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ABSTRACT

Largeal e tree planting initiatives and ambit
to mitigate the I mpact s-tocefr nd esfuccrceesstsa toifo ri .h eEBre
integrating genetic princispluey iamtme 1t ®s temrhaa

conservation and restoration by generating
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i nvestigates the genetic consequences of p
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objectives, ntelde as tsuudryv ecyonmobfi tree nurseries
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The results highlight the critical role of ¢
yet current practices often overl ook these p
of adaptive potential. Verged owcrgesnset ab|l df
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A. gr.aclimpgloeamenti ng these meaasrur essucwoeuwlsd oenhr
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CHAPTER ONE

1 Genemalroducti on

l1.Background I nformation

1.1.1. Deforestation and Forest Fragmentation

Deforestation has prwdroluchwlil d/e ,al diemierdi d hainmdg chaip:
ecosystem functions, and threatening essenti
cycling. Alkdtrhiovuegnh fhourneasnt | oss has o ctchuer rceudr rtehnrt
geol ogi belgieamoanly appOoyeqdatserleycent decades ha
from-samalld subsistemacal earnmidrugttroal amgeé i viti e

agriculture, |l oggi ng, mibanmganaed&i Bbagwaytr uz o
2014). Globalization has further accelerated
driving |l and conversion, particularly in trofy
(Laurance, 2014). Whileosembavemperat d oamrdt b
afforestation and natur al regeneration, these

and ecologicadr dwtnicttfi oames tod (@OLidndenmayld4d) et al

Despite a decline in ©Oheoamniwudl midte onf heett af
4.7 million hédgtl abas ifTorekse Z0v¥@s continues t
million hectares since 1990 (FAO, 2020).

Di scussions of deforestation often focus sol e
ariencr ealeigm@lded and fragmented (Laurance, 201
onc®ntinuous forests are reduced t-bosesal | Eanc
(Young & Boyl e, 2000; Schl aepfer et, adi.sr RPOtls

species movement, and increases vulnerability
and selective 1,0030n0nhy; (Magmngil aatr ett all .., 2022) .
experience further degradati on, compounding b
et al ., 200 8; Laurance & Useche, 2009). Addr e
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Cascante et al ., 2002; DuRwyrneeuri letetalal,. ,2 0210510 .
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1.1.3. Genetic Concerns inForest Restoration

The gl obal momentum for forest restoration h
commi t ments such as the Bonn Chall enge, t he /
(AFR100) , and the UN Decadé&200300 Ec(6Steadntteauh . Re 2t
These initiatives aim to restore degraded | an

change thsoalgdh dtrmegepl anting efTwao tisi I(IBiramclad
of l and is esti matteidor oi nbietnieaftiitv efsr owor | dwi de
However, the success of such programs depends

on the selection of appropriate species and g

| ohgegrm ecosystem resiliente adand 2088t alBiolsihti ye 1
Failure to iIintegrate genetic considerations

reduced ecosystem services, andt rienscsroerass e(dB ovzuzl:
al ., 2014).

Despite these ambitious ef fheratvs,| ymamy erxedt ar
genetically poor ger mpl asm, oodlt emo pwluatcieadn & r (0
2014). Thwmauwseeoft rmes can di srupt ecosystem d
fail to supportetoaal , f2044) (BEonzaher mor e, S ¢
diversity may result in reduced adeptm bsiulrivtiw,:
(Jal onen et al ., 2018). Such genetic bottl ene

tdn urgent nekeals efdors esecd esnacwer ci ng strategies th

genetically diverse planting material (Bozzan
chall enges IS essenti al toesemasuoe tmat i atfifw
meaningfully t o bi odiversity conservation, (
restoration.

1.1.4.Dioecy and Its Implications for Forest Conservation and Restoration

Di oecy, the presence of separate male and fe
uncommon among fl owering pl ant s, accounting
(Charl eswomMHteh , & HOYX & nldn ,gyY@rR®&sper ms, however,
occurring i n about 64. 6% of speci es (Wal as

conservation and restoration of dioecious spec



plants during their juvenile stages, as they

reach reproductive matumRiazymbpia) lehtiugadImi, rait2t 0Oatl3i.

particularl-hyieedttrcat spetbeag, where reproduc!
decades to manifest, complicating consTem vati ol
delay in sexual differentiation can i mpede ef:
a popubwsiancpbci al role in its reproductive
|l denti fying the sex of pl ants at early devel
conservation efforts, understanding the sex r
especially since male and fregnatlieviptliaenst st omaegn
stressor s, |l eading to skewed sex -Baschs 2a0dH5,;
Hul tine etEm@mprinld@th6dlor,es2034 and agriculture,

economically i mdp@rtoadrutc,t i av9 typ a lmdthogenad ixe d alcit ke i
sea bucHitphpoorpmae )r,haamdbd Poepgl a9 &p e -doefpteennd ednd x
(Ai nsworth, 2000; Kresten len radst,or2atli7gn Hper &Kjre
bal anced sex ratio is crititcealm fsarstsau cncaes dfiuly
Given that cytogenetic sex markers are rare i
for early and precise sex identificatdadinng off
programs, and sustaHaeiabil @] & o rkertsetsatineann aggt@lbai ntte (2
Mont al v«eo et al ., 2021; Razumova et al., 2023

1.1.5. Molecular Markers for Forest Conservation and Restoration

Mol ecul ar mar kers hawvks bbPoomaspewsr hgl genet i

structur e, and gene flow in forest ecosystems
& Klassaby, 2014; Vinson et al., 2018). A mol e
is a DNAtfraasgsnroci ated with a specific | ocatio
genetic flags, enabling the identification o
(Nadeem et al ., 2018). Various moaoalcehc uwiarh nda rskt
advantages and | imitations.

The most commonly used marker types include 1

amplified fragment | engt h polymorphism (AFL
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by, 2014; All endor f, 2017; Vinson et al

i n popul ation genetic studiiensheduée ahoeytl

newmede coverage. Rgeartr addwancesguiemcnengt ( NG

edwige@o®&P discovery without the need f
enc@e mgeetnypneng by 9eoqwancdhiersg s( BBByeg ( Dav
Andrews et al ., 2016) and DArTseq (Kili

zymes to reduce genome complexity, sequenci

ol ogi es haveenonyr eemfédfdecobheemrdds cof mol e
di ng t hei rmoadpepl| iscpaetciioenss stuoc hnoans tr ees ( Al
2018) . These advances have broadened th

i cg,l ypdrotri dwlreest ecosystems.

applied in forest conservation and resto
genetic diversity, connectivity among poc
gging and habitat fragmkehyatdiehinthepopae
nservation, optimize seed sourcing for r
valuate inbreeding levels that may compr
n et aobnal RP18mol Addi ai mar kedaraiad it mait
hi storically served as gen&émscurriensge r tvio
rvation of di verse genetic |lineages for

Il ntegrating mol ecul ar mar ker s i nto fo
gt hens the genetic resilience of tree p
ation to environmental chaongaedvaAseseaqoece

rs will remain essenti al tool s for safe

worl dwi de.
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SSR markerBr tomusa n@mad pyizleatniaons in fragmented fo
Et hiopia and reported significant genetic st
Boswel | i aamd pfyounfdrtahat substantial genetic Vv
remnant popul ati ons. Kassa et al . ( 2@l1erg e X [
europabspspiacatoms church forests of wvarying
forests harbored hbhimplherdgemwmetsimal diever girtaygmen
demonstrate the value of mol ecul ar mar ker s i
efforts. Expanding such research to other ir
under standetmigc thesirlsigememit d bskeveye deforestat

fragmentati on.

1. Rationabteudoyf t he

The ageold deforestation in Ethiopia has led to the fragmentation of its natural forests, reducing
them to small, isolated patches on steep hills and inaccessible valleys (Dessie & Kleman, 2007,
Wassie et al., 2010eketay, 2011; Yineger et al., 20Mengist et al., 2022 Such fragmentation
exposes tree populations to genetic consequences, including reduced genetic diversity,
inbreeding, and compromised reproductive success (see Section Amd?)g theindigenous
treesfacing these threats Adrocarpus gracilio (see Section 1.3 for species descriptids)one

of the mostunwisely exploited tres in Ethiopia,A. gracilior was heavily logged for its high

quality timber, with records indicating that it accounted for approximately 60% of felled trees in
the 1940s (Negash, 2010). Overexploitation, particularly the selective extraction of mature mother
trees, has left only hedy depleted remnant populations. Today,gracilior persists mainly in

relic forest patches (Negash, 2003, 2018ketay, 2011) andugee®®ein church
(Aerts et al., 2016Sahle et al. 2021and other culturally sacred sites (Doffana, 2014). However,
the remaining individuals no longer exhibit the towering stature described in historical records,

raising concerns about their genetic and reproductive viability (Negash, 2010).

The genetic consequences of forest fragmentation have profound implications not only for the
long-term survival ofA. gracilior but also for its artificial regeneration in nurseries. When seeds
are collected from isolated trees or small, fragmented populations, they are more likely to be
inbred, leading to poor seedling performance and reduced fitness in reforestationi¢fiorssue

is especially a concern with. gracilior, a dioecious and windollinated species, as its obligate



outcrossing nature makes it highly dependent on the proximity of male and female trees to achieve
successful pollinationFragmented populations may suffer from inefficient pollen transfer,
resulting in unpollinated female cones that produce empty seeds (Negash, 2010; Orwa, 2009). This
could explain the speciesd hist ofNegesh l2019; poor
Getachew, 2011)

Despite these critical concerns, no molecular mabksed studies oA. graciliord including
assessments of genetic diversity, population structure, or molecular sex deterdihatrerbeen
conducted in Ethiopia or elsewhervailable DNA sequence data for the species consists
primarily of short ribosomal and chloroplast DNA sequences, including the Internal Transcribed
Spacer 2 (ITS2) (Barker et al., 2004; Biffin et al., 2011), the-trnE intergenic spacer (Biffin et

al., 2011), the RuBisCO large subunit (rbcL), and the NEEDLY intron 2 (Knopf, 2012). These
sequences, alongith the complete chloroplast genome sequence (Sudianto et al., 2019), have
been used to refine genlevel phylogenetic relationships within Podocarpaceae, supporting the
taxonomic reclassification of the species frBiwdocarpudo Afrocarpus However, while these
sequences aid broader phylogenetic studies, they are inadequate for intraspecific genetic diversity
research. Their limitations stem from their short length, insufficient gewddecoverage, highly
conserved nature, slower evolutiopaate, ormaternal inheritance, which restrictariability
detection within species. Moreover, phenotypic studies have yet to evaluate how habitat
fragmentation and small population size affect key reproductive traits, including seed viability,
germination rates, and progeny performance. As a result, the extent to Auhmgtacilior

populations exhibit the expected genetic consequences of fragmentation remains unknown.

This study aims to fill this critical knowledge gap by integrating molecular and phenotypic
approaches to assess the genetic diversity, reproductive success, and early progenyAvigor of
gracilior. A molecular markebased investigation could reveal whether some fragmented
populations still harbor sufficient genetic diversity, while others have become genetically
impoverished. The phenotypic assessment of seed production, viability, and eanhgsgeth

could complement the genetic analysis, providingights into how fragmentation affects the
speciesd reproductive fitness and woddhelmer at i
identify genetically viableA. gracilior populations which mayserve as priority conservation

targets and reliable seed sources for restoration efforts.



This research is particul ar-bcgle ttegplamgng yitiagivesy e n E't
including the 0Green Legacyd campaign, which
efforts have primarily focused on fagtowing exotic speciegnsuring the successful propagation

of valuable native species likk. gracilior is vital for ecological restoration. Moreover, as a
dioecious specie#. gracilior presents an additional challenge: male and female trees cannot be
distinguished at the edling stage, and phenotypic identification is only possible once trees reach
reproductive maturity (Negash, 2010)his posesa concernbecauseartificially established
populations may fail to reproduce naturally if only sese& seedlings are planted together by
chance. Developing a molecular sex identification method would provide a practical tool for
ensuring balanced sex ratios in plantedpobpat i ons, signi fi cant#elmy enha

conservation and restoration success.

By addressing these pressing issues, this stedydeontribute valuable scientific knowledge and
practical guidelines for the conservation, sustainable management, and restoratigraoilior,

an ecologically and economically important species now under serious threat.

1.Bhe st udiyAfsrpoeccairepsu(sPiglrq@en ) i ©.r N. Page

1.3.1. Taxonomy

Afrocarpus gracilior(Pilger) C. N. Page (synonyrRodocarpus graciliorPilger) is an elegant
evergreen conifer in the family Podocarpacea:t
Afromontane forests (Negash, 2003, 2010; Teketay, 20tlik).one of only two native conifer

species in Ethiopia, along wifluniperus procerdéGebrehiwot et al., 2024The species is known

by various vernacular names, including East African yelovod (English), Zigba (Amharic,

Gurag), Birbirsa (Afaan Oromo), Chido (Kafanono), Elta (Afan Konso), Dagucho (Gumuz,
Sideamu Afog, and Ziga (Woldta) (Teketay, 2011).

There has been lorganding taxonomic confusion surroundiAg gracilior due to historical
classification under the genBedocarpugPage, 1989; Barker et al., 2004). As a result, much of
the Ethiopian literatureefersto the species d@odocarpuge.g., Negash, 2003, 2010; Strobl et al.,
2011; Teketay, 2011; Krepkowski et al., 2012; Tadele & Fetene, 2013). However, morphological
and molecular evidence (Barker et al., 2004) supp@f@dhatingAfrocarpusto a distinct genus,

asoriginally proposed by Pag(198). More recent phylogenetic studies using DNA sequences



(Knopf et al., 2012; Migliore et al., 2020; Khan et al., 20@3) transcriptome data (Chen et al.,
2022) further confirmedAfrocarpusas a separate genus, more closely relatedageia and
Retrophyllumthan to Podocarpus Additionally, earlier cytological studies identified a key
distinction in chromosome numldeAfrocarpus(n = 12) versus AfricaRPodocarpuspecies (n =

11) (Page, 1988199Q. Despite this taxonomic clarification, even recent publications (e.g., Asefa

et al., 2020; Negash, 2021; Gebrehiwot et al., 2024) continue to use the outdated nomenclature
and refer toA. gracilior asPodocarpus falcatys different South Africaispecies that itself has

been reclassified a&frocarpus falcatusRarker et al., 2004 Nonetheless, sinc&. gracilior is

the only podocarp conifer found in Ethiopia (Farjon & Filer, 2q48465-467), works discussing
Podocarpusn the Ethiopian context are generally assumed to be referriéfydoarpus despite

the misclassification.

1.3.2. Habitat and Geographic Distribution

A. griasipromarily found in Afromontane Forest
species (e.g., I n Podewanmimpamadr esspte)c i-Bsddseaqpe
Forest) (TékepapdomMmM0Obhntly occurs in f@ame Dry
grassl angdDABMpbex al so extends into the zones

Forest (MAF) veget ateito20l1§tpwredi eod kEdahedpam fdEIrli
anal ysis of sedi memammedesl9Bbdnndan by hi&r Moet

it used to be the dominant species in the anci
Af romont aNewandgydnso.ften persists in relic for
in church forests, and is frequently found as

there is sufficieht cammdbnall ¢lTelwet ami,28000@14) t i
m and raainmfadiI2I000 Amm.or di fd oro st he regions use
Et hi opi a and Ertr etas (gHeeodgbrearpgh iecta la lid$, s warGiOeSs)p,n i an
i ncilnugd Ti gray (TU), Gondar (GD),AGoOAR)hubG@Db),r W
(1rL), Keffa (KF), Gamo Gof aBdIlG&Aha,nHewe ek g ( WG
regi(@emi ssew and Waiiseus 2809hors (e. g., Share
2010; Negash, 2,0 OWg | dTeeakreetgaayy, ) r0@&daetlt ed 22020 p
Mu n eSshaa s e me Rrfed,e sGegrdg ba Di ndi n, Chili mo,doBal et e
Me nag-&s ba;waWohfa , Megada,f oarneda tTsi eemot rnaalt,ursadut her
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Kenya,

oMoOE®kwepsitahe opi a, i ts natuBaluadcur €Ceng

Rwanda,

1.3.3. Botanical Description

Det ai |
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South Sudan, ;Rlaazaaeti)laal and2WUga
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valuable timber HApeaqireasc;eke( B) tA laarpgaer t i al viewAof its
gr ac,i Isihoorwi ng spirally arranged sporophylls responsible
or " frAui teerrawecifhi oheir conspicuous f leepsihnya;toitutmer comeasr iam

green when unripe
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histor
its drooping
pabeey

roughl

and turn yellowish upon ripening.

evergreen tree that may reach
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abruptly to a sharp or blunt apéEhke aadulBaslaé &fy

X @..8mthe midrib of the adul't | emdr k esd nbod n epart
Mature | eaves agrree etno uwhh ecre |l gorudv ednarlke | eaves ar e
and |ight green, mar ki ngr eendifsltualicttio etlhye attrt ae
Agraci $iar dspecio®ous i .e., the male and female
mal e mahesstrobili) are axillary and uswually
which turns to brownish when mature. The mal e
which, when bl own by wind, rel ease p(OHRFilgenreand

1.1C) The femalocet orndeistase er epheri ¢al,andrleeno wde
yel |l owi sh( mihgewur.ef h p.efr)ueatnssi st ofdanflepshmatout
covedra ngough sclerotest a, which f or ms t he se
gamet olpdhryt @ megagametosmhy twi)t hin t heonkemsadwrsi sh

measure about 1.4 to 2.6 c¢cm in |length and abo

1.3.4. Reproductive Biology

Agracis$iardioethiasispaelpleichnased by wind. | nef f
mal e and female trees are not in proximity o
mat ur e) ¢ ommb hdeeyv erl eospuretnst ionff unpol |l inated f em:é
seeds (Orwa et al ., 2009; pNegarsehrowbalr §Oh)i.c hS ufcrhu
devel op without having their ovules fertiliz:¢

popul ation density due to seltedtitwe ilnocggiamnsg/ d
of get tpiawrg hrmednroeciatr p. The speceds glhasesxsaeprmnastc
4year i(n@rewas adts al ., 28&Pi9maitsiSuemid éb | teh e tfhlee shkey d
by different types of animals such as birds,

Ast uodiy hpechenol ogy of t h-eShapdeimeSTeasti @M @sOedstla) a |

reported peak fl owering and fruespaegt daeleys. oT
sclerotesta (the woody seed cTe&te)t ahya ARDASl)@gs Ul
nat urga&lrimy naltiikderd yiosc c ur pee.r olkkho wewreg , since th
i Nt er medrieactael/csietmiant (Tesfaye et aéked iBnAdtkhde an
forest alreek eltaacyk IARPiIA@ ) ci al regeneration (Ilike



nurseries) requires breaking the sclerotesta \
Teketay, 2011)

1.3.5.Uses

A. griasidimul tvaluuedskeotm eec onomitcsa lylew hlaohwdi sehc «
softwood timber i's of superior qguality with
2003, 2010; Teket sy, agar@ai¥neerdy F 1 8 e wo @ draebssi rneoluess s
(Orwa et Itasl .t,i nb0edr9)i.s wi d,@lay t u & @ dnasiri hdyec ownosrtkr uscut

fl oor swaldloopanel i ng, ,aardpefnutrrnyi taurde jrmoaikn enrgy ( C
Farjonin Z2Z@X3)a.iinn |btchadlioiptiieesoi | i s ewhiraktiesl &I :
therapeutically used to treat tgoresrnr sea h( Besk

Et hi,opitai s considered.aPhygdrmoedetmri «al (sDd fhfaan & ,a
(i .e., anticancer activity) have been extract
2012; Kamal et al., 2019) that would potenti a
tree.ge Isttsathuur e with evergreen dens eand nhoeplyp sst
devel op water springs (Negash 2003, 2010) . I

pri mates feed on its fleshy seeds (Negash, 20

1.3.6. Conservation Status

Agrachds olrong been a target-qoal ityegiambéong@Teak
Il n the 1940s, it was the most commercially e
about 60% of alll20fl®Ntedst vees ogNegashas | ed t
oft he Imma&tstrre trees, psoepvueraetliyonde p |Neetgiansgh (2010
referencing RussA. (4pdadg) adgsani ptiea, ofeachin
with diameters of 3 meters, and his reports t
in Arsi, areas near Lake Awassa, Sidamo ( Meg
Et hi opi a. n Rtutslssgatvarhisllod saitne dChel enko,Sh@lsihleanlem,e

exclusi vel &f rporcohci gosioseerd, wi t h tree depl etion

recommendations to relocate the sawmil|l ( Nega
TodAdy, grperbisets mainly in relic forest pat cl
and as o6refugeesd in church forests (Aerts e



2014) , t hough the remaining individuals no |
historical recoQccsas(i Menpgd dty,, 2@PD)ts stildl e
remnant emr aes cheindtgordincdF@er exampl e, Pankhurst (
massive remnawlti ytaeweei m@ metla@er ed sacred, with
4 meters and a height of about 65 meters in £
remnant trees exceeding 3 meters in diameter

sites, ghwndawra liass Si dama (see Appendi x 3. 4).

Despitect hni,ng hset adtUCN. cdraassi hi®epeci es of O6Le
(Farjon, 2013) , citing i1ts broad di stirtisbuti a
pri mar yi nh abbtiltiagp i an t he Eastern Afdrommo rnotfa nteh ek
worl dés 35 gl obal bi odiversity hadtcshpoarsd mhg

t hr edMyeenresd et. aGi.veR0OOMh)e i ntense pressure from
A. griasitoonsi déedred Ehheadpeéemeand i s among t he
conservation efforts in the country (Vivero e

1.@hjectivsesdypf the
1.4.1. General Objective

To supportforest conservation and restoration efforts in Ethiopia and beyond by generating

molecular genetic insights and tools Adrocarpus gracilior a native dioecious conifer.

1.4.2. Specific Objectives

1.To evaheaertegeéeneéwoi evhprchnci ples are integr:
and seed procurement for forest restoratio
2.To investigate the genetic coAseguesickgonof
de m™oeeweel oped mol ecul ar mar ker s.

3.To assess the extent of i nbreeding depr es
popul aAi ogs.aofl i or

4 . To devellionpk esde xmol ecul ar mar kers for Aearly

grac.ilior



1.Gr.gani zatDiosns eorft a@thieo n

This dissertationis organized in a manuscript format, where each specific objective is addressed
in a separate published or publishable manuscript, presented as an individual chapter. The first
chapter provides a general introduction, outlining the background, studyatatiand objectives.

The final chapter presents a synthesis of findings, drawing overarching conclusions and
recommendations from all preceding chapters. Chapters 2 through 5 correspond to the four specific
objectives of the study, eactmgtured as a starlone manuscript. While efforts have been made

to minimize redundancy, some overlap in background information and references may occur.

Chapter 2 assesses the extent to which genetic principles are considered in species selection and
seed procurement for forest restoration initiatives in Ethiopia. Based on surveys conducted in
selected tree nurseries and among tree seed vendors, as setbadary data from tree seed
centers, this chapter discusses key challenges associated with germplasm sourcing in Ethiopian

forestry.

Chapter 3 investigates the genetic consequences of population fragmentafitnocarpus
gracilior. Using SNP markers generated via DArT&ehe first molecular markers developed for
this specied this chapter examines genetic diversity, population structure, and differentiation
among populations. The implications of these genetic insights for conseraatil restoration

strategies are discussed.

Chapter 4 builds on the findings of Chapter 3 by assessing whether genetic erosion observed at the
molecular level translates into inbreeding depression in progeny. Seeds collected from the same
genotyped populations were evaluated for physical seed, traitdtro germination, seedling
acclimatization, and early progeny growth under controlled conditions. The findings provide
insights into seed sourcing strategies and their conservation and restoration praphaagions

Chapter 5 focuses on developing a-bBeked molecular marker for the dioecioAs gracilior,
enabling earlystage sex identificatioft. discusses the challenges posed by dioecy in conservation
and restoration efforts aridle potential of molecular marker technologies to improve restoration

planning and population management.
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store degraded ecosystems. Ethiopia has pl e
dertaking massive forest eéstorodt itohne c"aGrpeae
itiative," with billions of tree seedlings
search wunderscores that using native tree
storation succeds.t hlehicso nsti ey ads e of genet
d seed procurement i n DRAtthi oveirae' g art ehetr erda ttiha
ed vendors and nurseries, compl emented by s
tional tr efdhes de d dndittghseotri kigdeinceattiec consi der at i
d seed pweomdureamovtenigolokiggdeai @ restoration pr
| ewamainnl y dominat é&rbyi bl EawrekRostas Eucal
acia daen€Clumprenssusllelmsviitnggnineaa i ve species unde
ed coll ecti ondipsrragegtai decdelsi nferse qeureinttilecyal f or pr ¢

tabl vy, 84% of seed collectors sourdseddsom a

ithout passport daitdot 97 oifderea miohil mecmom s

r a single coll edttihen rewyantr,edamndd s8&¥Wcegnoire:d
ees, ri sking inbred seed collection. These
pacity of planted $teedl songsessmpactriesgot heil
t cames ,Et hi opi an Forestry Devel opment ( EFD)
storation initiatives should devise polici:

andards in seed procurement .

Key worfdg est restoration, ger mpl as m, genetic
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2. Antroduction

Deforestation, | and degradation, <c¢limate chan
pose significant chall enges t o setcroastyesgye nso wmir
these environment al crises is forest scas$egeste
tree planting initiatives and ambitious gl oba
Thomas et al ., 2a0nl 4e;t Laalmb,, 22002108);. HMogt abl e ex ar
of China, spanning 4,500 km and covering 35 m
Great Green Wal |l of Africal,onwhitcrhe eaibmesl tt oacplo
|l nivdsatsuch as the Bonn Challenge and the Afr
aim to restore 350 million hectares of degrad:
Africa, by 2030 (Bozzano et ahd, Seodu, POsT)pr
inspire and accelerate these global restorati
2021030 as the UN Decade on Ecosystem Restor al
foll owed by the VWoesrlld TEGdHominc TEeresmI ni tiati v

(Aronson et al ., 2020). However, many refores
success, often due to mismatches between pl a
gual iotf planting stock, and inadequate manager
Toribio et al., 2021).

Il n Ethiopia, def orestation has been a persist
al ., 2008Btemanidf yieng since the 16t hPaepkburygt (Pb
Natural forest cover continues to decline (Rel
2017; Etefa et al ., 2018) , with recent | osse:

popul ation exceeding 120 miblresthshadrinemrnbly
expansion andowobdusegbhobhdt earrfjy (Stebek, 200
in |l and degradation, erosi on, biodiversity |
Mengi st et al ., 2022) . Efforts to combaf defo
eucal yptus and expansedl|l enplt daeddd®wiOmsg woik dtf iha tr:
of Eucal yptus, Cupressus, and Pinus (Ayana e
approaaohbsas theei"ldleinmatge edai mcboodgublteategsy

2025 and cut greenhouse gas emissions by 50%
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eedlings reportedly planted annually to
et al ., 2022).

pl antations of exotic species in Ethiopi
n ecosystem restoration remains questi ol
y (Lemenih et al. ew3@04LffDemesnisciye (&t nalla
biodiversity (Abiyu et al., 2011), and
ve (Shiferaw et al ., 2004, ZB@®xRW9)e. pWheatth
seospedi amtave now prioritized remains
genetic quality of gseursmpaliansinmg cproupcuilaalt i
pting to environmental challe@a@éd)(Biba
ch tree seed collections in Ethiopia foc
Agroforestry CentrelLil CRAB) ,¢€ Kanaddl tt, hee2 ORAC

I cal Gardens, Kemp | (i 20030 3f)r,otnr eng @ rbr@ehrB8ddi n3g0 s

oapa&oid inbreeding, is |largely unstudie
eed system and guidelines being overl ool
or fragmented popul atyo@gPedéktadengalk o, r;
, 2024). As many tree species are natur e
ive alleles (Lowe et )al see20C®;] | Bcoadmu

often results in inbred progeny with s

ed resilience (White et al .-t,er2m 0Os7u s tTait ma ki

day 0sf tpelna nsteartvieonass of ut ure seed sources. E

s essenti al for resdwgtadgiiminng,nidanadatri evxeisl

eval uatsicaans dafr etehellamtgaeag campaigns a
t that seedling survival rates are | ow,
ngs survive beyond tBhelo9onitAateesntabsis

rn Ethiopia, reported a survival rat e

pl antation success deemed unsatisfactoewym(Ber



survi val rates may +sHhermacestaraeatyopredicbobmées

restoration requires that i ni ti ak esgare dlnidnigc ad s
such as growt h, maturation, 2@abhH; rBpzoamnct eve .
Thomas et al ., 2y0eladr) . nat Etomiad pifaocdrse skt 0 devel op
(MEFCC, 2018) acknowledges that né billions o
but hardly grow to besciothnee cao nfdarte sotn.so aWwhdi |ien ap
management are often bl amed for these failure
genetic quality of the germplasm in planting

This study aims to assess the extent to which

selection and seed procurement for ongoing fo

wi || have substantial ipomcdautchadr iitmpés cand omrisa
future efforts to enhance the geneti4eqmal it
sustainability of restoration projects.

2. Materials and Met hods

2.2.1.Data sources and types

Both primary and secondary d&2fia. wlremarty | date
coll ected through a surveypplfi @ds torevandacres i |
nurseries and vendors were identified in cons:i
and Peoples Region (SNNPR) Forest and Environi
t he SNNPR REDD+ OGdarccki.natti ¢« he ti me of sampl i

di vi ded; however, it has since been split i nt
falling witl®iSn diamaee Sofut hh&mhi opi a, and Centr
tree seed cooperatives, organi zed by the SNNP
districts (woredas), were identified and incl
Private seed vendors, as well as public tree r
in the survey. Since no formal registry of p
approach was used to i demtuirfsyerti Rem.mahdadietdi dornye
REDD+ Coordination Office were incorporated i



Tab2l Survey entities used as data sources for this st

Survey entiti Data Source No. of
Nati onal tree 3
EEFRI seconthttps://t. me
Di mma tree s seconihttps://t. me
Bahirdar tre seconihttps://t. me
Nur seri es
Government/ p pri ma own surve 17
NGO/ project pri ma own surve 5
Private pri ma own surve 2
Seed supplier
Cooperatives pri ma own surve 14
Private pri ma owaurvey 9
37°0°0.000"E 37°300.000"E 38°00.000"E 38°300.000"E 39°00.000"E
1 1 SN, 1 @ | -
Hole Welkite
@ Ria¥
= . . QL'ndrbrr Qiii«'uuu g
§ Guﬁ,ﬂ ; 9“5” Koshe
9-—_ + Q + Kvechemo +@ +
o
& Kos
9 i
Dolocha . 9
Wilbarey i
Marsito 23 v
g
£ Nefera
& e®,
g— + +W"$ v - - - -
e nhichu .
3 Legend
™~ Shinshicha goyofeho.
9 Alaba Kulito
Tuma %”"" n.usm»' 9,,Wnn/a .Avs,hs’sh/.'ml.'r!cmwn @ Nurseries
. hone - @ Seed Vendors
g Areka % gorele
§ A BT, Y s _ | 9 Towns of Ethiopia
g GG focouio : [ Regions of Ethiopia
= e ibu‘,w," _ oracho Basemap: OpenStreetMap
e
Gesuba ibo el 'g%"’ Data Source and Software:
Tebelo Basemap - OpenStreetMap was
£ ’ leta Wondo used as a base map while preparing
3 Mesolo Southéfn v dA% s the map from Qgis 3.28 software.
S o i edj ‘ 3 5 Administrative data - Recent Ethiopian
g s i Wafo 5% regional shapefile data was downloaded from
o ] https://data.humdata.org website.
2 Town data - Town shapfile data was downloaded
Walokode .ﬁ""” from https://data.amerigeoss.org/ website.
e P g Software - Qgis 3.28 was used to prepare the map.
= Gh/mQym i Spatial reference system:
& . Kemba  Bonke Beza Projection - UTM
8 e g ‘;;g"j’“’"‘" Datum - WGS 1984
S = - Grid - WGS84/UTM Zone 38N
9 ® Unit - Degree
o | 1
Fi geat.e Map showing the | ocations of surveyed tree nurse

Once the nurvseenrdioerss awedr es eieddent i fi ed, dat a wer €

nursery foremen, cooperative | eadems ruanuar adn


https://t.me/Ethiopian_TSN
https://t.me/Ethiopian_TSN
https://t.me/Ethiopian_TSN

guestionnaire. Key i nformant interviews were
Seed Center and the REDD+ Coordination Office

Secondary data were sourced from the Telegra
(https://t.m¢/ EThespi daata@aSNHNomprised mont hly se

tree seed centers that regul arly posted seed
2022. These centers were the Ethiopian Enviroc
Adli s Ababa, the Dimma Tree Seed Center in Set
Seed Center (Amhara Region).

2.2.2.Data analysis

The survey data were coded and initially ente
i mported into the R statistical sof tware for
involved summari zing the dateat ualing 2023)d,pl fyc
graphical visualization with the ggplot2 pac
employed included x|l sx (Dragulescu & Arendt,
(Pedersen, 2024) for rcesnbliing ngema | prn @3 entpéd dt &

2. Resul ts

2.3.1. Composition and ranking of tree species distributed by vendors and raised in
nurseries

FiguRepRPesents the average seed quantity repol
the three seedevtel@dterasx otTihe sgmea@ai es domi nat e
the top baixng peanegscshe top ten,d @onrldyi at waof rn acte
an@l ea adariecamapAfersemndregdu@®. gf aitcbht lwes f i gure),
species of this dissertation, ranks A33rad gepl ¢
average seed quantity may reflect frequent re

stock without significant distribution.
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E.wmaEldu?nﬂs
. saligna
C MSﬁa'rqunca B
E. globulus
S.aculeta
E. ggandus
. Sesban
C. equisetifolia
A decurrens
G. robusta
J. procera
A saligna 1
L. leucocephala 4
A melanoxylon 4
Y. alpina 4
H. ab) sin{{ﬁa-
2 a1
.al%gana-
C, africana 1
S. nilotica 4
S. molle 1
- " P.s(ellatugl\-
senegal 1
3 3 M Tertuginéa
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3 LIS
C. proliferus <
A. gummifera 1
A. tortilis 4
A nilotica 4
A_ abyssinica 1
schimperana
C. macrostachyus 1
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A indica 1
. wel i 1 .
M. stenopetala - . Exotic
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@ A. gummifera G. robusta A. schimperana
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n M. azedarach i
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C g A tortilis
D.regia L. oot A. digitata
A. seyal E. saligna P. falcatus
C. macrostachyus A.tortlis C. equisetifolia
Efs,allq(na P. falcatus P. patula B et
1; gw A C. equisetifolia E. grandis . Native
= IOV P. patula H. abyssinica
C. equisetifolia C. proif T. grandis
P. patula g .Ien.xs T. ivorensis
C. proliferus S. nilotica J. mimosifolia
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seed amounts (in kg)
are categorized as ei

beedsepagespeedeamodat svedpy
reported by each center (
ther exotic (shaded red)



A. schimperana
P. stellatum
E. grandis
E_globulus
E. saligna
P. falcatus

J. pro

I extc
B native
Z. spina-chnisti
A. indica
Y. alpina
T. brownii
S. nilotica
40
6000 B
Species
~o— A decurrens
| -e~ A saligna
£ 4000 o C.africana
§ —-o—- C. lusitanica
».6 ~o~ E. camaldulensis
= -o- E. globulus
é ~+~ G. robusta
2 -e~ J. procera
§2000 —+ L. leucocephala
-e—- O. africana
S. aculeata
-e—- S.sesban
0
N N N N N N N A N 4 > P
36‘:9«&'9‘}&’9*0{9 5\\5&?\#@6&@ oérpedi@ 56{1- Qy'b “é’b }é"lr e@{l« v.&’l« o“{" e°3"|r oé:\« >§0Q@0‘§é’0 v&'ﬂ'é@{ﬂ' 3\‘:0'?&'0'
Month
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s dynamic is f@a3thehe8 pAFioshends i nh€i Queeuenc
cies were reported as available, -madtlkigur
iod for the 12 mo sSte scbhoanmmogn |dyourl eepactaahelde ;s prean
seed quam)itpu(Fiwgeraeo? frefQiurenftdegquempoy t(el
FigureS3Bacwdseadmquihraegd in bul k in May 20
i March 2021, and was fully distributed
reafter. I n Acart ma gEewcaug lpyemise s , ¢ addnap deid s |
i texmiidbated periodic fluctuations, indicat.

r the entire period.

Fi.ur esez2d availability is ranked by the es:s
hlighting the dominance of exotic species

elop into potenti al seedlings xatinmwg.sefThei

mi nance is even ndrewhevriedemat iiwve Fsipjeucriee s2 ar

=]

S

r

e

tted on the same scale as the exotics. The
cies, whi cly ymoeled s<iedgrsi fpiecrankill ogram compa
tance, e xXBout ci acl ysppt eucsi dcsha,n@&id keud Gbhwrse seydpt kg ) s al
101,282 €faepdeskygy (1@ diIadhi saeds/ kg) far 0
Cioegdia @6rideanseddesakagfdibpdld seeds/ kg),

ives being reported in .rRl atively higher g

uRe b2 eaks down the average amount of seed
ters. Edxoontii nca t sepheec i BB h i rsdeaerd acnedn tirmsma whi | e
ironment and Forest Research Institute (EE
native species. The Bahirdar and Di mma cen
the specieRl .coM@pteaamleldya,t dSesébtiaFri ean sa cdud decaa ean a

c ochegovhea ltahe hi ghest seed quantities at Bahi

tly, Figure 2.4 presents the species prefei
series and seed vémewirlsl eraa nrkeehlu ditear st Et mi a& (h
ds and seedl i ngsCudpirsetsrsiubsy t ldubsti htfaamlfil coanhei dc hb ya
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Species

the results from both primary and secondary ¢
germpl asm distribution for tree planting act.i
G.robusta G.robusta
C.lustanica C.lustanica
C.af:icana A C.afrt?cana B
Asaligna Asaligna
A.decurrens A gracilior
A gracilior A.decurrens
E.camaldulnesis M.azedarch
C.equisetifolia J.procera
T .brownii E.camaldulnesis
J.procera C.equisetifolia
P.patula T.brownii
M.azedarch O.africana
O.africana 2 M.stenopetala
H.abyssinica ‘S E.globulus
M.stenopetala 3 C.megalocarpus
M .ferruginea » A.gummifera
A.gummifera P.patula
C.megalocarpus M ferruginea
F.albida L.leucocephala
E.globulus H.abyssinica
T.mentalis F.albida
5 e g o Bl e
J.mimosofolia . Native P.africana . Native
A abyssinica J.mimosofolia
D.regia S.sesban
B.aethopum D.regia
S.sesban B.aethopum
0 1 2 3 4 10 20 30 40
Mean rank Frequency of being ranked in top 5
Fi g2d.e Rank of species preference based on surveyed nur
a scale of 1 to 5, with 5 beinugnrtame eldi glpeesti )e sf src o &ah
cal cul ati on. ; B) The frequency of each species being r
2.3.2.Seed procurement practices by nurseries and seed vendors
Figures 2.5, 2.6 and 2.7 illustrate tree seed
Hal f of the nurseries surveyed fully outsourc
combine outsourcing with t5mei.r Thwrs gneead sc dlhlad
nurseries rely on some form of outsourced seecf
52% of nurseries acquire seed through an open
vendor s, and acnoortbhienrat2 2% wde baot h met hods (Fi
vendor s, 65% are cooperatives whose members g
vendors fully outsource their seed supply, p L
nur seirgerse (. 7B) . Regarding seed popul ations,
tree or population as a seed source, 10% focu
coll ect seeds from designat ed vseeneadn cperso d(uFcitg uorne



Moreover, only 59% of seed collectors select
the remaining 41% col |lbeecdres{(dFo mpuary 2t 689 .as | o

FRCs

Local seed vendors
Local vendors & bidding
Through bidding

Outsource
Own collection
Own collection & outsource

Figebe Tree seed procurement approaches by the surveyec
their own seed collection or outsource their seed supr
seed procurement .

Seed production areas

Ease of collection access
Plantations

Any available tree
Natural forests . .

Phenotypic superiority
Any availble

Figaé.8urvey responses on seed source population and mot
from which seeds are collected; B) Criteria used for s



Cooperative members
Employees
Outsourcing

self collection

BoA quarantine unit
Cooperatives commission
Trade and industry

Figux7e Licensing authorities and seed procur ement me
responsible for issuing |licenses to seed vendors; B) M
Tab22 Survey responses on giving genetic consideration
ResponProport
No. Questions Yes No Yes No Tot al
(%) (%) respo

1 Do nurseriesimdoeimad i ma 3 20 13 87 23

data) on the seed they

cl i mat e, altitude, t est
2 Do nurseries face germi 20 3 87 13 23

seeds?
3 Do seed collectors consl 33 3 97 34

mot her trees when col |l e
4 Do seed collectors accc4 30 12 8 8 34

bet ween mother trees du
5 Do seed collectors foll19 10 6 6 34 29

seed collection?
6 Haweed collectors rece 24 10 71 29 34

handl i ng?
7 Do seed vendors have th22 1 96 4 23
The majority of tree seed vendors (96%) repor
business 2( Tédlowever, when examining the autho
|l i censext AFi glthree forestry sector is notably ab
granted by the Cooperative Commission (65%),



and I ndustry Commission (9%), primarily as a

commodity, without accounting for the peculia

2.3.3. Genetic considerations in seed sourcing

Tableuftmadri zes the responses regarding factor :

seeds. A significant proportion of nurseries
come with | abels (or passporh asattahe plroocva tdii onng,
popul ati on, coll ection dat e, or seed test re:
germination issues with their out sourced see
consider a mini munesn uanhbeenr coofl | necctth enrg tsreee d s, a

mi ni mum di stances between mot her tr eersel athe dc h

seeds, | eading to inbreeding. While 66% of see
fore tgeeed <col |l ecti on, none of the surveyed v
|l nstead, they relied on training they had rec

a substitute for formal gui caltiede 4 .heAb duwatd *®%

|l evel of training in tree seed handling.

Lack of cerified suppliers
Others

Lack of source populations
Lack of knowledge

Market & purchasing problems

Fi gea8.e Major seed procurement challenges identified by



Figure 2.8 highbhl gbhges hpemage¢ioved by sdHrvey i
guality tree seeds. The most frequently <cite:
primarily related twmadgerde mwrveelransnemg 0sy dti @drd.i N[
| acknofwl edge and awareness in tree seed coll e
good source populations for seed <collection
expressed concerns that the bidding dyhhet amarkle
These dealers, despite not collecting their o\
afterward. Respondents attributed this to the
prioritize venguwalsi soff f ®& ¢ ehlgo hd gygagrhreadat compet e w
price. They also voiced concerns about corrup

their financial influence, repeatedly manipul

2. BiLscussion
2.4.1. Native versus exotic tree species

The predominance of exotic species i2hi2¢89r mp | a:
refl ects a | ongst-gnodwn gngaptn eviee rsepneccei efisa rotviears tn a t
persisting-sicnalceurfroernets tl arregset or ati on i nitiative

S
to the rapid growth ,radcerst tayptiicrmd wift ke xtolt @ cs Is
c

sil vi ul tur al knowl edge available for many nas
Vidal , 202021 NegAlsthhough substanti al knowl edg
propagati on, and management of native trees v
recent advances in native tree speciNesgapsrhopag
2010; 2021). Yet, nurseries and restoration p
exotic species, hindering the practical appl:i

|l egi sl ative suppceratatiimntaHe foawersttr yfd'esv el ® p ment
or the Green Legacy Initiative (Fikreyesus et
extent or specific | ocations for native tree g
spescsihesal d be prioritized for their adaptabil!]

biodiversity, and enhancing essenti al ecosyst



The present study also revealed regional and
di stributed geemmhgdmFOFI gursetsance, the Bahir

di stribution of Acacia decurrens corresponds

where it is widely wused for charcoal maki ng t
Chanie,et021) . Simil arISye,sblaat qedri mineg t gamat i or
EEFRI) seeds |ikely result from their roles it
(Lupwayi et al ., 1999, Mengi stu et-Bahnbr aliom,2;
2021) .

Il n southerGme¥t hi et amdbusobat as the most pr e

di stribution and nursery cultivation (Figure

ornament al and commercial tree, found along r
and woesedlduring restoration eff orGts.rotbadsitkaet e u
been associated with severe ecological i mpact
being a nonl egwumentdrcricprgedimointth mai ze and b
acts as a shade tree for coffee and tea in Ea
2011; Nesper et al ., 2017) . However, assess
i ntoi stent results; some report minimal compet

ot hers note -grgauanflicampebietown with herbaceou

et al ., 2006) . r OFbeunsari inhse | heiegsh,liyt sv arlaupeidd fgr owt h
appekiatls wood is sought after for fuel wood, col
Bhandari et al., 2023), while its role in car
service paylmekhe RBEDBMme$ Ki yi ngi et al ., 2016 ;
wi despread planting in Ethiopia, further res:
restoration potential, and timber quality cou
Anot her not abl e finding I n Etbalsygpsrtuoopd £a s ims  ( t

camal dul ensi s, E. dnidohpudmnavihs Eh wabi gohai mal ac
except at Bah)2.r dBuc alFyipgturse S2peci es were nei-t

preferences by surveyed nur series azdd seoed

commonly found in public nurseries. The <cul't
appsdarscouraged i n publ i cecnoulrosgeircials ,c canpcpearrnesntd
speci es. Nonet hel ess, farmer preference for e



northern Ethiopia (Jenbere et al., 2012; Mol | :
these plantations are either produced by the
( MEFCC, 2018; Tesfaw et ailch R&CR)haEdcabgpsu
readily without pretreat ment or speci al nur s
contribute to the widespread plantings. Addi t

numbers of seedfromsatesmakl pgodmB)edy of seed

Since its introduction to Ethiopian forestry ¢
and criticized (Jagger & Pender, 2002; Abebe «

Critics emphasize ecol ogiecalateonaeadnsaautirmelnad

outcompetes other vegetation and allelopathic
canopy, often |l eaving the ground barren, descH
2021) . Advorcatkesghlhiogvletvei ts economic i mportan
wood demand, all eviating poverty, and protec
resilience, and capacity to provide consisten
some calling it a Aliving bank accounto (Zerga
are expanding rapidly, particularly in the An

have experienced substanti dll ai redr eaads.e s 2(0T2e2s;f a

2024). Despite its benefits, this unregul ated
security, and ecol ogi cal bal ance, underscorin
with environmdryt gdIBazwsatnai reabiall ., 2021; Al emay

2.4.2. Seed procurement practices and genetic considerations

The survey results revealed that the tree see
with quality standards, with most nurseries r
Open bidding prioritizes d odw aloesrts otvee ro utuad mpg g
whose members are trained in seed cfodrleescttriyon
authorities fail t o addr ess t he uni que need
participation by.umMderst il faickkd odu prpelgiud at+ on un:
guality, certified tree seeds essential for s



The results of this survey also indicated tha
for genetic diversity in seed coll egctLiionl,e ssBu ce
al . ,) 2a0n2dl t he Royal Botanical Gardens, Kew ( 2(
seeds from a mini mum G6X0@O0Omenodrhxeraparete st s praecc
ensure genetic diversity. Althoughsibfisegdse

many trees rqguahretri ttiheasn flraornyea f ew ( Rogers and

2014), this practice was not observed among t|
may stem from inadequate training or nhnsmematior
for promguahipgt higbeed coll ection are absent .

Ger mplasm coll ected through such practices 1is
essential for successful restoration. Seeds o
i mited adaptation, pot entdladwer | graadwtnlg, tand
reproductive success over time (Rogers & Mont
Boshier, 2014; Thomas et al ., 2014) . Restor at
par-entees ri sk esdmwllatsihomg pgroamea etro pi nbreedi nc¢
in subsequent generations (Broadhurst & Boshi
especially 1important for restoration sites,

moirsed . u where inbreeding depression may i ntensi
2010; Thomas et al., 2014; Sandner et al ., 20
Currenstcdlaer gfeorest | andscape restoration initi
to face these challenges due to germplasm sou

|l oquual ity seed. Thi s sahso ulhde bues ec roift il coan |gye neevta
affects the success of both current and futur
i kel vy t o become seed sources for future r
Devel opment grEF®DYt haomrdi toitehs | eading restoratio
action plans, and regul atomquaflndmewaemrknp | tac me n ¢

projects.

Some i nitiatives are currently being taken
Environment and Forestry Development (EFD) anc
( PATSPO) hptojpsect wopr |l dagr of olr)lgs tfruyndoerdyg / lpy off et



https://worldagroforestry.org/project/PATSPO-II

government and i mplemented by I CRAF in Ethiopi

have coll aborated to form thhtet pnsa:t/i/otnsdsE)velr @&.eg dSu
establish an effective tree seqgeuwalsdsysyt etnt eteh ast:
restoration eHofwervtesr ,i nt hEet hiinopplieament ati on of st

has | argely not reached the grassroots | evel

in the tree seed system. For exampl e, t he TSI
S e es, specifying requirements for Il nspectin
characteristics, seed test results, and | abel

were often unaware of thesdl dtnaredcdarsdd.orAdsdeietdi
be done by network members, thedswee@dagrntoclerse mw
processes surveyed. For instance, seed cooper ;
by $dhetBehinopia tree seed center (a TSN membel

seed dealers in the mar ket despite providing

To ensur equtahat yhigeh mpl asm reaches nurseries
adapting and sustaining on restoration sites

i mpl ement these standards at tdet ggdr aszsd optr ®cC

foll owing these standards and provided to the
members. Additionally, introducing niche or s
could incentivizéegualteynaoffveritmg tdebeturr er

approach aligns with a recent study by Kindt
for tree planting should be based on comprehe
wi ld shourced, ultimately incequaVityngrebe sp

seedlings.

2.60ncl usi on

Thisgudy found that genetic principles in spe
| argely neglect-sedaliea Eoheopi basds Sageeyestecsua
showed that few 6xkeviklepecokess,EsacgaRhRgpsuandeop!l
Cupressus,dbmehntaaai s@ed distributions and nur s
notably underrepresented. Seed procurement pr
guidelines thae ofnsiumtr ashpeecadaptcurgeneti c di Vve

oy


https://tss.epa.gov.et/ts-devt

popul ati ons. Tree seeds are often collected r
requirements such as the minimum number of mol
the minimum isolation distathe eavbe@itdveiembrnt eavb sag
The seeds also | ack proper | abels (passport d
popul ations and match the afforestation sites

of evol ut ieonpaortye nadapt iavssoci ated with geneti ceé

survivail eamd sluesn@i nabil ity of restoration pro
These suboptimal practices in sourcing genet.i (
EFD and other rel evant authorities | eading t
regul atory instruments pdaited nicm eras®t d hat isdhrar
the procureguenht tgf thieghseeds. For seed sourci
ensure seeds are collected and distributed fo
seed deiadiegast gairt the seed market. To facilit a
|l icense and regul ate seed dealers, enabling s

over seed quality. Additionallgn the E&EDf orra

restoration projects, including survival, gro
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CHAPTER THREE

3Genetic @DndeRspulyati on FSagmena e
Popul atAifamsc aofp uisn g3 awtiherom Et hi c
DAr TGeemer at ed SNPs

Abstract

Forest fragmentation can have severe genetic impacts that threaten tterdongbility of tree

species, though susceptibility varies by species. This study investigates the genetic effects of
fragmentation orAfrocarpus gracili@ populations in traditional agroforestry systems and relict

forest patches. We usesinglenucleotide polymorphism (SNP) markers generated by the
DArTseq platform to assess genetic diversity and population structure in adult and progeny
cohorts. Our findings indicate overall low genetic diversity €10.1) across alA. gracilior
populations studied, with progeny cohorts showing even lower diversity than adults. Progeny from
isolated or few mother trees exhibited the lowest genetic diversity, suggesthtehed genetic

drift and inbreeding. Genetic differentiation between populations ranged from litle (FO5) to

moderate (0.05 <dr < 0.15), with progeny cohorts from smaller populations showing relatively

higher differentiation and significant index of association scores. A Mantel test found no
significant correlation between genetic and geographic distances. Analysis of molegalaseva
revealedthat most genetic variation occurred within populations §3%0), rather than between
populations (1.@i 4.93%) or individuals (about 38%). Clustering analysis usinglthes c r i mi nan
anal ysis of pri ncimethdd classifieg ther gemoty@es iftdfivd® gEgups,
whereas phylogenetic analysis identified three major clusters with further subgrdbping.r a | |
the study highlighAs Yomopeheticocnsg)j vershtygi gm
and genetic drift affecting progeny from s mal
for guiding conser wdtiicomesrcaet efdtoirars,, and ge

Key woirndsa sfirtaugygment ati on, genetic differentia



3. Bntroduction

Ant hropogenic habitat destruction has been Dbe
2014) . Forest fragmentation occurs when | arge
small and isol at edf @raeg <th elsa B y@E¥oaau g 0dBryd Sochl a
2018; Taubert et al ., 2018; Aguilar et al ., 2
shrink in size, become more isolated,-land dev
use interacti @049 Adenpgast eetahbl, , 2022) . Re s
Agui l ar et al ., 2019; Ony et al ., 2020) has
ecol ogi cal praocéesmaés ianheér oadtainans t hat influe
popubas through processes such as reduced gen
The genetic effects of forest fragmentation h
decades, particularly with the advancement of
Kramer et al., 2008; Vrank&weeet adl ,, 2DAR5; F$«
2018; Vinson et al., 2018; Sen and Ravi kant h,
popul ations following fragmentation suggested
|l ow geneyjcaddvensrteased genetic structure Ww
mol ecul abrasmadlr kgeernet i ¢ di versity studies of fr:
these expectations were met in onl y20a0 8f)ew Tihniss
l ack of empirical evidence to support popul at
al (2008) as "the paradox of forest fragment
be resilient to tnh¢éageowat dueeftfoectheiof |fomagegme
and extensive gene flow (Lowe et al., 2015; V
Neverthel ess, subsequent studies have indicat
fragmentation, but rather that the I mpact dep:¢
of the study (Bacles and rJavmpqgus2O0rlels e alrocwhe teht
mentioned ' paradox' focused primarily on adul
the wrong place' (Lowe et al., 2015). This is
represent lourr ert pgesenft, the genetic effects
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progenies sired in such | andscapes, as th
alizati on, research on the topic has becom
hort s i n genetic studi es and s | o kitnhge tshpee c
nsequentl vy, more recent reviews (Schl aepfer
19; Sen and Ravi kanth, 2022) have indicated
fragmentation depends|l adi mgritbes spacies’ I

sper sal mode, pollinator mobility, time sin

e primary genetic effects of forest fragmen
mited gene flow, increased inbreeding, reduc

duced progeny fitness t(Calsc,an2@l@;t lasmai 120&

neger et al ., 2014; Ganzhorn et al ., 2015;
20; Qin et al., 2021). Reduced population si
ol atisdirmanbg. dReproductively isolated popul a
breeding and the | oss of rare alleles, whic

ogeny vigor.

r exampl e, Cascante et al . (2002) reported
hi bited higher ger mi nat i omi orndattsesse,e dil a mger fIr
ol ated trees. Similarly, Jolivet et al. (20
ults and observed biparental inbreeding depi

e-iqnnelofmpati bl e Rvridmusc hadArirayonmipragea,t i ve study o
ogeny fitneGE5)PRxmenr acemeamhat@a@m conti nuous

attered in pastures revealed higher | evels ¢
gl obal synthesis report (Aguil ar et al ., 2
cr easetdi ogner nsiuravi val , and growth in progeny

th progeny from continuous ptoerum avtiiabnisl.i tTyhio

d populations in the ftace dofveclsiimyt e sclearsga

ronic deforestation in Ethiopia (Teketay, 1
d Kl eman, 2007; Teketay, 2011; Mengist et al

nconnected patches | oc atleed van | lyspy Thielsles paa



us
av
Ka

en

Qe —~ T o

=)

pro
for
me d
199
200
and

of

Neg
et
t ho
di s
Non
sel
c ha
for
Shu

The
Et h

as
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e beenPohbhaesv@dirneapaeanra etOlaela ,e &n0hlEdge pa nddat a
ssa et al ., 2017) , two indigenous tree spe
etic diversity was recorded in smal/ patch
seedlings than i n adutlrte ep osppuel caitel so nfsa c iAmg tah
y e ti ss tt Akl reHdbgsatn y & | @ ovaviop wsP(iglrga.c)i |d.oN. Page)
er rfe.d gtroacaisl i or

grasi hnoevergreen conifer native to the Af
economic and ecologicadposignatedaspeci ks
pagates by seed (Negash, 2t00Ban@@®ylOt)r.ediasn d

It squalperyi otri mber ( Negash, 2010; Teketay
icinally (Teketay, 2011), cytotoxic phytocl
9; Faiella et,ak0l92013a3ndKamalreteain soil
3, 2010). Additionally, it holds sociocult.
Abuel gasim, 2@Quu%B). tHowewvere,r ihtass Hiegthet o i |
Et hi opiads most unsustainably | oggeA. speci
cane oreavily depleted, with selective extra

as a giant tree readhimedeup tion 30 ametters (IR

ash, 2®&10gras€ogaymarily found in relict fo

al ., 2016) , and other culturally sacred a
ugh these trees are smaller tDar tlosd sdaens
tribution, the |1 UCN Red List categari zes
et hel es s, its primary habitat itnhetaienkEasthbheg
ective |l ogging and deforestation, highl i gh

ri smati c nati veA.t rgerea ssiphd c®ioe sv ail u abtl rei o pira ,t h
est restoration initiative known as the 0f¢
metie, 2023; Lambert and Deyganto, 2024).

Sspecies is, however, relatively abundant
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natur al remnant patches of wvarious sizes ayv



popul ations axefpart tofadi he oeamsetagroforestry

t hought to have originated @ppseirofrepelsde seaswhe

removing the | ower vegetation to make room fo
(Abebe and Bonger s, 2012). This setup has ena
tree species, remnants eoefbedr obdwdveratt ad att o f @ g
garden AMs.ysgreanssi.bmo®he i ndigenous tree species m
The Sidama people hold this tree species in

(Doffana, 2014; Dodas & AkRsel gasim, i 230T®)mmon t
or a small group of trees (less than 10 in n
boundari es; a relatively |l arger group (10 to
pl acceasl |lyo lgua@wmadasnsd hundredsmafl i ndmmaduahat u
and sacred places (i .e., places of worship).

Agroforestry systems | ike thcessedames eromatiidemn
indigenous trees, where they are maintained i

forests containing these trees once thrived (
2014) . Can the sonadll atdAnangdr racefg meermottend sp pur pose

germpl asm sources for the restoration of the

genetic efffreaxagme mtfatfioore>dtThese qgquesA.i ogirsa cairlei g
because it is a dioecious species pollinated
a result, inefficient pollination is reported

female cones that produde caaimptay dDeedbne( Mdgd hte
seeds give poor germination results when arti/
2010; Getachew, 2011).

Usi ng Dgenfesregt ed SNP mar ker s, the first set (

species, this study explored whether the gene
A. gr.acliHea ogpeci fic questions we aimed to ans\
A. graci ltiher study sites? 2) How does genetic
popul ations and | arger, continuous popRul ati o
gracia | Bpr Does currmemdctgetnlee fdopw !l @ad i ons, or
di fferentiatedA? dnadAeksoiemnbanadi ti onal agrofo
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have I mportant practical applications in the

3. Materials and met hods

3.2.1. Sampling sites and plant material
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Data Source and Software:

Basemap - OpenStreetMap was

used as a base map while preparing

- the map from Qgis 3.28 software.
Administrative data - Recent Ethiopian
regional and district level shapefile data

was downloaded from
https://data.humdata.org website
Software - Qqis 3.28 was used to prepare the
map.
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FigBte Location map of the sampling populations in sout|

to the Gurage, whereas southern popul ations baenldong
corresponding popul ation codes are indicated in Tabl

Young leaf samples @&. gracilior were collected from 11 sites in southern Ethiopia, specifically

in the Gurage and Sidama regions (Figure 3.1). From 9 of the sites, both parent and progeny
samples were collected, whereas the remaining two sites were nurseries where only seedling
(progeny samples were taken (Table 3.1). The collected leaf samples were immediately placed in

zip-lock plastic bags with silica gel and left to dry until DNA extraction. The number of samples

t o
e

-
I\



genotyped for each population is indicated in Tale Differences in sample sizes were due to

the requirement to fit to 2 plates, a maximum of 188 samples, sent for genotyping.

Tab3l Description of thehstbhdgamppebaweorscbt bméted fo
in the population codes indicates that the popul ation
Population| Number
Site/Population| Region codes of Altitude Description
samples | (m.a.s.l)
Auger Gurage @ AUG 10 2226 A remnant mixedhfrocarpusJuniperusnatural
AUG-p 10 forest patch, relatively large and intact; 138 |
BeraTedicho Sidama | BTD 10 1807 A small group of old (>100 years) remnant
BTD-p 10 trees in a village; 5&%ees, 0.5ha patch area
Deban Amba Gurage | DAD 9 2353 A high hill Afrocarpusdominated natural
den DAD-p 9 remnant patch: about 15 ha
Girar dibir Gurage |H GDB 10 1943 Nursery seedlings regenerated from seeds;
source is nearby but not exactly known
Mihur Eyesus | Gurage | MEG 9 2330 An old monastery; some very old trees (> 20
gedam MEG-p 9 years); intermediates and juveniles also
present; 16 ha
TesseBorite Sidama | TBO 9 1930 A small natural remnant patch on a hilltop,
TBO-p 9 about 10 ha, manyveniles, few old trees
TesseSodicho | Sidama | TSO 9 1795 A few adult trees planted in frogtard of
TSOp 9 houses in a village; a single isolated female
tree (> 200 m from nearest adult males), a
heavy seeder, is the mother for the progeny
here
Tikurwuha Sidama | TKW 10 1693 Nursery seedlings from wildlings brought fro|
around; exact source unknown
Wondogenet Sidama | WGC 9 1900 Scattered remnant trees from a natural fores
college WGCp 9 partially converted to a plantation of different
species; 150ha
WonsheAbbo | Sidama | WAB 10 2060 Lower half of culturally protected, worship
WAB-p 10 site; about 75 ha
Wonshe Sidama | WGD 9 2110 About 30hugeand old trees (some > 200
Gudumale WGD-p 9 years); site is a communal gathering for

3.2.2. DNA extraction and genotyping

Approxi nabeinyg
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Research
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cultural events; about 0.5 ha; progeny samp!
from an adjoining homegarden
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on CTAB for tissue |lysis, following the manuf a

genomic DNA ranged from 50 to 100 ng/ OI , and
with O0.8% agarose gel el ectrophoresis.
For genotyping, sequencing |l i br &r i e s h nwd roeg y |

(https:// www.diversitlyarwhiych comhisienes cbAY TGast

compl exity reductgiecrermdti lmond swiqtulenece xxtg ( Wen z |
al ., 2011; Kilian et al ., 2012)-cutTthiend.,e<crmeatoh yl
sensitivteo eqnealyenet,i vely reduce genome compl exi
repetitive DNA. Pstl is wused-ciunt tceormbeinnzaytmeosn twoi

DNA fragments -sead avequdemeci sh.or §o,a ctidhoiraosnt udy

cutting enzymes (Msel, Hpal I, and Albvwals)e dweorne
call rate, reproducibility, and polymorphic ir
to the sticky ends of the Pstl enzyme were |
present in the genomic representation.

Only fragments with a Pst]l end on-Mereé ) swae e a
selectively amplified DArrTopRyShtm&®sTe (EBGIAe ST CCf ARBCT
GCA-3G ) . The PCR conditions included an init.i

by 30 cycles at 94AC for 20 seconds (denatur af
45 seconds ( exatle rexiteem)s,i owmi tait a 2fACh f or 7 mi nut
sequenced on the WMSeg2588n pDiaé¢ § e remd As)elquusei nncyi
for 77 cycles. The sequences generated were p
et al ., 2015; Egea et al . ,-qu2a0 1 7t)y, swehqgiucehn ciers ¢ |

i dent i ccaels siengquoe M FASTQCOLL, 6 and scoring marke

Mar kers were scored using DArTsoft1l4, DAr TOs
means c¢clustering and analysis of variance ( We
types of mar kers were generaterds:. sSilliiccooDDAArTT.
domi nant mar kers scored as binary (1 and 0
restriction fragment in the genomic represent

mar kers, were scoredoaygbtfecr, rleff@emremdd¢ ealnlaali


https://www.diversityarrays.com/services/dartseq

and 2 for hether gzagatkasaoa Siemeeence genome, SN
de nboyvoi denti fying pairs of stackpai(rFABITQEDIL L
which are considered to represent alternative
Lu et al ., 2013) . These candi date SNPs were f

ensur e accuracy.

3.2.3. Data analysis
SNP quality assessment and data filtering

Two types of data generated with the DArTseq ¢

Africa: SNP and SilicoDArT. Only the SNP mar k
SilicoDAr T markers, which are domiponprutd atame
studies (Gapare et al., 2021).

A t-wow f or mat SNP data with 10,219 SNP | oci wi
i mported into R (version 4.3.3) as a genlight
Ahmed, 2011) and dartR (Grubarckatgeasl. . Th201ng&;al
wer e assesgledrfaysmentg otnheof the dartR package, w
individual metrics of the genl i glyt . d lujinéce@dti .o n§ N
where | oci wWiaw 700 % adndd rianndei wiedual s with a cal

Additionally, loci with reproducibility | ower
read depth (|l ower threshold = 5, upperostehresh
with entirely NA scores were also filtered ou:

For population structure and phylogenetic ana

genetic diversity analyses, addi tional string
was increased to 75% forondarii andwéd&l0é& femov ed
by allele frequency (threshold = 1/ (2 1 2 N)
to eliminate singleton SNPs (Linck and Battey

usinglthéhpoc&@8hencl eaned SNP dataset was save:

genetic diversity and population structure an



Various marker quality and diversity paramete

frequency, and polymorphic information conten
summari zed. I nformation onsWeNPsitympe)s wWwas eext it a
filtered genlight object and analyzed. The t
calcul at ed. The SNP | oci were tested for sig

hw. bést he pegas, paegkapge (Paradis

Analysis of genetic diversity

Before proceeding with the genetic diversity
genotypes, which could introduce bias in doyv
correction was necessary. Thimd gerami natiodbntwe
ackage (Kamvar et al ., 2014) . The poppr fun
alculate the number of wunique multil gcusorgen:
ach popul ati on. The gteinens cwaeneesabtgquwernthli:

arious indices. Thae) taondlt maumbiemberb) cafWé mkiewsa

014). All gl iwasiahsaescall Aul ated withbeaaedf act
nhe | owest sample size of 7, equivalent to 1
bserved heterozygosity (Ho), expectgdbshetyer o
uHe) , and inbrigedviemg odbde fad linerdepudsritinigh etnied oay g «

p
c
e
v
calcul at pd pgeintrgmpootneon of the PopGenReport pa
2
0
0
(
of the dartR package (Gruber et al ., 2018; Mi

Population differentiation

A pairwise popul gt imatdifXfwasntgdaéibadboedé&nsobhg
dart R package. Gene flow (in terms of the rel
popul ations wasdicwaMicfgu nadteido nu soifngt tehedi veRsi ty

2013) . Psoppeucl safitaicounEs wer e gésedéwsadeusnngftheaeae

package (Goudet and dprecatti asZF@22) neBopyl aMeii ¢
(2017), measures the probability tdfi nt awo palpluél
relative to alleles from different popul ation
di fferentiati on and of fers deeper i nsight i n

highlighted its vaauewshedFaoagt € adcurwhemrte ago plt



populsapecosrproviFdes a historical perspective by

an ancestral popul ati on.

For easier visuadtandtigeme fhewpaiat wisesFwer e
heat map pl ot(,Wiwsihmgn ccgmpdadg. g n e2wslc6a)l e ( Campi t el |
This plot displayatdri wesswmmap ¢ il b | altoroq

di agonal . Di fferentiati on among popul ations
variance, AMOVA (Excoffier et al ., 1992), i n
adeet hod (Dray and Dufour, 2007; Thioul ouse
cosn dering different population hierarchies, s
sampling sites and geographic regions, as wel

(described bel ow). Addi ti onapdryf, orameManu. silbndt ets
function of t(Gg ubaent Rtpadkagge 0tld; devii g ramigroes e h
there was a significant correlation between |

matrices ofpatnhpel eisnndi vi dual

Popul ation Structure and Phylogenetic Anal ysi s

Two compl ementary approaches were wused to in
progeny sPAampdreacidife®e met hods included discri
components ( DfArPeCe , meat hnoeddeelms ed | wst «r i ng (Jomb.

and princiopal component analysis (PCA), a din
datausoerchg (Wold et al ., 1987; Patterson et
(Pritchard et-babediZa@0Bneghaoadmedenmonl y used fo
structure, was not used in thi sWesitnubdeyr g eecqawislei
(HWE) and are not |linked, whereas our data sh
H WE .

DAPC was conducted after determining the opti
usingpt hm. faursctoiren of the adegenet package (J
2011) . The opti mal number of clustemeahsr th
cluster i nfg nwli. tcfhuunsctiteirosn o f p atchkea g ®-tne glehrsee tkl gor i t

iteratively increases the number of <clusters
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t he Bayesian information criterion, BI'C (Neat
selected on the basis of the | owest BIC value
Collins,daabgdgat ddeti ons of the adegenet packs:
the DAPC and generate a scatterplot of the di
di scriminant and principal component analyses
inddual s to theeneweatl egdgtpd mkrcgvetome of t he ggp
(Wickham et al ., 2I0i1l6¢ plootps oduecm tshe uDARC ean:

The PCA wasdwudnf px@anigohhef (tAdea mad& 4 apdThkrauge r ,
row coordinates (principal component gypbdfott he

function of the ggplot2 package.

Phyl ogenetic -@mhalyasi and C&davlalrids, 196 Was Nei ,
conducted using an unweighted pair group meth
popul ations-janadiagneirgrebdor the individual ge
usi ngboftuenct i opofpppa@enk ahe. The popul ation tree
format, whereas the tree for individual sampl
applied for the ptopusatdiosnt amee, wandusdad fbor
bootstrap cutoff threshold of 0.5 following 1,
were saved in Newick format and uploaded to
onl iantef oprlm f or advanced phyl ogenetic tree cust
2021) .

3. BResul ts

3.3.1. SNP marker quality

After thorough filtering of the raw SNP data, which initially included 10,219 SNPs and 185
individuals, 1,820 SNPs and 183 individuals wetained for genetic diversity analyses, and 948
SNPs and 173 individuals were retained for population structure analyses. Among the 1,820 SNPs,
52.5% were transition mutations, with the remaining being transversions, resulting in a transition
to-transvermon ratio (Ts/Tv) of 1.1 Appendix3.1a). A summary of other quality and diversity
parameters for the 1,820 SNPs is provideAppendix 3.1b Among the quality parameters, call

rates ranged from 0.7 to 1, with a mean of 0.774, and reproducibility ramged 95 to 1, with



a mean of 0.994. For marker diversity, the polymorphic information content (PIC) ranged from
0.006 to 0.494, with a mean of 0.074, whereas the minor allele frequency (MAF) ranged from
0.0023 to 0.496, with a mean of 0.045. An exact test indicated thab¥7#9ése loci deviated
significantly (p < 0.05) from HWE, with individual populations showing significant deviations
ranging from 3% to 10% (supplementary matenahe published manuscriptot annexed here
because it is a large spreadsheBbe genotge accumulation curve, which assesses the marker's
power to distinguish unique multilocus genotypes (MLGSs) for a random sample of loci, is also
presented in supplementary materaggddendix 3.2

3.3.2. Genetic diversity

Table 32 presents various indices commonly used to assess genetic diversity within each sampling
population. An initial check for duplicate genotyd&amvar et al., 2015)evealed that all 183
samples represented unique multilocus genotypes. The MLG and eMLG columns also show values
equal to the number of samples (N) for each population, adding up to 183 confirming the
uniqueness of each sample and eliminating the neezddioe correction before further analyses.

The highest index of association)(kcore was @rded for WGD (7.56), with TKW showing the
lowest score. The rbarD, a standardized form ghdicated significant values (p < 0.01) for BTD,

GDB, MEG, TSO, TS, WGC, and WGD, with all but TSP belonging to progeny cohorts.

The WAB-p population exhibited the highest number of alleles (2440). Considerable variation in
Npa was also observed, ranging from 15 (GDB) to 64 (\W#B

Further differences were revealed in allelic richnesg),(&orrected for sample size through
rarefaction (Kalinowski, 2004) The lowest A& score (1.19) was recorded for GDB and TSO,
whereas WABp had the highest score (1.28). The percentage of polymorphic loci (PPL) ranged
from 22.7% (WGDp) to 34.1% (WABp). The heterozygosity estimates also vatxetiveen
populations, with particular attention given to unbiased expected heterozygositygabrrected
measure for uneven sample sizesg gebres ranged from 0.055 (GDB and TSO) to 0.081 (WAB

p). The highest inbreeding coefficientd)Fwas observed for TB{ (0.645), whereas GDB had

the lowest (0.386). The last column indicates the percentage of loci that significantly deviated from
HWE (p < 0.05, exact test). Both the adult and the progeny populations of the WAB showed the
highest deiation (10%), vihereas the lowest deviation (3%) was recorded in the WGC

population.



Tab32 I ndices* that indicate genetic diversity within the study popul ati

Popul N MLG eMLC I'A rba p.r Na Nea  Ar PPL Ho He uH FFs HWE
AUG 10 10 10 0.2 o0.00.1 236 32 1.2 29. 0.00.0 0.070.4 6.:°t
AU® 10 10 10 0.4 0.0 0.0 236 43 1.2 30. 0.00.0 0.070.5 8. ¢
BTD 10 10 10 1.3 0.0 0.0 230 25 1.2 26. 0.00.0 0.070.5 7.1
BT b 8 8 8 0.4 0.00.0 232 19 1.2 27. 0.00.0 0.070.5 4.°¢
DAD 9 9 9 0.2 0.00.3 232 31 1.227. 0.00.0 0.070.5 5.¢€
DADB 9 9 9 0.3 0.00.1 231 29 1.2 27. 0.00.0 0.070.6 6.£¢
GDB 10 10 10 1.7 0.0 0.0 225 15 1.1 23. 0.0 0.0 0.0ft0.3 4.c¢
ME G 9 9 9 4.9 0.00.0 224 17 1.2 23. 0.00.0 0.0¢0.6 6. ¢
ME & 9 9 9 0.5 0.00.0 227 18 1.2 25. 0.00.0 0.0¢0.6 6.1
TBO 9 9 9 0.6 o.o0 0.0 235 36 1.2 29. 0.00.0 0.070.5 6.1
TB® 9 9 9 0.3 0.0 0.1 235 36 1.2 29. 0.00.0 0.070.6 8.7
TKW 10 10 10 0.090.060.5 237 30 1.2 30. 0.00.0 0.070.4 5.c¢
TSO 9 9 9 1.4 0.0 0.0 224 22 1.123. 0.00.0 0.0f0.3 3.2
TS 9 9 9 1.5 0.0 0.0 234 64 1.2 29. 0.00.0 0.070.5 6.°t
WA B 10 10 10 0.0 0.0 0.3 237 39 1.2 30. 0.00.0 0.070.5 10.
WA Bp 10 10 10 0.6 0.0 0.0 244 60 1.2 34. 0.00.0 0.0¢0.5 10.
WGC 9 9 9 1.8 0.0 0.0 237 57 1.2 30. 0.0 0.0 0.070.5 5.4
WG Gp 8 8 8 0.2 o0.00.1 234 32 1.2 29. 0.00.0 0.070.5 3.1
WGD 9 9 9 7.5 0.0 0.0 229 30 1.2 26. 0.00.0 0.070.4 4.°¢
WG Dp 7 7 7 0.7 0.00.0 223 24 1.2 22. 0.00.0 0.070.5 4.¢
Total 18018 10 1.1 0.0 0.0 465(65¢ - - - - - - -
Me an 9.1 - - - 232%832. 1.227. 0.00.0 0.07°0.5 6.3
* N Number of individuals in the population that remaiec¢e@d@damhuenbed
of MLGs at the | owestl odemoaof sasmpbei atzen for each popul avalome r be

for rbar D aft ear 60alr eabmbeixlt edoufmbielr | eolfe spgr iMaae all elies; riAchness;
pol ymor phot c Obeer yed het eExomecgtoesd tlyet eHUnbiygesedt yx patltse dF i lxeatt d romz yigro
(inbreeding coefficient); H WE : Percentage of | oWei nflmeatg odqgWwi8l2i0Obrlio
test, p < 0.05). The population codes correspond to the descriptic

Py



3.3.3. Population differentiation

Different indices that show the level of genetic differentiation between populations are presented
in Figure 32. The GDB and TSO populations had relatively high populatjetific kst values.

The pairwise Eris commonly interpreted using the categories suggested by Wright)(H378

cited in Hartl & Clark(2007) p 283, which state that 0 <sf< 05 indicates little genetic
differentiation, 0.05 < &< 0.15 indicates moderate genetic differentiation, 0.15%<<F0.25
indicates great genetic differentiation, ang ¥ 0.25 indicates very great genetic differentiation.
Following this interpretation, the pairwiserfvalues in the present study (below the diagonal in
Figure3.2) showed little to moderate levels of genetic differentiation between pairs of populations.
In all instances, it was observed that there is little genetic differentiation between the adult and

progeny cohorts at the same site.

AUG_p Pairwise Fst
BTD 0.100
BTD_p
DAD 0.075
DAD_p 0.050
GDB :
MEG 0.025
MEG_p
TBO 0.000
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TKW Geneflow
TSO 1.0
TSO_p 0.8
WAB
WAB_p 06
WGC
WGC_p 04

WGD 0.076 0.078 0.088 0.064 0.078 0.071 0.092 0.102 0094 0.081 0.069 0.070 0.089 0.072 0.07 0.061
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No noticeable trends in pairwisewere observed on the basis geographic distance or regional

differences. The WGD population exhibited the largest differences, being moderately different

from all other populations except WGD which is the adult cohort from the same site. This was

followed by the TSO population (with 14 out of 19 possible pairings), the \W@Dpulation

(with 11 pairings), and the GDB population (with 9 pairings). Notably, all of these populations

except the WGEp were progeny cohorts with small patch sizes (Taldlg

For each population, higher relative migration rates were observed between pairs of adult and

progeny cohorts than pairing with any other population (Fi@2e above the diagonal). For

example, the highest relative migration rate (1.000) was recorded betweerpViA®B WAB,

followed by DAD-p and DAD (0.931) populations. The only exception to this pattern was the

score between the adult and progeny cohortse@MBEG population (0.534), which was not the

highest pairwise score relative to pairings with off@pulations. Compared with those of the other

populations, lower gene flow values (mostly less than 0.5) were observed for the WGD and WGD

p populations.
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It was also noted that, apart from between adult and progeny cohorts of the same site, the
geographic proximity of the populations did not necessarily imply increased gene flow. For
example, the geographic distance between the TBO and TSO populatiortsi(8doun) as well

as the WAB and WGD populations (about 1.5 km) were the two shortest distances between any
two sites Appendix 3.3. However, the gene flow between populations of these sites was among
the lowest (Figure.2). Similarly, aMantektest did not reveal a significant correlation between

the geographic and genetic distance matrices (Fig@ye 3

Tabd32x Anal mel scwdfrairance ( AMOVA) based on different fac:
The grouping factors were taken from the description o
assignments

Source of wvariat Df Sum S Mean Sigm % Phi) p val

Based on prior population assignhnments

Bet ween pops 19 2983. 157. 2.58 3.5 0.0 0. 01
Bet ween sampl es 150 17199 112. 42.1 57.¢ 0.6 0.0
Within sampl es 170 4867. 28.1 28.1 38.¢ 0.6 0. 01
Tot al 34! 25049 72.6 72.8 100

Based on administrative region (Sidama vs Gurage)
Bet ween regions 1 241 .4 241. 0.03 1.0 0.0 0.0
Bet ween sampl es 17: 19941 116. 44.2 60.: 0.6 0. 01
Within sampl es 17: 4867. 28.1 28.1 38.:« 0.6 0. 01
Tot al 34! 25049 72.6 73.1 100

Based on DAPC clusters

Bet ween Clusters 4 1373. 343. 3.63 4.9 0.0 0. 01
Bet ween sampl es 16¢ 18809 111. 41.9 56.¢ 0.6 0. 01
Within samples 17: 4867. 28.1 28.1 38.: 0.6 0. 01

Tot al 34£25049. 72.6173.67 100

H Ul UwhyOYYYuwxl UOUUEUDPOOU

The results of the AMOVA are presented in Tablgé 3he samples were grouped according to
various factors, including prior population assignments based on administrative regions, specific
collection sites, ande novaoclustering assignments of samples using the DAPC analysis results.
Small but significant molecular variation between groups was found for all these factors. Among
the prior group assignments, the highest betwgenp variation (3.54%) was observed betwee
populations, followed by between regions (1.07%¢. novocluster assignment using DAPC

revealed slightly greater betwegroup variation (4.93%) than the prior population assignments.



In all the cases, the variation between samples within each grou@l@dy was the greatest,

followed by the variation within samples (about 38%).

3.3.4. Population Structure and Phylogenetic Analysis

Figure3.4shows the results of the principal component analysis of individual genotypes. The first
two principal components accounted for only 5.4% of the variation in the data. Most of the samples
clearly clustered together, with the exception of WGD and a fewplganirom the WGEp

populations, which formed a distinct cluster to the left of the biplot.

P lati AUG BTD DAD GDB MEG_p TBO_p TSO WAB ;.:’] WGC & WGD
opulatons
P AUG_p BTD_p DAD_p MEG % TBO TKW TSO_p WAB_p B WGC_p [ WGD_p
5.
™
<0 (WGD_p} =
Qo
< &)
o~ 5 (weD)
b 1)
o o
o
54

8 4 0 4
PC 1 (3.0 %)

Fi gd4e A biplot of the first two pAingig@gehbtomeenedit 6f ¢
colors represent different prior population a€si gnment

The DAPC classified the genotypes into 5 clusters (Figieon the basis of the minimum BIC

value observed at K = 5. In total, 28 (16%) of the genotypes were assigned to the first cluster, 34
(20%) to the second cluster, 30 (17%) to the third cluster, 11 (6%) to the fourth cluster, and 70
(40%) to the fifth cluter. Notably, 10 out of the 11 genotypes in the fourth cluster were from either
the WGD or WGDp populations. Some adult populations exhibited greater genetic structure than

their corresponding pgeny populations did (Figui@5C), a pattern particularly evident in the



BIC

TSO-p versus TSO and BTP versus BTD population pairs. Among these populations, the TSO
population displayed the least admixture, followed by BTD and GDB, all of which are progeny
populations.
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Fi gwBB.e A nejiagihbbiomg dendrogram showing the Agengertaicci |rieolre
genotypes sampled in this study. The branch colors indi
to the codes of the individual genotypes; individual s w
| abels show boothstO&p catppddt afwier 1000 replicates
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3.PBPLscussion

Marker quality information

Prior to genetic analysisgemneér avtasd c3NRiat d ot
higqmoality and informative markers. After fil
remained for genetic di verbsnatvye ran alny sriast.i oT h(e’
consistent with expectations as transitions
requirements and preference by natlubrHaeelu rseeul xe cett
al ., 2023). Thiser 8NPoquati tgt edhbchbewasabfurt.|

accumul ation curve showing sufficient markers



The average polymorphic information content |
categorized as | ow. However, over 25% of t h
i nformativeness range. The general liyt yl oiwmn Ptl hCe

sampled genotypes rather than poor marker qua

pol ymorphism in the samples genotyped (Huang:¢
HWE were also |likely due o papubasi snchtasch:
and genetic drift in small, fragmented popul
Chen and Col e, 2017) . For this reason, we op
deviation fr owppHoWE.e dT hbiys Hesarsman et al . (2022

applieda#ddME f i Il tering can affect popewluatliian s

samples or genotyping errors that might cause

by the applied criteria, such as the calll rat e
Overall, some quality concerns deamidPo bal Ifiuhd
(Torkamaneh et al ., 2016-pasaead 1tdeeaarbcshencre tolfi
compari son. However, the SNPs proved val uabl e

accumul ation curve and cowsststeam gpgaenhéeroasana

Genetic diversity

The overall lack of genetic diversity revealed inAhgracilior populations sampled in the present
study can be attributed to several factors. First, these populations were primarily fragmented,
small, and isolated (Tabl8.1). As a result, they may have been subjected to the genetic
consequences typical of such populations, including nonrandom mating, reduced gene flow,
inbreeding, and genetic drift, all of which can reduce genetic diversity (Lowe et al., 2005; Dubreuil
et d., 2010; Schlaepfer et a018; Minter et al., 2021; Sen and Ravikanth, 2022). Second, similar
to most conifers, which have slower life cycles and specialized environmefdatations
(Buschiazzo et al., 2012; De La Torre et al., 2017), the evolutionary rategedcilior might be

slow, resulting in lower intraspecific diversity. Third, the low genetic diversity may be caused by
a founder effect, where new environments are colonized by a small number of individuals
(founders) from another population (Lef'evre et al., 20Fjsod et al., 2005). The effect would

be particularly strong if the founding populations were small and isolated. The populations in the

cc



present study might have descended from ancestral populations that persisted in small numbers for
generations, such as the WGD population, which diverged first in the UPGMA tree (Bigure

Even the adult populations from this site had similarly low genetic diversity scores. Consequently,
founding populations with low genetic diversity may have played a significant role in the overall

low genetic diversity observed in tle gracilior populations.

The significant A nadlkexemnyedsismcsavemnof(lthe st

presence of mul til ocus linkage disequilibriu
di sequilibrium (Agapow and Burt, 2001) . LD oc
are nomiryandsossoci at ed, which implies processes
propagation (Sl atklim,frrd@drentQadbmopyl 2t0i2dn s, t
or biparent al i nbirrgdp oogul ddn o rarhdaortid tydnrnda te X p e C
val ues ¢l oseNatgoa zeetr oal(.Abo2u02 2) , with signific
nonrandom mating and <c¢l onal propagation. Thu
popul ations | ikebm masuhgsahdomnbopeedndg due
pronounced index of association in progeny
popul ati ons, suggests t hat the genetic cons e
generation. The adult cohorts might have rege

randomly mating populpatdohmosr,t ,exwheipah falrs o hseh ol
This exception may be expl ai nredndadtyurtalel yt rreeegse

potentially from inbred seedling sources.

The | results align with other genetic diversity metrics, such as allelic richneysutd unbiased
expected heterozygosity (e)}i both of which are commonly used to evaluate witpulation
genetic diversity. The GDB and TSO populations recorded the lowest scores for these indices,
whereas WABp had the highest scores. In the TSO population, the wildling progeny samples
originaied from a single, isolated mother tree, with only a few adult male trees located over 200
meters away (Tabld.1). Both the mther tree and the likely father trees were planted in village
front yards, which may have had a narrow genetic base, resulting in limited pollination

opportunities and increased biparental inbreeding.



The GDB samples were collected from a tree nursery where the seedlings were grown from seeds
of unknown origin. It is likely that the seeds came from a single isolated tree or just a few mother
trees, as seesburcing practices in Ethiopia are generallpmp@®erero, 2011; Dedeft al., 2017;

Mehari et al., 2024Abate & Abebe, 2024 In contrast, nursery seedlings sourced from wildlings

in the TKW population showed genetic diversity levels comparable to those of larger populations.
This suggests that wiidgs may be better sources of germplasm for afforestation or restoration
efforts of A. gracilior than seeds of unknown origin or those collected from a limited number of
mother trees. Other studies have also supported the use of wildlings as acclimatized-and cost
effective germplasm alternatives in forest restoration (Tolentino, 2008; Reis eRal. B2leyet

al., 2024).

The WAB population, located at a culturally protected worship site, is one of the larger populations
studied (Table.1). Trees at this site are considered sacred, and cutting them is believed to bring
misfortune (Doda and Abuelgasim, 2019). This strict protection has allowed for a dense canopy of
trees, which likely facilitates gene flow and contributes to the relativigly genetic diversity
observed. This finding is consistent with other research in southern EthiopiaQibaeuropaea
subsp.cuspidaa trees in church forests (another type of sacred site) exhibited greater genetic

diversity than those at adjoining fragmented and disturbed sites (Kassa et al., 2017).

The high positivenbreeding coefficient (E) values observed across all populations provide direct
insight into the level of inbreeding within populations. These high values indicate a deficit of
heterozygosity, indicating that observed heterozygosity is lower than expected, which implies that
inbreeding is present in all populations. However, tkes€ores are somewhat inconsistent with

the findings from other genetic diversity metrics discussed previously. Surprisingly, in most cases,
the ksvalues for the progeny cofte were lower than those for the adult cohorts. Additionally,
populations with the lowest diversity scores, such as GDB and TSO, also exhibited the lowest F

values, suggesting that they are the least inbred, which is inexplicable.

On the other hand, populati@pecific Fst scores align more closely with the genetic diversity
results. Notably, the GDB (0.271) and TSO (0.265) populations recorded the highest population
specific kstvalues. These scores suggest that these populations have a greater likelihood of alleles

being identical by descent and indicate significant genetic drift from an ancestral population.
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Therefore, populatiospecific st may serve as a more reliable indicator of inbreeding levels than
Fis. A metaanalysis on the genetic effects of habitat fragmentation (Schlaepfer et al., 2018)
supports this, showing thatsHs the genetic diversity index least affected by fragmentation.
Furthermore, Kardos et al. (2016) advised against relying solelys as B measure of inbreeding
within populations, as it can be biased by factors such as population size and allelic frequency

differences between maémd female samples.

Similar to tiBethendiesgstsowmfFthe HWE tests d

patterns observed in other genetic diversity
are typically expected in smal/l and inbred po
Lachance, 2016), the percentage of | oci showi
follow this pattern. This inconsistency is |
sexedA,. @Y acila odi oecious species. These diff
heterozygotes, which is more pronounced in s

(Waples, 2015) .

Population structure and differentiation

The relatively higher populatiespecific Fst, as well as higher pairwisefand lower gene flow

scores for the progeny populations TSO and GDEBicate that they are genetically more
differentiated (i.e., they have drifted away) from the given set of populations. This is likely due to
genetic drift as a result of inbreeding, as these progeny samples originated from a single, isolated
mother treeor only a few mother trees (as explained under the genetic diversity section above).
However, the explanatidor the WGD populations, which showed highest pairwise Fst and lowest
gene flow scores despite their genetic diversity scores not being as low as those of the TSO and

GDB populations, would not be as straightforward.

The WGD site is an ancie@udumale a cultural community gathering site in Sidaméh only

a few old trees. The trees in the adult cohort themselves might have descended from a few very
ancient trees (2 trees on the site look distinctively very old, probably older than 200 years,
Appendix 3.4. The site does not support natural regeneration as the ground is often trampled for
gatherings. However, nearby farmers spread seeds from the few old mother trees in their backyard.

The progeny samples from this site were collected from one such backias] the most likely
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reason why the adult and progeny populations from this site showed greater genetic differentiation,
despite not showing low genetic diversity, is that those few old trees retained the ancient gene
pool. This is also reflected by the fact that the WGD tvem® the first to diverge in the UPGMA

tree (Figure3.7), which shows the evolutionary relationship between the populations. This
supports the theory that the lehged nature of trees and overlapping generations on the same site
delay the loss of genetdiversity (Lowe et al., 2015). This argument corroborates the findings of

a recent genotyping study on Sicilian monumental olive trees over 400 years old (Marchese et al.,
2023), which revealed high genetic diversity and hailed the old olive trees usbleabene

reservoirs.

The pairwise Er and gene flow scores, along with Mantel and AMOVA tests, suggesAthat
gracilior populations in the Gurage and Sidama regions show little genetic differentiation, despite
being separated by the Great Rift Valley with distances of at least 125 km between them. This lack
of differentiation is surprising given the absenceAofgracilior in the Rift Valley, which can
connect the populations in the two regions through a 'steygpamg’ type of gene flow. Whereas

wind pollination between thesegions is highly unlikely, occasional ledgtance seed dispersal

by frugivorous animals could theoretically maintain some genetic connectivity. However, this
possibility is not strongly supported, as some populations within the same region, sdpaetsd

than 2 km, exhibited higher pairwiserfscores than those between the regions.

The genetic similarity between the regions may be attributed to the slow rate of neutral mutation
in conifers €.g.,Buschiazzo et al., 2012; De La Torre et al., 2017) rather than ongoing gene flow.

If populations in these regions share a common ancestral population and/or were isolated recently
(in evolutionary terms), there may not have been enough time for signifieaatic divergence.
Additionally, A. gracilior'snarrow ecological range, between altitudes of 1500 and 2500 m, might
lead to stabilizingselection (Lieberman and Dudgeon, 1996; Rolhauser and Pucheta, 2017)

favoring the same alleles across all populations, further reducing genetic differentiation.

The relatively high genetic differentiation between geographically proximate populations within a
region is likely driven by isolation due to environmental adaptation. Natural selection in
landscapes with diverse ecological features promotes local adaptdi established in various
studies (Holderegger et al., 2006; Orsini et al., 2013; Teixeira and Hube), Z0&ladaptation



minimizes effective gene flow among ecologically divergent habitats, as migrants from new
environments often fail to establish and survive, leading to genetic isolation by adaptation. This
contrasts with the more common genetic isolation by distance, wddreed gene flow is due to

increasing geographic distance. A study on two alpine conifers (Mosca et al., 2014) highlighted
that genetic structure is influenced by both geographic distance and local environmental

adaptation, emphasizing the dual impadhefse factors on genetic differentiation.

The greater molecular variance observed among individuals within populations than between
populations, as revealed by the AMOVA, aligns with common findings in molecular rzaked
studies of forest trees, where typically less than 10% of the variatmmramong populations
(Danusevigcius et al., 2024). This pattern

S

shapedbyfins cal e genetic structuring within popul a

et al., 2024). Finscale genetistructure refers to the nonrandom distribution of genotypes within

a forest, often resulting from gravitriven seed dispersal, which causes seeds to fall near the
parent tree. Consequently, neighboring trees are genetically related, leading to biparental
inbreeding across generations Angracilior, which has large, gravitdispersed seeds, this fine

scale structuring likely contributes to greater withopulation genetic variation. Additionally, as

a dioecious species and obligate -ouisser, A. gradlior may tend to maintain higher
heterozygosity within populations. This is supported by studies showing that dioecy is associated
with increased genetic diversity (Muyle et al., 2021) and spatial genetic structure (Nazareno et al.,

2013) in plant populations.

The clustering analyses grouped the genotypes ifB@l8sters, which appeared consistent across
the different approaches. According to Jombart and C@RidD%), the optimal number of clusters

(K value) typically corresponds to the lowest BIC value. However, in practice, the 'elbow' of the
BIC curve, where it first turns, is often selected as the optimal K value. In this study, the lowest
BIC value was observed K = 5, with the elbow at K = 3 (Figu®5a). Additionally, BIC values

at K = 4 and K = 6 wre nearly identical to the minimum, making the selectioni 6f Susters
logical across different approaches. The neighbioing phylogenetic tree (Figui6) showed

that the genotypes initially formed three main clusters, which later subdivided into five. However,
individuals from different populations exhibited a mixed clustering pattern, with weak bootstrap
support at highelevel clusters, indicating adk of strong genetic differentiation among the study
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populations. The PCA, DAPC, and UPGMA analyses all consistently identified the WGD

population as a divergent group.

The UPGMA tree suggests a directional evolutionary trend from Sidama to Gurage, with Sidama
populations likely evolving first. The MEG population (of Gurage), however, disrupts this pattern.
Notably, MEG is an ancient monastery site that harbors veryre¢d {Table3.1). The WGD
population, an ancierGudmale(a cultural gathering site preserved for generations), diverged
early from the Sidama populations, while the MEG population diverged from the Gurage
populations. This pattern indicates that theséemsites have preserved unique genetic lineages,
reflecting ancient gene flow. These findings emphasize the critical role of sacred places in
conserving genetic diversity, as highlighted by previous stutMesgie et al.2010;Aerts et al.,
2016;Klepeis et al., 2016Kassa et al., 2017; Doda and Abuelgasim, 2019; Sahle et al., 2021
Teku et al., 2024
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culturally protected sites and natur al remnan
di versity. Additionall vy, mi xXing seeds from di
i nbreeding and genetic dritft. pSponctattiins svi @ d
native range in Ethiopia or other East Africa
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CHAPTER FOUR

4 . Genetic Consequences of Forest |
DepreManohestoaulgh Reduced Progen
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4 . Lntroduction

Hu man activities such as aghiavel tcwarudseesdpurr ebaadn |
destruction of forests, | eading to forest fra
and continuous forests are broken -fioantests madn
(Young & Boyle, 2000; Bacetesal&. Ju2n®@1 8)2.01ln (Sl d
patches, the reduction in pdaptuHtatmn owmberi zef aa\v
poll en donors and restrict pollinator movemen
di ver silten dfei mgl deposited (Cunningham, 2000;
2007; Broadhurst, 2015). The restricted gene f
and -psoelllfi naticomp it nblseel §peci es), |whsisc hofc aguerees
di versity, and genetic drift (EI'l strand & EI a
2011, LIl oyd et al ., 2018). The reduction in

di mini shes a popul atammérrst albidharygd=. aldhips it
progeny fitness, known as inbreeding depressi
mutations in homozygous inbred offspring (Chas
|l nbreediingn dieprmarmrsi fested through decreased r
vigor (Cascante et al., 2002; SAdAgQumamaretwtalal , ,
which can ultimatedm shreiavaen ohepaphigatl eands t

extinction (Young et al ., 1996; Frankham, 200!

2024) .

Over the past three decades, the genetic and
been the focus of extensive research, supporte
(reviewed by Young et al , 1992608 LowvWweardkxalet,
Finger et al ., 2014; Schl aepfer et al ., 2018;
of these studies have been diverse. Some have
genetic dioweernsyi tfyy tanredssprin trees (e.g., Cascan
Hirayama et al., 2005; Jump & Pefuelas,- 2006;
Aguil ar et al ., 2023; Phang et @&aund 20024) sekd
ofSamaneaf samainsol ated trees exhibited | ower g

bi omass compared to those from continuous for

yn



reported r edueneedt avbiogors m lcoawearc iN F9o | winap ihs gdu ant

seedl i ngsdifsrtoamcsehopratl | i nati on ¢ r edsissetsa hccoempcarroes
LIl oyd et al . (2018) highlighted | imited poll ¢
Val lisneria exmaerirbanad by habitat fragment at
identified genetic erosion, marked by reduced

popul ations compaoed | mdg ua duur to bpoovpau luam

Il n contrast, ot her studies suggest that gene

by habitat fragmentation, indicating potentia
2007; Silva et al ., 20al8.;, KaOnD ;e tAsahlwo,r t2h0 0edt; al
2015; Gui dugl i et al ., 2016) . This resilienc
fragmented popul ations, has been described as
et al., 200BpweHewesmkr (2015) argued that thi

emphasi zing that earlier studies primarily f o
c

rrent gene f I|-loiw aed/ ntarmea e&ss. | Thh d yo ndgess c"rlioboekdi ntgh

—+

e wrong place”™ and called for more comprehe

opted a broader approach, i ncorporating bot

d pollination mechani sms. This shift has pr

- o 9 9

u
h
d
ssessments, conductialgy geesn,e dr d we xaanmdi rpiart g r chii v
n
orest fragmentation and genetic diversity, o
e

-

sponsesnmenealichanges.

A common shift in mating systems involves red:!
result i n inbreeding depression (Aguilar et &
typicagsuiyeduced seed production and | ess vVvigo
are primarily outcrossing (Cascante et -al ., 2
compati ble nature onakes(siEhlsenr tP A& t0)f e datigimeent e d
habiaraegdycti onbem dfhematuimng trees disrupts poc¢

effective pol lination (Wil cock & Neiland, 20
shortening their foraging distances and spendi
Congsueently, trees dependent on these pollinato
increase selfing (Aguilar et al ., 2006 ; Breed
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According to Aguilar et al. (2019), the sever.

aspeciesd mating history. Popul ations with a
i nbreeding depression, as continuous selfing
contrast, species that plrrfeidogni cdaetlil gy babictrats
|l i kely to suffer significant i nbreeding depr

ger mi natriwinv aln.d su

Di oeci ouwisnaomp ateil 1 e spe&cioss ea rsteh taitl@lyin gcaatgnen oa u ts
to selfing (Aguilar &€riasiP®bal0@6; aBAgaRB&rs etA

al ., 2023) . Di oeci sm servesfeadilainzaadamt adna
heterozygosity by involving multiple parents
seldf{ hdgcedi hgbreeinherently i mpossible. Nonet
occur, involving mating between closely relat e
Vinson et al ., 2018) . Di oeci ous <pgecioefs haarbei |

fragmentation (Agui-P®reetetl al-AgoRbB21CeBgti b:
Agui l ar edas adecr as2eds) i n popul ation size and ¢

factors that affect reproductive success. The.
of male and female trees, and the foraging be
Dioecious species typically rely o#®®smal leti ms
2021; -Aguilar et al ., 2023). Habitat fragment :
pollinatorsga, stihakiceg floo(@Brienegd ientefdli.c,i en@l15), w
availability for female dioecious trees. Thi
(Wil cock & Neiland, 2002; Ohya et al ., 2007)
fragmented popgulastti,onvda.ndl modd i nation i s comm
di stance gene flow (Seltmann et al ., 2007; Pr
2010; Broadhurst, 2015 -AgZueinlgar& eFrti saclh.e,d uy2cR2034)9,;
the vul ner poillliitnatefd wipredi es to the genetic i
Nonet hel ess, evidence-pslulgigreasttesd tshppeci egenar wi
fragmenhdtuced genetic chall enges, wi t h seve.

reproductive success and progeny fitdomnaeagd adue
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(Knapp etFadus <SylaMmap,i & aPefuel as, 2006) , Pi cec:
20080 aucari al Kneetniolreo seat &Auni, p 00O ,Feréovitadr) iest al .

Polyl epi@Salutsmaman i Ba x tlad . § ® 200D |, | etBrals.i mu20 1 (
alica(sAguwArd wirl ar et al ., 2023) . For instance,
t hat habitat Fhgpagmeytdhamegdrcgeneti c bottl eneck:
systems, and siigmbfeedainndy pgpodemwlaateidon diverg
di vedresvietny in this wi-pgel Vidasedi bpeedguwi @d mielt :
al . (2023) found that fraBmesi @t mo,al aa tdied eaimom
wi pdbl | i nated tree, resulting in progeny with
small er foliar areas, shorter heights, and | c

forests. These mixed tiatli hgagsepgpopéstioahatd &p
i's compl exs paencdi fsipce,civenmder scoring the need for

the genetic and ecol ogi cal dynamics of trees

Il n this study, we explored the effects of fr
progeny Affirtorceasrsp ugsPiglrga.c)i 1d.orNat PagRoda@ac membee ae
The species i s known,shuyc hs eavse rEaals tc cAnimmo nc ama nyeesl |
pi ne, or weepi ng -fPoldloicraatpeuds,. dlihd esciwdunsd coni f e
ot her parts of East and Cent rAd Ir oATofnotiaenset  na er
Ethi dpi @gr daasl ilemgt lbreeat ened by i kgluemdalt yl aggnb
( Negash, 2010; Teketay, 2011). Today, it is p
(Negash, 2003; Negash, 2010), some churedh f or ¢
sites (Doffana, 2014,; Doda & Abuel gasi m, 2019
| UCN Red Li st due to its wide diAtrgbasi bnopr
considered threatened within Btrheieosp i mr iaonrdi t i
conservation efforts i n the countiwyn ¢WYiev é&n aae
and Gurage regions of As o uwtrhaeerinmai Btsh iroepliaat,i vhed w
persisting in fragmented popul ations such as
graveyards, sacred si tTehse, iammpda cnta toufr aflr afgonreenstta t
diversity of thesd epgap wliathiidnd yamnd tolfd slpanagg

been exami ned.



A companion study (Abate et al ., 2024, presen

DAr T.geger ated SNP marker s, in adult and proge
varying si zesevwadieyds| eswudgnetic diversity and
progeny from isolated and small popul ati ons.
0.072, and the mean allelic richness (Ar) was
arbei all elic) beimdy ARr. Vidleuerse afnorHet ae adul t poj

0. 006.708 1) and 1.-24378yangespédctildel vy, whil e f
these values weilC. M780)69%nNd aln-y22% D() r0bmbespet 1 ¥
andsfAra,l |l er scores were recorded in small/isol :
in relatively | arger/intact popul ations. Si mi

hi gher psoppewliatiicomrditcatbl ng@sditgrirfoimc amtcedtr al p

Building on these findi mgexplhtdhre pwkastemer st e
obser vé&molagcul ar | evel mani fests as inbreedin
reproduction and progeny dugtné $ s .de Swpleati heerc al
popul ations of di fferent sizes differ in phy
germination rates among seeds from these popul
and early progenyarvei goorruc iTahle sfeori ntsh g htAB.nser v a

graciihi®Btrhi opia and other regions where the s

4. Materials and Met hods

4.2.1 Description of the Seed Source Populations

SeedAs. ogrwer i ool |l ected from selected popul ati
of southern Ethiopia (Figure 2A).. grrprotplué a¢ i nag
varies significantly. | sol ated trees or small
found i n Wwhermdrasuarst @,fi nldoi vi dual s occur in gr
gat hering pl acegsydukmad@osn v @rcsaell y, arsemnant nat u
sacred sites, sruacdhi ta so n@ah u rmcohressh | pradpipepaid at | lhos

( Tadl,e F43xx)ur ePopul ati ons for this study were c

yy



ensuring representati oBasedimernt | spbeul ptoipan
categorized as O6small 6 (area < 1 ha), consi st
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Tab4le Descri pA.i ooor pdpltlheti ons examined i n t hIhsi sshtaundey, -D@dhregn@drgeeamad Halro Rod

popul ations were not included in the genetic diversity geomalayssiess;s nmemdy .we
Consequeaeantal yrodn these populations are not included in the genelti99 .di vers
Site/Population Altitude Population

Region/Zone| (m.a.s.l.) size class Description
Agena Gurage 2344 Small/isolated An old female tree situated along a roadside in a town stands isolated, with no

conspecifics to act as pollen donors. Although seed production is relatively
there is no observed regeneration beneath its crown.

Augerforest Gurage 2226 Largef/intact | A remnant natural forest patch featuring a mixdcbcarpusJuniperuscommunity
is relatively large and intact, covering 138 hectares with a density of approxir
250 trees per hectare. Although many trees produce seeds, the seed output p
relatively low. Nevertheless, there is healthy regeneration beneathrtbpyc

BeraTedicho | Sidama 1807 Small/isolated A small group of old remnant trees in a village comprises 54 trees within ¢
hectare area. The canopy is open, and seed production per tree is relative
While no regeneration is observed untther canopy, it is observed in nearby farr

Mihur Eyesus | Gurage 2330 Intermediate | This old monastery is situated on a plateau, featuring a front yard with several ¢

monastery A. gracilior trees, some over 200 years old. The plateau gradually slopes dow
a dense, mixedpecies forest spanning 16 hectares, witthagracilior density of
approximately 100 trees per hectare. The forest exhibits a range of tree size
juveniles to intermediatsized trees, indicating robust regeneration. While the
ancient trees in the monast er y deartrek,
seed production is minimal in the dense canopy of the forest below.

Borite forest Sidama 1930 Intermediate | This small natural remnant patch, located on a hilltop and covering about 10 he
has dense regeneration with numerous juvenile treaslbtively few adults (abou
75 trees per hectare). The forest features an open canopy and exhibits relativi
seed production per tree.

Fero 2nd Sidama 1903 Small/isolated wo old trees, one male and one female, are situated at the edge dfiextarg
Shishame communal front yard. These trees are isolated, with no other conspecifics |

1



Dongora
Dolima

Halo forest

TesseSodicho

WonsheAbbo

Wonsheo
Gudumale

Sidama

Sidama

Sidama

Sidama

Sidama

1800

1974

1795

2060

2110

Small/isolated

Intermediate

Small/isolated

Large/intact

Small/isolated

nearby. The female tree produces a substantial number of seeds. No regel
beneath canopy.

This communal graveyard, situated in the front yards of several houses, span
1 hectare and contains 53 adult trees, some of which are quite old. While reger
is not observed beneath thanopy, it is present along fences by the road ar
adjacent home gardens. The trees are widely spaced, and each tree prc
relatively high amount of seeds.

This segment of a relatively large natural remnant forest, situated on a cont
hilltop bordering three kebeles (rural counties), is facing encroachment ¢
farmland expansion and illegal timber harvesting. Seed#.ofracilior were
collected from the foothill on the Dara side of the forest, which covers ab
hectares. The tree density here is sparse, approximately 100 trees per

Regeneration is good at some spots, with a variety of age classes prese
canopy, dminated by a few oldrees, is open, and seed production per tre
relatively high.

In the front yards of houses in a village, a few a8ulgracilior trees are present. .
single isolated female tree, located over 200 meters from the nearest male 1
the primary seed bearer in this area. This tree produces a very high quantity o
Regeneration has been observed along fences and in adjacengardens.

This population occupies the lower half of a culturally protected worship
traditional court site. The site encompasses 75 hectares of mixed fores
numerous indigenous tree species. The lower segment, predominantly comp
A. gracilior, is relatively dense, with 250 trees per hectare, and exhibits
regeneration. However, the seed production per tree is low

The site features 30 very large and old trees, some over 200 years old. Th
used for centuries as a communal gathering space known locallyuasimalefor

cultural events, spans approximately 0.5 hectares. Only a few of these trees-a
bearing, producing a high quantity of seeds. While there is no regeneration b
the canopy, some regeneration is observed in the adjoining fences and home ¢
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4.2.2 Genetic Diversity

Detailed methods for the genetic diversity &
processing, are outlined in the companion pa
samples were coll ected fr oAn agdrualcti basnedr 1plr osg etr

southern Ethiopia. Twodrmilead else dfl 8t8i ssaungpd ewar
Africa in Kenya for DNA extraction and geno
based Nucl eomag Pl antNakxetlr,acDxeroenma Ky } , ( Mad h gt

was conductedE usicrhhgpnobDdgy¥seagvhi ch i ntegrates
compl exity reductgiemmrermdt lbond swiqtule nce xtg . The
types of mar ker s: silicoDArclormad kag sbhi mwadrn y,h
mar ker s, which are Onlayl |tedd ¢S MNMh dmacrbkdeornsit mveeert
genetic divkuesittg tamailry sktkisgher i nformati vene
compared to the dominant silicoDArT marker s.
which initially contained 10, 3% ENPs &antiond
SNPasnd 183 individuals were retained for dow

4.2.3 Population Inventory and Seed Collection

|l nventories were conducted on the selected
densi fcy,assi @@ stri buttihdkeomi eant mat ees aganadfsec
(availability and density of seedlings and
smal | popul ati ons, the i nvé&Vet arsyl cbw ardh nhdaosmd dy
di stri-meted Ad&8diuercitheul at eplmetds at eS eaendd ilnagr

recruitment and weeresictay rolegderowdt iuosnisng f our

within each saAnplgrnegs ipHiodi.o eScinocues speci es, a
made on the availability of mal e i ndividual
pollination. Seed setting by female trees (

estimates of tseede.d Matedrde wiee mnea lfieo ocno ntehse wcerroew Nncs
framose that had falt epopol athieogs ounadnes nwar
cobearing female trees, whi | @2 0i nf elnaarlgee rt rpeoeps
collected, depending on availability. Equal

popul ation werde i thhen acemmigl e bag representir

o



Mature female cones <collected in this mann
| aboratory of the College of Agri cpdrtfuaremad

foll owing the procedure outlined in Negash (
cones in water for 2 days, mareanajle t sagnuda swhaisnrhg n
them to remove the fl eshy.)p.ulTpbeflrpgoend tsheee disnn e
stil |l had a hard seeadicaati no & 3dex ysehraodpele af coaxrd iw
bags, anda srteofrreaddg AiGmm ttohley wefr @r useldsne qwietnrto

germi nati on.

4.2.4 Physical Seed Quality Assessment arid Vitro Germination

The scl erfo.t egsrtsae eotif i basn a hard, woody structur
true propagul e, which is enlarged by a | arg

gamet ophyte (FNogg@ga snh n aokcOchudr) teo scl er ot esta ha:

all owing the inner propagWhes ttd ebes crlelrea ssesd
may release cl ean, intact seeds. However, so
or infested with microormpatynsmd) swisitluayopt lwe

physical seed quality using the palbpogt wbhh
seed Wei ghitihde®ImélghtOe dseeds (5 replicates of 20
counted the number of i ntact, empt vy, and de
proportion of each. After t hat , we took 10C

measured thdigi waigbalaomtatednd 000 seed weig

Priadam tgéermo nati on, the seeds were surface s
sodium hypochlorite foll owed bTyh a7e0e% s e twhear neo
subsequiemsteldy in distilled and sterilized wat

di sinfected seeds“*Mvesroe utthieonn polfa cqellfbienr sat | 1nda | &

germination. Seeds recovered from this solut
(Figure 4E) , with 5 replicamlesofof2@0g/sleeme]|
autoclaved agar. The jars were Kkept in the
Hawassa University, Coll ege of Agriculture i

room was maintained wi trhe slcée nlipprulcasmplagfn gl iag hgh
fluorescence r’stag af teMPe@@dInemgiedrfmé nati on r

gn



was monitored, and data recording wask perf

experi ment al peri od.

Fi g4Be Prockssgrdeiedi eml li ec tgiedrrmatnoat i on. A) Ripe f ema
coll ection; B) Seeds showing the hard seed <coat (s
(epi mat iTuhme¢ [re £9ed true seeds after cracking the scl e
ready nf ogietrrméo nati bn; werdnoElat ¢d aeeddi ongs in a tissue ¢

4.2.5 Assessment of Early Progeny Vigor in a Lathhouse

Af ter -wteledk EB&peri ment i n itnhegigtimosruaet ecdi | st euer cel il
transferred t o a | at hhouse for acclThmti zat

|l athhouse was a sSshade house covered wi t h a

seedlings wleirtteergrmlwans tiinc 3pots filled with mi
agriculturalandoialan ®c dmpdo srtat i o, aAldl narvriatnrgoe c
germinated seedl i nigrsi ttinablelsyrsachgt @ @ asi wglre p
accl i matthiez asteeednlei sg sngl ed out and transferred

seedling would groa)4dn a single pot (Figure

The surtvhsee&ldl ohgs i n the |,athkeh ou saec cd nvmarta rere
assessed one month dMbnetorhey wér éher aeefdéin
end ofmomhdéd &xperi ment, wi th peri odtier mse acsfur
root coll ar e anealeirpe(rysianngd ahei ghtt dkuesn ng
Additionall vy, the percentage of |l eaf scorch
susceptibility to h@iatenstthraeastse mprertahaer Bat mhc
occasibercaimey hot (rx@Ek®Mitnlgi veas considered
treatment against which the s uAscccelpitmalatinldiattyi oo
|l eaf scorch scores twhseue viiavlkaend mast mbasyr e o

|l at hhouse environment .

Pp



Figuhde Acclimatization of in vitro germinatmeodhtsheedl!l ir
seedlings in a group of pots; B3i mglcé oseedivi egv peér aps
of the experi ment

4.2.6. Data Analysis

A detailed analysis of genetic diversity, po
provided in the companion study (Abate et a
metrics frooamh Itenatc srtiwcchyness dtAen oz wqds iatsye d( e
populsapdowi@wer eessummari zed to |ink genetic p

progeny fitness results of the present study

gene diversity, reifdrecos héeeravzy pgtee sprepmpe
Har-Wegi nberg equilibrium and is a widely reco
( Nei , 197 3; Harris & DeGiorgi o, 2017; Barr a

heterozygositybi(addey fadomssmalflor sample si ze
compari sons across populations (Harris & De
measures the number of alleles per |l ocus a

popul ationzszes®f wvVarpamgi sul arly valuable for

1998; Barrandeguy & Garc? a, 2021). While bo
frequency, Ar i1 s -movedrtespoacampat s@l dl csggeci e
et al ., 2020; Barrandeguy & Garc?a, 2021) .

di screpancies between observed and expected
However, it is often |l ess seesieival to RAKB
considered | ess reliable as a standal one n
Popul-sape oinf i c Fst, a measure of the probabil

dc



within a population relative to alleles from
robust indicator of inbreeding and genetic d
2021; Abate et al ., 2024) .

The fdradrp hyhsei cal seed iquavdiett o matsiess mead ¢l i me
|l athhouse, and early progenyway gamalagsies sonfe n
( ANOWA)pbpul ati ons grouped by population si zc¢
For itnhewietrrmoi nati on -aawl ANOYA wasonperfor med
germination dat aweadk tdiep ernidmeonft .t hTehel Oc u mul af
coll ected every three days, were plotted in
di feheres bet ween groups, illustrating the ger
model s were fitted in R4. 3. 3vidathaedfvusntcitci aoln .s olff

]

esults of the wmodeel emveyet voms uadndewari ance
significapvtal wleesn wehe ThesassbimphOm6Scedasti ci
constancy oé&noramdlandiegt rainldut i on wer e wiha&cked
t heel buncti on and visualizing the standardi z
resi cseudlszgnmei sterT heewedidet msi2deted homoscedas

residuals watéeeraddambwndczero and the red |

residuals was horizontal and centered on zer
werceonsi dered normally distributed when poi:
represents the true nor mal guantil es, i n the

checked swkseimhge steste on of the moments package (
For traits in which the data appasatriedi ttyo avn
normality, data transformation was applied p

Post hoc mean compairTiukerydswhmoamesdn Juct ggavi fic
test, Twiktelyf tHisdt i on i n R, at a significance |

of Tukeybs test in tables or bar plots, a d.
creatitmhger oup umye t i lodep | o/fr (Wickham et al ., 20 2.
2006) R packages. A compact | et teirahcei spl a
mul t c o mpfLuentctteiroand| @ fi c oRm@pva cekwavpes (e®r al . | 2023)

significantly differ dhteemaebhs wnthodpfbéesenhn
pl ot ttahdeg pfl Wt cafi otnhe ggpl ot 2 package (Wi ckham,

dT



A correlation analysis was conducted to dete

parameters of the populations (specifically
populsapedocinfi c Fst, extractedcfal omekllatquiadtid gy
germinati on, acclimatization, and seedling
popul ations. The results of the correlation

includes both numerit@aali oasdofr amlei caolrreeée@rt e ¢

usingothéocoeti on of the metan package (Olivo

4. Besul ts

4.3.1. Summary of Genetic Diversity Analysis

The genetic diversity oA. gracilior populations, categorized by population size and
developmental stage, is summarized in Table 4.2.

Tab4dz Mean genetic diversity indices* summarized by
based on 1,820 SNP markers Bgphetfaoem fusomgl8dhes DlAp To e
The values of these indices for the individual popul q
are available in the companion paper (Abate et al ., 2

Popul aDevel op

N N N A H u F F
type stage A PA R o H 'S ST

Large/ Adul t 28 238 451.2 0.0 0.00.50.0
Proger 29 237 431.2 0.00.00.50.0
Me a n 237¢ 441.2 0.0 0.00.50.0

I nt erm Adul t 27 231 281.2 0.0 0.00.60.0
Proger 27 230 281.2 0.0 0.00.50.0
Me a n 231 281.2 0.0 0.00.50.0

Smal | /i Adul t 24 230 361.2 0.0 0.00.50.0
Proger 28 228 261.2 0.0 0.00.50.1
Me a n 229 311.2 0.0 0.00.50.0

*N: number of individuals in the population that remained after data filteNngiotal number of
alleles;Nepa. NnUMber of private allelegyr: mean allelic richness; Ho: observed heterozygosity; uH
unbiased expected heterozygosity; Fixation index (inbreeding coefficient)sf populationspecific
Fst
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The results revealed a clear trend of decr ea

and as populations transition from adult to

and pronounced in the progeensys c(oAro)r tvsa.l uFeosr fi
cohorts drop from 1.252 in | arge populations
small /isol ated popul ati ons. Similarly, unb

decreased from 0.074 si nto al.gk7 2priomgeinyt gromeaid

smal |l /i sol ated popul ations. Large popul ati on
al |l eddescogmpared to intermediate andi i} madrle poj
high across populations, they did not displ a
devel opment al stage:sp&€oinfvieec s eFlsyt, vpadpuwelsat 6 b
relationship with He and Ar, pactreasiagl yasa

progeny. cohorts

4.3.2. Physical Seed Quality Characteristics

A 121 Anova: p = 0.000121 *** CV = 21.45 B 1307 Anova:p =8.34e-08 ***, CV =9.29
ab
& . 116.72 103.0
g 8.38 = 120 1
2 104 - 7512 e
[&] el » - r
E - - qJ —
= i 2 o 1101
5 =] .
0] 8 8 b
g = 1001 87.4
§ (o] 04 L
b = -
e 542 =) 80 -
a 61 o g T e
"g_ o‘J ]
0
80 1 . "-
4- o’
La}ge Intermediate Small La'rge Intermediate Small

Fi gdb®hysical seed quadli tgy aceceripsarfirsoom daff f er ent popul

by popul ation size categories (A) Percent of intact

seeds by populatioml sieze anlddasoefTheipnts of variatio
are perdovaitd the top of the plots. Mean values for each
boxplots, accompanied by |l etters representing Tukey's

Analysis of variance (ANOVA) revealed signif

Ssize categories for all physical seed qualit

¢ b



wei ght of 1000 seedsApplemme xdid. 249 .. 11Ri gur e -
comparing physical seed quality traits amot
popul ation size class exhibitedramedbmglaes:t
of 8.38), whereas the | arge population size
transformed mean of 5.42 (Figure 4.5A). For
size class had the highestesmedeée a(meahasft bha

score, with a mean of 87.4 g (Figure 4.5B).

4.3.3. In vitro Germination

The results ofm tgled MdNGAGMA dmorreveal ed signi fic
among the populatiodlas, zAp42d)nadisk sph(oAsp etnhda x
germi nati on tweedrkdl wiewto pbkei @8, comparing the

categories throughout the germination period

final germination percentage. The "Il arge'’ gr
from t hlke @dmwamwee wit h naatmeoann sfcionrael ogfe rén8 %. | n
group consistently presented the | owest scor

682
Size

. B -e= Large
(=]
Q\, =o= |ntermediate .
IS ~e- Small - %47
©
£ 40 1
=
6 TancC
S :[i32
c
P 1
()]
= 20 1

0" T T T T

0.0 25 5.0 7.5 10.0

Weeks since start of experiment

Fi gdb6.¢é n ietrrmd nat i cAn tgrrearede diefogr ouped by plopuweakson si
The error bars i8Hi ¢ateenumbemsamanidN| etters at the end
HSD mean separation of the final in vitro germinatior
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4.3.4. Acclimatization and Growth in a Lathhouse

The results of tdley ANOWVAB N Appe@ali e«¢d signi fic
in acclimatization (p < 0.05), | eaf scorch (
popul ation sidzselhoivasbexpl Bt gucemparing the p
respect to acclimatization and | eaf scorch,
| at hhouse after one month and at the end of

sigreoup had the Ihomgmhescsoraccmeamatoiza®l %) and

(l'ogansf ormed mean of 1.12), whereas the 's
acclimatization score (mean ofr é6h %) oamddhimgt
1.81). The'' igmtoemmpméadcidataccl|l i mati zati on scor e:
"smal | groups, while its |leaf sdor ¢l g8ace@r es

a comparison of population size cl asamrd r eqg:

height in the | athhouse is presented. The

seedling growth scores for both diameter ( m

Conversely, both the "intermkpddasegnanhdcamsimi

growth performance compared to the '"I| arge' c
Anova: p =0.0154 *, CV =28.26 B Anova; p = 1.09e-12 ***, CV = 15.06

= 1.64° 1.812

& 91.07 81.1%° 61.1° 20l .

2 1001 2 e _ K

3 * v

5 &

= =

© . o -

£ 75 8 16 -1

5 5 1.12°

.g _8, Tan—a-T

@© 4

E 501 . | 1.21

8

<
La}ge Interm'ediate Srr‘1all La;ge Interm'ediate Srﬁall

Fi gdr.&dccl i matization in the | athhouse and susoeptibi|

vitgrees mi Mat g aeeddi ongs. A) Survival of-momtamsdeeay eidn sk
|l athhouse, grouped by population sizemohtiBsexpadi B¢nt
grouped by popul ati ewemal siese anldasoed i THC&hp §rom vhei AN
tests are provided at the top of the plots. Mean val L
the boxplots, accompanied by letters representing Tuk
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A Anova: p = 1.98e-11 *** CV = 21.03 B Anova: p = 3.99e-08 ***, CV = 18.69
25.49 3.41%
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La}ge Intermediate Small La?ge Intermediate Small

Fi guBe Growth performanceéen8wmeomimhsat addt ®aeieldihiemgs wer e

transferred to the |l athhouse. A) Hei ght growt h, grou
growt h, grouped by popuVvVatues andecoeéthbkisesentTheofp va
ANOVA tests are prtohvei dpdddotast. tMeeant ovpaloufes f or each poplt
above the boxplots, accompanied by letters represent.

4.3.5. Relationships between Genetic Diversity and Fitness Traits

Figdrd spl apsrebet wers genetic diveirsiviytr@h
germination, acclimati zRdlilomwinneqmmduggedlt edggg
(Mukaka, 2012; Schober et al , 2018), the <co
negli ¢gd B) e @®.axk9)(,0.mdid.ed R)t,e FOr89n)g, (an.d very
(91 ONot abl vy, highly significant (p < 0.001
observed between the geneti c idi vwietsrnat iya tpiaam
acclimatization, and seedling gspwthfiao B6an

showed moderate to strong negativeprcogerey at

performance parameters. Seeidtihwe ivggeirtrnmoi maad | we .
acclimatization, and seedling growth. Seed i
seedling growth. Leaf scorch was hagatiitvwel

germination showed a omodwirtaht ea cpcolsiintai tviez actoirorne

and a moderate negative correlation with | ea

MJTH
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0241025 0.12 EEIGEE Fst
ns ns

& GJOQ‘@\* RS E

Ar

ns p >=0.05; *p <0.05; " p <0.01; and *** p <0.001

FigudBpe&€orrelations among genetic idn vwgiesimi watplwnsi calr v

and growtA. tganaesldepdand seedlings from different popl
Pearsonédés corr ewiatth otnh e oedrfri e¢d Elete hgr si lgei fespackei ve
Positive correlations are shaded blue, while negati v«
reflecting t he strength of t he correlation. Abbr evi
hetzy@osity,; Fsd p ecipfoipaul Rgti;onl NT = percentage of inta
seeds; iInGRgietrrmd nati on percentage; ACL = acclimatizati
SCR = |l eaf scorch.

4. Bi scussi on

4.4.1.Genetic Diversity

Results of the genetic diversity analysis re¢
in small or isAl agedcippppoetcatt onselodti vely | a
across fragmented | andscapes. T-Btagdetlanesi ®

MO0



from adults to progeny. The reduction in ge
allelic richneexpéAtpdahdt gnobarspgweedlilt yas uddre) i

populsapedaocinfi c Fst, an indicator of inbreedin
uHe were adversely iIimpacted by-amrrdyme 5t d Goon
et al ., 2020}% nicrodnptagd ée vewgatr eesl t end to | ose

rapidly than het emenrtadglthdaosnh y sf elxlpd aii mg df roggg t h
all eles that affects Ar, whereas chang-es in
| i ved organGusinsugll i k@anzBleesz20eltd;lad .s i MAWI2t0g ne o u
of both Ar and uHe across populationAsi zes

gracheiimg di oediioved,ambyl oredl ect the | ong ti

event s, given the |l ong histoay, 01992y ebPar by s
al., 2003), and overl apping generations in a
study (Abate et al ., 2024, chapter 3 in th
attributed the oveirnaltlhelAosw gigdgrequtlil @t d ionesr 4 iot
founder effect, wher e popul ations wer e sSus
popul ations that persisted in smal.l number s

Anot her notable result of the geneeids di ver
scores were high across populations, indicat
a consistent pattern relative to population

is consistent with the feirndeitngasl .o f 2a0 1r8)v,i ewh
Fird s typically the | east sensitive genetic

Kardos et al .ai(ns0l6r)elcyasnsgi esnonmheeg syuroen oFf i nbr e
be biased by factors such as popul ation size
contrast;speacpdliat iFen values exhibited inver:
popul ation ,sipagtdeardaadegd i n progeny popul ati
specific Fst may be a more robusti si pdiovatdao mc
insights into evolutionary divergence from ¢

Kitada et al ., 2021), making it a useful met

The negative effects of foresA. fgrgmebitaed or
in this study are conspstennatwedhahdhdr ndisoe
suchFaggus syJwmp i & aPefuel as, 2006) , Picea gl
Araucari a( etmolreoseat dlunj p2003%( Rr2doedimh j st al . ,

Mn



Polylepi é6Sausmamahi dax as . f DA@OHOH| | {pondl as 2
pur p@rCe a Pt®rleal et aBr gsi2nwmM ) & ik ¢ wir lu anr et a
2023). These studies consistently report con
et al ., 2006; Prow®meet eal al] .20@821Cr i ©itei Iyl
di fferentiation (J&mpv&nPeflual as, 2086 Sel tr
genetic diversity auell aso,t t20e0n6e;c kkse t(tJluempe t& aPle.

P®rez et al ., 2021) , el evated inbreeding | e
Dubreui | et aP®re20dt0;alCr,j s202h), PRorerzelat ad
2021; -Aguil ar et al., 2023), and di minished
(O06Connell et al., 2006; Kettl-Aguwitl arl .et 2&I10.8
in fragmented compared to continuoadgi gmopul
underpinning these i mpacts (Young et al ., 19
Jump, 2011; Aguilar et al ., 2019) expl ains
and increased isolation, whicchdrligad taom dalrleesl

flow. These changes also elevate (biparent al
the expression of del eterious alleles, cul n
reduces fecundity, asdedluirrvg vaé¢cr wil tt meratme | vy
viability of fragmented popul ations.

Conversely, studi esSwoeret enh(ewhh stpe¢ teitB saals.iu, 0 hx0als
exce{({Baolres eAr aadc.ar i2a0 0aBng u setnicfoaulrita o Skbdenn
dome tkiagman et Gd mor t2e0@0O gk e elr e eEu ad l.y, p t2W0sL Ol) e u c
anBlucal yptus (Cc@uwall Idué te Daglso®,x y2 WIn0 )nhd Isammd rl i ceud m ¢
2012) L ocasuari(mBr oveedhurcatt,i a2 @h3)(, &t ckalgllagln.s,i s
2016)Queamadus (Apkbktegs 2021) demonstrated t hat

emain functionally connected thro%gmeexxtens

-

these studies have even suggested that smal/l
stepping stones connecting broader popul ati
Il ntriguingly, others poiotesit oywtornrn hfat ag mer tac
often receive poldea., fummmelgetined itcrad éd yy idn vraul
valuabl e sources of outbredweéédetfat .{foR2édC
al ., The@sz2) findings defied theoretical expect

characterization of forest fragmentation gen

MAPp



This apparent resilience of trees to fragmer
extensive pollen and seed dispersal, l ong |
mating systems (Kramer et al .2029)0.8;HDwmewv eru,i
recent insights (Bacles & Jump, 2011; Lowe e
2020) emphasize that not al/l tree species art
fragmentation. The odeptriebei loift yr evsairliieesn ccee poern ds
di fferences in mating systems (e.g., monoec.)
mechani sms (wind vs. ani mal ), pollinator mol
and the tdimec eel farpasgeme ntna ttihoen porcecsuernrte ds.t udy,

forest disturbance in EtAgroagdcaan d eao npboi tneendt iwa |t
effect (explained in Chapter 3 & Abatkowt a
genetic diversity and inbreeding depression
These findings under-$paaipfphe atdess swihteyn @®fvad p

responses to habitat fragmentation.

4.4.2. Reproduction and Early Progeny Vigor

OQur study revealed significant varpaysooalp
seed gqualgiet yno nat i,anelarsluy rwwagtemyt rai t s. Not akt
popul ation size class consi st armteld i tpe,r fOX ne
the percentageramf hdeinds mat| seessze cl asses. Th
the i mpact of inbreeding depression, which t
fragmented poapugart, ompempa hiamti aatslt hGosn,s itshtee ngte r
diversity analyses revagaleadh blrewdr nge rmetdi a edi
t he progeny from smaller populations (Tabl e

t he genetic diversity indices, specifically

with the praoigtesn ya sfsietsnseesds itnr t hi s study (Figu

The observation of a | ower greegteengaargtei corf afnt
and aborted seeds in | arger popul atnitans ,p aits
that small er, more i solated popul ations woul
reduced fertili z,actoinosneqaghe dpend desete aodl empt
(parthenocarpy). |l ndeed, the genetic divers
genetic dgwveatsdt getdhhnedge i sasmal | , i sol ated popu

expectation.

MacC



Fragmented populations often experience | in
increased i sol ati on bet ween mati ng indi vid
depression (Offord et al., 1999; Ketwiehethi
hi gher percentages of empty s eetdhsani air gsenra | |

popul havenbeen repor,sedltPimuct (RRajobusi er al .,

Pi cea (gOodaQocnan e | | efAralcar 28 0Keegtnoleemseat al . |, 2 C
these findings, our seed gquality assessment
diversity analysis. This discrepancy suggest

affect seed set ,beiteviidmmactat mitdhheA. sregatdacg ¢ ti to

|l nbreeding depression can mani fest at wvari ou

germination early on or becoming apparent | a
Schems ke, Hig9d et al ., 2006 ; Ahl inder et al
i nbreedi ngAdepgrmag|l omrynbecome apparent in |
The | ower percentage of intact seeds in | arg
poll en movement being obstructed by the dens
' imitation. Previous studied hheepdesmensérat
species in mixed forests can hiempdctvelvbodt
i mpeding pollen fl ow, which in turn decreac
(Whitehead, 1969; Biitgncadnoe,; &MSEebbenn, e2 08
al ., 2012). | ® dthhaits tshteu ddye,n siet caapnpoepayr i n | ar g
flow, potentially reducing the amount of p
obstruction, | aedyer bpopti at formsn @aaeemirthandi ve
small er and isolated popul ations. I n contr a:
may receive a quantity of pollen but experi .

number of mating individual snsl aebhdgngwt ohi bh

diversity analysis and progeny fitness trait

| n prhees¢mtdy, seed weight did not appear to b

"l arge’ popul ation sizesaeddhdsweiexiti bitled I e
unexpectedly observed i n ththeaed & eng reg mefdii ad ret'
the | owest seed weight would be expected in

may have contributed to the observed variat.i
that the soil i pophkeat wons i (Berdg d iwaiseé 'shHhall d

angli t uoant erdocky outcrops. This indicates that

MAOT
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source | imitations, |l i kely ©played Tahirsol e
nding aligns with O6Connell et al. (2016),
n obscure the effects of iIinbreeding on se

viding seed weight by cone mass.

ot her i mportant observgteanei solthnedseerdes
pul ations wihdhapee pgamwlipattisons with cl ose
ble 4.1). This is |ikely due to the full e
odutheoe.results, together with the data o
rlier, suggest that inbreeding depression
ri ng -stehtet isnege.ds tga@e iiln or

ere is no consistent trend in the |literatu
gative impacts of inbreeding on féadtwawgiogh
ronohpasl ewi jn Shorada , acN0adiSnet @t Hyarmhenae2a0 07
ur pbRerkeira etialus, MaG\&di)n,jeadanreedl ., 2024). Cor

clBidene (Teat xeolradPethuas!l s(yYMW@IGIANr jest Palnus 201

nnarfemsies al . ng208Bd)gmaotfnltmemediywaifdletct Addi
skin and Bepdgi tiend 20 -5%)vi ew of 216 case stu
bred seedstwasdsupberatdeseetdanin 12.5% of cas
d less in 49% of cases. I n some cases, the
er e -Ipiomhilteend f emal es produce fewer but | ar

rmi nat ipemstaoecodmr reduced seed producti ol
leeding depression is not apphpoegtngnoferd
di viduals early during the seed devel opmen
et al ., 2024).

e siggrkeiawamngtelrymo nati on observed in the '
breeding depression has i mpacgedtihibomgr 6w
age. The absence ofi nagettrmomatdornr elnat ibaon hb
d seed weight further supports the idea th
re not caused by inbreeding. This implies
neti cwgailudsttrlats!| ate i nto enhanced progeny
d survival. Mor eover, thgred&taémges popul at |
rvival and seedling growth traitsoralhgng

MYy



indicating that the effects of iIinbreeding de
gr owt h. This assertion is further rei nfor ce
bet ween genetic diversity parmaametens ¢$Aryi wuc:

growth metrics.

The oarery effect of inbreeding from early to
influencing early development, which can hayv
wel | as to pleiotropy, wh ercaer af usnicntgiloen sg e(nHu
Schemske, 1996) . This finding alignsthaitt h t
i nbreeding depression manifests in |ater | i

|l ater st-agesemp @t i koeuesf asnpde cdiieose c(iHusband & Sche
et al ., 2021). Additionally, the significant
popul ations imply that the occasionally &ele

exacerbatedof thebeééedichg depression. tTthea s ob

l'iteiaducati ng that inbreeding depression 1 s
than i @enbenogmamriesscsritehaenee x pressi on of edel et er
which may eventwually |l ead to their purging
Sandner et al ., 2021).

4.4.2. Concluding Remarks and Management Implications

This study demonstrated that popul atiAan fr a
grac.i |Pmogeny from fragmented popul ations,

groups, exhibiteidnsgignimé nathohy gedwtbkd and
progeny from | arger popul ati ons. These find
anal yses, which revealed | ower genetic dive

popul ati ons .diMat adbelpyr,e sisniborne ewas -:nettt ienvg dsetnd g ¢

there were no significant di fferences in se
suggest A. tlgatactflbe or mpacts of i nbreeding depl
dugi hater | ife stages, particularly germinat
While this study provides robust insights, C

interpreting the resul-iasedsi nvhestfiigatti ano | efc
i A grdaarnd, oro the best ofdtchwerr ek nswlnod glea s ¢
compari son, particularly regarding t he exc
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Additionally, the study did not include gen
rovided a more detailed understanding of th
urthermore, due to the unequalt eavwreeidli altiel,i tayn
cross study sites, a fully nested experi men
or assessing reproductive success and proc
ccounting for thecmeagiiitede ohosiet @odi aftenr e
f popul ation size) on the observed variat:i
ignificant and consistent differences amon
nd phemaottyspion trreproduction and early prog
orrel ations observed between genetic diver s
alidity of our conclusions. As Aa pir@auee érniomg
elieve this work contributes to the broade
rovi des a f ounbdaasteido ns tfroart eegviiedse nacieme d at Col
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mportant species.

he implications of these findiAgsgfaceliher
ubstanti al, particularly in guiding seed p:
mall popul ations should be avoided, even wh
hysi cal assessments suggesbnhieghoseesedsbhaoal
ourcing seeds from A.argreaqgiplugleanteito ncsa.l | lyo dfi av
ut horitiesasdhodéeé siegriiammdgietrlyepsopul ati ons as se

egul ations to ensure compliance. This reco
tudies (Landteweldt edl .al .202®0;100 | smai l et a
otenti al of isolated trees in fragmented |
eeds due to pollination from unrelated tree
mo cl ai ms that i sodradmad |amdpud attti eornsstl o tuensce §
or pollinators and enhance genetic connect.i
ander et al ., 2010). While this may apply
ollinator s, we could not Iverf déiy-ptohe tAnian e s i r
rac, lasort he present study did not include g
he results of genetic diversity analysis a

ighlighting thepeer@sdioffi c asiged upr aanuwdr esment

estoration efforts.



Whidbeffi ndi ngs suggest prioritizing | arger n a

harbor greater genetic diversity, all popul a
all eles (Abatd2pt ahis RO@4cafTebl ehat each p
to the species'’ gene pool and, therefore, de
perspective, no popul ation should be dismiss:s

seeod Icection from ®omallsopapeldatirees to be us
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51l denti ficealiimkedfRAPDeMar ker
Di oeci ouAf Coomaf pufsorgriBaralgye o5e x
Deter minati on

Abstract

Sex identification at the juvenile stage is a
conservation, and reAftoo@drn pu(sPddlrgald)ioledc o-kdNuws eRialgeen t
di oecious conifer native to Ethiopiads Afromont ¢
| ogglihneg.speci es 6 di oeesctiooruast inoant uerfef ohritnsd earss mal e an
be morphologically distinguished before reprodu
amed to develop a molecul ar ma.r kegr adiolmigoeeRa h ¢ o ns
Amplified Polymorphic DNA (RAPD) an@h aromo/tearti ziet
Amplified Region (SCAR) marker. Screenilmngpked 60
mar kers in bul ked segr eigdaantti oann ailny siinsd i(vB SdAu)a. | Fruarlt
confir med -lai nskiendg | RRA PsDe-in8a rGk&EErA:G CC R0 which consi
producebdp ababn0d0 i n mahmtesi mMWhe walsé albs mar ker serve
for early sexA.dgtrarsmihmgaotPiodny mem ase Chain Reactio
el ectrophoresi s, its dominant nature and-reprod
Characterized Amplified Region (SCAR) marker con

step could not be completed in the present stud
| oespseci fi c SCAR mar-k éar oaapprecigsihes souhg fniegkar c h

These advancements wil/l fadil igratod i me i ehbectine
bal anced representation of both sexes in plant

envisaged for the spteressuaceéssnihbdnciesgotraei loon

Key worddoecy, bul ked segr egdgamtk eadn arlay skiesr,, RAKD,c h¢



5. 0ntroducti on

Sexual systems in plants are remarkably diverse and more complex than in animals. While
animals typically exhibit a single sexual syséegonochory, or separate male and female
individual®d plants can express multiple reproductive strategies. These range fro
hermaphroditism, where flowers have both functional stamens and carpels, to more specialized
systems such as monoecy (male and female flowers on the same individual), gynodioecy
(female and hermaphroditic individuals), androdioecy (male and hermapbiaditiiduals),

and dioecy (male and female individuals on separate plants) (Heikrujam et al., 2015;
Charlesworth, 2016; Leite Montalvdo et al., 2021; Masuda and Akagi, 2022). Dioecy, a
sexually dimorphic system, is relatively rare in angiosperms, ocgurriapproximately 6%

of flowering plants, or around 14,600 species across 960 genera and 200 families (Ming et al.
2011; Renner, 2014; Charlesworth, 2016). In contrast, dioecy is the predominant mating system
in gymnosperms, present in 64.6% of specipansing 42 of 84 genera and 8 of the 12
gymnosperm families (Walas et al., 2018; Ohri & Rastogi, 2020). Notably, six gymnosperm
families, Cycadaceae, Zamiaceae, Ginkgoaceae, Welwitschiaceae, Gnhetacaae
Ephedraceagare entirely dioecious. Other families, such as Podocarpaceae (94.9% dioecious)
and Taxaceae (93.7%), also show high dioecy levels, while it is less com@Qoprgssaceae
(29.6%) andAraucariaceadg5.4%). Sciadopityaceaand mostPinaceadack dioecy, except

for Pinus johannigWalas et al.2018).

The dominance of dioecy among gymnosper ms i s
ot her sedentary organisms (K2fer et al., 201
the absence of hermaphroditic f,] owmtearse immorgey m

80% of species produce perfect fl owers witt

gymnosperms exclusively rely on unisexual st
fertilization in the -abepeamcde idfi tmedhBdni s(néa | |
SI, a common feature in angiosper ms, i's pres
(lgic et al ., 200 8; Ferrer & Good, 2012) . Cc
SI mech@weinsmetl(9€018.) , whi ch may explain the pi
to prevent selfing and maintain genetic diwv
2021) . Mi xed sexual systems, such as dioecy
areteemely rare in gymnosperms, occurring in



Di oecy, despite being rare in plants, of f er
ecol ogi cal traits. | t s prporalriyn abteinoenf,i tr eidsu ctif

and enhancing genetic diversi ttha(IlChsawolreg hworl

Ainsworth, Addoéai onally, separating male and f
efficient resource allocation, of t-iemt gmscii M @ t
fruits (Leslie etl83l. Di2d2@r¥y; iWalfaseqqatenall.y, ax
as woody growth forms, tropical habitats, ar
in response to particular environment al con
si gnidriacvwbnac k s . It l imits reproductive assur
near by males for fertilization, and reduces
seeds, c r esahtaidnogw ah a"'nsdeeecda p” ( Hei |l but)h. eThede |,
chall enges have | ed to the proposition that
associated with higher extinction rates and
|l ineages (Heilbuth, 2000; Vemdsiev& d@éntce, sho
di versification rates for dioecious and herm
reversions to monoecy or hermaphroditism, p
2017; Barrett, 2021; Cossard et al., 2021).

Dioecious plants offer critical insights int
evolved independently and relatively recent
Hei krujam et al ., 2015; Char laeg&wbdkabi,20083)
pl ants are pivotal in exploring sexual di mor
are essential for reproductive biology and c
genetic i nteractionsr, dweiviehh opmeati ognesnesn | £k
reproductive strategi@®&sne Nod wdilryg mavloe ketye miu
femal e omueti lbietytightly I|linked on the same

chromosomes (Charédésewarotrtt h& R®Hrlkes Lhaz2024). P
sex chromosome systems: XX| XY (male heteroga
het erogamet vy, as in birds), and U|V (in bry
designated U vyand Bachterspgecdti vaell., 2014, Renne
2023) . Il n some species, an XY fndosage syste
chromosomes to autosomes (X/ A ratio) (Tanur
system hastbdennrepme Podocarpus, where f eme

(X1 X1X2X2) and males have three (X1X2Y) ( Wal



exhibit cytologically distinct sex chromoson
(Charl esworth, 2016; Leite Montalv«o et al .,
sex chromosomes, where X and Y I(a&ar. ZHoawedv eW
mol ecul ar st udliiensk erde vreeagli otnhsati nsepxl ants often
and accumul ate repetitive sequences, mirrori
birds (Charlesworth, 201)6; Charlesworth & Ha

The identification of pl ant sex at the seed
genetics tools could have a transformative
(Popudpups. ), Adtwidppiigg, (Asparagus) ,ofgFadmaya b s
pappya spbpianaci(a) ,olle€mameadbi , sdat o panimx (
dact yl,i fyedarmas csoprpe.a) , sedi ppeckhao®r)nhdamd i pliest a
(Pi st acli,a awvreer aeconomically i mporamaantl!| ickephbex.
persi MmoBpl )y osg\kiatgies v i minfde sFarrasgvalrd rar Y  galnsaon a s
trace their domestication to dioecious rela
Popsl spp. ,Sawnsipp owsGign kg kjlainllomayst ot her gymnc
di oecious (Keresten et al ., 2017; Wal as et &

often dependdsf oon imlsaminceegex femal es are pref

buckthorn, dat ehiplael mma laensd eyxahmsb,i tw agr onomi c
popl ar, and hemp (Ainsworth, 2000; Hei kruj ar
chall enging in juvenile plants, as they | ac
chromosomes @keitre Montal v«o et al ., 2021;

speci es, reproducti ve maturity can t ake y €

inefficiencies when wundesired plants are un
Razumoala. ,et2023) . Early and reliable sex i d:i
breeding programs, optimize resource allocat

of fer a promising solutsbage yi denmtbd fi tncgasteaxgm

addressing longstanding challenges in dioeci
Sever al mol ecul ar mar kers based onsbDBHgefisege
identification in agronomically important di
Mi |l ewicz & Sawicki, 2013; Hei kjuj gommenbnhy . pys
markers include Random AmplifiedhRolagxmenrplzie

Amplified Region (SCAR), Amplified Fragment



Fragment Length Polymorphism (RFLP), Simple
and I nter Simple Sequence Repeats (I SSR). Am
due to its simplicity and | ack oft nealed, flo0x%90
However, RAPD has notable |Iimitations, inclu
amplification conditions and its dominant na
overcome thesd i akawb RAKES viemegokfetresn been conv
reliabl espaencdi fliocc U sSCAR mar ker s BRagyawam.t Mi 2hk
These methods are frequently combined with

compares pooled DNA sampl es odfsuicthdiavsi daia@ax s

pat hhogendwlkisi stamseri ng homogeneity farts$he
varying randomly (Michel more et al ., 1991,
advancements i n maleeaduiloanr sgeegnueetniccisn,g n(eNk@S) t
restri-assoni at ed DNA-segq y edn aiensds e BRAADDE eRjA D
and wlheonloeme sequencing have emergedesac| dtaisdre
alternatives. Thevtavaedvacead!| mwebleed success
di oeci ous spExdescariingcZhgalnlgd cBmdcommal &) moi
(Wang et Azlt.i,ni208a@argut alHi,ppd2pPhAd)d, Ztedniyk ted n a |
2024) .

n the present study, we ai med t o Adfewelaapmp uas

grac@(Pilog.) C. N. Page to enabl e darligy asex iio

is a charismatic indigenous conifer that onc
highly wvaluequafltotyits mihemg,h medi ci nal uses,
sociocul tural i mportance as a smgcCr2e0dl 9t;r eAeb a(t N
al ., 2024) . However,e iitts @rtaedet i mber i hheft
di minishing its presence in natur al forests
the species persists mainly in inaccessi bl e
churchamhdresther culturally protected sites (
Abate et al ., A20g4psi koosi desattfhreatened

among the few native trees prioritezed &abr,
2021). However, its dioecious nature present
individuals cannot be distinguishetlamedplhold
such as flowers or conesivéemamer vi gi pbFegone

take years or evenm.degoaded tiomr tchenirf drosn gl ij kuev

MHH



poses a risk that artificially established |
inadvertently planted. Devel oping molecul ar
significantly enhance restoratoomnefrffomtts od
popul ations. Therefore,-lthkedsRABPB. mgmedr i dbo
and convert -dpgeciifticc &S CARcumar ker to facildi

identification at seedling stage.

-k

Fi gbil®&eproductive features that distAnggr.abiMAdaoval enal
conedé&d.ofgyracshowirng spirally arranged sporophyll s resp
Female cones, or "fruits," displaying thepimabnamicuo

5. RMaterials and met hods

5.2.1.Plant tissue sampling

We sampled 20 male and 1A9 fge nhacloami a dhuel t Coil nl dei

Agriculture (7A 3' 11.2176"'"' N, 38A 28" 19.2
43.1736"" E) of Hawassa University, Et hi opi a
identified througlsthaidultepradadscthieae fmadteu
arranged sporophyll s responsible for releasi
female cones or "fruits" with thedpi ntaotnisupm c
( Fi gpu)rle Ybemfy tissues were collected from t

MH O



individual s, i mmedchkht pl gspiacbdgsnwizip silic
DNA extraction.

5.2.2. DNA extraction

Optimization of the DNA extraction process W

for the species prior to this study. Accordi
which plant ti ss+e awae tcoo DINA . e Mdem assdobl gact apdda tDeNdA
young | eaves, cambium (inndesbachkhjedpngoting:

the species using the CTAB method (Doyl e an

bi otechnology | aboratori eélawa$sda hdniCwdir ®igtey .o
protocol was also modified (Appendix 1) to i
and i soamyl al cohol after adding a stronger

compounds and ot herars®e exmpdearty dmdétna bcdohaijtf eest &
202A)t hough badteksithbhatedl|l yoang | eaves and car
gual ity DNA Fogdtrewe usee@st ce adieldi ymung | eave

from t he saanndp Ifdednaghaebheeé s ofor ease of tissue

The concentration and quality (purity) of tF
2000 Spectroph&comeaetefi ¢Th&Sh), whi ch measu
absorption ratios at A260/ 280 and A2&6r0/ 230.
evaluated using electrophoresis on a 1% agar
found wunsatisfactory, we discarded the samp
( Appe5Rgi. x

5.2.3. RAPD Analysis

The enti riedemtoicfeysisikgellsemar ker s usi ndg nRAPRQuUp rei
52 Before conducting the bulk segregant ana
we optimised the andealapmigme esnpefr adaubiesr arf y ¢
Port, Czech Republic) in a PCRIi4&mpeukatnug e
gracDNAot hat exhibited the -biese RARDI pyi mar
produced clear polymorphic bands were sel ect
genomic DNA (Appendix 5. 3).



[ Collection of plant material (fresh leaf tissues from adult male and female individuals) ]

| -
[ DNA extraction from male samples ] [ DNA extraction from female samples ]
Pooled genomic DNA from male Pooled genomic DNA from female
[ individuals to form male bulk ] [ individuals to form female bulk ] Bulk segregant analysis
L (BSA) of pooled male
PCR amplification of male and female bulk [ and female genomic
[ DNA with RAPD primers ] DNA

screening of putative sex-linked marker)

l —

[ PCR amplification of individual ] [ PCR amplification of individual ]

Gel electrophoresis and visualization (primary ]

Validation of putative
sex-linked marker in
] individual male and

male DNA with putative primers female DNA with putative primers

Gel electrophoresis and visualization

(confiming sex-linked RAPD marker) female samples

Gel extraction, purification, cloning,
sequencing and bioinformatics

Development of locus-specific SCAR marker for early sex
diagnosis at the seedling stage

Fi gwbre Procedur eSCIARRr bRARDOD sex identification in di oc¢
Hei krujam ®t al., 2015

For each identified primer, genomic DNA fror
females in a second pool) were used for PCR.
vol ume elofr elaOct i on mi xsturnd ®&EdPt aManBtinagz eo@h x (T
Republ i cogonwhi als Taq DNA ©pol ymer ase, deoxyr

components agldbfaddditpmodes rL,oX 212 0t enrgg | at e DNA,
eL of ddH2O. The PCR reactions w&ad, rwWSA) n
programmed as foll ows: I ni ti al denaturati or
denaturation for 30 seconds at 94AC, anneal |
fromi8dA@ depending on for theatreexsgent ifwvwoe pr

at 72 AC and final extension for 10 minutes

Ampl i fied fragments were separatedLbygfseaehu
PCR product welr eofmilxoeadd iwiigt dy2e ( Ther mo Fi sher

MHDPp



onto a 1.2% agarose gel stained with ethidi
fragments for each RAPD primer was assessed
DNA |l adder (Thermo Fisher ScientiZbimjnUBAF. ¢
60 V in a 11 TBE buffer sovliiustuiaanidzeshosegqueanpl
under UV |light usili?hgpagetVPFBsBeGeSPoenti fic,

Primary screening of the 39 RAPD primers usi
put atilvemkeex mar ker s, i . e. bands that appea
failed to amplify in -tihekedhgninmkalt $byo Bitte emunt
bul k DNA samples were then used with individ
reproducibility testipregidnda walrikeat ison of th

5. Results and Discussi on

5.2.1. Optimizing DNA Extraction

Since there was no DNA eAtrgrcpciobr protwolcio$ ¢
optimized the process to deter mi rgeu aflriotny wohN Ac.
Readings from a Nanodrop spectrophotometer

indicating the concentaahednfaach ghal bpyi mf z
shown i5nalTé bfbieg2urespecti-desyccahedsybuog | eaf
yielded DNA of high concentration and reason
was affectedofbycotnhteenltesakianget he centri fuge fr

cambium tissue samples also yielded DNA of g

in the gel i mage for sample C22, despite com
readings |ikely due to a pipetting error cau
gel . Jdrees icacmt ed fresh | eaf samples (FL1 and

DNA of good concentration and amwer iatnyd, tehse dNeam
readi ngs2;( Flbagbd ree

The high quality and yi edasiocfc al MAl eyxoturnagc tleec
consistent with the expectation that young p
and quantity. This can be aty rdibwitdeidn g oc etlhles

concentrations of secondary metabolites, suc

MHC



known to i mpede DNA extraction and compr omi
2023) . Il n contrast, the very | owWeBNACcC@aU aIdi fy
| eaves, despite being young, aisesli el yt hceu ea bt
effective preservation techniques |1ike
active and degrade the DNA (Til/ et al .,
Tab3%l Nanodrop readings*™
samples from the tissue
Sample Concentration A260/A280 A260/A230
= (ng/ul)
e L11 37.54+1.42 1.46+0.02 0.35+0.03
- L12 370.28+4.47 1.85+0.01 0.89+0.02
e L21 1484.6+9.54 1.96+0.03 1.71+0.03
o L22 884.65+7.35 1.97+0.02 1.65+0.01
S C11 401.99+5.42 1.83+0.01 0.83+0.02
Ci12 218.55+3.28 1.96+0.02 0.69+0.01
c21 573.71+6.16 1.88+0.03 0.93+0.02
C22 562.07+5.92 1.96+0.02 1.16+0.01
Fi gbBAdgarose gel eIectropﬁLr}res§043+1rﬁ%m;58+004 0.35+0.03
of the DNAxsamgl ed dur|anLt2he 0
optimization process L 1 1x, h%z’qulueé‘”dpﬂ-é%e\lnted
refer -tessckchtad | eaf samp
Cl12, C21, and C22 refer tac%%ﬁh?n?‘ﬂt‘%‘éfsfﬁréee’”Tead' ng
samples; FL1 anddd:d_iZCGaetfeaS]‘ame nsoamp | e
fresh |l eaf samples; M stands for a 100 bp DNA
size |l adder

desi

opti



The high quality and yield of DNA extracted fr

to the commonly wused | eaf sampling, especiall
tropical forest tree speciies,clzilclessginmgg came pt
often requiring climbing, which increases tim
et al., 2020). Furthermore, tropical tree | ea\

promptingwult aei arccaf defensive secondary met a
polyphenols, and terpenes (Colpaert et al ., 2
and can inhibit downstream processediltiilomaRCR

|l eaf samples may harbor microorganisms and s m.

DNA (Col paert et al., 2005). I n such situatior
more accessi bl e, tyneitaadlolly tleowerntiemts, e caonndd d reys
FoA. gr,acal tat | tree often exceeding 30 mete
inaccessible, not available during the dry se:
Consequentl vy, cambium tissue sampling provide

constraints.

5.2.2. RAPD Analysis

The first step of the RAPD analysis involved ¢
primers for PCR using a temperature gradient
identified 39 primers capabRhAe of DEmp{ dppemdi x
53) . Bidg wrreesent s examples of agarose gel el e
products generated durSicmegeetnhing &Pt iwmir &Ka tnigo rR AfF
bul ked male and female RBNA itrh aP CRpleicdve mtcisfdaendd
patterns, maki nlgi nkedn martkadrisv.e Ismexagarose gel
appeared exclusively in either male or female

gel profil esFiarua eprbe sse n(tAe ca nidn B) .
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Fi gb#de Agarose gel electrophepresiustismagesm sasmhowiahg nBCRen
optimization across a gradient of 37AC to 47AC for pri.
OPN 4, OPN 5, and OPN 6. The temperature gradient al on

44. 9AC, 43. BABAARO0.397A®B,AC, and 37AC, respectively. Lane
size |l adder.

For exampl eQ8 ppriankuc é&OPAa 1000 bp band specific
female bulk (Il anes AB)n alidmiA8ar Liyd)y dperrgaenreat esdP
approxi mately 700 bp band specific to the mal
to the female bul k (|.a&)es IM9.nNB,agpd eABERBr (OiPaDiFeé g L
Al8m and A18f) pmpeduded thwodmal eapproxi mately
were absent in the femalle8 K dlakn.e sAd\dLi8tm camadl INyl,8
approximately 1200 bp band specificHdweuweire, masa
subsequent PCR using DNA from individuat mal e
l' inked markers revealed that mo st of these m
Figure 5.6 (A and B) preis@lnlty iekeaemtpil féisendk leals ep

mar kers failed to demonstrate consistent spec

MH
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O 1000 bp
Q - m
O S 500D

- ’_HOO...

e Agarose gel el ectrophoresis profiles highlight.i
ening using bulk male and fem@Be DRA @Q@BHA)a.n-d( OPARAPF
howing specific bands in eitheromal esnpaelrcei f € malbanidas
served for-1gri @®MNs QBAND ABN ©OHEBN and-06&6PNLane M represe.]
O bp mol ecular size | adder.

('D(/)('DGI

Females

-

. sew v

Females

Fi gb6.e Exampl e agarose gel profiles @®f9 RGQR BrHqg AWMt < hu s i
produced pdtiakiedemaekers during bulk segregant anal ysi
individual mal e and femalelB8B@amppemol tankaM sepeekbadtisr.
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I n contras#8 pppmar e®PDo produce a 600 bp bar

individual male samples bub7)a.bsTemer a@fnori en,ditvh e L
OPEH 8 -GABDAGCCARAC coul d be recogeciziidan lasdxamanmakl e
enabling the mol ecular differentiatA.ongroafcinhailo
at earlier |life stages, without the need to w

W 1000 bp

=)
» 500 bp

.o

Fi gbv.e Agarose gel profiles of PCR -8 odnucDNA omft aii meeidv iuc
mal e andA.f egmagteaht er The arrow highlights an approxi mat

mal e samples but absent in the female sampl es. Lane M |
The advent of RAPD mar ker s (Wi Il i ams et al .,
1990s, as they did not require prior seqgquence
mar kers of the ti me, such as mr gsRtFrLiPot,i oRMA PfDr any
were also technically | ess cumbersome and eas
(across experiments and | aboratories) and doc
applicability (Staaub ,et20a05.),. 1T%%6 ;| aVdeki sa fn gr eeptr
to the high sensitivity of RAPD markers to sl
variations i n DNA quality and concentration,
cal i brnadt i pmi, mear or enzyme concentrations. T h e

banding patterns between experiments (Weising

t he -shman ngent PCR conditions i nherenthot to RA



oligonucl eotides, typically 10 bases | ong, an

mi smatch presmecgfacdbnaoadi ng.

To address the | imitations of RAPD markers, a
as seqbuhenaeterized amplified regions (SCARs) ,
1993). SCAR markers are der-ampti bPyDe dflrBaAgi nnegn tasn
i nterest and dneesri)gnoalnigg ol nouncgleero t(i2dde pr i mer s cor

sequenced RAPD fragment s. The wuse of t hese |
temperatures (i .e., stringdret rR@Rodooadblt e omsn
specific, single locus. This makes SCAR mar ke
are | ess sensitive to variations in PCR reac
potentially S6éemcoavermadkeéwoscofurther enhanci |

RAP-Beri ved SCAR markers have been successfull
in sever al di oeci ouGa rpr almit M & rsEdxoalviigonl oe Seati haclé.u,d e
papd)yCd aBbeedsoya & Nufez, 20T nkNodihabolRal .a,l . 201

Momor di c@Patiioli caHi mpoph@2é® 12amnloardest al . , 201
201B)per( Wreadlee etGaakci ni-g0tDwpmieph et al ., 201
(Kim et al., 2012pPp17%al akdpdbnbad (nya leent (adl..,, 201
application of SCAR markers for sexodostdamti hgc

from identifyi ngbaaRAPD porri noetrhse rt oP CiRs o Haitniknegd a n
bandd daenv el opi-snpe csiefgdce spcresi omeer veh a t | eclonrsiuami sh gan
(Weising et al., 2005; Wang et al ., 2019). For
to devel op sgpegiinglce S8RAIRe mar ker fdr SsakakK 1pAar
screened 760 RAPD pr-smecsfito SJCARI| mar lkae rmafl er

examples wunderscore how | aborious and -l ength
generation sequencing -s(eMGS) & &RpADN rool-Hgee gw lene R
sequencing, have emerged as faster ai@dsmdre ¢
met hods for sex i dentification in dioecious pl
2023; Zeng et al ., 2024) .



The 600-spepcméie RAPD8Mai kent { OPPBAD igmr hAtohitdss ost u

potential for conversion into a SCAR marker,
sex i1 dentification in this dioecious species
devel oping SCAR marker s, wrhiifcyhi nignsvpohl evi efreiad eexbt arr

amplified-18y prihene®@PDSanger seqgugeaci hnigc @amidmare

on the sequence (Firgegwmoarz)e. aadwdv eme, chwnes ttrai r

i nvestigation at this stage. Neverthel ess, t
foundation for future efforts. We aim to resul
a SCAR whr kbr will address reproducibility col
Additionall vy, with the increasing accessibildi

t hroughput appr esaecgh eosrrg ewshaoniee as qRADc i-pegci toci d

l oci with greater PAr. e cgirsaiccbnl c omchdeahiceimemde¢ y  wl
i mprove mol ecular sex identification but al so
basis of dioecy in this species.

5. oncl usi on

I n this study,18weasiHdenndedt i RAPDOPMar ker , ampl i f
speci fic t o maAfer oicad ipwu,j dymarlascii dif og a potent.i

identification at the juvenile stage. However
domi nant nature and reproducibility issues, L
resear ch s howdrdt ifrogc utshiosn marnker i nto a SCAR me

expl oritmg olwigdplput s e qgsuetnoc i enngh aanpcper osaecxh ei dent i f i
as gaining a more nuanced understanding of se
| evAdIt.er devel opi ng anldi nvkad d dnaat ri knegr ,a fruerltihaebrl er
mol ecul ar mar ker to morphol ogical DOervaeltospifnar
robust mar ker s wi || faci Aitgre@opbhtaefdesii eas
bal anced representation of bot h snmesx etshaitn npalyan

envi saged for the spectesm sandcessatof buesngr a
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CHAPTER SI X

6 Summary, Conclusions, and Re:
Summary and Conclusions

forestation has profoundlybreshapediltgndocaj
osystem functions, and fragmenting forest h
versity and increases inbreeding within tr
pression charaadteeprzedudtyi vdei m$ mé¢ sdhes and r
sponse, globalscamemit meatpl aot il maggand fores
th Ethiopia pledging to restore 22 mitlion
runtcsess of these initiatives hinges on sel ec

ver se seed sources, which are essenti al for

is dissertation examines Kkey genetic consi
ghlighting challenges in seed and seedling
agmentation, and the i mpl iciaAfjromcsaropuy sdagreacyi
oecioupoahdnawited conifer, the study assesse
e applicability of mol ecul ar sex identifica
nt hesi zed if5r omftbapvatsaBl e insights to enh

netic integrity, and advance mol ecul ar tool.

e first study assessed the extent to which
d seed procurement for forest restoration
nsiderations are frequenttdgmiovatredokgd,a wie
eci es ,Grievdllddciang obust a, Eucal ypt ufSudgcraensasl udsu |
SsitaNatave species remain underrepresented,
Il ow guidelinasnesgegeinakti €Eodi marstty. Not e
urce seeds from any available tree, 87% of

seed coll ectors do not adhere to a mini mun
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88% di sregard recommended di stances bet ween
compromi se the evolutionary resilience and ac

affectiAgertm e ulccress of restoration efforts.

The second study investigated genetic divers
fragmented pbpotat powesigmdacSNP omar kers gener at
pl atfor m. Results reveal ek &@n 1l9v arcalols sl aw | g ermo
progeny cohorts exhibiting even | ower diversi
mot her trees showed the | owe st genetic di ve
i nbreeding. l nreebhbhpaspopf remaanwvefyg | arger si
churches and traditional wor ship areas, ma i
underscoring tihneisanisuep vratt a mane fGemeti c differe
ranged fHse<m Ol.o0Owb )( t o mbsder @t @5)(,0. Wbtk progeny
popul ations exhibiting relatively higher diff
popul atié b®)s, (Wi |l e variati od. B8tWweandpamohgt irt

Y

(approximately 38%) was | ower

A foluposwtudy examined phenotypic traits relate
findings reveal ed that pr ogdetnhyo dea ow tshmatl He alnaw
di v edresxihtiybi t ed significantln ratdtaesedwef et neds%
acclimatization success was reduced by 33%, C
was 41% | ower , and | eaf scorch incidence incr

bet ween genetic diveaisi s ycamidi pmedenhatfi goaesfs]

driving reduced fitness. These results indic:
viability of progeny fr oM sgiad¢p dasniar g sao |saetreido u
t he -tleornng persi stence of the species.

The final study sought to develop A. mgltacul ao

using RAPD primers. Screening of -160n kRRAIP Dnaprrkien
of which a si Algl)e wmaar keean f (HORvzkde d1 & OdPd@n ssiesxt e n
producebdp aban0dd i n mal e i ndi vi dualist bautp owaesn taibas
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for early sex identification. However, concer

further refinement, such as conver-thhngughputn

approaches to enhance reliability.

Overall, the findings of this dissertation | e
1.Genetic considerations in species selectiol
of orest restoration initiatives in Ethio
principles, Il ncreasing the tienkiaf .i ®Sbhread
gui delines for seed sourcing and nursery
diversity in restoration efforts.

2.Low genetic diversity and geAetigcpdoskeffdrin
serious threattemmtwiealsipleictiy.soLdrogqn@gr r emna
harbor higher genetic diversity, hing ksliitaguht
conservation.

3.l nbreeding depression significantly reduc
popul atAi.ongsr,acfas i evi denced by | ower ger mi n
perfor mance, and higher susceptibility to
seed coll ection strategies that prioritiz
restoration outcomes.

4. The i denti f-iicmkednRARPD amarker f oA. eqamrdyi Isiex
represents a valuable step toward i mprovin
However, further refinement and conversion
reliability for practical applications.

6. Recommendati ons

1.Policy and Regulation: Establish and enfor
in restoration projects while ensuring adh
Aut horities should incentivize sredydhadghilyer
seeds while discouraging uncertified vendo



.Seed Sourcing: Source seeds from geneti cal

cul

col

turally protected sites such as sacred

l ection from isolated or few Imontghse rf rtorne

| arger patches and sacred sites could serve

efforts.

.Conservation Efsfidrut sc:onBAeir oveuitéi oinlsicoafmed si t e

| arger forest patches to maintain genetic

.Monitoring and Evaluation: Conduct regul ar

survival, growth, and genetic diversity, e

integrity and adaptive potenti al

. Further Research: Future studies should address the following research gaps to complement

the presenstudy:

1

Conduct genetic diversity analyses on a broader range grfacilior populations,
including those outside Ethiopia, to gain a more comprehensive understanding of

the speciesd genetic structure.

Perform gene flow and parentage analyses to provide a more detailed and nuanced

understanding of the genetic consequences of habitat fragmentatiogracilior.

Continue developing robust molecular markers by refining the identified RAPD
marker into a SCAR marker or exploring hitfiroughput methods to improve the

reliability of early sex determination in dioeciofisgracilior.

Link the molecular markers to morphological traits for easy and inexpensive

application in early sex identification.



APPENDI CES
Appendi x 3. 1. Mar ker quality information
a.Transition anrdypter aSiNsPvse rosfi anhe 1820 filtered
Types of Base subs Number oFrequer
Transi ti ATG 46 0.2
CIT 48 0.2
Tot al 95 0.5
Transver . ATC 21 0.1
ATT 20 0.1
GIC 19 0.1
GIT 25 0.1
Tot al 8 6 0. 4
Tot al 182 1
b.A summary of different SNP marker quality and
Marker quality and diversity parameters Min Mean Max
Call rate 0.699 0.774 1.000
One ratiereference allele 0.006 0.818 1.000
One ratieSNP allele 0.006 0.209 1.000
Reproducibility 0.950 0.994 1.000
Minor allele frequency (MAF) 0.003 0.045 0.496
Nei 6s genetic diversi 0.006 0.077 0.500
Polymorphic information content (PIC) 0.006 0.074 0.494
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Appendi x 3.2. Genotype accumulation curve

183— O B e e e e e e e e
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T
Mumloci

S1 Figure. Genotype accumul aA.i ognr eceuertvieh BoX 0 11803c ig eanfotteyrp ef:
x-axis represents the number o-fl I=0cli8 1r99 radaardl y bspar mgpsleend s(
number of multilocus genotypes (MLG) observed.



Appendi x 3.3. Pairwise geographic distance matri x between po

AUG 0

AUGE 0 O

BTD 162.6 162.6 O

BTD p 162.6 1626 0 0

DAD 112 11.21646 1646 O

DAD p 11.2 11.21645 1645 0 0

GDB 117 11.7173.0 173.C 189 189 O

MEG 247 24.7175¢ 1759 148 148 273 0

MEG_p 24.7 2471759 1759 148 148 273 0 O

TBO 178.¢ 178.¢ 20.1 20.1 181.6 181.6 188.9 193.5 193.5 0

TBO p 178.¢ 178.9 20.1 20.1 181.6 181.6 188.9 193.5 193.5 0 o0

TKW 1256 125.6 44.7 44.7 1257 125.7 136.8 135.7 1357 64.6 646 0

TSO 180.2 180.2 21.5 21.5 183.0 1828 190.2 194.8 194¢ 14 1.4 66.1 0

TSO p 180.2 180.2 21.4 21.4 182.¢ 1828 190.2 194.8 1948 14 1.3 659 0 o0

WAB 162.7 162.7 13.1 13.1 163.8 163.8 173.5 174.4 1744 30.2 30.2 395 314 312 O

WAB_p162.7 162.7 13.0 13.0 163.8 163.8 173.5 174.4 1744 30.2 30.2 395 314 312 0.0 0

WGC 134.¢ 134.9 51.0 51.0 133.7 133.7 146.4 142.3 1423 70.8 70.8 17.5 721 72.0 41.6 416 O

WGC_p135.C 135.0 50.9 50.9 133.8 133.8 1464 1424 1424 70.7 70.7 175 721 719 416 416 0.1 0

WGD 162.1 162.1 14.4 14.4 163.0 163.0 172.8 173.6 173.6 31.7 317 385 329 327 15 15 403 402 O

WGD_p162.0 162.0 14.3 14.3 163.0 163.0 172.8 1735 173.6 31.6 317 380 329 327 15 15 403 402 0.0 0
AUG AUG_BTD BTD jDAD DAD pGDB MEG MEG |TBO TBO_gTKW TSO TSO_gWAB WAB_pWGC WGC_pNGD WGD |

Geographic distance (in kilometers) between any pair of the

Popul ation codes are described in Table 3.1 of the main text



Appendi x 3.4. Trees of Wonsho Gudumale (the W

S2 Figure. Old trees at the WGD site: a) a few standin
the site, photo shots at the base and the crown respect
person, for scal e; cd r& ufmf emeeanscuer,i nghitchh was 10. 46 meter
3.33 meters.
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