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Abstract

Genetic diversitys positively linked to the viability and evolutionary potential of species but
is often compromised in threatened taxa. Genetic rescue by gene flow from a m@e aive
differentiated source population of the same species can be an effective strategy for
alleviating inbreeding depression and boosting evolutionary poteftehelmeted
honeyeatekichenostomus melanops cassidia critically endangered subspecies of the
common yellow-tufted honeyeat&assidixhas declined to a single wild population of ~130
birds, despite-being subject to intensive population management over recent.d&eades
assessedhanges imicrosatellitediversity incassidixoverthe last foudecades and used
population:viability analgis to explore whether genetic rescue through hybridisation with the
neighbourind-. m. gippslandicusubspecies constitutes a viable conservation stratbégy
contemporargassidixpopulationis characterised bpw genetic diversity andffective
populaion size (Ne <50), suggesting its vulnerable to inbreeding depressand will have
limited capacity to evolve to changing environmeli¢e. findthatgene flow from
gippslandicugo cassidixhas declined substantially relative to{1%90 levels andrguethat
naturallevels ofgene flow betweethe twosubspecieshould be restored. Allowing gene

flow (~4 migrants per generatiofipm gippslandicusnto cassidiXi.e. genetic rescugh
combination with continued annual release of captive-basdidix (i.e. demographic
rescue)shouldiead to positive demographic and genetic outcomes. Although we consider the
risk of outbreeding depressiontie low, we recommend that genetic rescumbaaged

within the context of the captiviereeding program, with monitoring of outcomes.

Introduction
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Genetic diversity is an integral component of biodiversity apdsstivelylinked to the

viability and evolutionary potential of species (Frankham 1995; Reed & Frankham 2003;
Harrissoret al. 2014). Populationare expected to lose genetic diversity at a rate proportional
to the inverse of their effective population sikk)( thus small populations rapidly lose

genetic diversitythrough drift(random loss of alleles across generatigi&ight 1931;
Frankham(1996). Since most taxa of conservation concern have experienced strong
population‘contractions, avoiding loss of fithess and evolutionary potential as afesult
inbreedinggand genetic drift is a key challenge that must be addressed in management plans
(Lacy 1987, Piersost al. 2015).

Genetic rescue and genetic restoration can be effective management strategies when a
species, subspecies or population is reduced to a small number of indiwdudl6)(and is
experiencingsinbreeding depression and loss of genetic variation (Frankham 201%yWwVhite
et al. 2015).Genetic rescue typically defined as thehorttermintroduction of novel genes
into a small population to counteract genetic lt@gression of deleterious genes) and
primarily describes the rapid increase in fitness (survival and fertility) associated with the
injection of novel diversity\Veekset al. 2011) Genetic restoratiors defined as ongoing
gene flow that both counteragisnetic loadn the shorterm andaims to increase genetic
diversity andwevolutionary potential in the longerm (Hedrick & Fredrickson 2010; Weeks
et al. 2012) Novelgenetic diversity is typically sourced from other more diverse
populations/individuals of the same species. A decision on the amount of gene flow to
introduce intaarecipientpopulation must balance the costs of genetic swamping and
potential outbreeding depression (the decrease in individual fitness that may arise when
distinct lineages are crossed), witie ongoing risks of inbreeding depression and genetic
load (Frankhanet al. 2011; Weeket al. 2011) For genetic rescue it is not recommended
that translocations/introductions from a source population exceed levels eouioél8% of
the recipient population in the first instance, to prevent ‘genetic swanipiegdrick &
Fredrickson 2010)For geneticestoration ongoing gene flow equivalent to ogenetically
effective migrant pegeneration has traditionally beeansideredufficient toalleviate
inbreeding depression and genetic load, without swamping locally adaptes (Midke&
Allendorf 199%; Pimmet al.2006; Weekst al. 2011) However, the classical omaigrant
per-generation rule is based on theoretical assumptions that are likely to be violated in natural
systems (e.g. island model of migration, genetic equilibria) and in many conservation

scenarios it is likely that higher levels of gene flow (up to ten geneteffdlgtive migrard
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per generation) would be required to alleviate inbreeding depression (Lacy 1987& Mill
Allendorf 1996; Fernandezt al. 2008; Sanchez-Molaret al. 2013).

Genetic rescue/restoration strategies have been successfully applied in a number of
management cases around the world across an array of taxa, including the Flohiela pant
Puma congolorcoryand greater prairie chick@iympanuchus cupida the United States
(Westemeleet.al.1998; Pimmet al. 2006; Hedrick & Fredrickson 2010), tMexican wolf
Canis lupus baileyi(Hedrick & Fredrickson 2010), the mountain pygmy posBumamys
parvusin Australia(Weekset al.2015), the Swedish add€ipera berugMadsenet al.

2004), and the South Island rolftetroica australisn New ZealandHeberet al. 2013).
Despite successful precedents, genetic rescue/restoration strategies remauilisedkin
management of endangered taxa because of concerns about outbreeding depression, and loss
of locally adapted alleles though swamp(igeekset al.2011; Frankham 2015; Hamilton &
Miller 2015;"Whiteleyet al. 2015).

The helmeted.honeyeateichenostomus melanops cassitiereafteicassidiy, named for

its distinctiveerect crown feathers or ‘helmet§ a subspecies of the common soa#st
Australian yellewtufted honeyeateCassidixis sedentary, and forms monogamous breeding
pairs that.eccupy and defend territories. Pairs typically produce up to 4 broods each yea
with an average of 2 offspring per brodghgaleset al 2009). Individuals begin breeding at
approximately2 years of age anzhn live as long as 14 yedfBmalest al 2009). The

average generation tinie approximateh8 yeargSmaleset al 2009). Additional details on

the reproductive system oéssidixare provided in Appendix A.

Cassidixis critically endangered undeational legislatiofEnvironment Protection and
Biodiversity Conservation Act 1999 recent decadesmssidixhas been restricted to lew
lying areas of dense riparian vegetation dominated by mountain swampugahyptus
camphoraalthough historicallgassidixalso occurred in taller, open riparian for&males

et al. 1990; Blackney & Menkhorst 1993; McMahon & Franklin 1993; Menkhorst 2008).
Cassidixhas suffered population decline throughout the 1900s as a result of increasing
degradation. and loss of habitat, bush fires@ndpetition from bell minerManorina
melanophrygSmaleset al. 1990; Menkhorst 2008). Since the 196&sssidixhas beerhe
subject of conservation efforts, including the creation of the Yellingbo Nature Caiserva
Reserve in 1965 and on-going habitat restoration (Menkhorst 2008). Large forest fires in

1983 wiped out former colonies at Cockatoo and Upper Beaconsfield and reducatlithe
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rangeof cassidixto a single wild populatiotocated in a small part (<5 Kyof the Yellingbo
reserve(Figure 1)(Menkhorst 2008). By 1989 the Yellingbo population had declined to only
50 individuals (15 breeding pairs) (Menkhorst 2008). Intensive population management
commenced in 198@&ith the establishment of@aptive breedingrogramat Healesville
SanctuaryVietoria, Australia) Subsequent management actions have included
supplementation of the Yellingbo population with captive-reared birds, attempted
establishment of new wild populatiomith captivebred birds nest protection, removal of
competitors (bell miners) and monitorifigenkhorst & Middleton 1991; Menkhorst 2008).
Since releasesammenced from the captive breeding program in 1995, capgared
offspringhave been released at Yellingbo Nature Conservation Reserve in most years (mean
= 5.2+ 6.1SD'per year; range-08) (Helmeted Honeyeater Recovery Team (HHRT) records;
Appendix Y). Population size has fluctuated over the last two decades, but aget e
breeding season, the wild Yellingbo populatioca$sidixwasestimated to consist of 130
individuals (23 breeding pairs) with an additional 17 potential breeding pairs iityapt
(Appendix'B) Six additional release sites were established ifottmeer rangeof cassidixin
Bunyip StatedParknear Tonimbukand Labetouche North~30 km south-east of Yellingbo
(Figure 1), where small numbers of captiwved birds were released most years between
2001 and 2012 "However, birdsirgroduced into these areas have failed to establish
colonies andurrentlyfewer than fie birds, including a breeding paiemainin Bunyip
StatePark (HHRT records).

Analyses suppoxtassidixas a population that is distinfitom the otheithreeL. melanops
subspecieghereaftemelanops, meltorandgippslandicusynorphologically andenetically

in allele frequenciesut not phylogeneticall{Pavlovaet al. 2014) The former range of
cassidixdid not overlap with the distribution afelanopgcoastal New South Walesj) that
typically recognised fomeltoni(widespread across eastern Australia inland of the Great
Dividing Range). Howevemeltonihas been recorded in parts of the historical range of
cassidix including Yellingbo, especially as seasonal visitors during drought years (Blackney
& Menkhorst 1993); there have been no records@tonibreeding withcassidixand in

most instancemeltoniindividuals have left Yellingbo by the beginning of the breeding
season (HHRT records). The former rangeasfsidixabutted and probably overlapped with
the distribution ofjippslandicugdistributed through Gippsland in eastern Victoria; Figure
1), the subspecies which is the most phenotypically similaassidix(\Wakefield 1958).

Althoughcassidixandgippslandicusurrently occupy different habitatgippslandicusis
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more associated with taller, riparian ogferest habitgtand cassidix is restricted to lowland
swamp forest), it is unclear whether this has been the case histqidtatiigney &
Menkhorst 1993). Multlecus coalescent analysis suggeststhasidixandgippslandicus
diverged from a common ancestor 281 thousand years ago, but may have continued to
experience'some natural gene flow padisergencgPavlovaet al.2014) Although
gippslandicusas not been recorded in Yellinghiopccurs in Bunyip State Park where
captivebredcassidixhave been released (Figure 1). Several natural breeding attempts
betweercassidixandgippslandicusn lowland swamp habitat regenerating after being burnt
by wildfire in 2009 at Bunyip State Park (from both combinations of sexesHbgpecies)
were observed.to have resulted in fledged offspring, suggesting genetic compatibility
between the two subspecies (HHRT unpublished data).

Despiteansintensive recovemyrogram, theassidixpopulation remains very small and
critically endangere@Garnettet al. 2011). Substantial resources have been allocated to the
management afassidixthrough the implementation of a National Recovery Plan to promote
the future perstence of the subspeci@denkhorst 2008). A key objectivaf therecovery

plan is to maintain genetic diversity and evolutionary potentieassidix Explicit

performance criteria related to genetic management are that there be no decrease in
heterozygogy«(relative to levels at the onset of the plan), that themobevidence of
inbreeding"depression in captive or wild populations and that, at any point in time, %86 of t
heterozygosity in the wild population be maintained in the captive popu(dienkhorst

2008). Data on inbreeding depressiorassidixarevery limited, althoughsomeevidence of
lower egg fertility in captiverelative to wild cassidixhas previously been reported (6/19
captive eggs,wenafertile, whereas none of a small sample of 4 wild eggs were infertile;
Hemmingset al.2012).

Here, we asseggenetic variation at twelve microsatellite lacisamples otassidixspanning
the last foudecades and explore the potential for genetic rescue and restoration of extant
cassidixthreughthe introduction of low levels of hybridisation with the neighbouring
gippslandieusubspeciesOur study addressed three key questions. Fritere evidere

that genetic'drift and/or inbreeding has affected the genotypic composition and eroded
genetic diversity ithewild Yellingbo cassidixpopulation from pre-1990 to 2013? Secosd, i
there evidencef pastnaturalgene flow fromgippslandicusnto thecassidixgene pool, and

if so, has the extent of gene fldgtween the subspecies declimeldtive topre-1990evels?

Third, would introducing gene flow betwegippslandicusandcassidiximprove the
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likelihood of populatiorpersistence afassidi® Incorporating data from intensively
monitored wild and captive populations and genetic information into population viability
models, we assess the likely effects of a range of supplemertased management
scenarios on key population parameters related to viabigydiscuss whether the relevant
goals of the"National Recovery Plan for the Helmeted Honeyeater arenetiagd make
recommendations concerning the ongoing managemeatssidix

Methods
History of thecassidixcaptive breeding program

The captive breeding program was established in 1989 primarily to produce birdedsere

to the wild. Initially, nestlings were removed from wild nests and hand reared, tlatehes

of eggs weresremoved from witdissidixnests and placed intgippslandicusests in

captivity (altheugh pairs ofippslandicushave been used as foster parents in the captive
breeding program they have never been bred easisidixin captivity). Based on advice

from the studbook keepehe captivepopulationhas been griodically supplemented with
additionaltargetedbirds taken from the wild. In October 1992 a total ot.2in. cassidiout

of a captive population of 23) died following an accidental toxic dose of vitamin D3
delivered asta.dietary supplement. The tslebuilding the captive population began in the
followingsbreeding season (1993/94) using the same cross-fostering techniqasgatidg

nests of pairs that had already contributed to the wild population (i.e. had produced
independent young at some point). Under this strategy during the 1993/94 breeding season
four two-eggrelutches wererossfostered resulting in six independent captive young. In
subsequent,yearsmmanagement policy changed to rebuild the captive population as quickly as
possible, so the restriction on target pairs was removed. This policy svaiscimfluenced by
thelow breeding'success at Yellingbwe previous year combined with the lack of success of
wild-wild translocations undertaken over the previous two years, which heightened the

importance of the captive colony.
Current @ptive management

Since around 2005, the size of the captive population has been relatively stable, between 28
and 32 adult birds (14 — 16 potential breeding pairs). Breeding during this period has been
managed using a studbook and pedigree-derived values of mean kinship (MK) generated for

all individuals(MK is the average cefficient of kinshipof a bird to each living, nefounder

This article is protected by copyright. All rights reserved



218
219
220
221
222
223
224
225
226
227
228
229
230
231

232

233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250

other bird in the pedigree; Lacy 1995). The aim of the program is to minimise gévatgec

by maximising breeding contribution across all adult birds. This has been done using a
number of strategies that have beevgpessively adjusted over time. To maximise breeding
opportunity and output, all birds are paired in a breeding environment. Pairs aeddeci

based omrindividual MK values, and birds with the lowest mean kinship to the overall
managed population are pritised for the best breeding opportunities, as their alleles are

most at risk of being lost to the next generation (Ballou & Lacy 1995yvell as MK,

individual breeding history and temperament are considered when pairing to tryr® ens
contribution, At.the beginning of each breeding season, MK is recalculated and birds are re-
paired. Because pairs can realistically produce as many as four clutches within a breeding
season, rpairing also takes place within a breeding season to reduce the likelitadad t

small number of successful pairs will dominate the gene pool. As needed, eggs or chicks are
exchanged between the wild and captive population, and releases are managed to avoid the
release of full siblings to the same wild site within Yellingbo.

Sampling

DNA was extracted from blood or tissue samples of: 98 captive (born in capandyl47

wild (born at“yellingbo)assidixcollected betwee®990 and 2013; 80 wilgippslandicus
collected between 1989 and 20@ddtwo cassidix/gippslandiculybrids sampled from a
cassidixreintroduction site in Bunyip State Park in 2011 (Figure 1) (details in Appendix C).
To explore trends in genetic diversity metiicghe Yellingbocassidixpopulation we
partitioned thewild cassidixsamples into five different time periods accordingachbird’s
hatch year (or estimated hatch ygdmable 1).The number and width oie intervalsvere
choserto ensurghat each time perd wasrepresentethy adequate numbers of both captive
and wid individuals. Given a generation time of approximately 3 yeamsajeset al. 2010),
each time period (with the exception of 1993-20MBere samples were limiting) represented
approximately=1=2 generationshd same time periods were usegartitioncaptivecassidix
samples, exeept the earliest time period for captive samplepreeld93 captive’, which
included wild-caught nestlingassidixoriginally used to found the captive breeding program
in 1989. Almast all of the original founding birds inathe ‘pre1993 captive’ sample died
from an accidental excess of vitamin D dietary supplement in October 1992 and were
replaced with new individuals. Thus, the genotypic composition of the captive breeding
population is expected to differ between the toagppre 1993’ and ‘captive 1993-2000’
samples.Microsatellitegenotypes for 12 loci were used in analyses described ljeétails
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in Appendix D). e locus Mcy7 was monomorphin thecassidixsample and so was only
included in analyses that also includgppslandicusBecause thewvo cassidix/gippslandicus
hybrids weresampled from a rentroduction site and not from Yellingbo, they were only

included in the STRUCTURE analysis to test whether they appeared as genadis. hybr

Is there evidencthat genetidrift has affected the genotypic composition and eroded genetic
diversityin‘thewild cassidixYellingbo population?

We used a range of metrittsexamine changes in genetic diversity in the wild Yellingbo
cassidixpopulationfrom pre-1990(before the establishment of the captive breeding program)
through to'2013Mean allelic richnesacross Ioc(AR, a measure of allelic diversity
standardisetb’the minimum sample size) waalculated in FBAT 2.9.3 (Goudet 2001).
Meanunbiasedexpected heterozygosityoss locille) was calculated iIGENALEX 6.5
(Peakall & Smouse 20123ince a key objective of the National Recovery Rtamaintain
wild genetic diversity in theaptive population (specifically th86% of wild heterozygosity
be maintained in the captive populatiowe also calculatedR andH. for the captive
population_sample in each time period. To identify specific alleles that may haviobee
from the population through drift, we calculated allele frequencies for capiilveiéd
population‘samples for each time period using GENALEX. As small populations losegeneti
diversity through drift, individuals are expected to become more genetically sifalar
assessvhether average relatednessong individualfas increased over timeean pairwise
relatednessR, Queller and Goodnight 1989) amowdd cassidixindividuals for each time
interval was calculated @OANCESTRY 1.0.1.5 (Wang 2011). We chose to present
estimates based @ueller and Goodnight’s (1988 but it was highly correlated with the
other estimators calculated by the software 0.7-0.9).To test whether genetic relatedness
in recent time periodsas greater thaRre 1990baseline levels of relatedness, ezempared
observed differences in relatedness values betweebhdfeand each of the other time
periods, withwexpectedistributions ofdifferences in relatedness values generated using
COANCESTRY. To generated expected distributions, individuals were randomlieshuff
betweerthePre1990 time period and each of the other time periods, with 1000

randomization,steps.
Is there evidence for a declineeffective populatiosize of the wildtassidixpopulation?

For the wild Yellingbacassidixsamples westimatel two measurgof effective population
size the effective number of breedeis:() (related to inbreeding and reflecting the parental
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generationpnd the variance genetic effective sikk\( (related to allele frequency changes
through drift and reflecting the progeny generation) (Waples 2005). Estimaies @fidNey

were obtained using a single samipl2 method(Waples 1989; Waples & Do 2008) and a
temporal method, respectives implemeted in NeEstimator 2.@Do et al. 2014).Because

the methedssimplemented in NeEstimator are sensitive to small sample sizes, samples from
1990-1992 were combined with samples from 1993-2003 and samples from 2004-2009 were
combined with'samples from 2010-20{&ble 2) For the single sample methdd,, was
estimatedwsing the monogamous mating model. For the temporal méthedhs estimated
between alpairs of sampling periods using the method of Jorde and Ryman (2007)
assuming generation time of 3 yeddsnaleset al. 2010),with individuals sampled under

Plan I, assuming a census size of 100 (Appendi¥&)both methodsalleles with a

frequency below 0.02 were removed from the analysis to reduce bias (P02)(Waples &

Do 2008).Because our samples will include several overlapping generations, our estimates of
Nep andNey Will be downward biased due to Wahlund effect (Waplesl.2014). However,
because all samples aieilarly affected by overlapping age structures, we expect estimates
of Nep andNey:to'be biased in the same direction and thus comparable across sdimples
calculate thedjustedeffective number of breedemdy) and effectivgpopulationsize per
generation{lc), we applied a correctiofor biases of age structure using the method outlined
in Wapleset al«(2014; assuming: age of reproductive maturity = 2 years, reproductive
lifespan =10 years, and variation in apecific fecundity #.13; Appendix A). In addition

to the methods implemented in NeEstimator, chaimgesitationscaled effective population

size between a subset of samples from1@@0 and post995 were also estimated using
MIGRATE-N (see below).

Bayesian clustering (STRUCTURE) was used to assess changes in the genotypic structure of
cassidixover time (Pritcharet al. 2000; Falustet al. 2003). STRUCTURE was run on
cassidixonly genotypes foK values 1-10 using the admixture model with correlatiéele
frequencies. Twenty replicate runs of 3 X Markov Chain Monte Carlo (MCMGChfter an

initial burn-in period of 16repetitionswere performed for each valuekfResults were
summarised using STRUCTURE HARVESTER v6(Barl & Vonholdt 2012) The most

likely number of clustersK) was selected using the Evanno e{2005)AK method, which

finds the point of greatest change in the distribution of LnP(D). Cluster probalviléies

averaged over the twenty runs for the most likely value a$ing the greedy algorithm and
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1000 random input orders implemented in CLUMPP 1.1.2 (Jakobsson & Rosenberg 2007).
Results were visualised in DISTRU@Rosenberg 2004).

Is there evidence of past natugappslandicusontribution to thecassidixgene pool and has

the extent of gene flow between the subspecies dedilatitie topre-1990levels

We hypothesise that the range reductionasfsidixto a single primary population where
gippslandicusioesnot occur (Yellingbo) may hakeduced the genetic contribution of
gippslandieudo thecassidixgene pool relative to pre-1990 levels. We used two
complementary approaches, STRUCTURE and MIGRATE-N v 3(@&#rli & Felsenstein
1999, 2001; Beerli & Palczewski 2010), to explonelirectly and directly, changes in gene

flow from gippslandicugo cassidixthrough time.

STRUCTURE=was run using genotype data from both subspecies to assess the genetic
distinctiveness.of, and levels of admixture betweassidixandgippslandicughrough time.
Although STRUCTURE results are presented with individuals grouped according to whethe
they were ‘captivesr wild- born and theiestimated hatch yeahis information was not used

by the STRUCTURE clustering algorithiAllele frequency changes and loss of genetic
diversity through bottlenecking amg@neticdrift are expected tlead to genetic
differentiation.among small, isolated population units (Frankégah 2010).We explored
whether.thé genetic distinctiveness of contemporasgidixhas increased over time, as

would be expected from a reduction in gene flow betvgggpslandicusandcassidix
STRUCTURE was runsing genotypes of atlassidixandgippslandicusndividuals,

including thestwo hybrid individuals, using the sarattings as described above.

Bayesian coalescent modelling in MIGRAT™Ewas used to quantifgirectly the direction

and magnitude of gene flow frooassidixto gippslandicusand viceversa for two time

periods: (1) prel990; and (2) post-1995. We compared results between these two periods to
explore whether:gene flow between the two subspecies has been nedaiies to prel990

levels Foreaehitime period, MIGRATHE-modelestimated four parameters: mutati@e

() -scaled.effective population size® € 4N¢) for cassidix(@.) andgippslandicug @)
andmutationrate (1) -scaledmigration ratesNI = m/L) from cassidixto gippslandicus

(M¢_g) and fromgippslandicudo cassidix(My_c). Each time period was represented by a
subset of twenty randomly-chosen wild individuals of each subspecies owing to the
computational intensity of the procedure. Tassidixpre-1990 sample consisted of wild
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birds born prior to the establishment of the captive breeding pragras©h990) and the post-
1995 sample consisted wild birds born after 1995 (see Appendix Eorgippslandicus

most individuals were selected from the locations closest to Yellingbo ¢Reeftl

Starvation Creek; Figure 1) with additional samples from Wellington River and Nowa Nowa
(Figure 1); spatial overlap gippslandicussampling distributions between time els was
good (Appendix E). MIGRATE-N was run using the Brownian approximation to the step-
wise mutation model. We set Uniform priors on bétandM (U[0-50] andU[0-100,
respectively) Four heated chains were run using default (or recommended) temperatures,
auto-tune option was implemented (details in AppendliX\re ran50 replicate chains for

each locustecordingsamplesvery 250 step$or a total of 5000 samples per replicate chain.
The first2 5x10 steps of each replicate chain weiscardecasburn-in steps. Convergence
was assessed by examining the posterior distribution of parameters across loci, and ESS
values Appendix . Posterior probabiltdistributions for the parametefrom MCMC
simulations,were used to estimate the posterior probabilitiegthit._,; andMg_,c had

declinad between the two time periods (R scripts are provided in Appendix F

Simulating reintroduction of gene flow withippslandicusn cassidixkey population

parameters related to population viability

To explore_ the"predicted effects ofirgroducing gene flow frongippslandicuson key
cassidixpopulation parameters related to population viability, we simulated a range of
potential management scenarios using the population viability analysis soft@REBEX

10.1 (Lacy & Pollak 2015VORTEX simulates the effects of deterministic forces, as well as
demographic, environmental and genetic stochasticity on key population parameters,
including population size, time to extinction, allelic diversity, heterozygosity amdading.

Six differentmanagement scenarios (TaBlewere run using the parameters outlined in
Appendix-A=Seenario 1 represented the ‘do-nothing’ management scenario, with no
supplementation of theassidixpopulation (Table 4For management scenario2
supplementation of the current witdssidixpopulation was simulated with the annual
addition efcaptiveassidix(i.e. to represerthe current management strategy of demographic
rescue from a'genetically similar source nekeases from the captive breeding program)
and/or two different levels @fssistegeriodic migration frongippslandicugi.e. to represent
genetic rescueestoratiorfrom a genetically divergenbarce (Table4). Supplementation

with gippslandicusvas performed every three years to represent gene flow on a per
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generation timescale, allowing comparison with MIGRATHE estimates (assuming a
generation time of approximately three years; Snetles 2010).To assess the potential for
genetic rescue to havapid positive impacts on tleassidixpopulation, ach scenario was

run for a period of 50 years, and model outputs for gaahwere averaged across 500
replicaterruns:*Eleven microsatellite loci were modelledvegie subject to mutation with a
rate of 10*/ The wildcassidixpopulation was simulatagsing allele frequencies from the
most recent wiladtassidixpopulation sample (2010-2013he gippslandicussource
populationgfor translocations was simulated using allele frequencies from the most recent
gippslandicugpoepulation sample (1994-2000). Because in VORTEX supplementation of
additionalcassidix(i.e. from the captivdreeding program) would be by deft vianew,
unrelated individuals with novel genetic diversity (which wouwhdealisticallyoverestimate

the amount of genetic diversity being added to the population), we simulated a second
cassidixpopulation with identical population parameters (exéapa relaxed mortality rate;
see Appendix Aand allele frequencies to the first to act as a more realistic source population
for supplementation of the wilchssidixpopulation. Inbreedindepressions modelled in
VORTEX asthenumber of lethal equalents per diploid individugb.29 in our casesee
Appendix A: The percentage of inbreeding depression that is daedssive lethal alleles
(50%in‘our casesee Appendix Ais modelled by assigning each founder indialdunique
recessive lethadlleles atloci that are internal to the VORTEX modek. independent of the
loci described above). Inbrekscendantwith two copies of the same recessive allele are

killed before they can reproduce.
Results

Is there evidencthat genetidrift has affected the genotypic composition and eroded genetic
diversityin‘thewild cassidixYellingbo population?

Genetic data suggest there has been a loss of genetic diversity (hnumber of alleles, allelic
richness, heterozygosity) in theld cassidixpopuldion sincepre-1990 (Table 1; Figure 2).
Allelic richness_and expected heterozygosity in the 2010-2013cadsidixpopulation
sampledeclined to around 84% a®@% of pre-1990 levels, respectively. Heterozygosity
also declined in'the captive populatigtigure 2). Elevemlleles(typically minor frequency
alleles: frequency <0.05) appear to have been lost from the population, as they emete abs
from the 2004-2009 and 2010-2013 captive and ealssidixsample (Table 1; details in
Appendix G). Anotherliele (BMC2_189) was sampled up to 2004-2009, but not in 2010-
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410 2013 (Table 1gdetails inAppendix Q. Meanpairwise relatedness values (Queller and

411  Goodnight'sR) amongwild cassidixin each time periothcreasedrbm-0.05 in the wild pre-
412 1990 population sample to 0.06 in the 2@10-3 population sampl&igure?2). Levels of

413  relatedness significantiiP< 0.05)increased in the last two time periods (2@009; 2010
414  2013), relative'to Pr&é990 baseline levels.

415 Is there evidence for a declineeffective population siz&f the wildcassidixpopulation?

416  There was:&leartrend of declining contemporaeffectivepopulationsizeover time, with

417  estimates ONep, Nb Ne andNey  very low (<50for the most recent time perip(lables 2

418 and 3).Large 95% confidence intervals arouhdsingle samplép estimateor the Pre

419 1990 sample may have reflected smaller sample sizes for this time period (N=25), thus we
420 urge cautionin“the interpretation of the estimate for this time p€ratale 3)(Tallmonet al.

421  2010).Because the temporal method is based on changes in allele frequencies over time, it
422  relieson there being sufficient timteetween the two samplés drift to change allele

423  frequenciesThus, weaker effects adirift in earlier time period&ue to larger effective

424  population sizesinay explain the unrealistically high estimateNg§ between Prd 990 and

425  1990-2003(Table 3)MIGRATE-N analysis estimated ~56% declinmewild cassidix

426  mutatiorscaled effective population size from {90 to post-1995 (mod@ e = 1.88,

427  95% HPD 0.63-3.13; mod@; posi= 0.82, 95% HPD 0.00-1.6@&jth a posterior probability

428  that O pre> O post= 90% details inAppendix B.

429 STRUCTURE.analysis ocassidixgenotypes revealed changes in the genotypic structure of
430 thecassidixpopulation over timeconsistent with strong shifts in allele and genotype

431  frequenciesi(including loss of alleles) over time due to gedeft(Figure 3). According to

432 the ddta Kimethod, the most likely number of clusters was three (Figures H2 and H3 in

433 Appendix H).However,we present th&=2 plot heresince itmore clearlyrepresentshe

434  main patterns of substructufieigure 3).Most of the substructurgppeared to be driven by

435  differencesn the genotypic compositigimn the sense of random differences in

436  allele/genotypesfrequencies due to strong founder effects/drift) betweeaptineeand wild

437  populations (especially pi2004) (Figure 3)Overall,most wildcassidk individuals were

438  assigned to thenhite’ genetic cluster (mean assignmenivtate cluster =0.6Q Figure 3)

439  and most captiveassidixindividuals were assigned to thgréy genetic clustefmean

440 assignment to gregluster =0.57; Figure 3). Observed changes in the genotypic composition

441  of the captive population from pre-1993 t01993-2003 (i.e. shift from higher representation of
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442  thewhite cluster to higher representation of tireycluster)were consistent withtrong

443  founder eféct/drift followingthe effectively complete replatent of the captive population
444  in 1992(Figure 3) Increasingepresentation of the grgenetic cluster in theild post-2004
445 is consistent with increasirggnetic similarity between the wild and captive due to both loss
446  of genetic diversity through drift amdleases of captiviered individuals at Yellingbo (Figure
447  3; Appendix B).

448  Evidence thagene flow betweegippslandicusand cassidixhasdeclinedrelative topre-1990

449 |evels

450 STRUCTUREanalysis on the dataset containing both subspecies partitassidlixand

451  gippslandieugsndividualsinto two genetic clusters (Figude Appendix ). Onegenetic

452  clusterincluded’onlycassidix(grey; Figure 4)while the other hadassidixas well as

453  gippslandicusndividuals (black; Figure 4)he proportion otassidixassigned to the

454  cassidixexclusive(grey) cluster increased ovime (Figure4). Increasing distinctiveness of
455  the more contemporary captive and wiliksidixpopulation samples relative to the

456  gippslandicusand pre-1990 wildassidixsamples is consistent with loss of genetic diversity
457  over time and stochastic changes in allele frequencies througtAdsiftinmenbf cassidix
458 individualsto'the ‘black’ clustecould in some instances reflect genetic contribution from
459  gippslandicuga‘previous generations, as was observed fotvbeknown hybrid birds

460  (Figure4).

461 MIGRATE-N supported a decrease in gene flow figippslandicugo cassidixbetween the

462  pre-1990 andpesto95 time periodsA.06 ©5% HPDO0.70-11.17) migrants per generation vs
463  1.03 (0.000-:4.16), respectivelyjth aposterior probability of 95% that gene flow has

464  decreased between the time stgfgspendix F) There was also support for a decrease in the
465 amount'of'gene flown the other directionf(om cassidixto gippslandicuybetween the pre

466 1990 and post-1995 time perio@98 (1.60-14.92)nigrants per generatiors 3.90 (0.72-

467  9.80) respectively, witha posteriorprobability of &% that gene flow has deased between

468  the time stepsWhen we compared gene flow within time steps, the posterior probability that
469  gene flow fromcassidixto gippslandicusvas larger than the converse increased from 75% to

470  94% between the two time steps.

471  Simulating effects of fmtroducing gene flow witlgippslandicusn cassidixpopulation

472  viability
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Of the six management scenarios simulated, the best demographic and genetic outcomes were
achieved using strategies that combined annual supplementation of the wild popul&tion wit
captivebredcassidix(i.e. demographic rescue) and periodic supplementation with
gippslandicusndividuals(i.e. genetic rescug¥cenarios 5 and 6; Figure 5). Under the ‘do
nothing’ management scenario (scenario 1), the mean number of individuals amnd genet
diversity (number of alleles and heterozygosity) decreased most strongly aredlingre
increased 'substantially over the 50 year simulatiom@éFigure 5). Under scenarios 1 and

2, 87% and 7% of simulated populations went extinct after 50 years, respectively. Bopulati
size decreased. for the scenarios where oglp@slandicusndividuals per generation (and

no cassidijwereadded to the wild population (scenario 3), although the decline was less
pronounced than for scenario 1 (Figure 5). The greatest population growth was achieved
through supplementation with bathssidixandgippslandicugscenarios 5 and Sut
positivepopulation growth was also achieved through supplementation gifip8landicus

per generation (and reassidix;scenario 4) andassidixonly supplementation (scenario 2).
Although higher population growth was achieved undec#ssidixonly supplementation
scenario (seenario 2) than under the gigpslandicusenly scenarios (scenarios 3 and 4),
genetic outcomes were better undergippslandicusanly scenarios (Figure 5). All six
scenarios resulted in loss of alleles, but for all four scenarios \whae=flow from
gippslandicuswvas introduced (scenariost3, heterozygosity increased, inbreeding decreased

and none of the simulation populations went extinct over the 50 year period.

Discussion
Have relevant goals of the Helmeted Honeyeater National Recovery Plan been met?

Despite an intensive recovery program, the helmeted honeyeater population renyains ver
small, low in microsatellite marker genetic diversity, and critically agdeed. One of the

key objectivesof the recovery plawasto maintaingenetic diversity and evolutionar
potential ofcassidix(Menkhorst 2008)Meeting this objective requires that there be no
decrease in heterozygosity (relative to levels at the onset of the plan) and that tiere be
evidencewof.inbreeding depression in captive or wild populations (Menkhorst Blad8)we
show that gnetic diversity (allelic richness, expected heterozygoség)continued to

decline over the last two decades despite the implementation of intensive management
strategiesThere has atsbeen a steady increase in mean levels of relatedness among
individuals in the wild population over time (albeit non-significant). Levels ofrbeygosity
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505 in the most recent captive population sample represent 93% of the heterozygbsity in t
506 corresponding wild population sample, only slightly below the target of 95% set in the
507 National Recovery Plan.I&lic richness was slightly higher in the captive 220013 sample
508 relative to the corresponding wild sample, suggesting that the allelic diversitytpreden

509  wild populationtis well-represented in the captive population.

510 All effective populationsize estimate@ncluding our correctedstimate oper generation
511 effective'population sizdépr the most recenwild cassidixpopulation samplevere

512  consistently'below 50rhere was evidence of a declineeiifiective population sizever time
513  which was corroborated by MIGRATHE-estimates of a ~56% decline in mutatswaled
514  effective population size in wildassidixpost-1995. Frankham et al. (20Xétently

515 advocated that the minimum acceptable effective population size to avaddirioy

516 depressionfirwild populations on a short tiseade, and to limit loss of fithess4d0% over
517 five generations, is 10 the longeiterm, evolutionary ptential(i.e. ability to respond to
518 environmental changes through evolutionary adaptatisrmsipromoted by maintaining
519 much larger globagffective population sizembove 1000 (Frankhast al.2014). Although
520 increasing theassidixlocal effective population size above 1000 in the stermedium
521  term may not be realistipopulations with a locdlle < 1000 can still achieve globik >
522 1000 if they receive gene flow from other populations, as we are proposing hecassittix
523 andgippslandicugJamieson & Allendorf 2012)

524  Loss of genetic diversity tassidixas a result of drift may be exacerbated by reduced gene

525 flow from neighbouringjippslandicus

526  Estimates ofirecent gene flow (MIGRAINEanalysis) betweecassidixandgippslandicus
527 are consistent with recent divergence (Pavietval. 2014). Comparison of MIGRATE

528 estimates of gene flow between the-p890 and posi995 time periods suggests that the
529  genetic contribution frongippslandicusnto cassidixhas declined bgpproximately3.03

530 migrantsper generation. Because no gene flow fgoppslandicusnto cassidixis expected
531  from the timecassidixwas restricted to Yellingbo (wheggppslandicushas not been

532  recorded),, MIGRATEN estimates of gene flogreater than zerare likely to be reflecting
533 past gene floMIGRATE-N estimates of positive gene flow will have ariggtause many
534  of the alleles in theassidixpopulation still have an ancestor in tippslandicugpopulation,
535  which likely came into theassidixgene pool beforeassidixwas restricted to

536  Yellingbo. Although MIGRATEN will partially reflecthistorical signatures of gene flow (and
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so overestimate current gene flb@tweercassidixandgippslandicudor the pre-1990 and
post-1995 time periodshere wastrong support for a reduction in gene flow between the
subspecies ovdime. A decrease in gene flow frogippslandicudo cassidixs further
corroborated by increasing gendlistinctiveness otcassidixrelative togippslandicusand to

the pre-1990wiletcassidixpopulation sample over time (Figure 4).

Could reintroducing low levels of gene flow fragippslandicusave the helmeted

honeyeater-froem extinction?

The currentassidixpopulation is characterised by very low levels of genetic diversity and an
effective population size that is well below the threshold that is considered necessary to avoid
inbreeding'depression on a short term (Frankbgal. 2014). The population has responded

only modestly to intensive management, and the very limited available data ind&sitdepo
inbreeding depression (Hemmingfsal. 2012). Given this bleak outlook for the future

persistence ofassidix an alternative management strategsetguired.

VORTEX simulations indicated that without ongoing management actions, theasgidix
population will continue to decline, experience loss of genetic diversity andsedresvels

of inbreeding.and be at high risk of extinctidime best demographic and genetic outcomes
were achieveduusing strategies that combined the current management stratemabf
supplementation of captive-bredssidix(i.e. demographic rescuejth periodic
supplementation witgippslandicusndividuals(i.e. genetic rescuieestoratiol). Because
supplementation with onlgippslandicusndividuals did not lead to strong population
growth, ourmodels support the continued implementation of annual releases of captive-bre
cassidixfromethe captive breeding program. Continual addition of capree-birds would
buffer the wild population against stochastic fluctuations, with positive outcfamgsowth

and persistenc@Hufbauret al.2015).Although supplementation with captixeedcassidix
resulted in_positive population growth, supplementation o€éssidixpopulation with
gippslandicugwith or without captivebredcassidiy had a stronger positive effect on genetic
outcomes thanssupplementation with captivedcassidixalone. Our results are consistent
with experimental evidence that supplementation with genetically distinct individuals
(‘genetic rescue’) has much stronger positive effects on the size, fiineé®s/olutionary
potential of small populations than supplementation withtexhal genetically similar
individuals (‘demographic rescughufbaueret al. 2015).Relatively high levels of exchange
occur between the captive and wild populations under the current managemeny strate
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569 (reflected invery similar genotypic compositicsince 2004) andp-date persistence of

570 cassidixin the wild has relied of demographic rescue. However, because VORTEX

571  simulations cannot test for outbreeding depression between the captive and wildguopulat
572  (e.g. loss of fitness of captive-bred birds in the wild due to adaptation to captiiéians),

573  additionaFinfermation about the fitness of captive-bred birds relativélddowds would be

574  useful for assessing the value of demographic releases from the captive breeding program

575 longerterm.

576  Ourstudy addsradditional weight to the recommendation by Paeloaia(2014)that, within

577 an adaptive management framew(s&nsu Weekst al.2011), gene flow betwearassidix

578 andgippslandicusshould be introduced at controlled levels, with close monitoring of

579  outcomes'(e:g.,,phenotype, survival and breeding success of hybrids). Although our

580 VORTEX simulations highlight the likely positive effects of genetic resestoration(e.g.

581 reducing inbreeding depression), our simulations cannot test for outbreeding depiEsss

582  the possibhility of outbreeding depression must still be assessed within a risk assessment
583 framework thatonsiders the potential risks of outbreeding and genetic swamping, and the
584  potential risks ofiinbreeding depression and loss of evolutionary potential if actioh i

585 taken(Frankhanet al.2011). Risk of outbreeding depression is greatest when one of the four
586 following criteria apply to the populations that are proposed to be mixed: 1) the populations
587 are distinct species; 2) there are fixed chromosomal differences between the populations; 3)
588 there has been no gene flow between the populations within the last ~500 years; or 4) the
589  populations,are strongly adapteddifferent environments (Frankhahal.2011). We argue

590 that none ofthese criteria are likely to apply in the case of proposed hybridisatveeie

591 cassidixandgippslandicus. Cassidiandgippslandicusare recently diverged on evolutionary
592 timescalegPavlovaet al 2014)and MIGRATEN analysis supports recent gene flow

593  between the two subspeci€enetic compatibility is further supported by the observation of
594 natural hybridization events betwegippslandicusandcassidixindividuals at the Bunyip

595  State Park réntroduction sites, where hybrid offspring from both combinations of sexes-by-
596 subspecies have been successfully raised to fledging. These hybridization evengsl a@ezcurr
597 lowland'swamp habitat (HHRT unpublished dataspite there being evidence to suggest that
598 cassidixandgippslandicusnay have historically been associated with different habitat types
599  (i.e. lowland swamp habitat compared to taller efueast habitat, respectively). Given

600 recent hybridization events, likely historic range overlap and recousssidixcolonies in

601  open-forest habitat prior to the 1980s, we argue that there is a low risk of outbreeding
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602  depression as a result of adaptation to habitats, especially relative to the risk of extinction if
603  gene flow fromgippslandicuss not introduced (Blackney & Menkhorst 199Rpnetheless,

604  we stress that any managed hybridisation be strictly controlled, with ongoing monitoring of
605 potential fitness outcomes and loss of phenotypic distinctivevssecanmend that

606 introduction-of-gene flow fromgippslandicude introducedat least initially, as part of the

607  captivebreeding program, to allow greater control of the amount of gene flow, close

608  monitoring of fitness outcomes and detection of any evidence of outbreeding depression.
609  Controlledghybridisation in the captive-breeding program will mean outbreeding depress
610  can be properly tested for before any gene flow fggopslandicuss introduced into the

611  wild cassidixpopulation.

612 How much gene flow is enough?

613  The value of genetic rescue/restoration as a management strategy for improesgyditd

614  evolutionary-petential has been demonstrated across a wide range of taxa, but idehéfying t
615  suitable ameunt.of gene flow to introduce between genetically distinct unit®isargation

616  context is ghallengin{Frankham 2015; Hufbauet al. 2015). Too much gene flow could

617  create genetically indistinguishable populations and result in loss of wiggrsity from the

618  recipientpopulatiofiGongalves da Silvat al.2015). Although guidelines are available for

619 the cases where there has been substantial isolation between source and recipient populations
620 (Hedrick 1995)we are unaware of any study that has examined a case where there is very
621  recent/ongoing natural gene flow. Our recommendation is that gene flow into tive capt

622  population should be augmented back to its past levels. Our pre-1990 estimate of

623  gippslandicugo cassidixgene flow equivalent to 4.06 (0.70-11.17) migrants per generation,
624  combined with.results of population viability analysis, suggest that the introductidn of ~

625 migrants.per.generation (in conjunction with continued annual releasassidixfrom the

626  captive breeding program) should be sufficient to avoid harmful effects of inbreeding

627 depression without exceeding the level under which distinctiveness arose, and more than
628 necessary forthe spread of beneficial all@¢sdrick & Fredrickson 201; Lowe &

629  Allendorf2010; Frankharat al.2011; Weeket al. 2011; Pickuget al. 2013).

630  Concluding remarks

631  We assessethanges imgenetic diversityver recent decadésthe last remaining wild

632  population ofcassidix a critically endangered subspecies of yeltafted honeyeater.

This article is protected by copyright. All rights reserved



633
634
635
636
637
638
639
640
641
642
643
644
645
646
647

648

649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664

Despite intensive management efforts, genetic diversitgdratinued to declinsuggeshg

that the contemporagassidixpopulation is vulnerable to inbreeding depression and has low
ability to evolve in response to changing environments. We found evitetaecent gene
flow betweergippslandicusandcassidixin the wild, likely a natural feature of the interaction
betweenthesetwo subspecies, has been disrupted due to the rangerveficassidixto a
single location geographically isolated frgippslandicusin light of our findings,
suggesthe captive management strategy be adjusted to allow low levels of gene flow from
gippslandiecusnto cassidix(~4 migrants per generation), in combination with continued
annual releases of captiseedcassidix Although we consider the risk of outbreeding
depression,as a result of hybridisation betwegessidixandgippslandicugo be low, we

stress that/any magamein action should be conducted within the context of the captive
breeding progranwith appropriate monitoring of outcome&djusting conservation

strategies to focus on maintaining and restoring gene flow processeyistikave strong
benefits for promoting long-term viability and evolutionary potential in many thredteaxa,
including cassidix(Crandallet al. 2000; Frankham 2015).
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Table 1. Sample siz€hl), number of alleles (#Alleles)khe proportion o&lleles lost in each
time interval(i.e..proportion of alleles that were missing from subsequent captive and wild
samples)see Appendix G for additional detajlg)ean allelic richness (AR) and mean

heterozygosity (Hefor wild Yellingbo cassidixpopulaton samples in each time interval.

This article is protected by copyright. All rights reserved



824

825
826
827
828
829
830
831
832

833

834
835
836
837
838
839
840

Time interval N #Alleles Prop. alleles lost AR He

Pre1990 25 47 0.02 3.6 0.51
1990-1992" 47 46 0.17 3.5 0.51
1993-2008 22 39 0.05 3.2 0.51
2004-2009 17 37 0.02 3.2 0.47
2010-2013,. 36 37 - 3.1 0.46

Table2. Theeffective number of breedel{p) wasestimatedisinga single sample method
(LD method;Pi¢ = 0.02, CI = JackKnife on loci) implementedNeEstimatorfor wild
Yellingbo cassidixpopulation samples in each time intenB#causehe methods sensitive
to small sample sizes, samples from 2992 were combined with samples from 1993-
2003 and samples from 2004-2009 were combined with samples from 2010F@@IBrect
for biases of age structure we used the method outlined in We@e$2014) to calculate

the adjusted effective number of breedéfs) @nd effectivgpopulationsize per generation
(Ne).

Time interval N Nep Lower 95% Upper 95% Ny Ne
Cl Cl

Pre1990 25 88.0 42.9 543.5 100.0 85.0

1990-2003 69 89.6 60.1 146.9 101.8 86.6

2004-2013 53 42.1 29.3 63.0 47.8 40.6

Table3. Estimates of variance genetic effective si¥g/§ and upper and lower 95%
confidence.intervalsstimatedor wild Yellingbo cassidixpopulation samples usiregy

temporal methodJordeandRyman Pt = 0.02, Cl = Parametric) implemented in
NeEstimatorThe analysis was run for all comparisonshoée time intervals. Because the
method is'ensitive to small sample sizesmples from 1990-1992 were combined with
samples from 1993-2003 and samples from 2004-2009 were combined with samples from
2010-2013.

Comparison Nev Lower 95% CI  Upper 95% ClI
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Pre1990to 1990-2003 485.1 280.4 745.1
Pre-1990to 2004-2013 62.4 35.1 96.5
1990-20030 2004-2013 32.7 18.7 50.6
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Table 4. Descriptions of VORTEX simulation scenarios. The number and smssidix(i.e. from the captive breeding program) and

gippslandicusndividuals supplemented and the intervals between supplementation of tleasgidixpopulation are specified.

Scenaria  Description Number ofcassidixto  Interval between  Number of Interval between
supplement cassidix gippslandicudo gippslandicus
supplements supplement supplements (years)
(years)
1. No supplementation - - - -
2. Supplementation withassidix 3 males +3 females 1 - -

from captive breeding program

3. Supplementation with 4 2 males + 2 females 3

gippslandicugper generation

4males + 4 females 3

4, Supplementation with 8
gippslandicugper generation
5. Supplementation withassidix 3 males +3females 1 2 males + 2 females 3
from captive breeding program
and 4gippslandicuger
generation
6. Supplementation withassidix 3 males +3females 1 4males + 4 females 3
from captive breeding program
and 8gippslandicuger

generation
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Figure captions

Figure 1. Locations in soutlastern Australia afassidix(black square) angippslandicus

(black circles) samples used for genetic analysilow squares indicate formeassidix
colonies wiped out during severe bushfires in 1983. ¢agsidix gippslandicusybrids

were sampled,at a reintroduction site in Bunyip State Park (black star). Altitude is indicated

by grey shading.

Figure 2.Changes in mean allelic richness across(iayi mean unbiased expected
heterozygosityacross loc(B), singlesample corrected effective population estimates (C) and
Queller and GoodnigiR relatedness (D) over time in the witellingbo cassidixpopulation
samples (black)x I(A) and(B) allelic richness and heterozygositgspectively, of captive
cassidixpopulation samples for each time perazdshown in grey. The 95% credible limits
aroundNeestimates are shown in (C). Shaded area irb@@Dhds the 95% confidence

interval about the null hypothesismd difference between the baseline-P890 levels of

relatedness and each time interaal determined by permutation.

Figure 3.Summary of resultef STRUCTUREanalysigK=2) run for captive and wild
cassidixindividuals plots indicateproportional assignment of individuals (baiis the
‘white’ or “grey. genetic cluster. The dotted vertical line divides captive andaasgidix
samples.and sampling time periods are indecatethe xaxis.

Figure 4. Summary of resultsr STRUCTUREanalysis run on both subspeci&s2): plots
indicateproportional assignment of individuals (beis either thegrey or ‘black genetic
cluster.Thick whitelines separate time periods alohg x-axis. Two known wild
cassidix/gippslandicuBybrids are indicated (lasvo columns inwild cassidixplot). Plots
represent a single analysis but are split into captesidix,wild cassidixand wild

gippslandicudor clarity.

Figure 5. Results of six VORTEX simulation scenarios are shown for mean valégs of
number of individuals; B) number of alleles; C) heterozygosity;(and D) inbreeding
coefficient ), calculated each year for a 50 year period across 500 iterations. Simulation
scenarios i@ 1) no supplementation (dark blue); 2) Annual supplementation with captive-
bredcassidix(red); 3) supplementation withglppslandicusndividuals per generation
(green); 4) supplementation withggpslandicusndividuals per generation (purple); 5)

amual supplementation with captive-breaksidixand addition of 4ippslandicus
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875 individuals per generation (black); and 6) annual supplementation with captiveassadix
876  and addition of &ippslandicusndividuals per generation (light blue) (additiodatails in

877  Tabled). A generation was equivalent to three calendar years.
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