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Re-establishment of pollen-mediated connectivity is key to successful restoration
of fragmented populations of Eucalyptus albens

Abstract

An essential factor in assessing the success of woodland restorations is understanding whether gene
flow and connectivity between restored and remnant populations has been re-established. Without
pollinator services, isolated populations can further subdivide and face concerns of inbreeding
depression, which is not the target of restoration projects. Within the ‘Central Valley' of the Warrumbungle
National Park, a series of restoration plantings were performed between the 1980s and 1990s to restore
the previously abundant Box-Gum Grassy Woodlands, in particular White Box Gum trees (Eucalyptus
albens). Extensive land clearing meant that these populations became extremely fragmented within the
agricultural matrix, with only a few remaining extant remnant trees. This restoration was discovered to
use locally sourced genetic material for plantations within the park, which is known to cause issues with
inbreeding depression and lower genetic variability. Extending upon previous studies, | analysed relictual
(historic scattered trees), natural (leftover extant populations), planted (restored trees) and sapling/
seedling populations (juveniles grown in situ and ex situ) of E. albens trees for the genetic diversity and
population structure by extracting genomic DNA and genotyping of SNP presence and absence
conducted using DArTseq microarray developed for Eucalypt species. For the first time for this species, a
high-confidence paternity analysis of seedlings and a parent pair analysis of saplings were conducted
from a range of populations and were used to quantify pollen-mediated gene flow respectively to analyse
connectivity between populations. By combining all analyses, | assessed the genetic success of this
mature restoration project, with a focus on determining whether planted populations of E. albens
displayed comparable genetic diversity levels and population structure to those of their remnant cohorts
and whether there was evidence of gene flow between these groups. Analysis of genetic diversity and
differentiation in dartR yielded no significant difference in genetic diversity between all groups, and most
populations were relatively homogenous (especially natural stands) in structure, except for two planted
populations, that were sourced externally from the valley. Seedlings planted in situ had lower inbreeding
levels, suggesting that there was further outcrossing between stands between generations. Parentage
analysis revealed that planted and natural populations were outcrossing, suggesting successful gene flow
and genetic compatibility. Overall, there was little negative effect of local provenance sourcing, and the
restoration was actively producing many viable saplings ameliorating inbreeding issues.
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Thesis Abstract

An essential factor in assessing the success of woodland restorations is understanding whether
gene flow and connectivity between restored and remnant populations has been re-established.
Without pollinator services, isolated populations can further subdivide and face concerns of
inbreeding depression, which is not the target of restoration projects. Within the ‘Central
Valley’ of the Warrumbungle National Park, a series of restoration plantings were performed
between the 1980s and 1990s to restore the previously abundant Box-Gum Grassy Woodlands,
in particular White Box Gum trees (Eucalyptus albens). Extensive land clearing meant that
these populations became extremely fragmented within the agricultural matrix, with only a few
remaining extant remnant trees. This restoration was discovered to use locally sourced genetic
material for plantations within the park, which is known to cause issues with inbreeding
depression and lower genetic variability. Extending upon previous studies, I analysed relictual
(historic scattered trees), natural (leftover extant populations), planted (restored trees) and
sapling/seedling populations (juveniles grown in situ and ex situ) of E. albens trees for the
genetic diversity and population structure by extracting genomic DNA and genotyping of SNP
presence and absence conducted using DArTseq microarray developed for Eucalypt species.
For the first time for this species, a high-confidence paternity analysis of seedlings and a parent
pair analysis of saplings were conducted from a range of populations and were used to quantify
pollen-mediated gene flow respectively to analyse connectivity between populations. By
combining all analyses, I assessed the genetic success of this mature restoration project, with a
focus on determining whether planted populations of E. albens displayed comparable genetic
diversity levels and population structure to those of their remnant cohorts and whether there
was evidence of gene flow between these groups. Analysis of genetic diversity and
differentiation in dartR yielded no significant difference in genetic diversity between all
groups, and most populations were relatively homogenous (especially natural stands) in
structure, except for two planted populations, that were sourced externally from the valley.
Seedlings planted in situ had lower inbreeding levels, suggesting that there was further
outcrossing between stands between generations. Parentage analysis revealed that planted and
natural populations were outcrossing, suggesting successful gene flow and genetic
compatibility. Overall, there was little negative effect of local provenance sourcing, and the

restoration was actively producing many viable saplings ameliorating inbreeding issues.
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1.0 Introduction

1.1 History of ecological restoration

Vegetation restoration has occurred across Australia for more than 50 years in hopes of
returning more of the landscape to the previous, more forested environment. However, there is
little guidance regarding the appropriate selection of seed sources to use in restoration efforts.
Outbreeding depression can result when genetically distinct parents produce offspring of
intermediate phenotype with reduced fitness. Since the 1990s these concerns have led to an
increase in the use of locally adapted provenance sourcing where seeds are collected close to
the restoration site (Broadhurst et al. 2008). Earlier in the efforts of restoration, the seed was
often collected from very few, highly fragmented and fecund trees (sometimes even one) and
these seeds were deployed across the environment for repopulation (Broadhurst 2013). Seeds
were often collected from fragmented, small, inbred populations again resulting in low
diversity and poor-quality planted populations. It is therefore highly likely that older restoration
sites used poor-quality seeds leading to the establishment of populations with low genetic
diversity, which has the potential to limit the long-term persistence of the restoration project

and its ability to adapt to environmental change.

1.2 Costs and benefits of restorations

To restore a landscape to its previous healthy state, environmental managers must target the
most effective way to conduct this process. The health and diversity of Australia’s ecosystems
and species are continuing to decline, as more than 100 extinctions of plants and animals have
been recorded since European settlement (Woinarski ez al. 2019). Eastern Australia is a hotspot
for deforestation (WWEF 2015) and Australia has been identified as the most vulnerable
developed country to climate change impacts (IPCC 2014) as altered rainfall and temperature
regimes accelerate ecosystem changes and plant and animal declines (Hughes et al. 2019).
Australia has an urgent need to prevent the mass decline and extinction of native species,
however, this process requires support from legislation and the Commonwealth government

(for example, funding, policies, and legislation).
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Eucalypt woodlands can be restored on non-prime agricultural land (5,543,942ha [45%]) which
is estimated to cost approximately $10.3 million (Mappin et al. 2022). While this may seem
unreachable in the near future, (Mappin et al. 2022) calculated the carbon revenue is estimated
to be 53-219% of the total restoration cost. The cost of inaction on landscape degradation,
biodiversity loss and climate change, especially for eucalypt woodlands, is high. The potential
to earn up to 219% of carbon revenue after restoring eucalypts means the federal government
is missing this opportunity. Large-scale landscape restoration is a win-win solution for
combating future climate change and reducing Australia’s valuable biodiversity loss. It must
be utilised to our advantage to return Australia’s lost vegetation and reduce the cascading

trophic effects of loss of trees on biodiversity and ecosystems.

1.3 How to measure restoration success

The goal of restoration is to create a self-sustaining, healthy environment, that is resilient to
stress and environmental changes (Jordan ef al. 2019; Ruiz-Jaen and Mitchell Aide 2005;
Suding et al. 2015). However, multiple factors influence the long-term survivability and
viability of restored populations. Fundamental to this is seed-sourcing techniques which
influence a suite of related population genetic issues. (Mijangos et al. 2015; Breed et al. 2019,
Millar et al. 2021). Restoration programs in Australia aim to species extinctions due to
extensive land clearing (Broadhurst 2013; Broadhurst ef al. 2008). Modern and emerging
genetic technologies provide comprehensive measures of restoration success including
inbreeding or outbreeding depression, lack of genetic diversity, lack of gene flow and

population subdivision (Rice and Emery 2003; Broadhurst 2013; Millar et al. 2021).

Successful restoration involves the re-establishment of connectivity through important species
interactions, such as pollination between natural and restored populations (Millar et al. 2021).
But how do we know when we have reached that goal? It is important to critically analyse
whether restorations are successful and continue to be a viable, resilient population in the
future. Restoration success can be measured in several different ways (Wortley et al. 2013).
These measures can be based on vegetation characteristics (vegetation cover; biomass density
[Walters 2000; Wilkins et al. 2003]), ecosystem processes (biological interactions e.g.
pollination, or nutrient cycling [Rhoades et al. 1998]) or species diversity (richness and

abundance [Passell 2000]). In combination, these measures can provide a richer understanding
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of restoration success (Hobbs and Norton 1996; Neckles et al. 2002). Genetics is a powerful
tool to measure restoration success in terms of genetic diversity and differentiation of
populations (e.g. Broadhurst 2013; Rosser et al. 2023; Quinton 2019; Zucchi 2018). Genetic
inquiry can measure connectivity between populations (Lowe and Allendorf 2010), determine
the parentage of offspring (e.g. Liu et al. 2016; Quinton 2019) and determine if outcrossing
and significant gene flow is occurring across the landscape. These genetic measures of gene
flow provide insight into the maintenance of ecological processes such as pollination and seed
dispersal. Restored areas should be compared to natural sites to adequately measure success

(Passell 2000; SER 2004).

The Society of Ecological Restoration (‘SER”) (2004) suggest nine characteristics of a
successfully restored population. The restoration should be self-sustaining and include similar
diversity and community structure to corresponding sites, presence of indigenous species,
presence of functional groups for long-term stability, capacity to sustain reproducing
populations, normal functioning, elimination of potential threats, integration within the
landscape and resilience to natural disturbances. Financial restrictions do not allow a thorough
assessment of restoration success and there are no studies within the literature that have
measured all SER attributes (Ruiz-Jaen and Aide 2005). Ecological processes are not measured
frequently due to their slower recovery after restorations. Identifying cheap and effective ways
to evaluate restoration is important. Ideally, the most effective way to measure restoration

success is to acknowledge all attributes provided by SER guidelines.

Few studies measure the reproductive rate of populations or evaluate the fitness and self-
sustainability of species long term (Ruiz-Jaen and Aide 2005) as more focus is on easier, less
time-consuming measures such as diversity and vegetation structure. An important measure of
restorations is evidence of natural recruitment to replace losses through senescence. Without
the ability for restored populations to reproduce, there will be no population growth or
contribution to future generations. However, there is limited evidence for natural recruitment
occurring as a result of reproductive connectivity between restored and remnant populations
(Gibbons et al. 2008; Ottewell et al. 2010). Assessments should therefore focus on measuring
reproductive rate, population growth and fitness to determine the level of success. Additionally,

the maintenance of the assemblage of indigenous species and species richness within restored
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populations should be considered (SER 2004). Without considering the richness of species used
in active restoration, the restored population will not be able to maintain itself if community
structure and composition are compromised. Finally, new and emerging genetic technologies
such as genomics can evaluate the viability of populations. This will allow us to close
significant gaps in knowledge and understand why restorations may fail, and what practitioners
and ecologists must do to maximise successful outcomes. Genetic technologies can reveal

whether genetic diversity, gene flow and homogeneity are restored into the landscape.

1.4 Major questions in ecological restoration

The field of ecological restoration is young, with an imperative to understand how to maintain
gene flow, connectivity and genetic diversity within diverse populations, communities, and
regions. Research avenues should focus on establishing long-term knowledge and persistence
of restoration projects (Broadhurst et al. 2017) so that restoration is future-focused while
acknowledging the importance of the heritage of flora in landscapes (Broadhurst et al. 2008).
Due to the young age of most restoration projects, long-term success is unknown (Broadhurst
et al. 2017). The ability of restored cohorts to persist compared to natural and relictual trees is
also unclear and further research is needed to evaluate fitness and viability differences between
restored and remnant stands (Broadhurst 2013; Rosser et al. 2023). There is also a lack of
studies involving the relative connectivity and gene flow existing between restored and
remnant populations and whether they are producing viable outcrossed recruits. Finally, genetic
issues relating to seed sourcing and the most effective seed sourcing technique to utilise is not
yet well understood. Therefore, there are three outstanding questions highlighted within the

literature.

1) What is the most effective way to source suitable genetic material to use in restorations to

increase long-term success?

2) Are restored populations sufficiently genetically diverse to be able to produce genetically

viable offspring?

3) Can the connectivity and gene flow between remnant and restored populations be re-

established and persist long-term?
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Careful selection of gene stock used in restorations can lead to the production of viable
populations that can withstand environmental stressors. However, genetic diversity and
differentiation should be assessed in populations used for sourcing seeds to support self-
sustaining planted populations. Existing and emerging genetic tools offer the potential to
improve our understanding of restoration ecology which can assist with filling these knowledge
gaps and improve ex-situ conservation management long-term in the face of climate change

(Breed et al. 2019; Jordan et al. 2019; Mijangos et al. 2015).

Some studies suggest that genetic connectivity and gene flow are restored between natural and
restored populations (Liu et al. 2008; Reynolds et al. 2012; Ritchie and Krauss 2012) but in
reality, too few studies confirm the existence of gene flow and genetic variation in restoration
programs. Restored and natural populations must interact to re-establish linkages to sustain
reproductive potential and genetic variation for resilience long-term. However, few examples
demonstrate whether Australia’s restoration efforts are provisioning genetically viable new
populations to ensure a long-term future in the face of climate change (Broadhurst 2013).
Additionally, it is also valuable knowledge to examine connectivity between populations by
focusing on offspring: natural saplings and within collected seeds. This next generation can
allow us to understand whether outcrossed individuals are prevalent in restorations, indicating

the restoration of pollination services.

1.5 Genetic issues in restorations

Ecological restoration can be a powerful tool for the sustainable conservation of species and
communities, and population genetics can be used to increase the likelihood of success (Zucchi
et al. 2018). This section reviews genetic measures that can indicate long-term population
viability. As these become cheaper and more accessible (Gellie et al. 2018; Perring et al. 2015),
they can inform appropriate seed sourcing to maintain future genetic capacity and persistence
in changing environments. Little data exists to give guidance on a successful restoration with
sufficient genetic background to ensure their long-term future (Broadhurst 2013). The goal of
restorations is to first, establish source populations with sufficient genetic diversity to maintain
the ability to adapt to environmental change and altering habitats (Broadhurst e al. 2008), to

establish whether inbreeding is likely to occur or whether genetic differentiation can cause
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outbreeding depression (Edmands 2007). Further, it is important to measure genetic issues
likely to arise concerning population connectivity (Lowe and Allendorf 2010) and finally avoid
factors likely to critically affect fragmented populations (inbreeding, genetic drift and genetic
contamination). These genetic issues are of primary concern within restoration programs
because they are likely to affect or reduce population fitness and survivability. Genetic issues
may impact the success of restoration projects over the long term through processes such as
reduced genetic diversity, outbreeding depression, inbreeding depression, hybridisation, and

genetic contamination (Rice and Emery 2003).

1.5.1 Genetic diversity

Genetic diversity underlies ecological viability and long-term sustainability and the capacity
for restored populations to persist without human support. Restored/revegetated populations
often lack sufficient or appropriate genetic diversity due to genetic drift, founder effects,
inbreeding or inappropriate sourcing of seeds (Rosser et al. 2023; Broadhurst 2013; Jordan et
al. 2019; Zucchi et al. 2018). Fitness can be reduced in restored stands and their offspring if
they are lacking in genetic diversity and express recessive deleterious traits, as they may be
more vulnerable to environmental stressors and suffer reduced seed crops/fecundity, poor
seedling survival and germination, smaller seeds, and poorer fitness (Broadhurst 2013; Zucchi

et al. 2018; Broadhurst et al. 2006; Aguilar et al. 2006).

Genetic diversity of restored stands is closely tied to adaptive capacity and should be compared
between natural and restored stands (Jordan et al. 2019; Reusch et al. 2005). For example,
Broadhurst (2013) reports overall genetic diversity was significantly lower in restored trees in
comparison to remnant trees within Australian Eucalyptus melliodora restoration sites.
However, Zucchi et al. (2018) found similar levels of genetic diversity, in restored and remnant
populations of species from the Brazilian Atlantic Forest indicating that restoring genetic
diversity may vary between species and ecosystems. In Germany, some restored trees had
higher levels of genetic diversity than remnant populations (Kaulfu3 and Reisch 2019). If seed
sources for restoration plantings have low genetic quality the plantings may lack genetic
diversity, and gene flow and have an increased risk of inbreeding and outbreeding depression.

The genetic quality of seed sources should be assessed before, the restoration has taken place.

15



1.5.2 Inbreeding depression

Inbreeding depression is the decrease in fitness because of increased homozygosity and may
occur because the likelihood of mating between closely related individuals increases if seeds
are locally sourced from a few individuals (Vander Mijnsbrugge et al. 2010). Therefore, the
risk of restoration failure can be increased if sourced populations are genetically similar to
remnant populations and lack genetic differentiation (Steane et al. 2017; Zucchi et al. 2018).
Thus, restorations should aim to reduce the risk of inbreeding depression by increasing the
source of seed from multiple trees and avoiding seed collection from small, fragmented
populations (Breed et al. 2015). Restored cohorts often have increased levels of inbreeding
(Broadhurst 2011; Dolan et a/. 2008) due to sourcing from local, fragmented populations which
may have a severe effect on the long-term validity of the restoration program. This is
particularly pertinent to the restoration of long-lived species, like trees, where impacts of
inbreeding depression may not be apparent for several decades after planting due to a lag
between generations in expressing deleterious alleles associated with inbreeding. Additionally,
a recent study of Carniana legalis from the South American Atlantic Forest discovered that
selfed seedlings experienced moderate levels of inbreeding depression and reduction in fitness
(Tambarussi et al. 2017). In comparison to outcrossed seedlings, selfed Banksia marginata
seedlings were only 62% as fit as open-pollinated progeny and produced smaller seedlings less
likely to survive (Vaughton and Ramsey 2006). Therefore, restoration programs must limit the
level of inbreeding within populations and attempt to promote outcrossing to reduce the risk of

restored cohorts producing less fit individuals.

1.5.3 Genetic differentiation

The level of population differentiation among remnant and restored populations can have
implications for genetic diversity and the likelihood that the restoration will avoid the risk of
inbreeding and outbreeding depression (Frankham et a/. 2011; Hufford et al. 2012; Wilkinson
2008; Zucchi et al. 2018). Over time, genetic subdivision between remnant and restored cohorts
may increase if pollen dispersal has not been re-established between populations (Broadhurst
etal. 2015). If gene flow and pollen dispersal are not established between remnant and restored
stands the populations may continue to genetically differentiate from each other due to atypical

gene flow. For example, Zucchi et al. (2018) found that planted populations were composed of
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entirely different gene pools due to large physical geographical distances separating them due
to fragmentation. These heterogeneous genetic differences can be impactful as they risk further
subdivision in the future unless gene flow is restored. This fragmentation or population
subdivision can lead to a small effective population size which can also reduce genetic diversity
and increase inbreeding. Consequently, restorations must aim to reduce the pressures of
fragmentation and increase effective population size to reduce further genetic subdivisions

between populations.

1.5.4 Outbreeding depression

The risk of hybridisation between species is often raised but the lack of maturity of many
restoration programs hampers investigation of this issue. Many species targeted for woodland
restorations can hybridise with both native and exotic taxa (Field et al. 2008; Field et al. 2011;
Goto et al. 2011; Bradbury et al. 2021). This can lead to many genetic issues as recent or later
generations of hybrids can have lower fitness and viability than purebred individuals.
Furthermore, hybrids may limit the value of the restoration as pure gene pools diminish (von
Takach Dukai et al. 2019). Mixed provenance sourcing of seed can increase the risk of
outbreeding depression and hybridisation between subpopulations and lead to a decrease in
fitness (Edmands 2007; Hufford et al. 2012). Field et al. (2008) report presence of
hybridisation within restoration programs and small populations in particular had reduced
viability through genetic and demographic swamping. Hybridisation can lead to local
extinction and dilution of the gene pool through introgression (Field et al. 2008; Field et al.
2011). While nonlocal seed sources can increase genetic diversity this external genetic material
can increase the risk of outbreeding depression and population subdivision within the
restoration site. A study in 2018 found that outcrossing between multiple populations of
Primula vulgaris ranging throughout regions of the Netherlands has resulted in outbreeding
depression developing in the next generations (Barmentlo et al. 2018). Consequently,
managers should consider the risk of outbreeding depression and hybridisation when utilising

mixed seed sourcing strategies for use within restorations.
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1.5.5 Genetic contamination

Genetic contamination is when seed sourced externally to the site introduces genes that are
maladapted to the local environment and small, fragmented populations in particular are very
vulnerable to this (Hufford and Mazer 2003; Rice and Emery 2003). A previous study in 2010
discovered substantial amounts of genetic contamination of Acacia saligna subspecies because
of previous large-scale use of a nonlocal seed source to restore native taxa within a highly
fragmented landscape (Millar et al. 2012). Genetic contamination with nonlocal genotypes was
found to cause reductions in height, diameter at breast height, survival, and overall fitness
(Goto et al. 2011). To alleviate these concerns, it is important to implement provenance
sourcing and genetic assessment into the decision-making process. Survival and reproduction
should be monitored for some time after the restoration to determine if the provenance of

restored cohorts is optimally adapted to the local habitat (McKay et al. 2005).

1.5.6 Climate adjustment

Land availability and habitat suitability are serious concerns for restoration programs in the
future as plants have limited capacity to move to new habitats in response to climate change
(Broadhurst et al. 2018). To persist, species must respond to a changing climate by adjusting
through range shifts and in situ adaptation. However, Fucalyptus longevity and poor seed
dispersal suggest that these species may not be able to keep up the pace to track climate change
and must shift up to >1km per year (Corlett and Westcott 2013). This issue is also present in
many flora and fauna species globally, as recent studies raise concern for the ability of less fit
populations to adapt to rapid environmental changes (For example, Chamaecrista fasciculata
in America; Etterson (2004) and climate-smart restorations of tropical forests in Columbia;
Fremout er al. (2021). Climate change adjustment adds another dimension to restoration
programs in a fragmented landscape. Poor progeny fitness is likely to limit the successful

movement of fragmented landscapes, particularly ones that have been restored.

Additionally, there is an increasing lack of habitat suitable for species to migrate into
(Broadhurst et al. 2018). Thus, the ability of restored cohorts to adjust to changing climates

should be considered. Linking adaptive genomic data to current and future environmental
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change predictions can help facilitate decisions regarding provenance choices for restored
plantings under climate change (Breed et al. 2019). As a result, restoration programs can focus
on a future climate-adapted population to help improve range shifts and migration rates of
restored species. Many concerns arise when making decisions regarding restorations, and
decision-makers need to consider policies, and recommendations from genetic research and

employ the use of genomic tools for the increase in success.

1.6 Seed sourcing considerations

The choice of seed source should ensure maximum genetic variation and evolutionary adaptive
potential (Broadhurst et al. 2008; Vander Mijnsbrugge et al. 2009; McKay et al. 2005). Debate
exists as to whether local provenance or mixed provenance sourcing will reduce the risks
highlighted above, and allow for the restoration to become a self-sustaining, biodiverse
population (Broadhurst ez al. 2008; McKay et al. 2005; Vander Mijnsbrugge et al. 2009). The
main goal of seed sourcing is to reduce the risks of inbreeding depression and limit the
deterioration of gene complexes via outbreeding depression. Conversely, there is little
empirical understanding of how to select seeds for the best restoration outcomes (Bower and

Aitken 2008). Key questions surrounding the idea of appropriate genetic sourcing include:

1) What level of starting genetic diversity is important to maintain a diverse restored
population?
2) How local is local? — how far can genetic material be sourced to maintain local

adaptation advantages?

It can be difficult to balance the need for genetic diversity and the requirements for local
adaptation especially when local remnant populations are small. Externally sourced seed may
introduce a distinct population and create a barrier to restoration growth and connectivity. Other
impacts of poor seed selection include further subdivision of populations, founder effects,
outbreeding and inbreeding depression, and in turn a reduction in fitness (Hufford and Mazer
2003). These genetic limitations can limit the survival and reproduction of restored cohorts
(McKay et al. 2005). Therefore, understanding the genetic issues surrounding the sourced

material and managing the genetic viability of restored cohorts long-term.
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1.6.1 Local provenance sourcing

Local seed is widely advocated for restoration projects as it is adapted to the location of the
restoration site (McKay et al. 2005; Vander Mijinsbrugge et al. 2009). Local provenance
sourcing provides many advantages (Table 1) and can lead to better survival and growth, due
to the reduction of maladapted genotypes to local conditions (McKay et al. 2005). It alleviates
the risk of ‘genetically polluting’ local gene pools with novel genotypes sourced from outside
the restoration site, despite the advantages of such material having extensive genetic variation.
Sourcing local genetic material can employ a homesite advantage and increase the fitness of
restored plants and second-generation offspring (Hufford and Mazer 2003). Local seed can also
improve resistance to abiotic conditions and maintain biotic interactions such as pollination
services, pathogen resistance and drought resistance (Cunningham et al. 2005; Jones et al.

2001) and reduce the likelihood of outbreeding depression.

Table 1. Comparison of the advantages and disadvantages associated with local and mixed seed sourcing strategies
for the use in restoration plantings

Advantages Disadvantages
Local o Reduced risk of failure due to e Increases the risk of inbreeding
Provenance maladaptation to local conditions depression (Broadhurst et al. 2013)
Sourcing Limiting the risk of ‘genetic pollution’ e Decreased genetic diversity, fitness and
e Limiting the risk of evolutionary potential due to diminishing
- outcrossing/outbreeding depression the local gene pool (Vander Mijnsbrugge
e Maintains ‘home-side advantage as it et al. 2010; Hufford and Mazer 2003;
The use of conserves  biotic and  abiotic Charlesworth and Willis 2009)
locally interactions  (pollinators, pathogen e Decreases genetic variation and genetic
collected resistance; Broadhurst et al. 2008) availability (Broadhurst 2011)
seeds/genetic e Maintains local adaptation (Hufford e Not particularly useful for small,

material from
native  plant
populations
occurring
within the
restoration site

and Mazer 2013)

fragmented populations and rare species
as the gene pool is small

Little information/research to support
this (Bower and Aiken 2008)

Risk of using low-quality seeds as a
source

Local overharvesting risks and mistakes
in local collecting (Broadhurst et al.
2008; Peres ef al. 2003)
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Mixed
Provenance
Sourcing

The wuse of
local (native)
and external
genetic
material  for
restoration
efforts

Maintains and increases genetic
variation (Broadhurst 2013)

Reduces the risk of inbreeding and
decreased fitness (Prober et al. 2016;
Bucharova et al. 2019)

Increases species gene pool (Aitken et
al. 2013)

Facilitates adaptation and increases
resilience to future environments by
introducing novel genotypes
(Broadhurst et al. 2008; Harrison et al.
2017)

Reduces the risk of using low-quality
seeds for sourcing (Prober et al. 2016)
Useful for restoring small fragmented
populations

Increases genetic diversity and fitness
(Jordan et al. 2019)

Provides a bet-hedging strategy so that
even if local or external sources are

May suffer from maladaptation to the
local environment and lower fitness
(McKay et al. 2005)

Risk of intraspecific hybridisation of
local and introduced individuals and
disruption of co-adapted gene complexes
(McKay et al. 2005; Edmands 2007)
Risk  of  outcrossing  depression
(Broadhurst 2013; McKay et al. 2005)
Introducing  superior or invasive
genotypes (Hufford and Maxer 2003)
May cause genetic pollution of the gene
pool (McKay et al. 2005; Hufford and
Mazer, 2003)

Little research to support mixed-
provenance sourcing

Species ‘may never be the same’ (McKay
et al. 2005)

Negative effects associated with species
interactions (Vander Mijnsbrugge et al.

maladaptive, it still has room for 2010)
success (Sampson and Byrne 2008)

e Can choose provenance for a ‘future
climate for a widely distributed species
(for example, Eucalyptus)

Local adaptation of taxa to regional climatic and ecological factors is poorly understood. This
makes it difficult to assess the appropriate ranges (distances) to apply for local seed sourcing.
However, questions arise regarding the distances involved in local adaptation and whether
sourcing material externally from the site can affect local adaptation. The scale of local
adaptation also varies among species, especially within Fucalyptus species (Supple et al. 2018).
Too little information is available to solely support local provenance sourcing. Restricting
restoration sourcing to local ignores the reality that populations exist along a continuum, with
some populations and species being more locally adapted than others (Raabova et al. 2007).
Consequently, it is proposed that decisions on the use of local provenance sourcing should be

species-specific and only be employed if the species has sensitive local adaptation scales.

Locally sourced seeds are readily accessible. However, unless local adaptation of a particular
site is shown to be important, the limitations that arise (Table 1) when utilising the technique
may outweigh the benefits. Sourcing local genetic material, especially from small, fragmented
populations can lead to an increased risk of inbreeding depression and expression of deleterious

recessive alleles due to low genetic diversity levels and may result in a decrease in fitness
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(Broadhurst et al. 2008; Hufford and Mazer 2003; Vander Mijinsbrugge et al. 2009;
Charlesworth and Willis 2009). Therefore, the use of mixed provenance sourcing is becoming

more widely accepted, since it can actively increase genetic diversity, and reduce inbreeding.

1.6.2 Mixed provenance sourcing

Mixed provenance sourcing uses local and external seeds. This can combat the risks associated
with local provenance sourcing and can produce genetically variant offspring. There are many
advantages and disadvantages of this technique highlighted throughout the literature (Table 1).
A study from 2019 (Bucharova et al. 2019) suggests that mixed sourcing is a useful technique
to best compromise the risk of inbreeding and outbreeding effects. However, it may do more
harm than good due to the risks of inducing genetic contamination and outbreeding depression
(Keller et al. 2000 [for example, commercial seed mixtures of weed species Agrostemma
githago, Papaver rhoeas created hybrids with negative outbreeding effects]; Hufford and
Mazer 2003). Nevertheless, genetic contamination from externally sourced seeds is a serious
concern in fragmented and small populations that are vulnerable to the translocation of
potentially maladapted genetic material (Hufford and Mazer 2003; Rice and Emery 2003).
Nonlocal genotypes can be maladapted to the local environment which thus reduces the fitness
of restored populations and offspring (McKay et al. 2005; Crémieux et al. 2010). Crossing
among ecologically divergent populations (differences in local adaptation) can cause
outbreeding depression where intermediate phenotypes are not successful within the local
environment (McKay et a/l. 2005). This can increase the proportion of maladapted individuals
and reduce overall population viability. Furthermore, certain loci across the genome can
unnaturally interact (known as epistasis) and produce integrated phenotypes known as co-
adapted gene complexes. This can increase the production of unfit hybrids due to the
breakdown of these complexes within the genome forming deleterious alleles. This idea has
been explored thoroughly within the literature (e.g., Keller ez al. 2008; Galloway and Fenster
2000).

Mixed seed sourcing is postulated to maximise climatic adaptive potential through outcrossing,
particularly in Fucalyptus species (Prober ef al. 2016). This involves sourcing genetic material

with a broad range of environmental adaptations to increase survival in future climates
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including increasing drought and temperature tolerance (Rossetto ez al. 2019; Bucharova et al.
2019). Putative genome regions in Eucalyptus species have recently been associated with
climate adaptability. These regions can be identified in genetic sources and selected to be used
in restoring populations to increase the capacity for adaptation to differential climatic
conditions predicted for southern Australia (Prober et al. 2016). Mixed provenance sourcing
may increase fitness and combat climate change. Additionally, mixed provenance sourcing can
also reduce inbreeding depression (Bucharova et al. 2019) unlike local provenance sourcing.
Mixed sourcing has also gained support globally, as this technique has also been developed
commonly in non-woody plants in Germany (Prasse et al. 2010). Ultimately, the use of this
technique has many advantages and disadvantages (Table 1) which should be considered when

conducting restorations for each species.

1.7 Connectivity of populations

Altered and reduced gene flow patterns are outcomes of isolated and fragmented species (Lowe
et al. 2005). Further research is needed to understand the intensity of gene flow required to
mitigate the negative effects of fragmentation (Broadhurst et a/. 2008). It is well understood
that fragmentation can influence pollinator abundance and behaviour which can increase
inbreeding levels and reduce connectivity between populations impacting outcrossing rates
(Armbruster and Reed 2005; Coates et al. 2007). However, the probability of gene flow
between populations decreases with higher genetic differentiation even in similar environments
(Epperson 2003). As a result, retaining gene flow between populations of mixed provenance
can be challenging. If gene flow and connectivity are not restored between natural and planted
populations, there is an increased risk of genetic drift can contribute to further non-adaptive
population differentiation (Galloway and Fenster 2000). Overall, low gene exchange from
planted populations can reduce effective population size and genetic diversity. Additionally,
this can increase inbreeding levels and low gene pools can result in a reduction of fitness (Proft
et al. 2018; Aitken et al. 2016; Jordan et al. 2017). Increased selfing and decreased pollen
diversity are common in fragmented populations, particularly when pollinators are isolated and

less mobile (Breed et al. 2015).

The re-establishment of pollen services between natural and restored populations is crucial to

maximise the reproductive potential and resilience of plantings (Dixon 2009). A study in 2013
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(Broadhurst 2013) reported that active pollen movement between remnant and restored Yellow
Box (Eucalyptus melliodora) trees occurred within a 250m collection zone. A similar result
was also observed in other studies (Liu ez al. 2008; Reynolds et al. 2012; Ritchie and Krauss
2012; Rosser et al. 2023 Quinton 2019). Connectivity between remnant and restored
populations allows genetic diversity from remnant trees to carry forward to subsequent
generations (Broadhurst 2013). However, as remnant trees age this may reduce pollen pools
and impact (Broadhurst 2013) increase inbreeding levels with subsequent reduced reproductive
output and progeny fitness (Mimura et al. 2009). Therefore, connectivity requires the
establishment of sufficient genetic diversity and the presence of mature reproductively active

remnant trees.

Pollinator movement and behaviour are affected by landscape changes such as land clearing.
Pollen dispersal is important in re-establishing connectivity within a restoration. For example,
the loss of remnant relictual trees can be detrimental to pollinator dispersal as they act as
‘stepping stones’ between remnant and restored sites. Pollinator success reduces with distance
between sites; thus, restorations must aim to reduce isolation and fragmentation to restore
connectivity to the landscape to increase pollinator success. More localised pollen dispersal
can directly facilitate population differentiation which can explain the complex genetic
structure of many Box-Gum seeds collected (Broadhurst ef al. 2015; as seen in Rosser et al.
2023). Long-distance pollination (facilitated by honeybees and other insects) can travel up to
2km (Sampson and Byrne 2008), and more typical distances are around 200m (Broadhurst
2013; Byrne et al. 2008). This large theoretical range provides high potential for the re-
introduction of connectivity, pollination, and dispersal services of eucalypt restoration sites
provided that restoration projects are within pollen dispersal range with close distances
between populations (fragmentation). Close restoration plantings allow for the increase of

opportunities for pollen dispersal and abundance (Broadhurst 2013).

Genetic research to inform strategies to improve on and measure connectivity between planted
and remnant populations is critical to successful restoration outcomes. Knowledge of
successful genetic outcomes in restorations can lead to an increase in overall connectivity.
Concentrating on connectivity can have positive cascading effects on other important genetic

factors such as variation, adaptive potential reducing inbreeding and genetic drift on the fitness
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of offspring (Proft ez al. 2018). Additionally, genetic tools to model gene flow mechanisms can
also identify genetic barriers (Raecymaekers et al. 2008) and determine where gene flow can be
maximised for the highest benefit of the restoration project. Ultimately, genetic research into
connectivity, pollination and gene flow modelling can allow for successful restoration

outcomes.

High-throughput sequencing uses genetic markers such as single nucleotide polymorphisms
(SNPs) to assign parentage. Parents have been successfully assigned with as little as 48 SNPs
for 98% accuracy within rainbow trout using the program ‘CERVUS’ (Liu et al. 2016) and in
2019 for Eucalyptus melliodora (Quinton 2019). Further, using a significant amount of SNP
markers, the research found success in assigning parentage of inbred soybean populations
utilising the program ‘ParentOffspring’ alongside developing parentage maps within the ‘R’
coding program. (Abdel-Haleem et al. 2013). In application, these technologies can assist with
developing models of connectivity between restored plant populations and remnant stands in
mature restoration programs to determine whether adequate levels of gene flow were re-

established.

1.8 Eucalypts in Australia

Eucalypts dominate the Australian landscape. Eucalyptus is a large genus in the family
Myrtaceae, with a very wide distribution making it difficult to grasp broad patterns in
composition (CSIRO 2007). About three-quarters of Australia’s forests are Eucalyptus forests
ranging in all areas of Australia (CSIRO 2006). There are more than 700 Eucalyptus species
distributed across Australia in a broad environment including woodlands, forests, and arid areas
which provide food, and shelter and determine the distribution of many vulnerable native
species of Australian fauna including Musk Lorikeets, Koalas, and other arboreal mammals
(Smith and Lill 2008; McGregor et al. 2013; Cork and Catling 1996). However, eucalypts are
threatened by agriculture (land clearing and fragmentation), residential/commercial

development and invasive species/diseases (IUCN 2022).

1.8.1 Box-Gum Grassy Woodlands
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Eucalyptus forests and woodlands are key landscapes for many ecosystems around Australia
(Ottewell 2010). However, due to land-clearing events, they are becoming less prevalent and,
in some instances, endangered (Broadhurst 2013). Eucalyptus is a key target genus in
restoration ecology across Australia. Box-Gum eucalypt woodlands (comprised of Yellow Box,
White Box, and Blakely’s Red Gum) are nationally important and were once widespread in
south-eastern Australia. They thrive on moderate to highly fertile soils, which, unfortunately,
are also the target for agriculture. These keystone woodlands are of ecological importance as
they maintain soil nutrient cycling, plant richness, and landscape heterogeneity and provide
food and shelter for local invertebrate and vertebrate communities (Gibbons and Boak 2002;
Manning et al. 2006; Broadhurst ef al. 2013). Currently, in eastern Australia, the White Box-
Yellow Box- Blakely’s Red Gum Grassy Woodland ecosystem is listed as critically endangered
and has been a target for restoration programs, particularly within NSW. They are protected by
Commonwealth and state (NSW and ACT) government legislation with a focus on intensive
restoration and aims to increase research and stewardship programs into maintaining restored
populations long term (Broadhurst 2013). Particularly, Blakely’s Red Gum, Yellow Box and
White Box Fucalyptus are all listed as vulnerable (under criteria A2c; population decline is
stable) on the [IUCN Red List of threatened species (last assessed March 2019; IUCN 2019a;
TUCN 2019b; IUCN 2019c¢).

The Box-Gum community also provides a home for many endangered and vulnerable birds and
animals including the Superb Parrot, Regent Honeyeater and Koalas that are listed under the
Commonwealth Government Environmental Protection and Biodiversity Conservation Act
1999. The decline of these endangered birds can have a detrimental effect on levels of wide-
spread pollination within Box-Gum Woodlands. However, land clearance and modification of
environments after the European settlement have left Box-Gum Woodlands extremely
fragmented and have reduced several million hectares to less than 10% today, causing historical
remnant relictual trees to be scattered among the landscape. Up to 54% of these woodlands
exist as patches and are highly isolated (Gibbons and Boak 2002; Prober et al. 2002) and are
in extreme need of successful restoration programs to help restore the key ecosystem to its
original state. This involves restoring populations of each species, White Box, Yellow Box and

Blakely’s Red Gum.
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Long-term monitoring of these ecosystems and the success of Box-Gum restorations is
necessary to preserve the habitats for these endangered native species. For example, it was
observed in 2023 that Yellow Box and White Box have moderate levels of in situ recruitment
within the Warrumbungle National Park (“WNP’) Central Valley area, surrounding older
relictual trees and larger planted trees. Previously, the success of the restoration that took place
in the WNP was evaluated by comparing Yellow Box and White Box genetic diversity and
variation of remnant and restored stands across the Central Valley (Rosser ef al. 2023). It was
discovered that there were similar levels of genetic diversity across all cohorts. However,
further research is needed to determine the resilience and fitness of offspring to environmental
changes. There is high value in comparing restored and remnant populations of species, as it
gives insight into determining whether the restoration has created a homogenised population
or has produced a further subdivided population creating a barrier for restorative growth of

both the introduced and native populations, potentially inducing competition.

1.8.2 Yellow Box and White Box

Yellow Box (E. melliodora) and White Box (E. albens) are prominent Eucalyptus species
occurring in New South Wales and Victoria in south-eastern Australia (Figure 1). Eucalyptus
melliodora is more broadly distributed than E. albens, spanning further north into Queensland.
These are highly valued as they support biodiversity, production, and species interaction
benefits (Broadhurst 2013). Previous genetic research (using microsatellite data) suggests that
restored populations of E. melliodora in regions surrounding Canberra and Yass, NSW,
Australia are genetically poorer than relictual/natural trees (Broadhurst 2013) due to a lack of
high-quality seed supply and extreme isolation. Conversely, a more recent study (Rosser ef al.
2023) found similar levels of genetic diversity between restored and remnant stands. Relictual
trees were reported to be historical reservoirs of genetic diversity and are key components that
should be considered within restoration programs as they provide active recruitment and pass
on valuable genotypes of natural and planted offspring providing local adaptation advantages.
Consequently, this suggests that depending on the restoration of Box-Gum Grassy Woodlands

may have variable success depending on the region.
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Figure 1. Atlas of living Australia (ALA 2023a; ALA 2023b) occurrence records map of Eucalyptus albens
(Figure A; denoted by green) and Eucalyptus melliodora (Figure B; denoted by yellow). Scale and North direction
are included. Map created using Google Earth Pro 7.3.4.8

Fitness testing can be applied to understand how well offspring can survive in the future of
restorations. Restorations of E. albens have been understudied in comparison to E. melliodora,
however, it can be expected that comparable results will arise since they are phylogenetically
similar. Eucalyptus albens populations are impacted by tree clearing, herbivore grazing and
weed invasion, especially in smaller fragmented populations (Prober and Thiele 1995). They
are vulnerable to further fragmentation as isolation pressures and lack of recruitment continue,
therefore successful restoration programs are critical and provide an opportunity to genetically

evaluate restoration efforts to retain elevated levels of fitness and resilience in populations.

Yellow Box and White Box are both pollinated by invertebrates such as bees and some species
of birds. Pollen dispersal and gene flow between populations of these species is often
interrupted during fragmentation and restoration events. As a result, understanding pollen
dispersal between natural and restored trees can help identify whether genotypes within the
landscape are being passed on through offspring (Broadhurst 2013). Eucalyptus trees are
monoecious, meaning they possess both male and female reproductive organs. It is unknown

whether restored cohorts possess both male and female fertility structures. This may only
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indicate immaturity, but it may indicate that they cannot produce viable seeds due to
incompatibility or pollination failure. There are significant gaps within the literature assessing
the re-establishment of pollen dispersal after restoration programs have taken place as it is

difficult to assign parentage to compare remnant and restored pollination levels.

1.8.3 Importance of relictual trees to restorations

Land clearance and fragmentation have left old, large trees isolated and scattered agricultural
matrixes. These scattered trees are relicts of a more continuous ecological Box-Gum
community and have been shown to encompass rich genetic diversity (Broadhurst 2013). They
play a significant role in local and regional biodiversity conservation (Manning et al. 2006).
Relictual trees are keystone structures that provide landscape heterogeneity and other important
services such as maintaining soil nutrients and plant species richness (Gibbons and Boak 2002;
Manning et al. 2006). A recent review (Proft et al. 2018) suggests the focus should be placed
on the genetic characterisation of these trees which can inform historical gene flow, dispersal,
and elimination of dispersal barriers in specific populations. These trees have high value these
trees and can provide valuable genetic resources to offspring (Gibbons and Boak 2002;
Manning et al. 2006; Rosser et al. 2023). Overall, relictual trees can pass on high fitness and

resilience to future generations and are imperative to restoration programs.

There is a global decline of relictual trees as they age which increases the imperative to conduct
urgent restoration plantings. Relictual trees suffer from a chronic lack of recruitment and there
are concerns that without sustained restoration efforts, these trees are set to disappear from
landscapes within the next 90-180 years (Gibbons et al. 2008). Further research is required to
understand the reproductive traits and output of these trees and whether their seed quality is
suitable for restoration programs. Although relictual trees possess the ability to offer genetic
diversity to their offspring, their isolation may reduce the quality of seeds to be used as sources
for plantings. A previous study in 2010 (Ottewell ez al. 2010) suggested that relictual trees
represent a potential source of seeds due to their high genetic diversity though further trials are
required to determine seedling survival and longevity. Thus, there is a more pressing need to

compare relictual and restored offspring fitness.
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1.9 Single nucleotide polymorphisms (SNPs)

Next-generation sequencing (NGS) to detect single nucleotide polymorphisms (SNPs) holds
the potential to assist with increasing the success of the restoration of key species globally (e.g.
American chestnut in North-western America; Wheeler and Sederoff 2008). NGS uses genome-
wide information to generate measures of the diversity of individuals and populations. This
involves using NGS to detect SNPs across the genome of each sample and compare it against
a library developed for species (eucalypts, for example). An SNP is a germline substitution or
genomic variant of a single base position at a specific position on a genome. These are
biological markers and help locate genes or regions of alleles that can be used to understand
population differentiation or locate genes that are associated with disease. This allows the
detection of beneficial genotypes and phenotypes that can be used to increase the adaptive
potential for use in restorations (Luikart et a/. 2003). Utilising this genetic technology can
enable researchers to better understand restoration ecology and increase the potential to assess

restoration success long-term, a significant gap in our current knowledge within the field.

Prior to the development of NGS, genetic assessment involved genetic markers that target
putatively inactive regions of the genome (for example microsatellites, mtDNA markers as
used in Zucchi et al. 2018; Broadhurst 2013; Broadhurst ef al. 2017; Ottewell et al. 2010).
Although effective, genetic variation was measured utilising several gene fragments and
locations on genomic regions that may have not been the most appropriate region for genetic
differentiation. Neutral genome-wide markers often outperform traditional microsatellite
markers as they can effectively map breaks in gene flow and migration routes as well as
estimate effective population sizes (Dick et al. 2008; Hardy et al. 2006). NGS allows us to have
a greater capacity to measure relevant genomes (including active regions and well as neutral
e.g., DArTseq technologies; targeting areas that contain the most useful information) with
higher clarity and accuracy due to an increase in marker volume. Box-Gum Grassy Woodlands
have mostly been assessed using only five microsatellite markers (Broadhurst 2013). However,
they have also been recently assessed using NGS targeting SNP markers (Rosser et al. 2023;
Quinton 2019). This provides insight into how the genome is responding to the environment.
Further validation of restoration success using NGS may reveal patterns of the negative effects
found associated with local provenance sourcing, especially in the understudied Eucalyptus

albens.
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Additionally, linking adaptive genomic data to predicted environmental changes can help us
improve provenance choices and resilience in future generations (Luikart et a/. 2003). Modern-
day population genomics offers a much more detailed picture of the distribution of genome-
wide variation of local and nonlocal provenances and can allow researchers to favour areas of
arid-adapted provenances to prepare sites for future environmental stress (Bohmann ez al. 2014;
Steane et al. 2014). Insight into neutral and adaptive genomic variation and its implementation
in restoration plantings is limited. However, its value has been demonstrated recently in a
landscape-wide analysis of genomic diversity assessed in Fucalyptus macrocarpa to capture
patterns of diversity in revegetated sites; Jordan et al. 2016). Therefore, employing the field of
population genomics in restoration projects will allow for increased success in long-term

climate adjustment.

1.10 Thesis aims and hypotheses

There is little information within the literature revealing whether gene flow occurs between
remnant and restored populations, even though this is crucial for long-term success.
Connectivity between populations is an excellent indicator of success as it is evidence of a
reduction in the negative effects of fragmentation. This study will assess restoration success in
the WNP where tree planting occurred throughout the 1980s and 1990s with the use of local
provenance sourcing. The maturity of planted stands in WNP provides an excellent model
system to use modern genetic analysis to investigate the reproductive connectivity between the
planted stands, naturally regenerated stands, and remnant solitary old trees (relictual: survivors

of agricultural deforestation).

Ultimately, information harnessed from this study will determine whether the matured
restoration of the WNP was a success, or whether it needs more attention in the future to
become self-sustaining. A key aim of this study is to investigate whether the seed sources of
particular stands of trees planted throughout the 1980s and 1990s have local provenance as
there is a lack of detailed records. These planted stands will be compared to relictual trees and
to mature naturally regenerated trees. Furthermore, the connectivity between planted and
natural stands will be assessed by determining the level of gene flow and outcrossing occurring.

Investigations of genetic diversity within three categories of mature trees (relictual, natural and
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planted) can be compared to naturally occurring juveniles and seeds collected from within the
mature stands. This will give insight into whether pollen services were re-established between
restored and remnant populations. It also gives us insight into the usefulness of the local

provenance sourcing for planted stands for the restoration of a highly valuable eucalypt species.

1.10.1 Parentage-Connectivity and gene flow in offspring

The primary aim was to (1) establish the parentage of collected seeds (maternal parentage
known) and from natural saplings (parentage unknown) to determine connectivity between
planted and remnant populations by exploring the level of differentiation. This determines
pollination success occurring between mature planted and natural/relictual populations of E.
albens. Furthermore, the population structure within collected seeds will be assessed to
determine whether outcrossing/connectivity is producing a homogenous population of
offspring. The genetic analysis of the collected seeds is likely to show most of the parents are
produced from the larger relictual trees fragmented within deforested lands, with some
outcrossing between mature natural and planted populations, particularly for collected seeds

with the confirmed assignment of the maternal tree.

1.10.2 Genetic diversity, inbreeding and population structure in mature stands and juveniles

The second aim of this study was to (2) determine whether there is a difference in genetic
diversity, inbreeding levels, and population structure between all groups of mature trees
(relictual, natural and planted) and juveniles (natural saplings and collected seeds) using an
extensive dataset of samples. Genetic diversity will be measured by calculating heterozygosity
and inbreeding levels of populations. Population structure will be explored using measures of
genetic differentiation and clustering of populations. The inclusion of juveniles provides a
second-generation perspective and removes the influence of environmental variables affecting
the expression of certain genotypes. This larger dataset of samples may reveal differences in
genetic diversity between mature planted and natural populations and their offspring (collected
seeds and naturally occurring saplings) and may reveal whether local provenance sourcing was

successful.
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2.0  Materials and Methods

2.1 Study system and species

The WNP in total covers an area of 23,312 ha within the north/central western region of NSW
located within the western area of the Warrumbungle Range (Figure 2). The region within the
National Park is characterised by a mix of dry sclerophyll forests and Box-Gum Grassy
Woodlands with a high variety of shrubs and grasses (Tulau et al. 2019). In this region,
woodland communities were extensively cleared through the 1800s during European
settlement for land use and agricultural purposes within this area. This widespread

deforestation spared some remnant solitary trees (termed relictual) which are sparsely scattered

within the Central Valley area of the WNP.

I

Sydney ;

Figure 2. (Left) Satellite image of the Central Valley within Warrumbungle National Park (WNP) (31°17°S,
149°00’E), the valley is circled in red in which the study system is located. (Right) location of the WNP spotted
in red within New South Wales (NSW) Australia

A large restoration program occurred throughout the 1980s and 1990s, within the Central Valley
(500ha area) and valley walls of the Warrumbungle National Park (WNP; Figure 2) to restore
the endangered intact remnants of the once abundant Box-Gum Grassy Woodland. The
restoration focused on the prior dominant White Box (Fucalyptus albens), Yellow Box
(Eucalyptus melliodora) and Blakely’s Red Gum (Eucalyptus blakelyi) species. A series of
plantings of these species was conducted by National Parks and Wildlife Services in 1983,
1988, 1992 and 1993 within the Central Valley (Appendix Figure 1; Appendix Figure 2).
Historical records were provided by National Parks and Wildlife Services (Appendix Figure 1;
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Appendix Figure 2) which show regions and dates of plantings. While records indicate that
local provenance sourcing was utilised for this restoration, there is no detail on the collection
design. However local sourcing has recently been confirmed in E. melliodora (Yellow Box)

plantings in the same region (Rosser et al. 2023).

This study focused on E. albens (White Box) which was once a dominant standing tree in the
WNP as a part of Box-Gum Grassy Woodlands. Previously, genetic technologies explored
restoration success in E. melliodora in the WNP (Rosser et al. 2023). Therefore, I focus on this
similar species to understand whether these results are broadly applicable across species.
Eucalyptus albens trees have grey-toned rough fibrous bark on the base of the trunk and
smoothed bark above the main branches. Leaves vary in shape, being oval to lance-like and
grey to bluish-green on both surfaces. Flowers are creamy, and off-white and may be profuse
and conspicuous. Buds are large, glaucous, and spindle-shaped in clusters of 3-7 on the ends
of branches in the canopy. Mature trees are up to 25m high. Each tree was identified to be E.
albens from their juvenile leaves which differ significantly from other common Box-Gum trees
such as FE. melliodora (Yellow Box) and E. blakelyi (Blakely’s Red Gum) which were common
in the plantings and natural populations within the WNP.

2.2 Sampling of mature and juvenile E. albens populations

2.2.1 Description of mature and juvenile populations used for genetic analysis of leaf samples

The restoration plantings were identified from maps provided by National Parks and Wildlife
Services (Appendix Figure 1; Appendix Figure 2). Stands planted in in 1983, 1988, 1992, and
1993 were able to be located in the field while one stand could not be assigned a year of
planting (unknown year). Planted stands were generally planted in rows with timber stakes
used to mark their location (Figure 3C; Table 2). Natural/remnant populations (termed
“natural”) were characterised as trees that were not present in the 1956 aerial image and
therefore have naturally regenerated since that time (Figure 3A; Table 2). These natural trees
were located within the valley walls of the WNP at a distance > 1km from plantings on

untouched slopes of the valley or the outskirts of the Central Valley. Relicts were identified
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using historical aerial imagery from 1956 to locate trees that pre-date the declaration of the
reserve (Appendix Figure 3). Referencing the aerial photography these trees were located in
the field and confirmed as E. albens and most of the remaining relictual trees (relict/relictual)
within the valley were sampled (Table 2; Figure 3A). Many of these were fallen, resprouting
trees following the bushfires in 2013. Larger trees were preferred since these were much older
and increased the likelihood that they were present before the planted restoration trees.
Juvenile plants (termed “saplings™) were also collected from under the three categories of
mature trees. These were shorter (0.5m — 5m tall) and occurred in scattered areas across the
Central Valley or within the canopy of woodland forests (Figure 3B; Table 2). The 116 samples
collected in 2023 were combined with 273 E. albens samples collected in 2020 and 13
collected in 2021.

2.2.2 Leaf sampling

Vegetative (leaf) samples were collected from the Central Valley of the WNP (31°17°S,
149°00°E) in 2020, 2021 and 2023. A total of 402 samples were taken from individual E. albens
within mature stands of relictual, natural and planted trees in addition to saplings of E. albens
(Figure 3; Table 2). One to two leaves were collected from each tree and placed in a sealed

seed envelope which was later refrigerated to reduce the possibility of mould.
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Figure 3. Map of sample locations displayed as GPS markers of leaf material
collected from Eucalyptus albens trees within the Central Valley of the WNP
(31°17°S, 149°00°E), NSW, Australia in 2020, 2021 and 2023. Figure (A) includes
the location of natural, relict, and planted samples, (B) shows saplings collected from
within stands of mature trees shown in (A) and (C) includes planted samples divided
by years as subpopulations. The location of the sample site within Australia, NSW is
shown on the bottom left. Scale and North direction are included. Map created using
Google Earth Pro 7.3.4.8642 (www.google. com/earth/versions/#earth-pro).
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Table 2. Broad population categories of Fucalyptus albens targeted for leaf sampling of genetic material within the Central Valley of the WNP (31°17°S, 149°00’E), NSW,
Australia. This includes three mature reproductively active categories of trees, from which naturally regenerating juveniles and seeds were also collected. Seeds of known
maternal parentage were germinated and sampled after nine weeks of growth. Leaf samples were collected in 2023 and in 2020, 2021 and currently 2023.

Reproductive | Population Subpopulation | Description Definition Age estimate Size range | No. of leaf
status Number (years) samples
sequenced
Relictual (see | Grouped into | Older scattered | Present in aerial imagery | ~> 70 ~ 25 metres | 16
Figure 3A) Q) trees possibly | in 1956  (Appendix tall.
remnants  from | Figure 3).
before the
widespread
deforestation
Planted  (see | Grouped by | Planted Planted in rows 30 — 40 years [ Upto15m | 100
Figure 3C) planting year | revegetation plots old.
(1988, 1993, | were assumed to Four stands
1983, 1992 and | be sourced from were planted in
o unknown local seed but 1983, 1988,
Es years; there are no 1992, and 1993
‘2" Appendix details in the 1 stand is of
Figure 1; | records unknown age
Appendix (Appendix
Figure 2) Figure I;
Appendix
Figure 2)
Natural  (see | Grouped based | Naturally, Not present in aerial | Age is | Upto20m | 98
Figure 3A) on  sampling | revegetated trees | imagery in 1956 | estimated to be
‘stands’ in scattered | (Appendix Figure 3). ~ 40-50 years
separated by | stands on the old.
distance (about | edges of the
200m; 7 -14) valley.
SR Saplings (see | Assigned to a | Naturally Smaller offspring are | ~1-5yearsold |50 cm to 5 | 188
S 8 Figure 3B) subpopulation | establishing found in the field m

37




depending on
location to
mature tree and
predicted adult

juveniles
surrounding
mature trees

surrounding adult trees.
saplings are from 50cm
to 5 metres tall and are
around 1-5 years old.

Juvenile

(15-23)
Collected based on a | Collected seeds | Seeds were not able to | Samples were | Grown in a | 50
seeds/seedlings | maternal ~ tree | of known | be collected from all | taken ~9 weeks | greenhouse | successful
(see Figure 4) | maternal stands of adult fruiting | after the seeds | until 5-10
(24-28) parentage  that | trees in 2023: were planted cm tall.

were successfully
established in
controlled
greenhouse
conditions

e Relictual (4)
e Natural (2)

e Planted
o 1988 (3)
o 1992 (4)

o Unknown (1)
See Table 3 for more
information
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2.2.3 Subpopulation assignment

Subpopulations were assigned within the broader categories of mature and offspring
populations to maximise the accuracy of the population genetics analysis. This was based on
the proximity of mature trees and for saplings based on the nearness to the mature tree.
Collected seeds were categorised into the broader categories of mature trees. Firstly, planted
trees were assigned to five subpopulations based on the planting year (1983, 1988, 1992, 1993
and unknown; see Appendix Figure 1; Appendix Figure 2). All relictual trees were grouped
within a single subpopulation, as they are sparsely distributed (Table 2). Further, natural trees
were sampled in 8 distinct stands separated by significant geographical distance throughout the
outskirts of the Central Valley (Table 2). Some natural trees were solitary and thus were

assigned to a single subpopulation for reasons similar to relictual trees (Table 2).

Juvenile sub-populations were assigned according to the mature trees. Sapling samples were
assigned to relictual and planted (1983, 1988, 1992, 1993, unknown) subpopulations depending
on nearness to the predicted adult (Table 2). Furthermore, natural saplings were all grouped as
they were only sampled within the Central Valley from a few isolated natural trees. The sub-
populations for saplings are uncertain as nearness to a mature tree does not guarantee the
parentage. However, the maternity of collected seeds was certain and these were assigned to
natural (1), relictual (1), and planted (1988, 1992 or unknown) sub-populations (Table 2).

Ultimately, the total number of populations was 28.
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2.2.4 Seed sample collection and germination

Fruits were collected in March 2023 from natural, planted and relictual E. albens trees within
the Central Valley restoration area for genetic analysis of offspring with known maternal
parentage. Fruit collection was limited by both availability and accessibility of fruits with
many trees not in fruit or too high for collection. Seeds were unfortunately not able to be
collected from the planting stands 1993 and 1983 due to a lack of fruits available within reach
for collection. Nevertheless, fruits were identified to be E. albens as they were larger than other
species within the WNP. Fruits were 8-10mm in diameter and 9-12mm long, glaucous, sessile,
or shortly pedicellate with a barrel-like shape. In total, only 33 trees had fruits available to
collect, with 23 natural trees, 13 planted trees, 8 relictual trees and no collection from juvenile
saplings. (Table 3). A lengthened cutting tool was used to reach higher branches in the canopy
to collect approximately 5-10 fruits per tree, depending on how many fruits were available.
Fruits were sealed in a seed envelope to allow the fruits to open and release the seeds which
occurred after two to three days. Material released within the fruit capsule includes viable
seeds (only a few per capsule) which were larger and darker in colour. Fruits also contained
‘chaff” (infertile seeds and non-seed material) which existed in greater quantities than seeds
and was woody and tan, brown in colour. The diameter and length of fruits (mm) were

measured utilising vernier callipers.

Table 3. Seed collection occurred from mature Eucalyptus albens populations grouped as relictual, natural and
planted trees and the years planted (1983, 1988, 1992, 1993 and unknown; see Appendix figures 1 and 2) within
the Central Valley restoration area of the Warrumbungle National Park. The sample numbers are shown for mature
trees, fruits gathered, and surviving greenhouse-grown seedlings, (and respective number of trees)

Mature population No. of trees No. of fruits | Surviving From No. of
sampled for gathered seedlings trees
fruit grown from
collection seed

Planted (1983) 1 8 0 0

Planted (1988) 4 38 17 3

Planted (1992) 4 31 17 4

Planted (1993) 1 5 0 0

Planted (Unknown) 3 19 6 1

Relictual 6 42 5 4

Natural 14 109 5 2

Total 33 252 50 14
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Seeds were germinated in a temperature-controlled greenhouse (15°C/ 25°C). One to four
viable seeds were placed in a 50mm square forestry tube pot (volume =22.8mL) ina 3:1 native
potting mix: seed-raising mix. Seeds were automatically watered and set to mist for 10 seconds
every 5 minutes to ensure the potting mix would not dry out. Humidity was set to 50% to
reduce the likelihood of pots drying out, and yet reduce the ability for mould to grow on and
beneath the surface of the potting mix. After 9 weeks, leaf samples were harvested from
seedlings. In total, 50 seedlings survived to produce enough tissue for sampling including seeds
from 14 E. albens trees (2 natural, 8 planted, 2 in 1988, 4 in 1992 and 1 from unknown, 4
relictual; Table 3; see Figure 4 for location of maternal trees). Unfortunately, several seeds
from the remaining trees did not germinate or did not grow to a suitable size in time and
therefore could not be used for analysis. Harvested leaves were placed in a sealed seed

envelope for sample preparation.

Group
. Natural

Relict

. Planted

900 m

Figure 4. Location of seed collection sites from maternal Eucalyptus albens trees showing only seeds that were
successfully grown to enable harvesting of genetic material, within the Central Valley of the Warrumbungle
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National Park (31°17’S, 149°00°E), NSW, Australia. The location of the sample site within Australia, NSW is
shown on the bottom left. Categories of the maternal tree (natural, relict and planted) are classified by colour in
the legend. Map created using Google Earth Pro 7.3.4.8642 (www.google. com/earth/versions/#earth-pro).

2.3 Sample preparation for genetic sequencing

Samples were prepared prior to dispatch to Diversity Arrays Technology, Canberra for genetic
sequencing, using their guidelines. Leaves were first cut into smaller pieces to insert into the
plate for DNA extraction. This involved punching three Smm diameter discs per leaf and
placing them into each tube from the 1.ImL Microtube racked system (Thermo-Fisher
catalogue number 15082, 96 tube rack [as per Diversity Arrays Technology’s guidelines])
provided by Diversity Arrays Technology, sourced from Thermo-Fisher Scientific. Leaves
from each seedling (grown from collected seed) were small, therefore were manually cut into
5-10mm lengths using suture scissors and wiped with 70% ethanol between each sample to
avoid contamination as per DArT guidelines. Samples were freeze-dried at the University of
Wollongong and were not sent fresh due to time constraints with sending samples. This
involved freeze-drying leaf samples in a Martin Christ laboratory Alpha 1-2 LSC basic freeze
dryer with an ice condenser temperature of -55°C attached to a vacuum pump. Samples were
dried for 18 hours to ensure all moisture was removed from the tissue and were later sealed
with a 1.2m microtiter tub 8-cap plug strip (Thermo-Fisher catalogue number QSP847)

provided by Diversity Arrays Technology, sourced from Thermo-Fisher Scientific.

2.4 DArT genotyping

DArTseq services (Diversity Arrays Technology, Canberra) for the DNA extraction of collected
leaf material and sequencing of SNPs (Single Nucleotide Polymorphisms) were utilised for
this study. This process involved using a high-density microarray development for effective
Eucalyptus DNA sampling (Sansaloni et al. 2010, Petroli et al. 2012). Furthermore, the
DArTseq services extracted genomic DNA to a stringent level in line with a modified CTAB
protocol developed by Diversity Array Technologies. Following that procedure, complexity
reduction was completed via a Pstl/TagI-based method produced by Sansaloni et al. (2010).
This process was conducted utilising enzymatic breakdown techniques to select highly active

genomic DNA regions and specifically remove unwanted repeated sequences. Finally, to detect
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SNP polymorphisms within the genome of each sample collected, Next Generation Sequencing
(NGS) was conducted against a library developed specifically for Eucalyptus (Sansaloni et al.
2010). Utilising DArTseq microarray technology at a ‘high intensity’ run; highly descriptive
polymorphic SNP loci were sequenced from all leaf samples throughout the entire genome.
Sequencing was implemented on an [llumina HiSeq 2,500 using 75-cycle single-end reads.
Raw reads were processed using DArT’s proprietary variant calling pipeline known as
DArTsof-14. The SNP loci sequenced are bi-allelic and the results produced a database
containing the presence and absence of an SNP at specific sites of each genome. This data
received from two sample plates sequenced in 2023 was combined with previous data from E.

albens samples collected previously in the WNP in 2020 and 2021 (Table 2).

2.5 Data Filtering

The primary SNP dataset was rigorously filtered to ensure only the highest quality markers
were maintained and the genotypes retained were precise (Table 4). This filtering process was
completed using DartR (Gruber et al. 2018), and the final dataset only included loci that had
a call rate > 0.85, a read depth of > 10, a reproducibility rate of > 0.99 and a minor allele
frequency of > 0.01. Maximising the call rate of data for analysis is essential to this study as
the proportion of called SNPs can alter the results of the analysis (Sasaki et al. 2018). We
employed this filtering mechanism as it ensured only high-quality loci were present within
each sample within the dataset. This removed any sequencing errors or low-quality loci.
Monomorphic loci and individuals with > 15% of missing data were also excluded from the

analysis during the filtering process.

There were 5-10 duplicate samples in each sequencing run (5-10 individuals repeated twice)
to check the reliability of sequencing results. For each duplicate, the sequencing result was
compared at each locus (0, 1, or ‘- for no result), and the number of times this result differed

between the replicates and divided total by the number of loci.
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Table 4. DartR SNP loci dataset filtering descriptions

Call Rate The percentage of samples in which SNP loci was either a heterozygote
(2) or homozygote (1), rather than being not identified (-). Filtering out
call rates below a specific threshold (higher call rate = remove more
missing/inaccurate data) will remove unidentified SNPs and increase the

quality of data.

Read Depth The number of times an individual base has been sequenced, and the

greater the read depth the more confidence in the data.

Reproducibility rate Filters loci based on average repeatability of alleles at a locus.

Minor allele frequency | Filters loci based on MAF (the frequency at which the second most

(‘MAF’) common allele appears in a dataset)

Monomorphic loci Filters out monomorphic loci where one allele occurs at a site or locus.

2.6 Data quality

DATrTseq high-throughput microarray overall yielded 41,425 polymorphic SNP loci across a
total of 452 E. albens leaf samples and 50 E. albens seedling leaf samples. In total, 1537 loci
were isolated under a high stringency filter with a call rate of > 0.85, a reproducibility rate of
>0.99 and a minor allele frequency of > 0.05 (Table 4). This data was of moderate quality, with
an average call rate of 54%, and 16% of the loci obtained had a call rate of > 0.85 (including
the seedling data). By removing individuals with > 0.15 call rate, (19 in total), this left a
remaining total of 383 individuals (1 relictual, 2 planted, 16 saplings removed). Further, this
same filtering process was applied to the 50 seedling samples separately, due to the separation
between the two genetic differentiation analyses. In total, 2570 loci from seedling samples were
isolated under these filtering settings within the seedling dataset. This offspring dataset was of
moderate to high quality, with an average call rate of 65% and 36% of the loci obtained had a

call rate of > 0.85. No seed individuals were removed from the dataset.

Out of the 10 duplicate samples from one sequencing set, and 5 duplicates from each of the
other sets (2), the average similarity was 99.85% and ranged from 94.3% to > 99.99%. There
were no instances of loci being genotyped differently between duplicate samples. Additionally,

one E. melliodora and E. blakelyi sample were each sequenced to compare genotypes to E.
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albens. This process was undertaken to confirm species identification if samples were unknown
or not confirmed. This overall validated our dataset and ensured only E. albens samples were

analysed for this study.

2.7 Analysing connectivity within offspring

2.7.1 Parentage assignment

To analyse the level of connectivity and gene flow between restored and remnant populations,
a parentage assignment of saplings and collected seeds was conducted (Table; Table 6). This
measures the level of connectivity between populations and determines if the restoration was
successful with the use of locally sourced seeds. The parentage of saplings collected within the
WNP in 2023 (N=50) and collected seeds (N=49; CERVUS program automatically excluded
an individual due to loci typing errors) was analysed using the program CERVUS 3.0.7. The
paternity assignment analysis was conducted on seeds from known maternal trees which allows
us to have increased confidence in parentage assignment. The parent-pair sex unknown analysis
was chosen for saplings since neither parent was known prior (Table 5; Table 6). CERVUS
utilised allele frequency data to calculate ‘LOD’ (log odds ratio) and ‘Delta,” a derivative of
LOD to develop a simulation of parentage to assign unknown paternity and parent pairs (sex
unknown). Following the simulation, a parentage assignment was conducted. A model was
developed for the most likely parent based on a higher positive LOD score which indicates how
closely loci are predicted to be located on a chromosome. For the paternity analysis, the
candidate father ID is the individual most likely father found for each seedling. For the parent
pair analysis, the first candidate parent ID is the individual most likely, and the second
candidate is the second most likely. Significance is calculated by averaging the LOD score and
calculating Trio Delta, and fathers/parent pairs with a positive significance indicate that parents
are confirmed with a 0.95 confidence interval. Overall, this determines the potential of a genetic
relationship by the carrying over of genes to offspring. The genetic origin of saplings and seeds
facilitates an understanding of reproductive connectivity between planted stands and natural
populations. This is especially advantageous within the paternal analysis (known mothers)

since it confirms pollen dispersal distances.
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Table 5. Definitions of response variables derived from the SNP dataset including measures of genetic diversity
(He: expected heterozygosity and Ho: observed heterozygosity), genetic differentiation (Fsr) and the Inbreeding

co-efficient (Fis), Bayesian Analysis (BCA) and Principal Component Analysis (PCA). The table includes the
interpretation and formula of response variables (Frankham et al. 2010)

Hardy-Weinberg mnodel;
is calculated based on
known allele frequencies
in a population
(Frankham et al. 2010).

Response variable Definition Interpretation/Formula

Genetic diversity The fraction of | 0-1

Expected Heterozygosity (He) heterozygotes that is | Higher values = increased
expected in the | genetic diversity
population under the

He=1- )" Pi?

The sum of 1 -
homozygote allele
frequency. Where Pi is
the frequency of the i®
allele of n alleles for a

single locus.

Or2pq=1-p*>—¢* from
the Hardy-Weinberg
equilibrium formula.

Observed Heterozygosity (Ho)

population  that  are
heterozygous at a given
locus; is calculated based
on known  genotype
frequencies in a
population (Frankham et
al. 2010).

p = dominant allele
frequency
q = recessive allele
frequency
The fraction of | 0-1
Genetic diversity individuals in the | Higher values = increased

genetic diversity

H0=1—Zf[AiAi]
=l

=
Or, 1 - the sum of the
frequency )] of
homozygotes at each
sequential allele [Ai Ai]

Inbreeding Coefficient (Fis)

The proportion of
variance of a
subpopulation within an
individual (Frankham et
al. 2010).

-1to1
Higher values = more
inbreeding

Hs — H;

Fio =
IS HS

Hs = average expected
heterozygosity in
subpopulations

H;= the average observed
heterozygosity in a group
of subpopulations
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Genetic differentiation (Fsr)

The proportion of total
genetic variance in a
subpopulation relative to
the total genetic variance
(Frankham et al. 2010).

0-1
Higher values = increased
differentiation

Hy — Hg

for ==
T

Hr = average expected

heterozygosity in the total

population

Population Structure
Principal Component Analysis

Takes SNP genotypes of
individuals producing a
diagnostic plot to identify
structure in the
distribution of genetic
variation (Frankham et al.
2010).

Each  individual is
represented as a point on
the graph, and further
distance apart from each
other indicates genetic
variation

Population Structure
Bayesian Cluster Analysis

Reveals the presence of
genetic  subdivision by
assigning individuals to
subpopulations from SNP
genotype data and
therefore calculating the
number of clusters in a
dataset (Frankham et al.
2010).

Presented as a Structure
plot in which each bar
represents an individual
that is comprised of
colours each representing
a cluster. More clusters =
increased gene flow
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Table 6. List of comparisons and respected tests conducted for the purposes of aims 1 and 2, the table includes

the populations tested, hypotheses and response variable tested.

Aim Populations Hypotheses Response variable
Comparison compared and test
1 Use paternity analysis of Collected seeds Planted Paternity analysis
collected seeds and parent | (n=49) populations lack | and parent pair
pair analysis of saplings to connectivity to analysis
assess connectivity Saplings (n=50) remnant
between planted and populations
remnant populations
1 Use genetic differentiation | Collected seeds Planted Pairwise Fsr, PCA
and population structure (n=50) populations lack and BCA
analyses of collected seeds connectivity to
to assess connectivity remnant
between planted and populations
remnant populations
2 Use Expected Relictual (n=15) Planted Expected
Heterozygosity (He) to Natural (n=98) populations will Heterozygosity and
assess differences in Planted (n=99) lack Expected 1-way ANOVA to
genetic diversity Saplings (n=171) Heterozygosity to | test difference
Collected seeds remnant
(n=50) populations
2 Use Observed Relictual (n=15) Planted Observed
Heterozygosity (Ho) to Natural (n=98) populations will Heterozygosity and
assess differences in Planted (n=99) lack Observe 1-way ANOVA to
genetic diversity Saplings (n=171) Heterozygosity to | test the difference
Collected seeds remnant
(n=50) populations
2 Calculate inbreeding levels | Relictual (n=15) Planted Inbreeding
(Fis) of populations to Natural (n=98) populations will Coefficient and 1-
determine the presence of | Planted (n=99) have increased way ANOVA to
inbreeding Saplings (n=171) inbreeding levels | test difference
Collected seeds compared to
(n=50) remnant
populations
2 Use Fisrto assess genetic Relictual (n=15) Planted Pairwise Fisr
differentiation between Natural (n=98) populations will
planted, remnant and Planted (n=99) experience
offspring populations Collected seeds increased genetic
(n=50) differentiation to
remnant stands
2 Use PCA and BCA to Relictual (n=15) Planted Principal
assess the population Natural (n=98) populations will Component
structure of planted, Planted (n=99) form a unique Analysis (PCA) and
remnant and offspring Saplings (n=174) differentiated Bayesian Cluster
populations Collected seeds cluster to remnant | Analysis (BCA)
(n=50) stands
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2.7.2 Genetic differentiation and population structure E. albens collected seeds

Collected seeds of known maternity from 5 populations (1 relictual, natural, planted 1988,
planted 1992, and planted unknown) were investigated as a subset of the full data to assess if
gene flow is present between populations or if sub-populations are occurring within the
juveniles. Pairwise Fs7 comparisons between seeds collected from 5 seedling populations were
explored (N=50; from 14 trees; Table 5). Differences in population structure were investigated
in separate Principal Component Analysis and Bayesian Cluster Analysis, producing another
Structure plot to examine the structure of seedlings alone (N=50). The population structure
and genetic differentiation (pairwise Fs7) of seedling populations can tell us if gene flow is

present between populations, or if subpopulations are forming between generations.

2.8 Analysing the genetic success of the restoration

2.8.1 Genetic diversity and inbreeding

The full data set of all mature and juvenile samples was analysed to detect differences in
genetic diversity and population structure between natural, sapling and planted populations of
E. albens. To analyse genetic diversity and explore the level of inbreeding of E. albens,
observed heterozygosity (Ho), and expected heterozygosity (He) and Fis inbreeding coefficient
across all 28 populations was calculated under Hardy-Weinberg equilibria assumptions
utilising dartR in RStudio 2023.03.1 (Gruber et al. 2018; Table 5). Expected heterozygosity
for a population takes the expected proportion of heterozygotes, that is expected under Hardy-
Weinberg equilibrium for each locus. Following that, it then averages this across the loci for
an average estimate of the population. Observed heterozygosity for individuals is calculated
as the proportion of loci that are heterozygous for that individual, then averaged as a population
(Table 5). Expected heterozygosity is the main response variable for use within this study to
measure genetic diversity, as it is less sensitive to sample sizes than observed heterozygosity.
A one-way ANOVA was conducted in RStudio 2023.03.1 to determine significant differences
in expected heterozygosity, observed heterozygosity and inbreeding levels (Fis) between
groups (natural — including relictual, planted stands (all populations were pooled), saplings,
and seedlings; Table 5). Specifically, I focused on whether there was a reduction in these
variables in planted populations to determine whether genetic diversity decreased in restored

populations. Further, the inclusion of collected seeds within this analysis allowed me to

49



determine whether collected seeds grown under ameliorant greenhouse conditions increased
genetic diversity due to the removal of environmental variables. The Ho, He and Fis datasets
met the assumptions of normality (P > 0.05) which was tested using the Shapiro-Wilk test.
Further, to test the homogeneity of variances, a Bartlett test of equal variances was performed

and concluded that the variance of Ho, He and Fis were equal (P > 0.05).

2.8.2 Genetic differentiation and population structure

To examine the genetic differentiation of all £. albens populations, pairwise Fsr was calculated
in dartR (Gruber et al. 2018) for 19 populations of natural, relictual, planted and collected seed
samples (N=262; excluding saplings, due to the substantial number of them; Table 5; Table 6).
This is used as a tool to measure population subdivisions and differences to determine the
success of local provenance sourcing to produce a well-homogenised and connected

population of E. albens.

To analyse population structure, a Principal Component Analysis of all 28 populations was
also conducted in dartR (Gruber et al. 2018) and a Bayesian Cluster Analysis producing a
Structure plot was completed within the software ParallelStructure 2.3.4 on the CIPRES portal
(Miller et al. 2015; Table 5; Table 6). This allows me to identify the approximate number of
genetic clusters within the filtered dataset between all populations. This clustering analysis
included an excluded population (N=436; with a total number of 29 populations). This process
was completed by conducting the analysis process with a total length of 80,000 burn-ins and
120,000 MCMC reps. This was iterated 5 times for each of K=1 to K=29 (or K=1 to K=5 for
E. albens seedlings) for each population. Following this, the data was entered into
StructureSelector (Li and Liu 2018), and the output calculated the number of genetic clusters
using the Puechmaille method (Puechmaille 2016). The Puechmaille method (Puechmaille
2016) on StructureSelector (Li and Liu 2018) was utilised to determine the number of genetic
clusters within the dataset as this process is not heavily affected by uneven sample sizes (which
are prominent within this study) and is known to be more accurate and surpass various methods
(Puechmaille 2016). This method calculated MedMeaK, MaxMeaK, MedMedK and
MaxMedK to determine the number of genetic clusters, and the results were ultimately
retained. Finally, to strengthen the analysis of the population structure of all E. albens
populations, a Principal Component Analysis (PCA) was performed utilising dartR (Gruber et
al. 2018) and graphed in Excel (Table 5; Table 6).
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3.0 Results

3.1 Connectivity analysis

3.1.1 Paternity analysis of E. albens collected seeds

The paternal source of pollen was identified by a genetic match within the dataset for a total of
9 seeds collected from maternal trees with a 95% confidence level. (Figure 5; Figure 6; Table
7; Appendix Table 1). This analysis found 9 candidate parental parents within the genetic
dataset which is 18% of the 50 total seedlings (Table 7). Four of the matches were between the
same maternal and paternal trees, that is, they were produced from a single parent pair. Within
the planted stands 3 maternal trees from the planted stand (unknown) (Figure 5; Figure 6; Table
7) had a mix of planted and natural parents. Here, the contribution of natural parents is due to
the close geographical range between the planted stands and adjacent mature natural trees
(Figure 5; Figure 6). Other planted stands shared only planted parents or were not matched to
a paternal parent within the genetic dataset. However, there was evidence of connectivity
between planted populations with a significant geographical distance separating them (Figure
5). There is evidence of connectivity with collected seeds from one maternal relictual tree
matching to one natural tree, but there was no evidence of relictual trees contributing pollen to

the offspring of planted trees (Appendix Table 1; Figure 5).

Table 7. Collected seeds with assigned candidate fathers with 95% confidence. The table includes seedling ID,
known mother ID and group, candidate father ID and group

Mother ID | Group and Pop. Candidate Group and Pop.
Seed ID and Pop. (Known) father 1D
S8851 (1988) WBg801 Planted 1988 (2) PO1100 Planted 1988 (2)
S88371 (1988) WBg801 Planted 1988 (2) PO1100 Planted 1988 (2)
S88372 (1988) WBg801 Planted 1988 (2) PO1100 Planted 1988 (2)
SUNS56 (Unknown) PLCl11 Planted unknown (6) | R100 Natural (14) (2)
SUN69 (Unknown) PLCl11 Planted unknown (6) | R200 Natural (14)
SUN73 (Unknown) PLCl11 Planted unknown (6) | R100 Natural (14)
SUN771 (Unknown) | PLCI11 Planted unknown (6) | R100 Natural (14)
SUN772 (Unknown) | PLCI11 Planted unknown (6) | R100 Natural (14)
SRE111 (Relictual) R0O83 Relictual (1) R08305 Natural (14)
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Figure 5. Location of parent pairs (Map No. 1) of Eucalyptus albens saplings (red arrows) and seedlings (white
arrows) with 95% confidence within the Central Valley of the Warrumbungle National Park (31°17°S, 149°00’E),
NSW, Australia. Sample type (natural, relict and planted) is classified by colour in the legend. The red box
highlights a zoomed-out area of Figure 6 (Map No. 2). White circles represent the maternal parent of seedlings.
Number of offspring produced from single parent pair highlighted between them (x3). Map was created using
Google Earth Pro 7.3.4.8642 (www.google. com/earth/versions/#earth-pro).
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Figure 6. Location of parent pairs (Map No. 2) of Eucalyptus albens saplings (red arrows) and seedlings (white
arrows) with 95% confidence within the Central Valley of the Warrumbungle National Park (31°17’S, 149°00°E),
NSW, Australia. Sample type (natural 14 and planted 2) is classified by colour in the legend. White circles
represent the maternal parent of seedlings. Number of offspring produced from single parent pair highlighted
between them (x4). Map created using Google Earth Pro 7.3.4.8642 (www.google. com/earth/versions/#earth-

pro).

3.1.2 Parentage pair analysis of E. albens saplings with both parents unknown

In saplings, parentage pairs (sex unknown) were assigned for a total of 8 parent pairs with 95%
confidence (Figure 5; Figure 6; Table 8; Appendix Table 2). The results suggest again a
contribution from both natural and planted populations to saplings with 95% confidence.
Interestingly, a sapling was produced from two relictual trees with a significant distance
between trees (~200m; Figure 5) which is an unexpected result. Confidence in allocating parent
pairs was however low across the site, with only 8 of the 50 saplings allocated to parents and
was similar to seedlings with a known mother (16%) and a single parent pair produced three

saplings. Nevertheless, both analyses suggest that planted, saplings and collected seeds have
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natural trees contributing to the production of offspring in some populations. Furthermore, the
analysis output provided additional matches for saplings (N=28) with one parent confirmed
and another ‘most likely’; (denoted by °-°). Therefore, we consider the other that there is
additional evidence of outcrossing between remnant and planted populations albeit without a
confirmed confidence level (Appendix Table 2). Planted populations often were outcrossing
with relictual trees, similar to natural and relictual populations. There was also further evidence
of connectivity between natural and planted populations similar to the above results (Appendix

Table 2).

Table 8. Saplings with assigned candidate parents with 95% confidence. The table includes Sapling ID, sapling
predicted maternal tree population, first candidate parent ID and group and second candidate parent ID and group

From predicted First Group and Pop. | Second Group and Pop.
Sapling ID and | maternal tree Pop. | candidate candidate
Pop. parent ID parent ID
PLCO06 (19) Planted unknown (6) | R100 Natural (14) PLCO1 Planted unknown (6)
PLWO03 (19) Planted unknown (6) | R105 Natural (14) PLWO1 Planted unknown (6)
WB880205 (23) | Planted 1988 (2) wbPA1 26 | Planted 1988 (2) | wbplant2 11 Planted 1992 (5)
MBO0108 (22) Natural (14) MBO01 Natural (14) MBO0105 Natural (14)
R213 (22) Natural (14) R200 Natural (14) R105 Natural (14)
R08210 (20) Relictual (1) R08203 Natural (14) R08205 Natural (14)
R08306 (20) Relictual (1) R08305 Natural (14) RO83 Relictual (1)
R08310 (20) Relictual (1) RO83 Relictual (1) wb37 relict Relictual (1)

3.1.3 Genetic differentiation of E. albens within collected seeds

The population differentiation among seeds of planted, relictual and natural stands was
moderate (pairwise Fsr) ranging from 0.095 to 0.199: Table 9). Differentiation was highest
between populations planted in 1992 and planted unknown years Fsr = 0.199). The 1992
planted stand was also different to 1988 (pairwise Fsr = 0.176), natural trees (pairwise Fsr =
0.180) and relicts (Pairwise Fsr = 0.133). However, lower Fsr values were found between
relicts and natural trees (pairwise Fsr values = 0.095) and planted unknown (pairwise Fsr =
0.124). Planted 1988 seedlings also had lower levels of population differentiation in
comparison to natural and relictual seedlings (Fs7 = 0.108 and 0.123; Table 9).
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Table 9. Pairwise Fis7 matrix comparisons between relictual, planted, natural populations of Eucalyptus albens

collected seed groups (N=50)

Population | 1988 | Unknown | 1992 | Relict | Natural
1 2 3 4 5

1988 0

Unknown 0.143 |0

1992 0.176 | 0.199 0

Relict 0.108 | 0.124 0.133 |0

Natural 0.123 | 0.176 0.180 | 0.095 0

3.1.4 Population structure of E. albens collected seeds

The PCA graph reflects results found within the pairwise Fsr analysis (Table 9; Figure 7).

Relictual, natural and planted unknown populations are all strongly grouped close to the origin

indicating a lack of genetic differentiation as seen in the pairwise Fsr analysis (Table 9; Figure

7). However, planted populations 1988 and 1992 were significantly separated.
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Figure 7. Principal Component Analysis plot (PCA) from all populations of Eucalyptus albens seedlings grown
ex-situ in a greenhouse; including 1988, unknown, and 1992 planted stands and natural and relictual seedling
groups, represented by colour (legend in the top right corner). PC1 and PC2 axes represent a total of 23% of the

relationship. (N=50)
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The Structure analysis discovered 3 distinct clusters within collected seeds (Figure 8; Appendix
Figure 4). Overall, there was a subpopulation in population 1988, another in population 1992
and the final subpopulation considering populations unknown, relictual and natural. Seeds
collected from trees planted in 1988 are uniquely differentiated, (denoted by purple cluster;
Figure 8), which reflects the large spread for this group in the PCA graph (Figure 7).
Additionally, seeds collected from relictual, natural and stands planted in an unknown year are
similar (denoted by the size of the blue and orange structure; Figure 8). This concurs with the
low pairwise Fsr and strong clumping in the PCA (Table 9; Figure 7). Population structure is
variable within seeds collected from trees planted in 1992 (Figure 8) which concurs with the

broad spread of this group within the PCA (Figure 7).
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Figure 8. Structure plot from all populations (1-5) of Eucalyptus albens seedlings from ex-situ in a greenhouse;
including 1988, unknown, and 1992 planted stands and relictual and natural seedling groups, showing genetic
clustering when K=3 using the Puechmialle method (Puechmialle 2016; N=50)

3.2 Genetic diversity and inbreeding of mature and juvenile E. albens trees

The genetic diversity of E. albens populations was similar when all categories of mature and
juvenile trees were included (mean He ranged from 0.090—0.143 = 0.004; Table 10). However,
there was no significant difference in genetic diversity (He) among all groups (P > 0.05; F=
1.041, df =3). Relictual trees had the highest levels of genetic diversity (He = 0.143 = 0.004)
and planted populations had slightly lower levels of genetic diversity than other remnant

populations (mean He = 0.104 + 0.004; Table 10).

Interestingly, observed heterozygosity was significantly higher in collected seeds in
comparison to other groups (P <0.001, F =8.567, df = 3; mean Ho = 0.102 £ 0.005). Observed
heterozygosity was remarkably similar between natural, relictual, planted and sapling

populations (Ho ranged from 0.072 + 0.003 — 0.100 = 0.004; Table 10). However, this is likely
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due to the smaller sample size of collected seeds, skewing results as observed heterozygosity
is more sensitive to sample sizes. Therefore, this result should only be taken as a function of

both expected and observed heterozygosity together.

Table 10. Genetic diversity measures of Eucalyptus albens sub-populations (1-28) including relictual, planted,
natural, saplings and collected seed with standard errors and means. Ho = observed heterozygosity, He = expected
heterozygosity, Fs = inbreeding coefficient. (Loci = 1537 for all individuals; N = 433)

Type Population N In:l::iguals Ho £ SE He = SE Fis
Relictual 1 15 0.093+0.003 | 0.143+0.004 | 0.374
2 (1988) 32 0.085+0.003 | 0.132+0.004 | 0.368
3(1992) 20 0.074+0.004 | 0.094+0.004 | 0.232
4(1983) 11 0.079+0.004 | 0.101+0.004 | 0.252
Planted
5 (1993) 28 0.082+0.003 | 0.104+0.004 | 0.230
6 (Unkwn) | 7 0.091+0.005 | 0.091+0.004 | 0.075
Mean 0.082+0.004 | 0.104 +0.004 | 0.231
7 12 0.080+0.003 | 0.112+0.004 | 0.316
8 10 0.100+0.004 | 0.122+0.004 | 0.224
9 10 0.077+0.003 | 0.105+0.004 | 0.305
10 11 0.083 +0.004 | 0.103+0.004 | 0.240
Natural 11 9 0.084+0.004 | 0.105+0.004 | 0.241
12 9 0.092+0.004 | 0.143+0.004 | 0393
13 10 0.072+0.003 | 0.107+0.004 | 0372
14 28 0.094+0.003 | 0.117+0.004 | 0217
Mean 0.085+0.004 | 0.114+0.004 | 0.289
15 27 0.082+0.004 | 0.102+0.004 | 0.217
16 24 0.097 +0.004 | 0.106+0.004 | 0.107
17 30 0.092+0.003 | 0.116+0.004 | 0.217
18 39 0.086+0.003 | 0.121+0.004 | 0303
19 9 0.090+0.004 | 0.105+0.004 | 0.195
Saplings
20 14 0.090+0.004 | 0.114+0.004 | 0.247
21 10 0.088 = 0.004 | 0.103+0.004 | 0.191
2 10 0.091+0.004 | 0.109+0.004 | 0.207
23 8 0.096+0.004 | 0.116+0.005 | 0.232
Mean 0.090 = 0.004 | 0.108+0.004 | 0.213
24 (P1988) |17 0.103+0.004 | 0.140+0.004 | 0.286
25 (P Unkwn.) | 6 0.099 +0.005 | 0.090 + 0.004 | -0.004
26 (P 1992) | 17 0.098 = 0.005 | 0.103+0.004 | 0.081
27 (Relictual) | 5 0.101+0.005 | 0.105+0.004 | 0.163
Collected Seeds ¢ Natural) | 5 0.111+0.005 | 0.111+0.004 | 0.083
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| Mean | 0.102 +0.005 | 0.110+0.004 | 0.122 |

3.2.1 Genetic diversity of juvenile E. albens samples

Genetic diversity varied between juveniles (He ranged from 0.090 to 0.140; Table 10).
However, the mean He of collected seeds was similar to all groups (mean He = 0.110 = 0.004).
Seeds collected from stands planted in 1988 seedlings had significantly higher genetic diversity
than other populations (He = 0.140 + 0.004) which is reflected in their structural complexity
(Figure 8). Sapling populations also had similar levels of genetic diversity to natural
populations (mean He = 0.108 = 0.004) and between all sapling populations, genetic diversity
was stable (He 0.102 - 0.121 + 0.004; Table 10).

3.2.2 Inbreeding levels of E. albens samples

Conversely, the levels of inbreeding between E. albens relictual trees were higher in
comparison to other populations (Fis = 0.374; Table 10). Similar levels were also found in
planted population 1988 (Fis = 0.368), and natural population 12 (F7s = 0.393). Nevertheless,
collected seeds had the lowest mean level of inbreeding (mean Fis= 0.122). There was also a
high range of inbreeding between seed populations (F7s ranged from -0.004 in seeds collected)
from stands in the planted unknown category to the highest levels in stands planted in 1988
(Table 10). Collected seeds had lower levels of inbreeding in comparison to all other groups,
due to the negative value in planted (unknown), (mean Fis= 0.096; Table 10). However, the
1988 population also had unexpectedly prominent levels of inbreeding (Fis = 0.286). There
was a significant difference in the level of inbreeding between groups (P < 0.01, F =5.395, df
= 3) and post-hoc analysis reveals that inbreeding levels of seedlings were significantly lower
than natural stands. There was no statistical difference in inbreeding levels between

natural/remnant and planted E. albens trees.

3.3 Genetic differentiation of E. albens samples

The pairwise Fsr comparison between sub-populations within relictual, planted and natural

stands reveals that there are differing amounts of genetic differentiation between sub-
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populations (Table 11). Populations of relictual trees lacked genetic differentiation in
comparison to natural, planted and seedling populations, excluding planted population 1993
(Fsr ranged from -0.009 - 0.116; Table 11). The planted populations were unique in terms of
the genetic differences they had between all populations (Fsrranged from 0.116 — 0.234; Table
11). Natural stands also lacked differentiation from all populations, excluding the planted
population 1988 and some of the relictual and natural populations (Fsr ranged from 0.009 —
0.178; Table 11). The variable levels of genetic differentiation, especially from planted
population 1993 being the most genetically different population, indicates that seed was

sourced externally from the Central Valley.
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Table 11. Pairwise F'sr comparisons between mature specimens and collected seeds from relictual, planted and natural populations of Eucalyptus albens. Saplings were excluded
due to the substantial number of individuals. High values > 150 are shown in bold. (N=262)

Seeds Seeds Seeds | Seeds | Seeds

Relict Planted Natural (1988) | (Unkwn.) | (1992) | (R) (L\))
2 3 4 5 6
1| (1988) | (1993) | (1983) | (1992) | (Unkwn.) 7 8 9 10 11 12 13 14 24 25 26 27 28
Relict 1
2
(1988) | 0.042 0
3
= (1993) | 0.116 | 0.145 0
o 4
E (1983) | 0.058 | 0.094 | 0.193 0
& 5
(1992) | 0.061 | 0.102] 0.170 | 0.140 0
6
(Unkwn.) | 0.025 | 0.087 | 0.208 | 0.135| 0.128 0

7| 0.012] 0.054 | 0.129 | 0.081 | 0.079 0.070 0

8| 0.038]| 0.084| 0.176 | 0.114 | 0.128 0.120 | 0.066 0

9| 0.010] 0.059 | 0.149 | 0.089 | 0.091 0.079 1 0.031 | 0.071 0

10| 0.013 | 0.057 | 0.161 | 0.089 | 0.088 0.086 | 0.026 | 0.060 | 0.034 0

Natural
11 0.022 | 0.069 | 0.156 | 0.115| 0.095 0.096 | 0.044 | 0.069 | 0.056 | 0.042 0
12 0.027 | 0.083| 0.178 | 0.111 | 0.129 0.095 | 0.060 | 0.081 | 0.069 | 0.061 | 0.077 0
13 0.009 | 0.054| 0.137 | 0.083 | 0.077 0.075 | 0.022 | 0.056 | 0.024 | 0.030 | 0.037 | 0.057 0
14| 0.009 | 0.057| 0.137 | 0.079 | 0.068 0.054 | 0.028 | 0.064 | 0.025 | 0.027 | 0.040 | 0.073 | 0.026 0
Seeds
(1988) 24| 0.075| 0.024 | 0.183 | 0.128 | 0.145 0.132 ] 0.096 | 0.116 | 0.097 | 0.102 | 0.104 | 0.105 | 0.087 | 0.102 0
Seeds
(Unkwn.) 25| 0.055| 0.104 | 0.234 | 0.168 | 0.152 0.064 | 0.095 | 0.134 | 0.115 ] 0.119 | 0.132 | 0.114 | 0.105 | 0.066 | 0.138 0
Seeds
(1992) 26| 0.084| 0.109 | 0.126 | 0.152 | 0.085 0.164 | 0.092 | 0.145 | 0.107 | 0.113 | 0.122 | 0.139 | 0.100 | 0.098 | 0.149 0.179 0
Seeds (R) 27 | -0.009 | 0.061 | 0.154 | 0.107 | 0.093 0.087 | 0.038 | 0.074 | 0.042 | 0.055 | 0.052 | 0.057 | 0.040 | 0.022 | 0.102 0.122] 0.118 0
Seeds (N) 28 | 0.032| 0.079 | 0.193 | 0.136 | 0.122 0.134 | 0.075 | 0.096 | 0.068 | 0.074 | 0.089 | 0.095 | 0.068 | 0.040 | 0.116 0.164 | 0.161 | 0.077 0
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3.3.1 Genetic differentiation of E. albens collected seeds

Collected seeds from all groups lacked differentiation from relictual populations. (Fsr ranged
from -0.009 to 0.084; Table 11). Collected seeds from natural populations (28) were closely
related to relictual groups. In comparison to all populations, planted seeds from planted stands
had a moderate amount of differentiation, especially from planted population 3, as explored
above (Fsrranged from 0.024 — 0.234; Table 11). In comparison to natural populations, planted
seeds are moderately differentiated (Fsr ranged from 0.022 — 0.145), but there is still evidence
of some similarity, particularly in population 14 (Fsr ranged from 0.022 — 0.102; Table 11).
while we observe some genetic differentiation of collected seeds, we can still see similarities
to natural and restored stands, and relictual trees are the main contributor to offspring

genotypes.

3.4 Population structure of E. albens samples

3.4.1 Principal Component Analysis (PCA)

The PCA plot represents little genetic differentiation between relictual, planted, natural, sapling
and seedling samples. The plot depicts that relictual trees are moderately differentiated from
one another, due to a broad clump of samples on the plot and one significant outlier (denoted
by yellow dots; Figure 9). Further, natural trees lack dissimilarity, as most individuals seem to
cluster at the origin of the plot. However, saplings, and planted populations are more genetically
differentiated with samples spread more along the Y axis in addition to the X axis (Figure 9).
Collected seed clusters are mostly at the origin, but some are much further apart, indicating
they are the most genetically differentiated group, remarkably similar to saplings. Often,
planted individuals are near these clusters, due to having parental relationships. The results
from the PCA analysis strengthen the findings from the pairwise Fsr matrix (Figure 9; Table
11).
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Figure 9. Pearson Principal Component Analysis plot (PCA) from all populations of Eucalyptus albens samples
(relictual, planted, natural, saplings and collected seeds), represented by a colour (legend in the top right corner).
PC1 and PC2 axes represent a total of 6.9% of the relationship. (N=433)

3.4.2 Bayesian Cluster Analysis (BCA)

To explore further into population structure, the Puechmaille found a total of 10 clusters (K=10;
Appendix Figure 5). The population Structure plot using the K=10 result showed many unique
genetic subpopulations from the 29 populations (Figure 10). The planted populations showed
the highest level of population differentiation in comparison to other groups. Planted
populations 1993 and 1992 had a unique genotype (denoted by dark purple) that was not
represented within relictual or natural populations, which was confirmed in the pairwise Fsr
analysis. Planted 1983 and unknown were genetically similar to relictual trees (supported by
low Fsr values) and planted population 1988 was represented in both relictual and natural
populations. Planted 1988 had a substantial number of clusters among individuals, indicating
there were high levels of gene flow within this population (denoted by green, yellow, pink,

orange etc.; Figure 10).
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Furthermore, saplings are derived from relictual trees, planted and natural stands. Sapling
populations 18, 20, 21, 23 and 24 are the most unique, consisting of many clusters associated
with relictual, planted and natural populations (Figure 10) indicating increased gene flow and
reduced subdivision. Saplings from relictual populations (15, 16, 17 and 22) often
predominantly consist of one main cluster based on a single relictual tree. Populations 15, 16
and 17 were highly subdivided and lacked gene flow, however, populations 18 — 24 were more
genetically complex, consisting of a range of clusters. Collected seed populations often shared
genotypes (pink, brown) however were differentiated based on their maternal characteristics
(Figure 10). For example, planted population 1988 was remarkably similar to seed population

1988 (denoted by yellow and green clusters; Figure 10).

Natural populations are all genetically similar to one another, but it was evident that gene flow
was being shared among all natural populations as there was no subdivision evident. Natural
population 14 had a higher level of gene flow based on the increased among of clusters reflected
within individuals (Figure 10). Interestingly, natural population 14 were newer samples
collected in 2023. This gives us an understanding that there are levels of connectivity between
remnant and restored populations, reflected within the population structure of naturally

regenerating saplings.
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Figure 10. Structure plot from all populations (1-29) of Eucalyptus albens samples including relictual, planted,
natural, saplings and seedling stands, showing genetic clustering when K=10 using the Puechmialle method

(Puechmialle 2016). (N=436; including excluded population)
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4.0 Discussion

This study has been effective in determining connectivity and gene flow between planted and
natural stands. The genetic homogeneity of planted and remnant stands suggests local
provenance but dividing the planted stands into years of planting revealed that 1993 has a
distinct population structure and the seeds may have been collected from outside the valley.
The parentage analysis for collected seeds with known mothers is particularly insightful in
detecting effective pollination between planted stands and natural trees. The inclusion of
juvenile saplings and collected seed has allowed me to establish that gene flow and connectivity
occurs between the trees planted throughout the 1980s and 1990s and remnant populations.
Significantly, I found evidence of planted populations outcrossing with remnant populations
suggesting that the restoration of the WNP has successfully re-introduced healthy levels of gene
flow and connectivity through pollination services. Indeed, the analysis of the full dataset
shows maintenance of elevated levels of genetic diversity and avoidance of further population
subdivision, critically protecting important levels of local adaption. The success of this
restoration supports the use of local provenance sourcing to promote successful reintroductions
of species of trees in endangered woodlands, such as Box-Gum Grassy Woodlands in southeast

Australia (Rosser et al. 2023).

4.1 Seed provenance in planted populations

4.1.1 Mixed sourcing or local sourcing?

My findings highlight the differences in two planted populations (1993 and 1992) that diverge
from the relative homogenous structure otherwise found within the WNP and their remnant
cohorts (Figure 10; Table 11, Fisr ranged from 0.126 — 0.208). Zucchi (2018) and Broadhurst
(2006) suggest that the heterogeneous genetic composition of some planted populations may
be a consequence of seed collection that is not entirely local and from different distinct areas.
Assuming this reasoning, it could be suggested that the seed set used to restore E. albens
populations in this study may have not been entirely local either, as it is possible that genetic
material was collected externally from the valley, and many relictual sources separated with
significant geographical distance. Further, Rosser et al. (2023) also found a similar result of

non-local genotypes within planted populations 12 and 13. Nevertheless, restored trees showed
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an adequate amount of genetic diversity, similar in comparison to part of the diverse mosaic
found in wider landscapes; and externally from the Central Valley of the WNP. Future analysis
into isolation by distance population structure could confirm the reasoning for the similar level
of genetic diversity found within restored populations and whether this is affected by distance

between populations.

The greatest level of population differentiation was observed within planted populations;
however, this may be the result of patterns of seed collection and planting divided by year.
Planting years 1983, 1988 and 1992/93 showed levels of subpopulation division, suggesting
that plantation year was tightly associated with seed collection patterns, as seen in the Structure
plot of the Bayesian Cluster Analysis. Planted populations 1992 and 1993 had a unique
genotype that was not reflected within natural or relictual trees suggesting that these stands
may have indeed been sourced externally from the valley in line with mixed provenance
sourcing (denoted by dark purple; Figure 10). Population subdivision can increase in
restorations if gene flow and pollination are disrupted in a fragmented landscape (Broadhurst
et al. 2015). Interestingly, these plantation years were also outsourced externally for the
restoration of E. melliodora in the WNP (Quinton 2019). There is increasing support within the
literature to adopt strategies of mixed provenancing to broaden the gene pool and genetic base
of revegetated areas, increase the adaptive potential to future environmental changes and
reduce inbreeding (Broadhurst ez al. 2008; Sgro et al. 2011; Van Rossum and Le Pajolec 2021).
However, we must also consider the risk of genetic contamination and loss of local adaptive

potential within the local environment.

The issue of genetic contamination and micro-site genetic variation (as seen in differentiated
planted populations 1993 and 1992; Figure 10) may introduce a challenge for mixed sourcing
strategies, which can introduce maladapted or invasive non-local genotypes (McKay et al.
2005; Hufford and Mazer 2003). A previous study delving into the genetic differentiation of
Eucalyptus obliqua discovered that micro-site local adaption can occur in as little as a few
hundred metres (Wilkinson 2008; measured by seedling survival, height, and frost resistance
in situ), which could explain what we saw in planted 1992 and 1993. Although, it is more likely
that these populations are simply different as we did not discover any evidence of local

adaption. If we exclude these outlier planted populations, the low differentiation (Fsr ranged
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from 0.009 — 0.061; Table 11) between remnant and restored populations is the result of local
sourcing (McKay et al. 2005). Similar Fsr values in E. melliodora (Rosser et al. 2023; Fsr
ranged from 0.029 — 0.203) give us confidence in the clarification of local provenance sourcing.
Although historical records of the WNP restoration are not exactly clear on the strict protocol
used for genetic sources for each planting, it is possible that crossing with cultivars produced
hybrids that were significantly different to remnant populations. Ultimately, the results of this
section of the study indicate that planted populations of E. albens within the WNP are mostly
composed of genetically diverse local provenance trees. The stable levels of genetic diversity
and differentiation throughout the system and multiple seed sources found in some planted
populations are a testament to the success of this element of ecological restorations of Box-
Gum Grassy Woodlands in the WNP. We found no tangible evidence of genetic contamination
(introduction of exotic alleles/hybridisation), even with the use of mixed sourcing of some

planted populations, indicating that overall, this restoration was successful.

4.1.2 Genetic diversity and inbreeding

The results suggest that there was no significant reduction in genetic diversity of the locally
sourced planted populations, in comparison to natural and relictual populations in the WNP
(mean He of planted, natural and relictual populations = 0.104, 0.114 and 0.143). Contrary to
the literature (Hufford et al. 2021; Breed et al. 2012a), both effects were not observed in this
study. Additionally, Dunn et al. (2023 in review) also found no difference in genetic diversity
(mean He natural and planted = 0.204 and 0.197) as well as Rosser et al. (2023; He = 0.141,
0.141 and 0.170). Recently, the use of local provenance sourcing was confirmed in the
restoration of E. melliodora (Rosser et al. 2023) in the WNP. The evidence of gene flow
between remnant and restored populations validates the use of local provenancing as a
technique for plantings in this restoration project. Based on the results of this study in
combination with previous findings (Rosser et al. 2023), local provenancing was used
successfully due to similarities in genetic diversity and genetic differentiation of planted
populations and overall, there was no evidence of a loss in genetic diversity. This study
increases in support of the use of locally sourced genetic material to retain historic, local

genotypes which is best for effectively adapted offspring in the future.
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The results indicate that there was no difference in levels of inbreeding or genetic diversity
between planted and remnant populations. A well-known disadvantage of the use of local
provenance sourcing within restoration projects is elevated levels of inbreeding (Hufford et al.
2012; from shorter crossing distances in Stylidium hispidum) and the negligible, or lack of
introduction of genetic variation/genetic diversity which limits the adaptive potential of
populations (Aitken and Whitlock 2013; Bucharova et al. 2019; Broadhurst ez al. 2008). For
example, A study by Breed ef al. (2012a) found increased inbreeding levels in locally sourced
Swietenia macrophylla and fitness was increased in genetically diverse, outcrossed individuals.
However, similar studies of E. melliodra and E. albens observed no increase in inbreeding
levels of planted cohorts (mean Fs = 0.160 vs 0.203 in naturals; Rosser et al. 2023; 0.288 vs
0.292 in naturals; Dunn et al. 2023 in review). Consequently, the lack of inbreeding observed
within this study may be because self-compatible tree species may be resistant to inbreeding
depression as most deleterious alleles have been removed or counter the effects of self-
fertilisation by establishing bet-hedging strategies to selectively favour outcrossed seeds
(Sampson and Byrne 2008; Kramer et al. 2008). Alternatively, the non-significance of results
may be the result of lack of time for the genetic effect to take place, as the effect of inbreeding
depression and genetic drift can take several decades to appear in long-lived tree species such
as E. albens, and the overall success based on levels of inbreeding and genetic variation may
take hundreds of years to be able to be determined (Kramer et al. 2008; Lowe and Allendorf
2010).

4.2 Connectivity between planted and natural populations

4.2.1 Pollination outcrossing

The results indicate that saplings and collected seeds exhibited some evidence (total of 17
parents assigned; Table 7; Table 8) of outcrossing between populations of natural/relictual and
planted trees, critically demonstrating the re-establishment of connectivity and reproductive
functionality within the restored landscape. The reconnection of plants and pollination services
is a major challenge associated with ecological restoration (Ritchie and Krauss 2011; Menz et
al. 2011) but is of extreme importance for the long-term success of self-sustaining, resilient
populations (Millar et al. 2021; Dixon 2009). Often, limited pollination reduces the capacity to
outcross between individuals and can lead to increased inbreeding levels and reduced fitness

(Millar et al. 2021; Crémieux et al. 2010; Keller and Edwards 2000). Long-distance pollination
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(facilitated by honeybees and other insects) was observed up to 1km in Fucalyptus species
(Byme et al. 2007; Ottewell et al. 2009; Sampson and Byme et al. 2008) and has a high
potential for outcrossing between natural and planted populations. Related results were found
for E. melliodora (Yellow Box; Quinton 2019; Broadhurst 2013) where there was evidence of
relictual trees outcrossing with restored trees; and restorations of several species of Banksia
(Ritchie and Krauss 2011; Coates ef al. 2007). The highly successful production of saplings
and seeds within planted stands suggests that fitness was not affected, according to a valuable
metric of fitness, reproductive success. This research is one of the first studies to investigate
the connectivity of a restored landscape via employing a parentage assignment of offspring
from a known mother. This produced valuable results indicating pollen dispersal distances with

high confidence.

4.2.2 Short-distance connectivity

Most of the outcrossing between natural and locally sourced planted population 1988 was
observed between nearby natural trees. There was a high amount of gene flow producing both
saplings and collected seeds with high confidence in assigning paternal parents and parent pairs
in this one location within ~100m (Figure 6; Table 7; Table 8). Interestingly, this population of
seedlings (1988) also exhibited unique genotypes (expressed as a dark purple cluster; Figure
8) which indicates that this genotype may be expressed in outcrossed individuals. Altered and
reduced gene flow patterns are outcomes of isolated and fragmented species (Lowe et al. 2005).
Pollen dispersal in eucalypts is idiosyncratic and is influenced by spatial distribution, plant
density, and changes in pollinator behaviour (Byrne et al. 2008; Sork et al. 1999). This can
have a major impact on the level of gene flow between planted and remnant populations within
a restoration area leading to reduced gene flow and inbreeding depression due to selfing.
(Armbruster and Reed 2005; Coates et al. 2007). This is evidence that a significant amount of
short-distance pollen dispersal is taking place within this restoration, and these distances are
well within the typical eucalypt pollen dispersal distances of around 200m (Broadhurst 2013;
Byrne et al. 2008; Ottewell et al. 2009). Typically, these results concur with (Broadhurst 2013;
E. melliodora) who recommends repopulating fragmented woodlands and reducing isolation
distances to assist in facilitating pollination services for eucalypts. Therefore, restorations must
consider the spatial arrangement of plantings. Shorter distances between populations receive a

greater diversity of pollen due to increased pollinator movements (Breed et al. 2012b;
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McCallum et al. 2019; Yates et al. 2007). The production of offspring facilitated by short-
distance pollen dispersal is key to re-establishing connectivity to restoration programs, and to
do so, isolation between trees must be reduced to encourage pollinator abundance and more

reliable pollination services (Ottewell et al. 2009).

4.2.3 Offspring population structure and genetic diversity shows connectivity

The population structure of E. albens collected seeds within the WNP was less homogenised
than expected according to the Bayesian Cluster Analysis and Structure plot. A similar result
was found in an earlier study (Rosser et al. 2023) where differences in the population structure
of offspring were associated with patterns of sampling clusters. The total of 10 subpopulations
generated within the Structure plot is high compared to other studies of E. melliodora (Rosser
et al. 2023; Quinton 2019) which found a total of K=6 clusters and may be due to the large
sample size increase in subpopulations found in comparison to similar studies. However, the
PCA plot depicted a more homogenised population structure, alluding to the fact that there is a
substantial amount of gene flow being distributed between populations due to a lack of
population clustering and subdivision (Figure 9). This is contrary to similar studies (Dunn et
al. 2023 in review) where the PCA graph showed distinct clustering of sapling and planted
populations of E. albens. My result is due to the lack of confidence in this analysis, with only
6.9% of the variation explained by the two co-ordinates. Therefore, the PCA analysis should
only be inferred as a function of a combination of other analyses. There is convincing evidence
to suggest that nearby planted trees have outcrossed with relictual and natural trees, as saplings
often shared genotypes with both planted (1993, 1983, 1992) and remnant populations (18-22;
Figure 10). This suggests that an admixture of mature planted and remnant individuals are
producing outcrossed offspring, revealing re-connectivity within the landscape. Ultimately, this
study highlights that both remnant and planted trees actively contribute to recruitment, as there
were many juvenile trees observed within the field since the restoration took place and evidence

of outcrossing within the Bayesian Cluster Analysis (Figure 10).

Population Structure plots of juvenile offspring confirmed connectivity between populations
due to the sharing of similar genotypes between subpopulations displayed active gene flow. If
offspring are homogenous in structure they are well connected by many clusters (Figure 10),

while a decrease in gene flow/connectivity would be indicated by further population
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subdivision with defined clusters not shared among populations. Fragmented landscapes suffer
low levels of connectivity between populations and atypical gene flow due to increased spatial
separation between individuals and altered pollinator behaviour (Aguilar et al. 2006; Lowe et
al. 2005; e.g., Zucchi et al. 2018). Therefore, it is important to consider the population structure
of offspring to denote levels of connectivity and whether pollination services have been re-
established (Broadhurst et al. 2015). The Bayesian Cluster Analysis and Structure plot showed
some levels of subdivision within collected seeds; however, there were some genotypes shared
among all populations (denoted by orange cluster; Figure 8). In comparison to one another
(Figure 8), collected seeds from relictual, natural and unknown planted trees were
undifferentiated, but seedlings from the 1988 plantation contained a genotype not represented
in the other subpopulations (denoted by purple cluster; Figure 8). Although population 1988
was different, this still gives us evidence of a relatively homogenous subset of seed offspring,
confirming the parentage assignment (Table 7) and that connectivity and gene flow are present
between planted and remnant individuals. This result was also reinforced within the PCA
(Figure 7) between seeds as the unknown population was very similar to natural and relictual
collected seeds. We can be more confident with this result due to the known maternal
relationships of these seedlings, and ex situ germination of these seedlings nullifying local
environmental selection pressures. A similar study of E. albens showed evidence of gene flow
within offspring, sharing genotypes with planted and natural populations (Rosser et al. 2023;
Dunn ef al. 2023 in review). These results of the PCA and Structure plot reflect the success of
the restoration, with re-establishing pollination services and gene flow between populations
and restored and remnant individuals, a crucial aspect of maintaining a self-sustaining
ecosystem that is likely to be resilient to environmental change (Jordan ez al. 2019; Ruiz-Jaen

and Mitchell Aide 2005; Suding et al. 2015).

High genetic diversity was found in seeds collected from planted, natural, relictual and sapling
populations, indicating that heterozygosity was not lost throughout generations. Further, the
results also demonstrated that controlled greenhouse conditions revealed a broader genetic
range of collected seeds that germinated successfully (He ranged from 0.090 — 0.140; Table
10). This suggests that the restoration was effective from a genetic perspective and may
increase the evolutionary potential of future generations (Sgro et al. 2011) due to higher
inbreeding levels. It also indicates that there is a possibility that outcross offspring with higher

genetic diversity is favoured in the local environment, due to the broader range of genetic
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diversity revealed in greenhouse conditions. Further, the significantly reduced levels of
inbreeding in collected seeds (Fis as low as -0.004; Table 10) demonstrates a successful
admixture between populations, with sufficient levels of pollen dispersal to initiate gene flow,
increasing genetic variation and reducing inbreeding levels. Levels of genetic diversity of seeds
(He ranged from 0.104 - 0.140; Table 10) were comparable to saplings of E. melliodora (He
ranged from 0.158 - 0.170; Rosser et al. 2023) and E. albens (He ranged from 0.195 — 0.211;
Dunn et al. 2023 in review). Although collected seeds' genetic diversity was slightly lower than
those studies, they had significantly prominent levels of observed heterozygosity (Ho ranged
from 0.098 — 0.111; Table 10) at an individual level. Equivalent results were also observed in
other species (Van Rossum and Le Pajolec 2021) that saw higher levels of fitness, phenotypic
plasticity, flowering, and reproductive success in Dianthus deltoides that had reduced
inbreeding levels. Admixed genotypes in collected seeds may increase the adaptive potential
and as a result, increase the fitness of offspring throughout generations to come (Prober et al.
2016). This indicates that, with confidence, the restoration was successful in retaining

connectivity within the landscape, promoting elevated levels of gene flow between populations.

The assessment of collected seeds grown for genetic harvesting is limited within the literature
(e.g., Breed et al. 2012b; Woods et al. 2021), however, often strengthens the measurement of
restoration success as these offspring are key to envisioning the future of restoration programs
and measurement of outcrossing between populations. Limitations with this technique were
surrounding time constraints, as only the largest seedlings could be harvested for DNA
extraction and sequencing. This can create a bias with results as the larger seedlings are the
fitter offspring due to outcrossing (Broadhurst 2013). Additionally, the externally sourced and
subdivided planted population 1993 was not assessed for outcrossing, genetic diversity and
differentiation of seedlings due to the lack of seeds available. This is a limitation within this
study, as these results could demonstrate whether this population is experiencing gene flow
between nearby stands producing effective outcrossed progeny or is it just favouring self-
fertilising reproductive methods and further creating an isolated subpopulation. Further, genetic
diversity and inbreeding offspring of 1993 could also indicate whether this population is
introducing genetic variation to the environment, increasing the gene pool and fitness of trees
within the WNP. Nevertheless, this study found no difference in genetic diversity between

planted stands and remnant populations, with generally high levels observed in all populations.
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This gives us evidence of a successful restoration in being able to maintain a genetically diverse

and viable population with similar offspring.

4.2.4 Connectivity of natural populations

Natural trees had no distinct structuring or differentiation between populations (except
population 14), despite the significant geographical distance separating populations. The PCA
plot (Figure 9) depicts no distinct clustering of natural populations, reflected within the
Bayesian Cluster Analysis (Figure 10) and Pairwise Fsr matrix (Fsrranged from 0.0022 —
0.081; Table 11). This suggests that remnant populations are relatively homogenous across the
entire region, similar to results found in other studies (Fsrranged from 0.046 — 0.108; Rosser
et al. 2023). This result is contrary to Broadhurst (2013) where earlier recommendations
suggest that the increased variation of planted stands could be due to broader spatial separation
of seed sourcing across the Central Valley of the WNP, but there appears to be no difference in
structure between natural populations despite the large distance between them. Overall, the
historical level of gene flow has been sufficient to maintain strong connections among natural
stands. Nevertheless, natural population 14, a newly sampled stand within the Central Valley
of the WNP and adjacent to 1988 plantings was more differentiated than other natural stands
according to the Bayesian Cluster Analysis (Figure 10). This result was due to increased
outcrossing, creating more genetically complex individuals with many clusters because of
increased gene flow. This natural population was also seen to outcross with the nearby planted
stands (Table 7; Figure 6) to produce several outcrossed seeds (Figure 8; Unknown population)
and saplings (Figure 10, populations 19, 20, 22). Therefore, it is evident that natural stands
provide significant levels of gene flow across significant distances to share a variation of

genotypes.

4.3 Importance of relictual trees

Genetic diversity was especially higher in relictual trees than in other natural and planted
populations. The elevated levels of genetic diversity within older fragmented trees (He = 0.143;
Table 10) reflect the historic levels of genetic variation that were once present before the
deforestation of the WNP. A similar result was also found in studies of E. melliodora (He =

0.170; Rosser et al. 2023) and E. albens (He =0.230; Dunn et al. 2023 in review). This indicates
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the importance of the remaining historic remnant populations for conservation management
and overall ecosystem health (Ottewell ef al. 2010; Broadhurst 2013) as they provide high
genetic variation which can be used for seed for restoration programs (Broadhurst 2013; Rosser
et al. 2023). Relictual trees must be protected in the future, not only for their prominent levels
of historic genetic diversity but failure to protect them will reduce the likelihood of achieving
conservation objectives of the maintenance and representation of species in agricultural

landscapes (Gibbons and Boak 2008).

An interesting result within the parentage analysis is the identification of two relictual parents
in saplings, indicating that these isolated historic trees have established current connectivity
and gene flow (Table 8). This contrasts with other studies which have not been able to show
reproductive inputs from incredibly old trees (e.g., Rymer et al. 2015). There was only one
example of this process within this study, within ~200m from one another (Table 8; Figure. 5).
However, the connectivity between relictual trees can be attributed to pollination distances
increasing between scattered trees in an agricultural landscape to compensate for increased
isolation (Ottewell et al. 2009; Byme et al. 2008). Overall, this reinforces the capability of
relictual trees to produce viable, genetically diverse offspring and contribute to increasing self-
sustaining populations by reducing the effect of inbreeding depression in offspring (Broadhurst
2013; Manning et al. 2006; Rosser et al. 2023). However, the results also indicate that relictual
trees had increased levels of inbreeding in comparison to other populations (Fis = 0.374; Table
10), contradicting similar studies (F7s = 0.194; Rosser et al. 2023). Although these trees contain
significant levels of genetic variation, other studies have found that isolated relictual trees can
have higher levels of inbreeding than natural stands due to restricted pollen dispersal and self-
fertilisation (outcrossing rate = 0.828, Rymer et al. 2015) which is reflected in our results. This
indicates that relictual trees are favouring selfing over outcrossing between individuals. Higher
inbreeding levels were also observed in seeds collected from relictuals (F;s = 0.160; Table 10)
which may be due to lingering effects of fragmentations affecting heterozygosity within next-

generation offspring.

Here, we demonstrate that relictual trees are significant sources of genetic variation and
contribute valuable genetic material to the many recruited offspring. The Bayesian Cluster

Analysis (Figure 10) detected many different genetic clusters among relictual trees (population
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1; denoted by orange, maroon, green, pink, and red coloured clusters), confirming the fact that
these scattered trees are reservoirs of many genotypes favoured within the valley floor. As a
group, the high variation in relictual trees reflects their historic importance and shows they
harness a variation of alleles that existed before deforestation (reviewed in Ottewell et al. 2010;
Broadhurst 2013; Rosser ef al. 2023). This provides genetic diversity for the next-generation
offspring to maintain fitness, and adaptive potential and express locally adapted genotypes to
mitigate deleterious alleles associated with inbreeding, reducing the likelihood of genetic
contamination and genetic drift in the future (Breed et al. 2015; Jordan et al. 2011; Broadhurst
2013). This information tells us that sourcing genetic material from these differentiated
relictual trees is sufficient to produce sufficient quality, locally adapted, diverse offspring
(Ottewell et al. 2010) but we must still be mindful of the inbreeding rates within these historic

trees.

4.4 Recommendations

Restoration projects are yet to fully harness the potential of genomics, and recent reviews have
determined that these emerging technologies will assist in bridging the gap of knowledge
within the field. This study employed next-generation sequencing (NGS) to harvest genome-
wide SNPs to explore genetic issues within and between populations. By using genomic
technologies in restoration-based research, the likelihood that a restoration project becomes a
resilient population can be improved and success can be efficiently measured. Among new
genetic technologies, next-NGS deserve particular attention when applying genetics to
restoration ecology (Mijangos et al. 2014). This faster and more affordable sequencing method
is enabling the analysis of genome-wide samples in population genetic applications, and
conservation managers should take advantage of this emerging technology to assist in creating

faster and more affordable biodiversity assessments.

4.4.1 Further samples to reveal more connectivity

Nevertheless, there is excellent value in parentage analysis of Eucalyptus species to determine
if connectivity and pollinator services have been re-established as this can give us insight into

whether the restoration program can result in a self-sustaining ecosystem. Attracting pollinator
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services is a crucial aspect of restoration that is required for population persistence in the short
and long term (Dixon 2009; Millar et al. 2021). In the future, emphasis is required to determine
greater confidence in parentage assignments and allocating parent pairs by additional field
sampling (Quinton 2019). Although this study increased confidence by knowing the maternal
parents in seedlings, there was still only moderate to low confidence in paternal parent
assignment in saplings due to the lack of assigning parent pairs to offspring. There is immense
value in understanding pollen dispersal distances, as it is often difficult to measure and quantify
gene flow and long-distance pollination (Pasquet et al. 2008). This type of study in the future
can assist with understanding sampling distances for increased confidence in connectivity
analyses. I have only uncovered a small piece of the puzzle; therefore, I recommend sampling
natural trees near plantings to reveal further connectivity. A wider sampling of adult parents
may be necessary to measure pollination dispersal distances and gene flow to pair parents with

offspring.

4.4.2 Fitness testing

In general, this study demonstrated that local seed sourcing did not produce any negative
genetic outcomes such as loss of adaptive traits through inbreeding, genetic drift, or low genetic
variation. However, crucially we must now ask whether offspring are tolerant or resistant
enough to be able to withstand harsh environmental conditions in the future. It has been
suggested that management actions focus on the restoration of ecological functions and
resilience, rather than returning the ecosystem to a historic state to combat predicted
environmental changes (Mijangos et al. 2014). A more thorough investigation may be
necessary to denote whether fitness is reduced in planted offspring perhaps utilising measures
such as annual seed set, seed weight and germination rate (Barmentlo ez a/. 2018). Such an
investigation can help establish whether offspring are experiencing outbreeding depression or
inbreeding depression even with some levels of connectivity. Further, fitness tests of the 2"
generation of seedlings may reveal whether inbreeding depression effects are masked in
naturally regenerating saplings. Fitness testing can also help assist in understanding whether
reintroduced populations are viable to adapt to the local environment. We recommend that
fitness testing of offspring (for example, drought testing) would be an informative future study
in the future to denote whether E. albens offspring can withstand predicted warmer and more

arid climates.
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4.4.3 Seed sourcing protocols

This study also highlighted the importance of accurate seed-sourcing methods to be recorded
in protocols for communication in the future. The results indicated that there was evidence of
genetic material being sourced externally from the valley, which can cause issues with local
adaption and genetic contamination. Further research tested the fitness of offspring from these
external trees to determine whether this population of planted trees are appropriately adapted
to the local environment, or whether this population could potentially introduce maladapted
genotypes into the Central Valley restoration project of the WNP. Therefore, this study implies
that it is especially important to maintain strict local provenance protocols when attempting to
restore landscapes, maintain site-specific adaption and reduce genetic contamination. The exact
method for sourcing genetic material for the restoration within the WNP was not maintained to

a strict protocol, evident by outsourced planted populations discovered within this study.

4.4.4 Sourcing strategies in the future

This study provides an alternative outcome to sourcing seeds from fragmented populations,
since here large-scale population sourcing was not necessary to retain adequate levels of
genetic diversity and reinforces the role of relictual trees as important pools of genetic variation
and significant foci for recruitment of highly diverse offspring (Broadhurst 2013; Rosser et al.
2023; Quinton 2019). One of the significant arguments against local provenancing is that in
landscapes with fragmented habitats (such as this study system), it should not be used as local
populations may already be small and, thus lacking genetic variation leading to low-quality
seed sets and/or failure of offspring establishment (Leimu ez al. 2006; Breed et al. 2019). It is
frequently mentioned within the literature that seeds should not be sourced from small,
populations to avoid founder effects and reduction in genetic diversity. Sourcing seed is
recommended to be up to 500 individuals (Prober et al. 1998) and more than 10-20 individuals
as this would be far too small to avoid founder effects (Fischer and Matthies 1998; Vander
Mijinsbrugge et al. 2010). Therefore, in the future, we can now understand that sourcing from
relictual trees, a scattered population, may be adequate to retain levels of genetic diversity

within the ecosystem.
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Recently, there has been a focus on restoration ecology to maximise the climatic adaptive
potential in Fucalyptus species by determining the extent of outcrossing to achieve this (Prober
et al. 2016). This involves developing models for seed sourcing to ensure a range of
environmental adaptions are withheld within the genome sources of the restored population
(Rossetto et al. 2018). Previous research by Prober et al. (2016) discovered putative genomic
regions of DNA associated with climate adaptability in Eucalyptus species which is responsible
for expressing climate-related function traits (for example leaf thickness, water use efficiency,
growth rate and survival). These regions on the genome can be identified with the use of micro-
array technologies and genomic DArTseq sequencing (Sansaloni et al. 2010) to increase the
ability of restored cohorts to adapt and persist in differentiated arid climates in the future,
predicted within Australia. These technologies can be of significant use in the future, as from
a conservation perspective, they allow managers to develop a cohort of adaptive individuals.
Although it requires more research to measure the adaptive potential of individuals, it is entirely
possible for this target study system. It can allow us to facilitate longer-term climate-resilience
of restored populations, by selectively choosing genetic sources of restoration plantings and

allowing adaptive alleles to be mapped into restored landscapes (Prober et al. 2016).
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5.0 Conclusion

Ecological genetic approaches to assessing restoration success have been highly recommended
for some time (SER 2004), but in application, genetic technologies remain rare. Few studies
within the literature have begun using these technologies to their advantage (see Broadhurst
2011; Ritchie and Krauss 2012; Zucchi et al. 2018; Millar et al. 2012) and very few studies
used these technologies to assess levels of connectivity and gene flow (see Broadhurst 2013;
Breed et al. 2012; McCallum et al. 2019; Yates et al. 2007). Here we have demonstrated success
in restoring populations of E. albens in the WNP through comparable levels of genetic
diversity, a moderately homogenised population structure, and sufficient evidence of
outcrossing between remnant and restored stands. With the analysis of juveniles, we can be
more confident in the parentage analysis (by knowing the mother) and that there is no
inbreeding or lower genetic diversity levels being hidden in further generations. This study
suggests little negative effect of local provenance sourcing, with evidence of mixed seed
sourcing. Pollinator services have effectively been re-established to maintain gene flow and
reduce inbreeding between restored and source populations. Although there were some
concerns raised regarding the genetic parameters surrounding planted populations 3 and 5
(1992-93 plantings), suggesting that local provenance protocols may not have been strictly
followed, there were no negative effects observed regarding genetic diversity. Unfortunately,
this study was limited in the analysis of these externally sourced planted populations, as 1993
offspring could not be assessed. Importantly, relictual trees were an extremely important
reservoir of historical levels of genetic diversity for this restoration project and continue to
produce saplings in the revegetated area. However, relictual trees exhibited higher levels of
inbreeding which should be considered if seed sourcing was used. There was also evidence of
contemporary gene flow between these isolated trees. It was clear in my field observations of
the WNP that White Box Gum restoration attempts have been successful in producing many
saplings in both planted and remnant populations, ameliorating further population decline.
Further testing of fitness might determine the viability of offspring in the face of climatic

change in the future.
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Appendix Figure 1. Proposed Fucalyptus albens, Eucalyptus melliodora and Eucalyptus blakelyi planting areas
in 1983, 1988, and 1992 in the Central Valley restoration area of the Warrumbungle National Park, as shown in
red shaded annotations. The sketch is reproduced with permission of NSW National Parks and Wildlife Service
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Appendix Figure 2. Proposed Eucalyptus albens, Eucalyptus melliodora and Eucalyptus blakelyi planting areas
in 1993 in the Central Valley restoration area of the Warrumbungle National Park, as shown in the historical
annotation of red shaded areas. Provided by NSW National Parks and Wildlife Service. The sketch is reproduced
with permission of NSW National Parks and Wildlife Service
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Appendix Figure 3. Aerial photograph from 1956 utilised to locate scattered relictual Eucalyptus albens trees
within the Central Valley area of the Warrumbungle National Park before the restoration took place. Annotations
are historical and the photograph is reproduced with permission of NSW National Parks and Wildlife Service
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Appendix Table 1. Eucalyptus albens seedling offspring parentage results of a paternity assignment based on the
highest LOD score and Trio Delta of the estimated father using CERVUS 3.0.7. (Trio confidence ‘*’ = 95%)

Seedling | Mother ID | Group Candidate | Group Trio LOD | Trio Trio
ID (Known) father ID score Delta confidence
S8856 WB8801 Planted | \Bo102 Relictual 232.32 0
S8867 WB8801 Planted | po5100 Planted -289.38 0
S8868 WBS8801 Planted | Rogsg Relictual -549.65 0
S8865 WBS8801 Planted | Rg303 Relictual 252.23 0
S8873 WB8801 Planted | Rog103 Relictual -292.83 0
S8874 WB8801 Planted | gyqp Natural 278.82 0
S8878 WBS8801 Planted | wpgg02 Planted 24242 0
S8816 PO1100 Planted | Rog305 Natural -293.23 0
S8817 PO1100 Planted | gy556 Planted -344.75 0
S8827 PO1100 Planted | \igo104 Natural -259.85 0
$8828 PO1100 Planted | Ryqp Natural -229.04 0
S8851 WBS8801 Planted | pp1100 Planted 2524 | 2524 | %
S88371 | WBSS801 Planted | pg1100 Planted 274.57 | 274.57 | *
$88372 | wBsso1 Planted | pg1100 Planted 264 264 | *
S8897 WB8803 Planted | wggg02 Planted 94.17 0
S88111 | WB8S803 Planted | Rogsg Relictual -485.41 0
S88113 | WB8803 Planted | Rogsg Relictual -515.84 0
SUNS6 | PLCI1 Planted | gy Natural 88.8 | 8821 |*
SUN69 | PLCI1 Planted | Roqo Natural 1337 133.7 | *
SUN73 | PLCI1 Planted | Ryqp Natural 4211 | 42.11 | *
SUN771 | PLCI1 Planted | gy Natural 96.22 | 96.22 | *
SUN772 | PLCI1 Planted | R1qg Natural 50.9 50.9 | *
SUN775 | PLCI1 Planted | pyqg Natural 229.51 0
SR0481 | R048 Relictual | Rog204 Natural 0 0
SR0601 | R0601 Natural | Rog03 Natural -150.12 0
SP021071 | P02107 Planted | Rog101 Natural 234.44 0
$9222 B1556 Planted | pp g1 Planted -197.05 0
$9247 PLO1 Planted | opFo02 Natural -128.89 0
$9282 P02101 Planted | wg9302 Planted 233.52 0
$9285 P02101 Planted | pg2107 Planted -257.01 0
$9291 P02101 Planted | wR9305 Planted 2468 0
$9294 P02101 Planted | po2107 Planted 24568 0
$9297 P02101 Planted | pg2107 Planted -225.43 0
$92101 | P02101 Planted | Rog102 Natural 2438 0
$921012 | P02101 Planted | Rog201 Natural 228.42 0
$92102 | P02101 Planted | Rog201 Natural 24374 0
$92104 | P02101 Planted | pp2107 Planted -259.57 0
$92105 | P02101 Planted | py07 Natural -249.18 0
S92110 | P02101 Planted | po2107 Planted 27735 0
$921101 | P02101 Planted | _ - -
SRE1102 | RO83 Relictual | Rog303 Natural -16.09 0
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SRES57
SNAO3
SNAOS5
SNAO08
SNA33
SREI111
SRES1
59286

RO52
MBO01
MBO01
MBO01
MBO01
RO8&3
RO8&3
P02101

Relictual
Natural
Natural
Natural
Natural
Relictual
Relictual
Planted

OFF001
MBO0105
MBO0105
MBO0105
MBO0105
R08&305
R08203
P02107

Natural
Natural
Natural
Natural
Natural
Natural
Natural
Planted

-193.69
-154.32
-202.72
-250.23

10.87

-238.98

S O O O O

10.87
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Appendix Table 2. Eucalyptus albens sapling parentage results of a parent-pair sex unknown assignment based
on the highest LOD score and Trio Delta of the estimated parent pair using CERVUS 3.0.7. (Trio confidence ‘*’

=95% and ‘-° = ‘most likely parent pair’/one candidate parent has 95% confidence)
First Group Pair Group Pair Trio
candidate LOD Second LOD LOD Trio Trio

Sapling ID | ID score candidate ID score score Delta | confidence
PLCO3 wbnat6 5 Natural | 1323 | pLCOI Planted [ 7378 | 155,67 0| -
PLCO04 wbnat6 4 Natural | 12046 | PLCO1 Planted | 5647 | -127.18 0f-
PLCO5 wbnat6 4 Natural | 15922 | PLCO7 Planted [ 1795 | .236.87 0
PLCO06 R100 Natural 1.73 | PLCO1 Planted | 182 24.15 | 24.15 | *
PLCOS wbnat6 5 Natural | 11751 | PLCO7 Planted [ 3645 | -106.40 0| -
PLC09 wbnat6 5 Natural | 12997 | PLCO7 Planted [ 1301 | -.151.30 0] -
PLW02 OFF001 Natural | 11 34 | pLWO1 Planted [ 375 | _137.73 0] -
PLWO03 R105 Natural | 63 19 | PLWOI Planted | 6927 [ 164.81 | 147.02 | *
PLWO06 PLC10 Planted | 1163 | whbplant2 11 Planted | 13488 | -207.12 0
WB880202 | wbPA1 17 Planted | 9174 | wb51 relict Relictual 537 | -100.45 0] -
WB880203 | wbnat4 10 Natural | 152 79 | wb51 relict Relictual 86| -22081 0
WB880205 | wbPA1 26 Planted | 34544 | wbplant2 11 Planted | 21892 [ 105.14 | 15.82 | *
P02102 whnat6 6 Natural | g7 47 | whplant2 5 Planted | 775 | _117.50 0
P02106 wbplant2 1 Planted | 18,92 | wbplant2 20 Planted [ 5015 | -105.06 0f-
PLO2 wbnatd 10 Natural | 1875 | pLO1 Planted | 1754 [ _319.83 0
PLO3 wbnatd 10 Natural | 12715 | pLO1 Planted | 6562 [ -91.58 0f-
PLO4 PLOI Planted | 76 47 | whbplant2 11 Planted | _14555 | -130.83 o0lf-
PLOS wbnat6 5 Natural | 13823 | PLO1 Planted | 1212 | -139.02 0lf-
PL06 wbnatl 7 Natural | 131 4 | PLO1 Planted | 5781 [ -125.82 0]f-
MB0106 | MBOI Natural | 61 13 | MB0104 Natural | 3549 | _106.64 0f-
MB0107 | MBOI Natural | 13 94 | whnat4 10 Natural | 9937 [ -130.04 0| -
MB0108 | MBO1 Natural | 561 43 | MB0105 Natural | 4692 | 23730 | 62.23 | *
MB0109 | MB0105 Natural | g5 86 | whplant2 12 Planted | 15596 | -262.76 0
MBO0110 | MBOI Natural | 57 98 | whnat6 6 Natural [ 9938 | -134.11 0f-
R209 R200 Natural 28.9 | R207 Natural | 1505 [ -99.24 0| -
R210 R200 Natural | 70 66 | wbnat6 5 Natural | 9851 |  .87.20 0lf-
R211 R200 Natural | 6708 | wbnat6 5 Natural | 10766 | -91.34 0lf-
R212 R200 Natural | 37 63 | whnat6 6 Natural | 13037 | -154.53 0f-
R213 R200 Natural 50.1 | R105 Natural | 74 16 | 13170 | 112.02 | *
R046101 | wbnat6 4 Natural | 14137 | wbplant2 11 Planted | _140.96 | -294.48 0
R046102 | wbd6relict | Relictual | 75 96 [ \wha7 relict Relictual [ 7731 | 3247 0f-
R046104 | RO601 Natural | 39 56 | wb6 relict Relictual | 1625 | -174.63 0
R046105 | wbnat6 4 Natural | 16532 | whplant2 11 Planted | _149.45 | -330.21 0
R048103 | wbnat6 5 Natural | 14427 | wb48 relict Relictual | 4438 | -136.86 0lf-
R048104 | wbnat4 10 Natural | 1468 | wb48 relict Relictual | 3571 [ _148.19 0]f-
R048105 | wbnat6 5 Natural | 1877 | ROSS Relictual | 7309 | _153.43 0f-
R08207 R08204 Natural | 57 46 | R08205 Natural | 359 [ _9727 0| -
R08208 R08204 Natural | 36 51 | R08205 Natural | 38 | _205.59 0
R08209 R08203 Natural | 37 36 | RO8204 Natural | 941 [ -59.12 0] -
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Natural

R08210 R08203 Natural | g6 94 | R0O8205 69.94 3328 | 121 | *
R08306 R08305 Natural | 36 g8 | R083 Relictual | 239 15| 21158 | 5.54 | *
R08307 wbnatd 10 Natural | g0 76 | RO83 Relictual | 6753  _562 0f-
R08308 wbnat4 10 Natural | g6 79 | R0S3 Relictual 746 |  -77.05 0] -
R08310 R0O83 Relictual | 74 69 | wb37 relict Relictual | 6946 | 174.62 | 174.62 | *
wbplant2 Planted Relictual
R06100 11 -104.24 | wh6 relict 4278 | -236.41 0
wbplant2 Planted Relictual
R06101 14 19.03 | wb6 relict 825 | -11.99 0lf-
R06102 B1556 Planted | 9598 | wb6 relict Relictual | 1303 | -154.26 0f-
R06103 RO601 Natural | 91 79 | wb6 relict Relictual 163 | -30.49 o0f-
R06104 R0601 Natural | 96 76 | whe6 relict Relictual | 54 73| 12517 0
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Appendix Figure 4. The number of genetic clusters (K) among the Eucalyptus albens seedling dataset based on
2570 loci estimated utilising the Puechmialle method (Puechmialle 2016)
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Appendix Figure 5. The number of genetic clusters (K) among the Eucalyptus albens relictual, planted, natural,
seedling and sapling dataset based on 1537 loci estimated utilising the Puechmialle method (Puechmialle 2016)
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