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Summary.
e To contribute to evolutionary resilience and adaptive potential in highly modified

landscapes, revegetated areas should ideHlbctlevelsof genetic diversityvithin and

This is the author manuscript accepted for publication and has undergone full peer review but
has not been through the copyediting, typesetting, pagination and proofreading process, which
may lead to differences between this version and the Version of Record. Please cite this article

asdoi: 10.1111/nph.14084

This article is protected by copyright. All rights reserved


http://dx.doi.org/10.1111/nph.14084�
http://dx.doi.org/10.1111/nph.14084�
mailto:rebecca.citroen.jordan@gmail.com�

across natural standsandscape genomanalyse enable suctiversity patternso be
characterised at genome aridomosomal levsl

e Landscapavide patterns of genomdiversitywere assessed Eucal yptus microcarpa,

a dominant tree species widely used in revegetation in &agternAustralia. Trees
from'small"and arge patchewithin large remnants, small isolated remnaatsl
revegetation sitesyere assesseaxtross th@ow highly-fragmented distributioof this
speciesising the DArTseq genomic approach.

e Genomic diversity was similar within all three types of remnant patches analysed,
although often significantly but only slightly lower in revegetation sites compatkd
naturalremnants. Differences in diversity between stand types varied across
chromosmnes.Genomic differentiation was higher between small, isolated remnants, and
among revegetated sites compangith natural stands

¢ We concludghat snall remnants and revegetated siteswfE. microcarpa samples
largely_but.not completelgapturepatterns in genomic diversity across the landscape.
Genomic approachgsovide a powerful tool for assessirggtoration effortacross the

landscape
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Introduction

In highly modified and fragmented landscapes, the conservation and restoration of vegetation
does not necessarily equate to the tergn sustainability of plant populatio(Broadhurst,
2013).Small size, isolation and environmental stressors can result in low fitness and low
genetic variability in populations, reducing their potential to persist and adaggtrigech

(Willi etal.»2006; Savolainegt al., 2007; Hoffmann & Sgro, 2011). Replanting of
vegetation (hereafter ‘revegetatipis a common response toward ameliorating the effects of
habitat loss and fragmentation in mul8e landscapes, yet its success is often defined by the
presence ofwgetation without consideration of future reproductive or adaptive abilities
(Monksetzal’, 2012). In a context of ongoing local and global change, including land use
transformationsy,soil degradation, exotic invasions and climate change, révagatd
landscape management goals need to move beyond mere survival of individuals, towards
ensuring plant populations have high genetic diversity and capacity to persistoingherm
(Sgroet al., 2011; Weekset al., 2011).
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Understanding how genetic diversity is currently distributed and maintainessacr
highly modified landscapes is an important first step towards managing suclitylivers
(Broadhurst & Young, 2007; Hoffmaret al., 2015).Despite potential negative impacts of
reduced population size, small remnantf@gments can remaimportantsources of
genetic diversity and connectivity in modified landscapes (Lagtd#r, 2010; Breedtt al.,

2011; Broadhurst, 2013As revegetation attempts émhanceandscapgenetic diversity and
connectivity (Neale, 2012), understanding how diversituisentlydistributed across the
landscapegprovides a baselagainst which curremevegetatioreffortscan be assessed

To improvefuture revegetation attempts, past efforts need to be assessed, especially
in comparison to naturaites across the landscgptufford & Mazer, 2003; Menges, 2008;
Neale, 2012; Haveret al., 2015).Despiteemergingnterest inalternative seed sourcing
strategiegBroadhurset al., 2008; Breedtt al., 2013; Probeet al., 2015) local
provenancing is still commonly used in revegetation projétamcock & Hughes2012).

Though it attempts to preserve local variation, the restrictive nature of local seed sourcing can
result in tradeoffs between maintaining local genotypes and capturing high genetic diversity
and thus adaptive potential (Sgatcal., 2011) These challenges are particularly acute for
long-ived species, where population climatic optima may lag behind climate changes,
resulting in focal' genotypes no longer being most fit (Jump & Penuelas, 2005; Savetiainen

al., 2007; Aitkeret al., 2008; Kuparinemt al., 2010)

Past studies assessing genetic diversity within fragments and revegetation sites have
found mixed resultéKrameret al., 2008; Neale, 2012). For revegetation, a loss of diversity,
due to genetic bottleneck®m small founding numbershas been found in some studies
(Dolanet al., 2008; Yokogawat al., 2013) but not in others (Reynoldsal., 2012; Ritchie
& Krauss, 2012)Similarly contrasting resdthave been found in fragmentghich may
showaloss,of diversityHonnay & Jacquemyn, 2007; Aguilaral., 2008) but not in all
casa (Krameret.al., 2008).

Past'studies of fragmented remnaantsl revegetation sites have relied on marker
systems such=as allozymes and microsatelltestly with undefined locations within the
genome. With onha limited number of markeesvailable inferences regarding genome wide
diversity are"based on only small amounts of information. Genome wide apprdaches,
contrast, provide many thousands of markers spanningntiregenome, with opportunities
for more powerful analysis and reliable estimates of genome wide divassitill as the
identification ofgenomicareas where thereiiscreased diversitgnd whereadaptive lociare
located(Allendorfet al., 2010; Bragget al., 2015). Landscape genomic approadasoffer
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a detailed assessment of diversity across modified landscapes as well as revegetation sites
within these areadut, to date, have ngenerallybeen usefbr comparisons involving
revegetation site@lijangoset al., 2015).

We applied dandscapgenomic approach tcharacterise genetic diversity of
revegetationssitesf Eucal yptus microcarpa (Grey Box), within the context of genetic
diversityin‘natural remnants of this species across a fragmented landSuegigptus
microcarpais a key species used in revegetation in the highly fragmented wheat—sheep belt
of SouthEasten Australia.Extensive clearing for agriculture has caused severe habitat loss
of this species,antthe ecological community ‘Grey Box Grassy Woodlandsiow listed as
an Endangered/Ecological Community under the Australian EPBC Act (198)sétla
genome-wide'sequencing appro&tlassess population structure and diversity patterns
across the geographic range including both large and small habitat rerhioantgell this
diversity and structurbas beermaptured ircurrentrevegetated stands; and how genetic
diversity differs athe chromosoi leveland whether genomic patterns of divergence are
consistentiacross site typd$e results highlight the utility of a genomic approfmh
assessing genetic diversafcurrent conservation efforts within the context of the wider

modified landscapes

Materials and<Methods
Field sitesandsampling
Eucalyptus microcarpa (Maiden) Maiden samples were collected from four site tyes
revegetation site, a small remnant and a large remnant, sampled in two wadgte(see
within a30 km radius of each other at seleeations across Victoria and southern New
South WalesNISW; Fig. 1).Revegetation sites varied in age frdrto 12 yr and included
sites established by planting seedlings or through direct seddibtg (). Unfortunately,
there iglittle. documentednformationregarding provenancingt these sited.ocal
provenancevasknown to be usedt Dookie two sites withinc. 15 km A. Sands, pers.
comm), whilesat Bendiganultiple seedots were sourcedlose to the restoration sitex@ct
distance unknown; J. Crocker, perstmen). Material wassourcedfrom local nurseries
which were theught to be growirgcal materiaktthe Bacchus Marsh, The Rock and
Grenfellsites(K. Beasley, D. Stein, M. Lewis perram). There was ngroverance
informationavailable forHorsham and Crowther.

Small remnants were defined as those siteswitbOor fewermaturetrees,

separated from anothEr microcarpa stand of equal or greater size by at |&&€t m These
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sites wergorivate property paddock remnants (Bacchus Marsh, Horsham, Bendigo, Dookie
and Crowther) or roadside remnants (The Rock and Grenfalyek remnanté>10 ha)had
greater numbers of trees and generally conimeeider areas dE. microcarpa within the
landscapdgTable 1).Large remnants comprised St&igshland Reserves (Horshai§jate

Parks (previously subject to timber harvesting, Bacchus Marsh), roadsides including
Travelling/StockRoutes and Reserv@3endigo, Crowther, Grenlfeand The Rock) and
bushland remnants on private property (Dookie, University of Melbourne Carhpug.
treesweresampledat all natural siteso providetrees of comparable agéSupporting
Informationkig.S1)

Leaf material was sampled from Rf@lividuals within each site typst each location
and frozenfimmediately befolater freezedrying. For revegetation sites asdall remnants
individuals were sampled as widely as possible across th&aitn the nature of these sites,
sampling distaces between individuals was often smal(«n). For small remnantsthis
may have resulted in the sampling of close relatiVesnatch sampling styles and allow
comparable analysis between small and large remnants, two sampling strategies were used at
the largersites:k0r ‘normal’ sampling trees were sampled on average 70 m from a nearest
neighbour'(aress all locationsSD =43 m) to avoid close relatives and provide a random
population sample for population genetic analysis (hereadtenaltsampled large remnant
or largen). The'second strategy involved ‘dense’ sampling, with trees sampled at a higher
density(28 £ 24 m across all locationshjmicking the sampling style withismall remnants
(hereaftedensesampled large remnant or lagge

Throwghout this article, ‘location’ refers to tilsevengeographic locationshere
sampling occurred, ‘site type’ refers to the four different sites sampled at each location
(normal-sampling and dense-sampling at large remnants being two differeppagl and

‘site’ refers.to the 28 individual sitefo(ir site types< sevenocations).

DNA extractiontand DArTseq

DNA was extracted frm c. 20 mg of freezalried leaf materialDried tissue was ground in a
mixer mill.with a tungsten carbide bead (threands of 28 strokes'sor 1 min) before
extraction using.a modified CTAB method or QIAGEN DNeasy Plant Mini Kit (following
manufacturer’s protocollzor CTAB extractions, grand tissue was incubated in 5aDof
lysis buffer (100 mM Tris pH 8.0, 50 mM EDTA pH 8.0, 1.4 M NaClk PVP, 2% CTAB,
[Author, if appropriate, please insert expansions for ‘PVP’, ‘CTAB’] 0.2%-
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mercaptoethanol plus6 ug Proteinase K) for 1.5-2 h at 659G/sates were cleaned with
two rounds of equal volumes dbdorm:isoamyl alcohol (24 1 v v%), spun at 10008 for
10 min, with supernatants transferred to new tubes each time. Clearied lysee RNase
treated with 3Qug RNase A incubated at 60°C for 30—60 niimally, DNA was precipitated
with 1.5 Xwolume ice-cold isopropanol, incubating at room temperature for 30 min before
spinning far 15 min at maximum spe®@NA pellets were washed twice with 50070%
ethanol, spinning for 5 min at maximum speed for each wash before being air-drigidttve
and resuspended in BOTE (10 mM Tris pH 8.0, 1 mM EDTA pH 8.0)

Approximately 400 ng of DNAver samplavas sent to Diversity Arrays Technology
Pty Ltd, Canberra, for individu&ucalyptus DArTseq(Sansalonét al., 2011). Raw, single
end 77 bp'reads were split by individual barcode using Fastx Barcodesplitter (v 0.0.14;
http://hannonlab.cshl.edu/fastx_toolkit/), allowing for a single mism#&atcodes, at the 5’
end, and low quality 3’ end bases wareimed with Trimmomatic (v 0.324EADCROP:8,
TRAILING:3y#+SLIDINGWINDOW:4:15) with a minimum overall read length of 36 ligla
minimum average read quality of 20. Trimmed reads were aligned Euthbyptus grandis
genome (V' 1.1, Myburet al., 2014) usind3WA-MEM (Li, 2013)with default settings plus a
minimum alignment score of 20. Single nucleotide polymorphiShé§ [Author, please
confirm inserted text ‘Single nucleotide polymorphisms’ is correctjvere called from
aligned reads witGATK UnifiedGenotypefv 3.3; DePristoet al., 2011) using default
settings except for a minimum base quatity20, and minimum variant confidence of 10.

Analysis

An initial principal component atysis (PCA) was performed using the ‘adegenet’ package
(Jombart &Ahmed, 2011 R (R Core Team, 2015) to identify potentmltlier samples in

the datae:guthese samples with high genetic divergences that might represent species
misidentfication."VCHools v 3(Danecelet al., 2011)was used to filter SNPs to a minimum
genotype depthiof 10 x, minimum genotype quality Phred-score of 30 (99.9% genotype call
accuracy, based on givesaddata), a maximum mean locus depth of 1q@»avoid ‘SNPs’

from incorrectly aligned paralogs and overrepresented organelle reads), a minor allele
frequency of >0:05 and20% missing data across all sitésenty-ninesampleslearly
differentiatedfrom the main distribution of samplesthe PCAwere identified asutlier

sampleqFig. S2).These samplegpresentednisidentified juvenile trees in revegetation
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sites— eightfrom Bacchus Marshsevenfrom Dookie and 14 from Grenfell — ameere
removed from further analysis.

Filtering for minor alleles across the whole datasetiessribed earlieicould result
in the exclusion of rare alleles, present at low frequency in only a few sites arelibns
the threshold'when assessed across all gitethese alleles are liketp be informative in
assessing/population structure and genetic diversity, rather than filtering across all sites, a
‘populationfevel filtering approach was used for further analyS#¢Ps were filtered using
the same quality filters as earligut thenfiltered to SNPs with <20% missing data for each
site (e.g. present in >80% of individuals at every site to ensure accurate site level diversity
estimates) and.with a minor allele frequency @105 in at least one site. ‘Populati@vel’
filtering was @rformed excluding th29revegetation outlier samples (identifiedrlier.
This filtering resulted in 1BL3 polymorphic loci for analysigjstributed across all 11 major
Eucalypt scaffolds as well as several minor scaffofise than double the 64%6ci attained
when filtering across all sit€§able S1) SNP filtering was performed usiMCFtools and
custom unix bashkcript(available at https://github.com/rebeatjhAevegetation

To assess population structure across all site types and the affinities between natural
and revegetated populations, a PCA using populd¢iesi-filtered SNPs was performed in
adegenetFour additional outlier individualsere identifiedbased on their clear
differentiationfrom lhe main distribution of samplesyo from small remnantand two from
large remnantsand removed from further analysesal per site samples sizes greenin
Table 1.

Isolation by distance (IBD), d&st/(1-Fst) vs logio(1 + geographic distance)
(Rousset, 1997)as investigated to compare differentiation across thelsagrange
between the site typeBairwiseF st valuesbetween the seven locationsre calculatedor
eachof the four site typeseparately in Arlequin v 3.@&xcoffier et al., 2005). An Arlequin
input file was.créated from\&CFtools PED file output, using PGDspider v 2.0.{ldscher
& Excoffier;72012).Geographic distance matrices were calculated in GenAlEx v 6.501
(Peakall &Smaouse, 2012) and convertetbgio(1 + geographic distance) matrices inTR.
test for IBDy7and differences in IBD patterns betwtenfoursite types,an ANOVA was
performed in‘R,using the ‘aov’ function. The natural lodr ef/(1-Fst) was used to meet
ANOVA assumptions of normality and homogeneity of varianbegance, site type and a
type-by<distance interaction were usedimdependent variableBhere significant effects
were found, individual pairwise differences were tested using Least Significant Differences

with the R package ‘agricolae’. v 1.2-1 (De Mendiburu, 2088)site type was significant
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(seethe Resultssection), separate Mantel testd=gf/(1- Fsr) vs logio(1 + geographic
distance) for eachf the foursite type were performagsingthe R packageadedv 1.5-2
(Chessett al., 2004),with 999 permutations.

For withinsite genetic diversity comparisons, obserigg) @nd expected
heterozygosityHl.), the percentage of polymorphic I¢&bP)and genetic distandgd —
identity-bysstae, 11BS) between individuals within a siteerecalculatedReductions in
population'size&anresult initially ina loss of rare allelg&ounget al., 1996). Therefore
heterozygesity, influenced by changes in mid-frequency alleles, provides an indication of
changes in allele frequencieghilst the number of polymorphic loci, influenced by losses of
rare allelescan provide a more sensitive measure to assess early genetic impacts of reduced
populationssize. Genetic distance between individuals can highlight potential losse
diversity, associated with inbreeding in future generations.

Individual genotypes were outpand allele frequencider the 28 individual sites
calculated usiny CFtools. Site levelH, was calculated as the proportion of heterozygous
loci within'an individual averaged across individuals from a Siite. level allele frequencies
were used.to.calculaté.. As the ancestral allele is not kno¥or E. microcarpa, minor
allele frequencies for all loevereused tacreatea folded Site Frequency Spectra (i.e.
frequency. spectrum between 0 and 0.5 of minor alleles only, instead of all allekenicexs
from 0 and 1)«T0 account for variation in the numbesashples per site, which may
impact %P calculations andom sampling approag¥ith different sample sizesas usedo
calculate the percentage of polymorphic l&singthe PED file created earligthe
percentage of polymorphic loci per site was calculated from 1000 replicates (with
replacement between replicatesnabndom samplewith a custom unix bash script
(available ahttps://github.com/rebeceag/revegetation)Significance was tested byNOVA
using individual site datgas described later) for each sample gmaested Average %P per
site type pen.was calculated for plotting a diversity curéenetic distance between
individuals'was:calculated asIBS in PLINK v 1.90(Purcellet al., 2007), with average
genetic distance between individuals within a siteseguently calculated in R.

Differences betweethe foursite types for all diversity measunesre tested via
ANOVA in Ry using the ‘aov’ function, with botsitetype and location included as
independent fixedariablesand only main effects were test&dhere significant effects were
found, pairwise differences were tested useast significant differencewith the R package

‘agricolae’.

This article is protected by copyright. All rights reserved



To further explore this large dataset and highlight the potential that degait®mic
approaches provide, diversitye and %P, were assessed at the chromosome @wisl.
SNPs on the first 11 ‘scaffolds’, representing theddalypt chromosomdéMyburget al.,
2014) were used in these calculatiombese represented the vast majooity5NPs used in
this study; withronly 166 of the 13113 SNPs (1.2%) not located within these scaffolds.
Custom Rthon seripts were used to calculate, per chromosbinés earlier and%P from
site level allele frequency dafscripts available dtttps://github.com/rebecca-
cj/revegetation Deviation from the genomeide average (Averag#iversityichromosome—
Average dversitygenome) Was calculated, per chromosome, per site, to assess relative
variation in\diversitypbetweerthechromosomes

To assess whether chromosomes Witjher relativediversitymay be more
susceptible tdiversitylossin small remnants anevegetation siteghromosomsevel
changesn diversityat small remnants andvegetation sitecomparedvith large remnanis
were calculated (e.ger chromosomeAveragechromosome derSitytsmail remnajt—Average
chromosome dersityinormatsampled largeemnarg)- Linear models were used to assess whether
chromosome-level change in diversifysmall remnant and revegetation sites welsged to
the relativeudiversity for that chromosométh chromosomdevel variation from the
genomewide average imormalsampledarge remnants used as the measure of relative
diversity. Linear models, with relativehnromosomedevel diversityat large remnantsnd
location asndependentariables, were performed in Ring the ‘Im’ function Where
location was significant, individual regression lines for each location were plotted.

The potential impact of linkagdisequilibrium was assessed by repeating site and
chromosomdevel He tests on a data seith linked loci pruned out usintpe ‘indeppairwise’
function in PLINK (SNP window of 200, with 5 SNP step and’acut-off of 0.2). Resullts,
including significance, were qualitatively similar and therefore all loci were retained for

analysis,

Data accessibility
Both ‘global*and ‘populatiorevel filtered SNP data in VCF format and associated sample

information are,available from Pad: doi:10.5061/dryad.9gp8g.

Results
Landscapgenomicpatternsacross the fragmented distributionEfmicrocarpa were

investigatedat 28 individual sitegrom seven geographic locatian&t each location, four
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sites were sampled, representimgweegetatiorsite (actively replanteda smallnatural
remnant ¢. 150 or fewer trees, >500 m from an equal or greatestarel) anda large
natural remnant (>150 trees, >10 ha), sampled using both a reampling scheme (widely
sampl@ trees) and denssampling scheme (closely sampled trieesomparison temall

remnant'samplingseethe Materials and Methodsectior).

Landscapeé patterns

A strong geographic pattern fir microcarpa was seen in the PCAig. 2). The first axis
showed a strong latitudinal cline from Bacchus Marsh in the south, northward to Crowther
and Grenfell in.central NSWhe second axis separatégrsham, in westrn Victorig from

the more easterlgentral Victorian sitesand potentially idicates an eastvest cline The

low levels of variation explained by these two axes @b fbtotal)and a lack of strong
population differentiation apart fromcéinal patternsuggestéimited IBD likely due to gene
flow across the range & microcarpa.

Small remnantappeared representative of their local geographic aelestering
closely to their.correspondirigrge remnansites.Revegetatiosites,however, do not cluster
as strongly;,being more similar to broader geographic regionghbéiner scale local area
Therevegetation site at Horsham @dtern Victoria) appeared to include material from
central Victarialln NSW, revegetation at The Rock and Crowther appeared to have been
sourced from more northern provenances.

Consistent with PCAesults significant isolation by distance (IBD) was fourkdg
3). Both distanceK;:1,76) = 11.02,P = 0.00) and site typeKs 76) = 28.4Q P < 0.001) had a
significant effect on genetic differentiation between sikgs/(1-Fst)). There was no
significantinteraction between type and distaneg e = 1.26,P = 0.294)sothis term was
omitted from theANOVA for pairwise comparison®atterns of IBDacross the sampling
locationswere significantly different between &lur site typesindividual Mantel tests for
each site typefound the strongest IBD relationship betwesnalsampled large remnants
across thessampling distributiorf € 0.33,P = 0.002;Fig. 3). Weaker IBD was founth
densesampled large remnant€ = 0.10,P = 0.047) andmall remnantgr? = 0.08,P =
0.037). Bothidense-sampling lafge remnantandsmall remnantshowed greater
differentiation for any given geographic distance, compasigdnormalsampled large
remnantsGenetic differentiation was highdsttween revegetation sites and not related to

geographic distance.
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Within site diversity

Genetic diversity withinndividual sites(He and %P varied ggnificantly between sitéypes
andlocatiors (Table 3. MeanH, ranged from 0.074 to 0.083 (Fi¢g) with revegetation sites
significantlylower than the other three site types (revegetation = 0.0765 vg.lasgenants

= 0.0784ylargee= 0.0783, and small remnants = 0.0785). Despite Iblyem average,
revegetation sites at The Rock and CrowtleetHh levels similar to those of large remnants
(Fig. 4a).There was no significant differencekh between small and large remnants, or
between large remnants sampled in different wags comparisonf diversity levelgo

other studies that use ‘global filteringlyerage sitdevel H, for large andmall remnants at
all locations was alscalculated using the 6,490 globally filtered SNPs and found to range
from 0.262t00.271.

The %Pestimatevassigrificantly lower at revegetation sitethan large remnantst
all sample sizeexceptn = 3 (Fig. 5; Table ). Small remnants hasignificantly lower%P
than large normal-sampled remnants, but not large demepled remnants, for sample sizes
of n=9-19 There was no significant difference between either sampling strategy in large
remnants at.any sample size, nor between revegetation and small remnani$at9.

Lower %P especially in revegetation sitegsreflectedin a reduced incidence tdw
frequency alleles contrast talleles present at an intermediate frequeaheyweresimilar
between allfoursite types (FigS3.

MeanH, of individualsshowed similar patterns té, across sites and locations,
ranging from 0.077 to 0.08Fig. 4b). Unlike H¢, there washo significantdifferencebetween
the foursite typedut there was a significant differenisetween locations (Tablg,2vith H,
for Horsham (location mean = 0.0812) being higher tbaall other locations (location
means excluding Horsham, ranging from 0.0781 to 0.0794

The average genetic distancelBS) between individuals within a site ranged from
0.064 to0,0:073Kig. 6). No significant difference was found betwebg foursite types.
However, wherhe revegetation site at Grenfell (with a small sampleazhighestimate
variance) wassremoved from the analysis, average genetic distance between individuals was
significantly-different between both site types and locafi@ble 3, with revegetatio sites
significantlylower than the other three site types (revegetation = 0.0663)&g,la&mnants
= 0.0683, largg = 0.0681, and small remnants = 0.0676).

Within-site genetic diversitywasnot evenly distributed across chromosonwéth
both within-site He and%P varyingbetween chromosoméBigs 7a, 8a, S4, S5Across all

28 individualsites, ommon trends towards higherlower diversity on particular
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chromosomes, comparedth the genome-wide average, were found: for example, higher
relativeHe on chromosomes 6 andiid,contrast tesubstantially lower or averag on
chromosomes 8 and &spectivelyFig. 73.

Whilst general trendsf higher and lower relative diversity were similar across
individualsitesythe actual level diversity differedbetweemormalsampledarge remnants
and the other site types among chromosorags (7b, 8). Despitelittle difference in
average genetigiversity of either small sampling area stigpes — denseampledarge
remnantsand small remnants comparedavith large normal-sampling remnantdifferences
in He and%P variedsomewhabetweenchromosomeswith some chromosomesiggesting
higherdiversity comparedvith large normal-sampling remnangghilst others suggest lower
diversityor'no‘differenceThe decreased average diversity in revegetationtepared
with large normalsamping remnantsvas reflected in more consistergnds towards
decreasediversity at the individual chromosome levélowever,somechromosomes
showeda greater decrease than oth@igs 7b, 8b), and forHe, some chromosomes even had
higher diversity comparedith large, normal-sample remnants, despite lower overall
genomewide He:

Finally,decreases in chromoso#teavel diversityin small remnants and revegetation
sites,comparedvith large normalsampledemnants were greater on chromosomes with
higher relativesdiversityFig. 9). Significant negative associations were found between
relative chromosomkevel diversity, based darge normalsampledemnants, and changes
in bothHe and%P at small remnants and revegetation simparedvith the large remnants
(Table 3) With the exception of variation ide in small remnants, location also had a
significant effect on changes in diversity, with some locations showing gressesdf
diversity than otherd.ower values %P for three of the reveajain sites (Fig9d) is likely
due to low'samples size, whiahilst impacting the absolute values, should not impact the
trends seenlhese patterns highlight that regionsha@her genomic variability contributed
most to differences among site types.

Discussion

Our genomi¢ assessmentkfmicrocarpa showedsimilar patterns of landscapéde genetic
diversityin both large and small habitat remnants across a fragmented lancd&tatie.
remnants retained high levels of genetic diversity comparable to largeitisdagh the
strength of landscagevel patters was reducedit revegetation sites, genetic diversity was

often somewhdbwer, and landscaplevel patterns were nélly maintainedDifferencesn
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diversity at revegetation siteempared with natural sites were neverthesesall and varied
betweerlocalities suggesting that revegetation has the potential to contribute to landscape-
wide diversity.Our results also demonstrdbe power of genomics to assessl detect small
changes in genetic diversity, as well as the ability to investigate geddfarences athe

chromosomerlevel.

Landscapé genomfuatterns in natural remnants
Evidence of isolation by distanci8D), as found irE. microcarpa, has been found in other
widespread.tree species (e3graldest al., 2014; Hollidayet al., 2015) induding eucalypts
(Prober & Brown, 1994; Bradbust al., 2013)wherelong-generation times, large effective
populationssizes.and long distance gene fl8¥erto et al., 2013)may minimise
differentiation across species rangest. microcarpa, the position of Horsham and Bacchus
Marsh samples at the edge of the main PCA cluster may reflect their geodpaptionat
western and southern edges of its Victorian distributroparticular, Bacchus Marsh occurs
in the only'section oE. microcarpa’s distribution that is south of the Great Dividing Range,
a biogeographical barrier along the Australian east cAlistnatively, the distinction at
these two sites.maye the result of hybridisation or introgression, known to occur in many
eucalypt specieGrattapagliaet al., 2012)potentiallyincluding E. microcarpa (Bean, 2009).
Within-site levels ofyenetic diversity were also similar to other tree spetlssg
genomewide SNP data, medti. in eucalypts and othéreeshas been found to range from
0.18 to 0.25Prunieret al., 2011; Moscat al., 2012; Dillonet al., 2014; De Korkt al.,
2014). Whertalculatedusing globally filtered SNPs, comparable to these other studies,
average sitéevelH. in large and small remnanigs similar tothe higher end of this range.
Similarities tonearby arger sites, as well as similar levels of heterozygosity2aid
suggest smahabitatareasboth within large remnants and separate small, fragmented
remnantsganrepresentvider landscapscalegenetic diversityExpected decreases in
genetic diversity'due to reductions in population gizmuet al., 2010)are not always seen
in fragmenedtree populationsincluding eucalyptél.owe et al., 2005; Krameket al., 2008;
Mimura etals; 2009 Landeret al., 2010; Ottewelkt al., 2010; Dillonet al., 2015; Breeckt
al., 2015). Ferlong-lived species with long-generation timaatively recent habitat
fragmentation may meansufficient generations have passeddttered mating dynamics to
have resulted idecrease genetic diversityKrameret al., 2008; Aguilaret al., 2008;
Vranckxet al., 2012; James & Jordan, 2013). ®meall rennantssampled here likely
representhegenetic variation ofarge historic populationgKrameret al., 2008), giverthat
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genetic diversity ofdrger remnants was reflected within small areas and that small remnants
may contain pre-Europeaettiementrees(Spooneet al., 2010)due to the relatively recent
clearing in the early to mi@800s (Pryor, 1976).ri3all habitat areas therefore remain
importantstoresof genetic diversity ithesemodified landscapes.

High-eurrent levels of standing variation, however, do not necessarily ensure th
health of future generations. Effects of fragmentation are more commonly seed or se
posfragmentatiorprogeny (Vranckeet al., 2012), with progeny showirgdecreased diversity
(Prober &Brown, 1994; Broadhurst, 2011) and increased inbre@dlinglar et al., 2008;
Landeret al.;, 2010).In addition tothesedirect genetic effects, small population sizasalso
eventuallyiimpact adaptive potential (Leimu & Fischer, 2008; Piekah, 2012).

Indeedssome changes in genetic diversitgre found in smahabitat aregswith
increased diffrentiationyeduced IBDand lower %P at some sample sizeseater
differentiation between smaller remnants likely results froosa bf variation and changes in
allele frequenciedue toboth loss of individuals and altered mating dynamidsefenext-
generation.trees are presevibunget al., 1996; Leimuet al., 2010) with similarlosses of
landscapdevel.genetic structure in small remnants sedr eibens (Prober & Brown, 1994).
Differences,between small area within large remnants (dense sampling) and small,
fragmented remnants suggested these changes were due to reduced populatiemaize
remnants, notssimply altered sampling strategy.

Revegetation sitéiversity within the wider landscape context
Thesimilarity to nearby large remnants but greater differentiatiorvegetated sites &
microcarpa suggests ‘local’ provenancing strategies were most likely used and were partly
successfuin maintainirg landscapeliversity patterns in revegetation sitd$e incomplete
capture of'genetic variatidnom natural stands, for example due to poor sampling, may have
contributedo.differences between natural and revegetation sites. As a consequence of
sampling and'sourcing strategiesyegetation sites candmmegenetically distinct from
known soureespopulatior{f€ampanellat al., 2012; Yokogawat al., 2013), even having
higher gaetic identity with natural n@ource sites than their original source populations
(Liu et al., 2008).

Reduced diversityithin revegetation sites hgseviously been found (Dolat al.,
2008; Aaviket al., 2012; Yokogawat al., 2013; Mijangost al., 2015) In restored sites d.
melliodora, microsatellite analysis indicatétl and allelic richness were-35% and 332%

lower, respectively, than natural trees in the surrounding landscape (Broadhurst, 2013).
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Decreases ifle (11-21%), allelic richness (816%) and number of alleles (13—-37%) have
also been found in restored sites of perennial herb species comjiredurce populations
(Dolanet al., 2008, allozymes; Yokogawvet al., 2013 microsatellites)in comparison to
these findings, the somewhat lower genomic diversity. imicrocarpa revegetation sites
appeas torbeminor, with decreases iH from 0 to 4.8%, and changes%P (akin to allelic
richness and number of alleleajljusted to equal sample sizas=(6), ranging from an
increase of 3% at one site to decreagel—-7%attheremaining siteswhilst diversity is
only slightly lower,the lower genetic distance between individuals in revegetation may
increase the susceptibility to future inbreeding depression and loss of gi{elistrand &
Elam, 1993; Youngt al., 1996)

Therelatively smalldifference between revegetation and natural kiggdight the
capacity for landscapdiversityto be maintained during revegetatiotonsistent with
findings from other studied.iu et al., 2008; Lloydet al., 2012; Reynoldst al., 2012,
Ritchie & Krauss, 2012). Careful selection of widely sourced seed, including mixinigleault
source populations, cavenlead to greater diversity at restored sites than source populations
(Smulderst.al:2000; Fantt al., 2013).

Genomewide diversity patterns in fragmented and revegetated sites

Genetic diversity has long been held as a measure of population (Edaliand & Elam,
1993; Loweet al., 2005; Honnay & Jacquemyn, 2007; Weekal., 2011)with increased
average diversity associated with increased fitness and adapt@aéy & Frankham,
2003) Genomics however has the potential to characterize not just overall diversity, but
patterns of increased or decreased diversity and differentattitifferent scales across the
genome (e.g. Hudsa al., 2015)as well as regions under select{erng. Zhouwet al., 2014)

In the current study, comparisooisHe between small habitat areasdlarge
remnantghighlight how the distribution ajenetic diversity acrosshromosomesandiffer
betweenndividual sites despitesimilar overalldiversity. Such patterns could help explain
finer-scalexdifferences found betwettre four site typesSimilarly, decreases wverall
genomewidediversityin revegetatiorsitescomparedvith large remnantaerenot evenly
distributed acress all chromosomé&hke negative correlation between relative chromosome
level diversity and diversity changesmall remnantand revegetatiositesindicates that
variable regions of the genome are more prone to changes in diversity, presumably due to

loss of rare alleles he loss of such diversity could affect adaptive potebtiakd on
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standing variationgiven that low frequency alleles can be important in this prq8sssett
& Schluter, 2008; Albertet al., 2013).

Variation in genetic diversity across the genome, compaitbcbwerall averages, has
been noted in other organisms (Hohenletha., 2010; Zhouet al., 2014; Hudsormt al.,
2015).Moreover, the consistency in patterns of relative diversity across chromosomes across
siteshas been noted in populations of other species including black cottonRapnbius
trichocarpa) (Zhouet al., 2014)and threespine sticklebacksgster osteus acul eatus)

(Hohenloheet al., 2010).This pattern may even extend acrgsscées; heterozygosity varies
across thé&. grandisgenomegMyburg et al., 2014), with peaks in a number of regions
includingareason chromosomes 6 and 7, whichre/und to have higher relative
heterozygesity iric. microcarpa.

An understanding of how genetic diversity and regions of adaptive differentiation are
distributed across the genome may eventually lead to targeted screening of\geraton
important for conservation and restoration. Genomics studies are beginidegttty
islands of divergence, which represent genomic regions of particular importance in
adaptation(zhoet al., 2014; Hollidayet al., 2015)as well as genomic regions that are
highly differentiaed across populationsnd specietSteaneet al., 2011; Hudsomt al., 2015)

In these regions there are likely todifferent patterns of population structure beén

adaptive and.neutral lofbteanest al., 2014; Mouraet al., 2014) Identifying such patterns

will be useful' when selecting restoration material that increases adaptive potential for future
climate change and other stressors (Hoffmetrah., 2015).

Maintaining genetic diversity in highly modified landscapes
To enhance elutionary potentialthere is a need to maintain high genetic diverSitynpet
al., 2009; Sgrcet al., 2011). Such diversity appears to be curreptgsenin both large and
small remnants. @E. microcarpa acrosshe landscapes effects of habitat loss may not be
seenuntil futurergenerationshere is aneed to maintain landscape-level diversity and
connectiviy=Creating genetically diversevegetated stanadll thereforebe important not
only for ensuring the longevity of revegetation itself, but also for supporting genetisitjiver
at the widerlandscape scale

Though current revegetation 1 microcarpa does noentirely capture the diversity
seen in the wider landscape, differences are small. As thinking around seed gsurcing
shifting away from local provenancing towards capturing high genetic diversityadaptive
potential’ (Broadhursgt al., 2008; Maschinsket al., 2013; Breedtt al., 2013; Havenst al.,
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2015; Probeet al., 2015),a loss of landscap&ide diversity patterns in revegetation may be
of less importance thaadecrease in genetic diversifyhe use of multiple populations and
consideration of landscapeéide species genetic variation can help improve restoration
succesgGodefroidet al., 2011; Mijangot al., 2015)

Inssummary, this study demonstrates the utility of a genomics approach to uncover
subtle butsignificant patterns of genetic diversity across habitat compohantsghly
modified landscapesenomics affords new opportunities for assessing the genetic health of
populations, providing not only traditional genome-wide population estimates but also
moving beyond these averages to in depth assessment of the distribution of geneitig divers
across the genonfeloffmannet al., 2015). In addition, the ability of genomics to detect
putatively adaptive regions witlelp in assessingenetic adaptive potential more directly.
[Author, please note that the Data accessibility section has been moved to the Materials

and Methods section for journal style.]
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Fig. S1Boxplet.ofdiameter at breast lggt (DBH) for allEucalyptus microcarpa trees
sampled atinatural sites

Fig. S2Initial PCA for Eucalyptus microcarpa to identify outlier samples using 6490
‘globally filtered™ SNPs

Fig. S3Folded site frequency spectrum per location per site tydeufal yptus microcar pa.
Fig. S4Expected heterozygosity by chromosomeHocal yptus microcarpa.

Fig. S5Percentage polymorphic loci by chromosomeHoacal yptus microcar pa.

Table S1Size (kbp) and number of variants identifiedeurcal yptus microcarpa for the 11
major Eucalytpus scaffolds (chromosomes) and minor scaffolds

Table S2Percentage polymorphic loci per siteHacal yptus microcarpa, unadjusted and

adjusted for.smallest sample of six

Please notexWiley Blackwell are not responsible for the content or furlitfiarfaany
supportingsinformation supplied by the authors. Any queries (other than missing material)
should be directed to thdew Phytologist Central Office.

Fig. 1 Eucalyptus microcarpa sampling locations across Victoria and New South Wales,

Australia. Grey dots indicate recorded occurrencds oficrocarpa (data from Atlas of

Living Australia;http://www.ala.org.a)) providing an indication of the spies’ distribution.
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http://www.ala.org.au/�

Black dots represent sampled locations, H&sham; BG Bendigo; BM,Bacchus Marsh;
DK, Dookie; TR, The Rock; GFsrenfell; CR Crowther. Inset: Map of Australia showing

distribution ofE. microcarpa. Box indicates enlarged region.

Fig. 2 Principal"component angdis (PCA) on 13113 polymorphic loci for large and small
remnants and revegetation sited€a€al yptus microcarpa, showing the first two main axes.
NSW, New South Wales.

Fig. 3lsolation:by distance for each of the four site types across the seven sampled locations
of Eucalyptus microcarpa. Regression lines included for site types where the Mantel test was

significants

Fig. 4 (a) Expected an¢b) observed heterozygosity for each of the four site types at the
seven sampling locations Biicalyptus microcarpa. Error barequalt 1 SE

Fig. 5 Averagespercentage polymorphic loci per site type vs samplergizeEucal yptus
microcarpa.sPercentage polymorphic lo@boP)was calculated from 1000 random resamples

for each'sample size at each of the 28 individual sites. Thegav#® by site type, across

the severocations, is plotted. Significance calculated by ANOVA using individualdata

(see the Materials aridethodssectior); (a) revegetation lower than all other site typ@s;
revegetation lower than all other sites, and small remnants lower thag,latgenot larges;

(c) revegetation and small remnants lower than lardpeit not larges; (d) revegetation and

small remnant lower than largethough only revegetation lower than laggéNumbers in
brackets oxx-axis indicate the number of sites used to calculate site type average, where this

differs from,sevenn, large.m; d, largess; s,small remnantr, revegetation.

Fig. 6 Average genetic distance {identity-by-stae, 11BS) between individuals within a
site, for eachrofthe four site types at the seven sampling locati&usabyptus microcarpa.

Error barsequal £ 1SE
Fig. 7Per chromosome variation ke, from site genome-wide average (a) and from

chromosomdevel normalsampled large remnant average (bitucal yptus microcarpa. For
comparison:Overall’ in (b) indicates difference in site genoméle average dm normal
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sampled large remnant genomae average. Blue barnsicreased diversity (positive

values); red barslecreased diversity (negative values).

Fig. 8 Per chromosome variation in percentage polymorphic loci, from site genmee-
value (ay-and*from chromosome-level normal-sampled large remnant valué(ioaliyptus
microcarpa. For'comparison, ‘Overall’ in (b) indicates difference in site genamde value
from normatsampled large remnant genomele value. Blue barsncreased diversity
(positive values); red bardecrease diversity (negative valuesjhree revegetation sites
with low sample sizes, and thus potentially biased estimates, excludedréiph (see

Supporting\information Fig. S5 for data including these sites).

Fig. 9 Relationship between chromosomeegel variation (expressed as deviation from
genomewide average in normaampled large remnants) and chromosome level change
(Chr) [Author, please confirm inserted text ‘(Chr)’ is correct] in variation for(a,c) small
remnants or (b, devegetation sites compareith normalsampled large remnants of
Eucalyptus mierecarpa. (a, b) Expected heterozygosifils) and(c, d) percentage
polymorphie loci. Regression lines are plotted for each location where the lod&icinvas

significant; otherwise, an overall regression line plotted.
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Table 1 Eucalyptus microcarpa sampling site information, including location, site type and final number of samgéel for gemaic analysis

(n) per site type

Large remnarit Small remnant Revegetation
Location State Size (ha) n Size (ha) n Size (ha) n Yr Planted Method
(approx.)
Bacchus Marsh Vic >35 20 12 19 6 11 2006-7 P
Horsham Vic >60 20 20° 20 4 20 2001 P
Bendigo Vic >10 20 7 20 1 20 2005 DS
Dookie Vic >40 20 10 19 2 13 2009 P
The Rock NSW >25 20 1 20 5 20 2007 P
Crowther NSW >30 20 2 20 1 20 2008 P
Grenfell NSW >40 19 (18) 2 19 2 6 2006— P
2007

Vic, Victaria; NSW, New South WalesP, planted seedling®S, direct seeding
'Samples sizes of both ‘normal’ and ‘dense’ sample sets within large remnaets, fexjGrenfell where ‘dense’ sample size is given in brackets
“Approximate’ sampling area withlarger habitat arefi.e. values are minimum site ajea

3very low.density of trees only c. 70 trees across site

Table 2 ANOVA results for tests of differences in with@ite genetic diversity between site types and locatbisical yptus microcarpa

Diversity'measure Effect F df P
Expected heterozygositii(; Fig. 4a) Site Type 9.023 3,18 <0.001
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Location 17.190 6,18 <0.001

Observed heterozygositif§; Fig. 4b) Site Type 0.337 3,18 0.799
Location 5.021 6,18 0.003
Genetic'distance (IBS; Fig. 6)* Site Type 6.972 3,17 0.003
Location 20.038 6,17 <0.001

'Excluding Grenfell revegetation site
Table 3Results of linear model testing the effect of relative chromosome level genetic diversity on divarsigscirsmall remnantand

revegetatioompared wittatural site®f Eucalyptus microcarpa

He % polymorphic loci

Effect F df P F df P
Smallremnant (Relative) Genetic diversit  13.24 1,69 <0.001 6.52 1,69 0.013
Location 1.83 6,69 0.105 13.57 6,69 <0.001

Revegetation (Relative) Genetic diversit  26.76 1,69 <0.001 4546 1,69 <0.001
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