alteyedilnate change, Kearnest al.
(2009) show how mosquito-borne disease risk mayease under warmer climates,
Bartelt et al. (2010) show how amphibian movement patterns cbeldltered under
future climates, and Cavalket al. (2015) predict the potential for climate warmimg t

affect dfspring viability in sea turtle hatchlings.

An understanding of a species’ eco-energeticsheilb maximise translocation success
under future climates

Successful translocations programs must resuklfrssistaining populations (Griffitat

al. 1989), which can theoretically be achieved by tiaaing individuals into habitats

that allow them to allocate adequate proportiongheir energy budgets to development

and reproduction, rather than simply survival angintenance (which takes priority

when energy resources are limited; Homyack 2010pdéfling the outcomes of

translocations therefore depends not only on utalglsng where a species is capable

! Mitchell et al. (2008) in conjunction with Milleet al. (2012), for tuatara in New Zealand; and Mitchell
et al. (2013, 2016) for western swamp turtles in Ausaralis reviewed in Seddat al. (2015) and as
directly related to this study. Conversely, numsrexamples exist using correlative models, e.gaskain
et al (2007) for bighorn sheep in Sierra Nevada, Famdbtal. (2012) for the pygmy blue-tongue lizard
in Australia, McLain & Aitken (2012) for the Whitebk pine in North America, Regaat al. (2012) for
the Tecate cypress in Canada, and Chauetradt(2013b) for the New Zealand hihi.
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of surviving, but on understanding where its densafod growth and reproduction can

be met.

Eco-energetics is the study of the mechanisms waebin the acquisition and use of
energy by individuals (Kooijman 2010). Through tanstruction of dynamic (varying
with time) energy budgets, eco-energetics can leel i investigate how individual
organisms assimilate and allocate energy for maamee, storage, growth and
reproduction; collectively termed a Dynamic EnerBwydget (DEB) model (e.qg.
Kooijman 2010). The rate of an individual's energgquisition and energy use is a
function of age, sex and size, and varies withstage of the environment (i.e. with food
density and temperature; Nislatal. 2000), and hence DEB models can be particularly
useful in climate change contexts. Further, asstiiation of a DEB model represents
the entire life history of an individual in a poteatly variable environment, these
models can be extended to study the dynamics oflevktructured populations

(Kooijman 2010).

DEB models are attractive in the context of mecstianSDMs because they provide the
opportunity to capture the dynamics of developmengwth, body condition, and
reproduction as an explicit function of temperat(aed thus, climate change; Kearney
et al. 2010; Kearnet al. 2012).DEBs have already been integrated with mechanistic
SDMs (e.g. Kearnegt al. 2010; Kearney 2012; Kearney al. 2012; Kearney 2013;
Kearneyet al. 2013; Roberts 2014; Schwarzkoef al. 2016), and their coupling
represents two-thirds of the ‘thermodynamic nicframework (hereafter termed the
‘eco-energetic niche’ to make this distinction; ttikerd component is a geometric
nutritional and water axis; Kearney al. 2012). The eco-energetic niche differs from

the traditional fundamental niche concept by foegsnly on the thermodynamic and
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biophysical constraints that apply to a specieqviding a more targeted ‘first
principals’ construct which excludes more genegaltdrs that may also comprise a
species’ fundamental niche, such as a species’tigengKearneyet al. 2013). By
developing a DEB model which can be coupled wittlimatically-driven biophysical
model of distribution, the eco-energetic niche niopgwvides a powerful tool for
forecasting the impacts of climate change on spetife histories, and for informing

mitigation strategies such as assisted migrasenguKearneyet al. 2013).

Study species

The western swamp turtl®geudemydura umbrin&nown in Western Australia more
commonly as the western swamp tortoise; Plate 1& ismall, semi-aquatic turtle
endemic to the south-west of Western Australiaak conservation significance due to
being highly threatened (Critically Endangered; TS3004; IUCN 2015), having a
high-profile (largely due to conservation effortsaded by the Perth Zoo and Western
Australia’'s Department of Biodiversity, Conservatiand Attractions, Parks and
Wildlife Service) and its inherent zoological naye(Kuchling 1993). Its conservation
is further supported by community members who atyivaise awareness about this
species’ plight and recovery. Within the contextasisisted migration, the western

swamp turtle is an ideal species on which to dexiseechanistic SDM because:

1. Like many threatened species, the turtle has aatest range (Burbidget al.
2010) (Figure 1.1);

2. The turtle has specialised habitat requirementaréaerised by the presence of
ephemeral wetlands on clay-based soils, with adoessarby aestivation

refuges; TSSC 2004), and this habitat is highlgrimanted (Burbidge 1981);
10
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Figure 1.1- The current distribution of the western swampleuPseudemydura umbrifancluding aerial photograph of western swamgeur
habitat, demonstrating the fragmented nature ofathéscape.
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3. The climate of south-west Western Australia ha®obecnotably drier and
slightly hotter over the past three decades (CS2R@®a; CSIRO 2009b;

IOCI 2012), and this has had a negative impactvailable turtle habitat (see
Chapter 2, Chapter 5);

4. Due to habitat fragmentation, the species has iidyab disperse from its
current habitat at the pace required by contempailanate change;

5. Translocations are technically feasible and haenlpeacticed for at least 40
years (23 years successful when captive-bred iddals are used; Kuchling &
DeJose 1989; Burbidgst al.2010; G. Kuchling pers. comm.);

6. A captive population exists from which turtles d@nsourced for translocations,
including assisted migrations;

7. Data on growth, survival and reproduction (in captiand in the wild) has been
collected since 1963, resulting in a unique oppotyuor model validation; and,

8. Sites that will remain suitable under projectedifatclimate change are required
to secure populations &. umbrinain the wild (Burbidgeet al. 2010; Mitchell

et al.2013).

The western swamp turtle is also an excellent citedifor DEB modelling because it
has several life history thresholds that are higlggsitive to energy acquisition and use
(e.g. the necessity for individuals to reach aicaitmass of 18 g before their first
aestivation event; expanded at Chapter 2). Thismmeatential translocation sites can
be assessed for their suitability in meeting thecss’' growth, development, and
reproduction needs. These latter aspects will beeasingly important for determining
this species’ potential to persist within its cutrdnabitat under a less climatically-

favourable future.
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Scope and aims of thesis

The fundamental aims of this thesis are firstlyetaluate the suitability of the western
swamp turtle for assisted migration and secondiycdnstruct, explore and test an
energetic model of the species. The latter is agpesl for aiding the selection of

translocation and/or assisted migration sites.

In Chapter 2, my goal is to build a case for thasted migration of the western swamp
turtle. | begin by describing the changes to thabitat from 1970 to the present,
placing a particular emphasis on the shorteningthef wetland hydroperiods and
describing how this influences the life historytleé species. | then evaluate the western
swamp turtle against decision frameworks availdbleappraising the suitability of
species for assisted migration, arguing their gmpateness as a candidate for a

deliberate, outside-of-range introduction.

| then turn my focus towards developing a physimalgmodel ofP. umbrinato help
understand how climate change might affect growgproduction and survival in their
current habitat, and to examine the eco-energaiitstcaints that might influence
success at potential assisted migration sites. Whsa stepwise process, commencing
with the development of a DEB model, and then ecamtig with its integration into a

mechanistic niche model explored under multiplmale scenarios.

A key component necessary for the production oE®BDnodel is the construction of a
thermal response curve, which | achieve in Chaftdsy measuring the standard
metabolic rates oP. umbrinawithin their preferred temperature range. In Chagt |

incorporate this response curve into a DEB modelMHoumbring and | assimilate
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extensive historical data in order to better patanse the model. Here | produce
several important predictions for the species, sashgrowth rates and times to
starvation, and examine the comparative growthsrafewild and captivé®. umbrina

for the first time. In Chapter 5, I link this DEBadel with a niche model developed for
Ellen Brook Nature Reserve, where the single sedtaning population of swamp
turtles exists. | explore how behaviour can infleeergrowth, maturity, reproduction,
and survival here, and test this against curredthastoric observations. | then examine
the model in context of novel climatic futures, Bpmy it at five potential assisted
migration sites to compare how these traits changder the wetter and cooler
conditions predicted for these areas. | concludenbking some recommendations for

the future assisted migration Bf umbrinain Chapter 6.

Whilst the primary emphasis of this thesis is oa #estern swamp turtle, this work
exemplifies a range of factors necessary for tgsdimd potentially adopting an assisted
migration strategy: from arguing the requirementl appropriateness of the target
species (Chapter 2), to filling knowledge gaps megl for distribution modelling
(Chapters 3 and 4), to exploring responses underatd change (Chapter 5) and
discussing appropriateness in the context of deéklte introduction event (Chapter 6).
Whilst expansion and improvements to this process possible, as it stands, this
research provides a template for processes that doel applied to other fauna
threatened by climate change. Our understandif®y aimbrinabiology has progressed
in hand with this study, but more importantly, thesearch raises new challenges and
opportunities for the management of this iconiccgggein an era of rapidly changing

climate.
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Plate 1 — The western swamp turtle (Pseudemydura umbrina).
Photograph: S. Arnall
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BUILDING A CASE FOR THE WESTERN SWAMP TURTLE AS A
CANDIDATE FOR ASSISTED MIGRATION

PREFACE AND STATEMENT OF CONTRIBUTION

The first aim of my thesis was to discuss and destrate the appropriateness Rf
umbrinaas an assisted migration candidate. | intendegtiigeve this by using decision
frameworks available for assisted migration inlttexature, but was not able to select a
single framework that adequately captured the plaghthe species. Instead, it became
necessary to review and synthesise the decisids &vailable to provide a catalogue of

considerations against which to assess the swarthp. tu

Thus, this chapter has two linked components: ahegs of the situation facing the
swamp turtle (including an original compilation amahalysis of historical habitat
datasets; Part A), and a review of the decisiofstawgailable to evaluate its assisted

migration (Part B).

Except as noted otherwise below, the work presentéus chapter is my own original

work.

The concept of employing assisted migration todvetbnserve the western swamp
turtle was first proposed by N. Mitchell and colieas in the Australian Research

Council Linkage Project that supported my reseéxikchell et al. 2009).

In demonstrating local climate change, | used thgublished raw data of G. Kuchling,
A. Burbidge, and P. Fuller, which was collecteceoby these individuals. All analysis

and interpretation of their data is my own. The evagjauge data provided by G.
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Kuchling and A. Burbidge also appears in the Ph&sighof A. M. Hasnein bin Tareque
whose hydrologically-focused research was conductetturrently to my own. My

analysis of these data was independent.

| used B. Jenny’s ‘color oracle’ program to desigg figures to be compatible with

colour blindness (http://colororacle.org; Monashuérsity, Australia).

| conceptualised, designed, and executed the tliteraeview and was responsible for
the written content of the chapter. | was the primauthor of the chapter, and N.
Mitchell, M. Hipsey, G. Kuchling, and M. Kearneyogwided supervisory feedback on

the content.

Reference;

Mitchell N. J., Hipsey M. R., Kearney M. R., Portéf., Sivapalan M., Kuchling G.
(2009). ‘LP0990428: Animals on the move — an ind¢gn approach to selecting
conservation reserves under climate change.” AlimtreResearch Council Project
Document, Australian Research Council, Canberratralia.
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2.1 INTRODUCTION

Assisted migration (known variously as assistedomightion, managed relocation,
facilitated dispersal and others; see Hallfetsal. 2014 for review) is an often-
controversial tool proposed to combat one of thgdst perceived symptoms of the
Anthropocene — species loss due to climate chaStgfénet al. 2007). In its most
modern interpretation, assisted migration refersdoservation translocations that are
motivated by climate change, for which currentlgrihare few examples (Willet al.
2009; Greenet al. 2010; McLane & Aitken 2012; Castellanos-Acuét al. 2015;
Torreya Guardians 2015). In contrast, conservatioinoductions to meet other
objectives have long been practised successfulty. @/er 40 years in Australia and
New Zealand; Seddoet al. 2015). Whilst the concept of assisted migratios g@wn

in momentum since the resurgence of the idea in72@0@e majority of assisted
migration literature has remained at the theorkticscussion and debate stage, rather

than moving towards implementation (Javekteal. 2015).

The reluctance to move forward with assisted mignaprojects is likely to do with
acceptance of responsibility, given the strong easEhon risk and its minimisation in
the conservation literature (Hew#t al. 2011; Javelinest al. 2015). An individual’s
perception of assisted migration will depend onrtbackground, values, and attitudes
(McLachlanet al. 2007). Responses can range from a readiness tenmapt assisted

migration even if there is still debate (e.g. “Maimyes decisions are needed before

! Here I distinguish from the definition given byethUCN (2013) and as reviewed in
Seddoret al. (2015), which gives ‘assisted colonisation’ as ‘timentional movement
and release of an organism outside its indigen@mgea to avoid extinction of
populations of the focal species”, and thus cafude many motivators such as disease
risk, and genetic management. | adopt Hakfoal's (2014) definition for the purposes
of this study as my research focuses on climatagda
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scientific proof and consensus are available. la tontext of assisted migration,
waiting can result in a “no-choice” situation in i there is no species to save”,
Ahteensuu & Lehvavirta 2014) to considering it omythe most exceptional of cases
(e.g. “... assisted colonization ought to have, astna very minor role in the portfolio
of ecosystem management practise” and “the burderegtablishing an exceptional

case should be substantial’; Sedaoml.2009).

Despite this range in views, there appears to Ibsertsus that assisted migration is a
viable conservation option if the perceived besefiutweigh the potential costs
(Seddon 2009; Albrechtt al. 2013). Thus, the onus falls to the end-user tafyus
assisted migration using a cost-benefit assessthantdemonstrates a high level of
knowledge at the species and ecosystem-legelss(Ahteensuu & Lehvavirta 2014),
under both current and expected future climaticddens. This is a substantial task
(one which may arguably preclude some species assisted migration; Davidsaat

al. 2008), and has prompted the development of mamgdworks and decision tools to

help evaluate and validate whether assisted magrathould be undertaken.

Chauvenetet al. (2013a) suggest that “one way to minimize the srig negative
ecological impacts and to maximize the net berdadfissisted [migration] is to work
within a well-defined and, ideally, widely acceptddcision framework”. However,
currently there exists no single ‘gold standardnfiework with which to refer. This is
likely because assisted migration is often a comptenario for which there is no ‘one
size fits all’ solution (Vittet al. 2009). Further, some authors (e.g. Haetial. 2013)
have recommended assessment against general fraksgisach as those developed for
weed risk assessments; e.g. Setterfietdal. 2010), which further broadens the

considerations available to conservation managdéns can also encourage ‘cherry-
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picking’ of frameworks to best suit particular agas, which then prevents a

comprehensive assessment and may result in sotoesfhdeing overlooked.

Here | take decision support frameworks availalbe &ssisted migration in the
literature, and attempt to implement them as anu=ad interested in assessing the
appropriateness of assisted migration for the wesssvamp turtle Pseudemydura
umbring. This Critically Endangered (TSSC 2004; IUCN 2D¥pecies has already
been identified as potentially benefitting fromiatesd migration (Burbidget al. 2011,
Mitchell et al. 2013; Dadeet al. 2014; Mitchell et al. 2016; Bin Tareque 2017).
However, there are no detailed assessments ofidlagizal, environmental, economic,
and social factors that could be relevant to dagidihether assisted migration should
be implemented (Richardsoet al. 2009). Further, an evaluation of risks, and the
identification of practical strategies to minimige eliminate these are also required in
the preparatory phase of any assisted migratiatesgty (Gallagheet al. 2015), and in

this regard the turtle has also not yet been asdess

| begin by presenting the available informationtbe turtle and its current habitat that
is relevant within an assisted migration contexar(FA). | then place this information
within a catalogue of considerations common to sésgi migration decision tools,
developed by reviewing and synthesising 24 fram&s/gpecifically aimed at assisted
migration (Part B). This approach serves two pugpogirstly, it provides a formal
evaluation of the swamp turtle’s suitability forsased migration, contributing to
transparent decision making for this species’ covagmn (Martinet al. 2012; Popescue
& Hunter 2012). Secondly, it provides an overvievi the factors currently
recommended for evaluating assisted migration,irsgrto simplify future decision

making.
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PART A - THE CANDIDATE

2.2 THE WESTERN SWAMP TURTLE

The western swamp turtle is a highly threateneshirater turtle endemic to the south-
west corner of Western Australia: one of the togyRbal biodiversity hotspots (Myers
et al. 2000), and an area of high reptile diversity (Ritxal. 2015). Ancient and
monotypic in its subfamily (Gaffney 1977; GaffneyMeylan 1988; Zhangt al.2017),
the swamp turtle was thought to be extinct for 020 years until its rediscovery in
1953 (Kuchling 2000). There are no localised resqydor to this time, but anecdotal
information suggests that in recent history théléuvas restricted to the clay soils of

the region — an area encompassing no more thakri5(Coggeret al. 1993).

In the decade after its rediscovery, a populatibaround 300 individuals occurred at
two adjacent wetlands, now the “Ellen Brook” andwvim Swamps” Nature Reserves
(Burbidge 1967). A population crash in the 1970d¢ 8880s saw this number fall to just
15-25 adults surviving in the wild (Kuchling 200®ince this crash the species has
benefitted from a captive breed-for-release prograamajor undertaking at the Perth
Zoo, who have now bred and reared more than 60énjles for release (Kuchling &
DeJose 1989; G. Kuchling, pers. comm.). The wildydation is currently estimated at
around 200 individuals, of which just over 50 are@wn to be mature (G. Kuchling,
pers. comm.), located across four closely-occursitgs within the swan coastal plain
of Western Australia (one natural self-sustainioge natural supplemented, and two

sites founded by captive-reared individuals; FigLidd).

2 As at 2016, trial translocations commenced at slocetions to the south of the current rang® of
umbrina (refer Chapter 5 for details).
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Currently classified as Critically Endangered (TSZ04; IUCN 2015), a population of
at least 50 adults persisting in the wild for a imiam of five years is required for the
species to be down-listed to Endangered, whiclesprimary immediate goal in the
species’ recovery (Burbidget al. 2010). The captive breeding program, coupled with
continued threat abatement strategies will fordsdgesee the species’ conservation
status improved, provided that individuals releaasduveniles survive to adulthood
and reproduce. The threats to the western swantle twhich may preclude this are
generally well understood, and are outlined in itletisewhere (see Burbidget al.
2010). However, one of these threats might pretlentmportant criterion of more than
50 adults persisting in the wild from being metin@ite change (specifically, a drying
climate) has been identified as one of the mostifsignt barriers to the ongoing
persistence of this species within its natural earand is a likely cause of limited

population growth in recent years (Mitchetlal. 2013).

2.3 WHY WORRY? HOW THE BIOLOGY OF THE TURTLE IS

INFLUENCED BY CLIMATE
Over relatively long time-scales, Australia’s climaand vegetation has transformed
considerably since the rainforests of the earlyddiee (Travouilloret al. 2009), where
the only fossil records similar to western swamlés have been found (Gaffneyal.
1989). The single skull fragment discovered from Riversleigh deposits of far North-
Queensland (over 2000 km from Ellen Brook NatursdRee) is virtually identical to
that of P. umbrina which has prompted suggestions that the speagslitanged little
over time (Gaffneet al. 1989). If so, then thB. umbrinalineage was presumably once
more widespread, and has since adapted to meeththlenges of drought, and/or

contracted to regions that provided continuous thalihroughout the drying of the
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continent (Georges & Thompson 2006; Gow 2009} ivithin this ancient context that
P. umbrinanow inhabits the south-west of Western Australidiere it may have

resided since the Cretaceous (Burbidgal.1974; Zhanget al. 2017).

The environmental cues that influence the behawébtine turtle here are now generally
well understood (see Burbidge 1981 for overvieR). umbrina does not occur in
permanent water but inhabits shallow (ca. 40 cnfjeaperal wetlands that fill with
winter rain and dry annually over summer. When si@amps are empty, the turtle
survives by aestivating (a period of summer hibgony under leaf litter or in natural
holes underground until rainfall fills the swampsce more. Turtles mate in water
mostly in winter and early spring (Kuchling & De&0%989), and the time when the
swamps hold water also presents their only oppaytuon feed as they prey upon
aquatic species (Gilbert 2011; Katja Schmoélz, utipbed data). It is due to this limited
activity window each year that climate change Has potential to impact on the
survival of wild populations. The length of timeathswamps hold water (hereafter
referred to as the ‘hydroperiod’) is correlated hwiturtle growth (where shorter
hydroperiods result in less growth; Burbidge 19Bitchell et al. 2013) which when

shortened influences reproductive success andvsaliiai the following ways:

) Prevents individuals from surviving aestivation. Energy stores can
only be accumulated when the swamps hold watercantain food.
Hatchlings are particularly susceptible to desictatind death over
the summer aestivation period if growth has beammal (Mitchell et
al. 2013). Kuchling (in Burbidget al. 2010) hypothesised that a mass
of 18 g was necessary for hatchlings to survivestiramer aestivation

period, as no hatchlings of less than 18 g are knmahave emerged
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at Ellen Brook Nature Reserve after the aestivatpmriod (G.

Kuchling, pers. comm.).

i) Lengthens time to reproductive maturity. Maturation in swamp
turtles is determined in part by size, with femateaching sexual
maturity at an average of 107 mm carapace lengthag@r 4).
Seasons where rainfall has not been limiting resutjreater growth

and thus can shorten times to maturity (Chapter 5).

i) Prevents egg production. In females, vitellogenesis occurs during
summer aestivation and is conditional upon the fesnaccumulating
adequate energy reserves during the hydroperiodchlilg &
Bradshaw 1993). Double-clutching can occur in caiytwhen food is
given in excess, suggesting a strong relationshepwéen food
availability and reproductive output. After matinfenergy reserves
are limited, females can abort eggs by follicularesia (i.e. not
ovulating and reabsorbing the yolk of pre-ovulattfficles; Kuchling

1989; Kuchling & Bradshaw 1993; Kuchling 1999).

iv) Compromises hatchling survival. Hatching in swamp turtles is
triggered by a drop in nest (incubation) tempemrttivat typically
coincides with late autumn or early winter rainsuifidge 1981).
When hatchlings emerge approximately 180 days afigs are laid,
they can feed only if the swamps hold water. Theeme pattern of
declining winter rainfall is resulting in a longdry period after the

emergence of the hatchlings, which places them laigher risk of
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starvation, desiccation, and predation (by the pe@o red fox\ulpes
vulpes the rat,Rattus rattusthe southern brown bandicodsoodon
obesulus;and avian predators including birds of prey argl itaven,

Corvus coronoidesBurbidgeet al. 2010).

V) Disrupts biological rhythms. The seasonal filling and drying of the
swamps might be an important trigger for nestingaveur because
access to permanent water with an absence of atstiwas one of
the factors thought to contribute to poor captiveeking success in

the past (Kuchling & DeJose 1989).

Spring is the most important time for the accumatabf energy stores, as high-energy
prey items (such as tadpoles) are usually abundaat, warmer water temperatures
allow turtles to be active and forage for a largeaportion of the day (Burbidge 1981).
In the wild, prey becomes concentrated in shallovolp as the swamps recede,
providing optimum feeding conditions towards thel erf the active season (Kuchling
& DeJose 1989). When food is not limiting, higheater temperatures increase growth
rates in hatchlings and juveniles (Mitchetl al. 2012), and adults (Kingt al. 1998).
Whilst these observations suggest that warmer tondiwould favour swamp turtles,
this may not be the case for their prey. Freshwatesystems, particularly those with
standing water, are especially sensitive to theec&df of increased temperatures
(Whiteheadet al. 2009), and a change in prey availability couldéhagrious long-term
consequences for the persistence of the wild tytlpulations. Water temperatures
regulate the timing of emergence and the abundah@guatic insect populations at
different life stages (e.g. Davidson & Hazelwoo®20Durance & Ormerod 2007), and

also affect the life cycle of a wide variety of ettaquatic organisms which often have a

35



limited range of thermal tolerance (Wade al. 2002). Aquatic communities can be
further threatened by deoxygenation of the watéiclvis exacerbated when increased
temperatures and lower rainfall occur in tandem i(@¥teadet al. 2009). Even if turtle
prey species are fast-reproducing ‘r’ strategidtagqArthur & Wilson 1967), which
arguably may be able to adapt to warmer tempemaiigtu due to their high fecundity
and short generation times, it is conceivable tmhmunity composition will shift

some way under escalating climate change.

2.4 EVIDENCE FOR LOCAL CLIMATE CHANGE

Annual rainfall has declined in south-west West&ustralia since the late 1960s, with
reductions particularly marked for early wintemfail (IOCI 2012), which has declined
by 14 % since the mid-1970s (Batetsal. 2008; Petronet al. 2010). Because winter
rains are vital for filling the perched ‘Gilgai’ @y-based swamps characteristic of
swamp turtle habitat, this winter reduction is attrly significant. Heavy rainfall
early in the wet season is required for water tepsirough the cracks in the clay,
causing the clay to swell and seal, and thus aligwihe swamps to pool water
(Burbidge 1967). For this reason, swamp turtle ghovan vary between years with
similar precipitation: sheet flooding from heavynrgan fill the swamps quickly and
initiate the hydroperiod, but a number of lightalld totalling the same amount can lead
to delays in swamp initiation and reduce the ptsie of ponding (Burbidge 1967).
Fronts in south-west Western Australia have praively weakened since the 1940s
(Rautet al. 2014), resulting in fewer episodes of heavy winénfall. In tandem, mean
annual temperatures have risen by 0.4° C (Batesl. 2008), and groundwater

extraction for irrigation and industry have alsorgased (McFarlanet al. 2012). These
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trends suggest that without remedial managememter@uswamp turtle habitat will

become increasingly unsuitable over time.

A shortening of hydroperiods within western swamplé reserves has been observed
anecdotally, but to date not quantified. Visualttieauges were erected in Ellen Brook
and Twin Swamps Nature Reserves in the late 1960d, have been regularly
monitored since 1972. These show that hydroperadsvin Swamps Nature Reserve
have shifted and shortened with time, with somenspg remaining essentially dry
since 2006 (Figure 2.1). Hydroperiods in this hatbhistorically spanned from mid-
June to mid-December (Burbidge 1981), with somenspgholding water until mid-
January (e.g. 1964; Burbidge 1967). By comparisdnEllen Brook Nature Reserve
water is usually present from “late May, or eanyd until mid-November” (Burbidge
1967, pp. 26). A desirable or typical swamp depth P. umbrinais 20-30 cm
(Burbidgeet al. 2010), and swamps at Ellen Brook have generaliyptaiaed this, even
in low rainfall years (Figure 2.2). This may explavhy theP. umbrinapopulation at
Ellen Brook Nature Reserve is self-sustaining, &/l@vidence of recruitment at Twin
Swamps was effectively absent until a groundwatgpEmentation scheme for two
swamps commenced in 2010. Water temperatures hese logged continuously at
Ellen Brook Nature Reserve since 2009 and whilg tbo early to detect any climate

shifts, they are provided here for future compari@éigure 2.3).

Short hydroperiods in the wild have been artifigiahitigated as part of this species’
recovery actions (e.g. Plates 2 and 3; Section @&Hich has made it difficult to assess
the direct effects of recent shifts in the locamete on traits relevant to the turtles’
survival. However, Burbidge (1967) attributed loecmitment of juveniles to the

effects of a “recent run of five dry years [195829 which at the time
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Figure 2.1 — A 45-year history of natural hydroperiods at Twin Swamps Nature Reserve (swamp “SE” left; swamp “SW?” right), spanning 1972 to
2016, demonstrating a general shortening and seasonal shift in swamp hydroperiods, and a reduction in water depth with time. Black points represent
individual sampling events (recording of water depth against permanent visual depth gauge).
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Figure 2.2 — A 45-year history of natural hydroperiods at Ellen Brook Nature Reserve, (swamp “1” left; swamp “2” right) spanning 1972 to 2016.
Black points represent individual sampling events (recording of water depth against permanent visual depth gauge). Ellen Brook demonstrates a
resilience to drought, with hydroperiods being similar in their duration and length over time (though depths are reduced).
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Figure 2.3 — Record of water temperatures on Ellen Brook Nature Reserve from 2009 to 2016 (December 2016 excluded due to weather station

failure). Points are means + standard error. Absence of values in some months (e.g. March 2009, 2011-2016) signifies no water in the swamps at that
time (excluding December 2016).
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was the longest sequence of dry years on recorbi@e 1967, pp. 78). Additionally,
in 2006, a severely reduced hydroperiod of arotineet months resulted in an unusual
number of deceased turtles (hypothesised to beedag starvation; Mitchelét al.
2013). This year was also marked by exceptionally leproduction rates, where it was
concluded that low rainfall prevented the speciemfbreeding in three out of the four

reserves (Mitchelet al. 2013).

Projections from global climate models predict dtdro drier, and more unpredictable
climatic future for Western Australia. Temperatuaes predicted to increase up to 5 °C
by 2070, with a corresponding 40 % reduction tofedi (Pearceet al. 2007; Caiet al.
2009; CSIRO 2009a; CSIRO 2009b). With none of thestnrecent climate models
predicting any increase in rainfall volume for semiest Western Australia between the
late 20" and 2 centuries (CMIP5 models; generated in the fifttelgovernmental
Panel for Climate Change Assessment Report; Stoskat. 2013; Smith & Power

2014), the climatic outlook is unfavourable forstpecies’ recovery.

2.5 BUILDING RESISTANCE AND RESILIENCE: LIMITATIONS OF
CURRENT IN-SITU MANAGEMENT OPTIONS

It is highly unlikely that the western swamp turtkell be able to adapt at the rate
required by contemporary climate change becausespkeies is slow to mature (in
optimal conditions females reach a reproductiveag average of ten years) and has
a low reproductive rate, laying a single clutchiwb to five eggs per year (Chapter 4).
The lifespan ofP. umbrinais unknown, but adult females and males colleatethe

1960s are still reproducing, suggesting they areg ldived k-strategists gensu
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MacArthur & Wilson 1967). Opportunities for dispatgo better habitats are limited
becauseP. umbrinais restricted to a region that has lost approxahya?O % of its
native vegetation due to clearing (for clay minirngiculture, horticulture, and urban
expansion). This has resulted in highly fragment@dural habitat with significant
anthropogenic barriers to dispersal (Shepleal. 2008; Burbidgeet al. 2010). Thus, it

is unlikely that the turtle would be able to adaptlisperse naturally at a rate that could
keep pace with climate change (Mitchet al. 2013). Without mitigation, it is
“doubtless a long sequence of dry winters... follovsgdong hot summers would see

the extinction of the species [in the wild]” (Budge 1967, pp. 86).

Assisted migration is typically presented as at‘lesort’ management option (e.g.
Schwartz 2005; Richiardi & Simberloff 2009; Burbedet al. 2011; but see Richardson
et al. 2009), once possibilities for climatic resilienaedaesistance have been explored
(Hansenet al. 2003; Millar et al. 2007). Climatic resilience refers to the overall
resources available to a system to withstand ciostitessors, while resistance refers to
processes that stall and/or protect the ecosystem ¢tlimatic stressors (Millaet al.

2007). Under these definitions, resilience has beeldressed in swamp turtle
management by focusing on other threats (prgdation) and augmenting existing
population numbers (see Burbidge al. 2010). Although failure rates are often high
when captive reared individuals are translocateedddSn et al. 2015), the

reintroductions of turtles into Twin Swamps Nat&®eserve, as well as introductions to
two new habitats to the north, have demonstratadl ttese individuals successfully
survive in the wild. Unfortunately, whilst theseesilience’ strategies are effective at
buffering the cumulative impacts of threats on #pecies, they do not prevent the
problems arising from climate change. Other potérdirategies to enhance resilience

are also generally not appropriate or feasible.dxample, because swamp turtle habitat
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is surrounded by a mosaic of agricultural land arizthn development, the potential for
acquisition and restoration of land is limited, &ht prevents any large expansion or
connection of reserves. As logalsitu management options are generally preferable to
the translocation of species (Griffitat al. 1989; Lindenmayer & Burgman 2005;
Godefroid et al. 2011), climate-change resistance strategies well garticularly

important for securing wild populations Bf umbrina

Climate change resistancefn umbrinahabitat has focused on the extension of swamp
hydroperiods via human intervention. Three methualee been employed: pumping of
bore water, deepening and bunding of swamps (Ratand installation of shallow
pools (Plate 3). Whilst these have been succesasfektending the temporal extent of
the swamps, they have not been straightforwarchfdement (Table 2.1). For example,
pumping of ground bore water at Twin Swamps NaRgserve was initiated in 1994 to
supplement the swamps during times of insufficraimtfall. Whilst this was intended to
be in operation only in years and months wherdahiwas limiting (G. Kuchling, pers.
comm.), since 2003 the pump has been essentiallying for the entire ‘wet’ season
and required an upgrade in 2010 to meet the hidlogr rates necessary for its
continued use (Burbidget al. 2010). The pumping of bore water is now regarded a
essential in Twin Swamps Nature Reserve and idylikecontinue indefinitely. There
are no specific strategies to safeguard againsingat increases in temperature due to
climate change. Instead, mitigation of increasadperatures is facilitated through
revegetation (provision of additional shade vianplay of native species) which is
achieved during habitat restoration (Burbidgeal. 2010). These approaches may be
effective at delaying the effects of climate chanlget ongoing implementation (in

particular of pumping ground water) is subjectxteenal factors and political vagaries.

43



Table 2.1 — Climate change resistance strategies built into current western swamp turtle reserves.

Action

Description

Pros

Cons

Pumping of bore

Artificial
supplementation of

Provides reliable source
of water independent of

Needs significant planning and infrastructure
Usage requires electricity
Usage requires high quality water (water with low dissolves salts; Burbidge et al. 2010)

water season or weather i i i
swamp water o Requires routine maintenance
conditions Requires operation staff
May influence invertebrate and macroinvertebrate communities (sampling studies recommended)
. Requires heavy machinery (e.g. Durrell 2003), so installation is season-sensitive (complete in dry season
Artificial Prevents drainage of qui vy inery (.g. Du ) ! lon ! itive ( P inary )
Mechanical Al water to adjacent low-  High equipment and personnel costs
) modifications made . . . . . .
deepening and to swamp lying areas, extending Temporarily destructive to surrounding natural vegetation
morphology i ixed results: hydroperiods are extended, but use of these 'disturbed' swamps by turtles seems conditiona
bunding natural swamp Mixed results: hydroperiod tended, but use of these 'disturbed’ by turtl ditional
hydroperiods upon the retention of the original top-soil layer
) Radio-tracking data suggests use of ponds by turtles is limited
Inexpensive

Installation of
ponds

Small plastic-lined
depressions,
strategically placed
at boundary of
reserves to mitigate
fencing effects

Requires only hand tools

Effective at reducing
desiccation and
predation deaths of
turtles trapped along
fence-lines (also
mitigated through two-
way gates that facilitate
turtle movements)

Heat-pools (small surface area, heat quickly)

Invertebrate and macro-invertebrate community composition thought to be different to natural swamps
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Recovery of the western swamp turtle is overseen by a recovery team — a group
comprised of government and non-government experts, scientists, and local community
members who together prepare (and occasionally, implement) a formal recovery plan
that delineates, justifies, schedules, and costs management actions necessary to support
the recovery of the turtle. In Australia, recovery plans are executed under state and
Commonwealth legislation (Ortega-Arguethal. 2011). The western swamp turtle is

now on its fourth recovery plan (Burbidgeal. 2010; succeeding Burbidge & Kuchling

2004, Burbidge & Kuchling 1994, and Burbidgeal. 1990). The continued execution

of recovery objectives is subject to funding and other constraints such as ongoing
cooperation with landholders, the absence of political obstacles, and the need to address

other priorities (Ortega-Argueta 2008).

Ellen Brook Nature Reserve currently supports the single self-sustaining, breeding
population of swamp turtles, but is fenced to provide protection from predators and is
too small to accommodate a large population (Burbetgal. 2010). Whilst there has
been some evidence of recent recruitment at Twin Swamps Nature Reserve, this reserve
is still regarded as marginal and requires targetexhagement for the existing
population to persist (Burbidget al. 2010). Additionally, whilst it is too early to
determine whether self-sustaining populations will establish at the two northern
introduction sites (Burbidget al. 2010), preliminary analyses suggest that the current
population is at the northern-most margin of a large area where the climatic niche is
similar, and that translocations beyond this area are likely to be unsuitable under future
climate scenarios (Mitche#t al. 2013;Mitchell et al. 2016; Bin Tareque 2017). The
identification of additional reserves that will remain suitable long-term under the much
lower rainfall environments expected in the future are required to promote the long-term
persistence ofP. umbrina populations in the wild. Accordingly, there is strong

rationale for the assisted migration of this species
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Plate 2 — Bunding technique, used to prevent water flowing to adjacent low-lying areas and in doing so, promoting lengthened hydroperiods.
Photograph: S. Amall
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Plate 3 — Pond installed at the boundary of a fenced reserve (Ellen Brook Nature Reserve), implemented to mitigate fencing effects (e.g. to reduce the
desiccation risk to individuals seeking to exit the reserve and move onto neighbouring agricultural land, which they are likely to attempt towards the
end of the wet season as swamps begin to dry). Two-way gates also allow turtles to move in and out of Ellen Brook Nature Reserve at will.
Photograph: S. Amall
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PART B - ASSISTED MIGRATION: ASSESSING THE

APPROPRIATENESS AND RISKS

2.6 IDENTIFYING EXISTING DECISION TOOLS FOR ASSISTED
MIGRATION AND ASSESSING P. UMBRINA

To locate decision support tools developed forsasdi migrations, | used the Web of
Science (Science Citation Index Expanded, Soci@nges Citation Index, and Arts and
Humanities Citation Index), and Google Scholar,rd@ag articles in English from
1975 to present (accessed 18/08/2015). | used ¢laecls terms “assisted” OR
“managed” OR *“facilitated” OR “human assisted” ORurtificial” OR “benign” OR
“conservation” OR “transformative” AND “migration’OR “coloni*ation” OR
“relocation” OR “introduction” OR *“translocation” B “dispersal” OR “restoration”
with the additional search string “decision” ORski AND “tool” OR “framework”
OR *“assessment” OR “making” OR “analysis”, AND ‘fdate change” OR “changing
climate” OR “global warming”. This resulted in 5%dticles, which were reduced to 54
after discarding those that were clearly irreleyant those that did not refer to assisted
migration (or its synonyms) in the title or abstrathis served to eliminate general
decision support tools, leaving only those that everesen