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ABSTRACT

Approximately a third of the Earth’s surface is degraded. The enormous scale of degradation has stimulated
multilateral agreements with ambitious restoration targets (e.g. The Bonn Challenge aspires to restore 350
million ha by 2030). Humankind has greater awareness than ever before of the factors contributing to
landscape degradation, and has developed sophisticated practices to assist in its repair. The principal
management intervention used to combat the biodiversity declines associated with land degradation is
restoration. However, unprecedented environmental challenges from climate change, rapid biodiversity loss,
and human population pressures add to the complexity of achieving sustainable restoration outcomes.

There are valid concerns that sub-optimal restoration interventions are jeopardizing outcomes, which brings
into question our capacity to reach global targets. To establish a strategic approach for improving restoration
practice and to promote resilient outcomes, | reviewed current restoration practices and found that the
management of plant genetic resources and inconsistent monitoring of projects are key impediments to
optimal restoration outcomes. | found a suitable mechanism for investigating these knowledge gaps, through
embedded experiments, and subsequently established them in restoration projects.

| addressed the plant genetic resource knowledge gaps by testing in situ the relationship between plant
fitness and seed origin for six Myrtaceae species. | investigated plant fitness in three empirical studies that
included five common garden experiments, from provenances spanning 2.5 degrees of latitude (ca. 460 km)
in southern Australian eucalypt woodlands, and found sub-optimal plant performance was common.
Furthermore, signals of maladaptation occurred in two of my three empirical studies. | determined that the
Myrtaceae species | studied persisted in a range of climatic conditions by combining specific adaptations to
aridity and acclimating to new environmental conditions via phenotypic plasticity. | confirmed that this
response was strongly directional (e.g. arid to mesic), and the genetic diversity harboured in non-local
provenances could be harnessed to counteract plant fitness concerns (e.g. adaptation lags due to climate or
lack of connectivity due habitat fragmentation), and ultimately help to achieve more sustainable outcomes.

I then explored the utility of high throughput 16S amplicon sequencing (e.g. metabarcoding soil eDNA) as an
assessment tool to assist in monitoring restoration performance. | used metabarcoding of soil eDNA to
assess a chronosequence of restoration and found that the process of restoration (i.e. revegetation of the
native plant community) strongly impacted soil bacteria, an important functional component of the
ecosystem. | observed dramatic changes of the bacterial community after eight years of revegetation, where
the bacterial communities in younger sites were more similar to cleared degraded land and older restoration
sites were more similar to remnant native stands. This work has identified evidence of community flux and
functional recovery following restoration that would remain unrecognised through orthodox monitoring.

The synthesis of this work supports the use of evidence-based approaches to iteratively improve restoration
practices. Science-practice synergies will come from harvesting the knowledge of these approaches and
networking the results more broadly is the most efficient mechanism to achieve best-practice restoration and
resilient project outcomes.
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CHAPTER 1: INTRODUCTION

CHAPTER 1: INTRODUCTION

Global restoration

The scale of the problem

“In a recent global assessment, roughly a third (i.e. 29%) of all arable land was considered
degraded (Nkonya et al. 2016). Previous estimates of twice this figure (e.g. 66% Bot et al. 2000; Gibbs
and Salmon 2015) reflect the considerable variation in how degradation is defined, used and assessed
(Hobbs 2016). However, if this recent conservative estimate by Nkonya et al. (2016) was to be
consolidated into one geopolitical boundary, a landmass which we might hypothetically call the
‘Federated States of Degradia’ (Figure 1), this federation would exceed the size of Russia (approx. 2
billion ha). Degradia’s population would include more than 3 billion of the world’s poorest and most
vulnerable people (Nkonya et al. 2016) who would be restricted in their economic capacity to deal with

the consequences of unsustainable land management on biodiversity and ecosystem services.”

(Chapter 2; Gellie et al. 2017 pending revision, Frontiers in Ecology and the Environment)

The scale of the input

The scientific community has greater awareness than ever before of the factors contributing to landscape
degradation and as a result we have developed sophisticated practices to assist in its restoration. To
address degradation an unprecedented mobilisation of global resources is now devoted to ecological
restoration (e.g. the restoration industry is reported to turnover more than $USD 2 trillion annually;
Cunningham et al. 2008). However, these enormous investments are being rolled out on a stage with
unprecedented environmental challenges, rapid loss of biodiversity, and human population pressures that

are all contributing to the complexity of achieving sustainable restoration outcomes.

The enormous scale of land degradation has stimulated multilateral agreements with ambitious
restoration targets (e.g. the Convention on Biological Diversity (CBD) and the Aichi Target 15, and the aims

of the United Nations Framework Convention on Climate Change (UNFCCC) for Reducing Emissions from
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CHAPTER 1: INTRODUCTION

Deforestation and Forest Degradation (REDD+)). More recently commitments during COP21 to Initiative
20x20 (e.g. the restoration of 20 million hectares of land in Latin America and the Caribbean by 2020) have
confirmed restorations growing importance in policy on the world stage.

Current restoration practices

“Ecosystem restoration is increasingly relied upon to combat the global declines in biodiversity,
ecosystem services, and land quality (IPBES 2014; Suding et al. 2015). The recent formation of the
Intergovernmental Platform on Biodiversity and Ecosystem Services (IPBES) draws attention to the key
role restoration has in combatting these global issues. Aspirational goals have been set and agreed fo,
such as restoring 350 million ha by 2030 at the Sept 2014 UN Climate Summit in New York, requiring
substantial investment (Menz et al. 2013). These impressive ambitions will rely on effective restoration

practices being employed and the addition of integrated policy support (Suding et al. 2015).”

(Chapter 6; Gellie et al. 2017, Molecular Ecology)

Despite enormous commitments (e.g. the Bonn Challenge and Initiative 20x20) restoration practices operate
on a spectrum from near total success to complete failure (Suding 2011), primarily because restoring
degraded landscapes is a complicated activity where biotic and abiotic factors can substantially influence
outcomes (Bucharova et al. 2016). Resolving questions about which species will achieve the desired
outcomes (i.e. the species mix), how best to prepare and apply them to the site (e.g. breaking dormancy,
herbicides or bio controls), mechanisms of delivery (tube stock, direct seeding, natural regeneration) and the
genetic source of the seed to be used often remain unanswered due to time and economic constraints of
projects. Therefore, evidence based restoration supported by effective monitoring of performance is required
to improve current practice (e.g. the 20 year Banksia woodland post sand mining restoration of the Swan

coastal plain provides a good example of industry collaboration and best-practice (Steven et al. 2016)).

“A recent meta-analysis of 221 restoration projects found highly variable and, in some cases,
suboptimal outcomes (Crouzeilles et al. 2016), corroborating previous studies (Benayas et al. 2009;
Moreno-Mateos et al. 2012; Wortley et al. 2013) and policy reviews (Baker & Eckerberg 2016), which

together provide clear evidence of deficiencies in current restoration practices.”

(Chapter 6; Gellie et al. 2017, Molecular Ecology)

BEST PRACTICE RESTORATION 2 NJC GELLIE



CHAPTER 1: INTRODUCTION

Restoration input

“Seed is the fundamental component of restoration plantings, and choosing the origin of the
seed is an early commitment in the restoration process that has important consequences
(Hufford and Mazer, 2003; McKay et al., 2005; Broadhurst et al., 2008). Historically, the preferential use
of local seed — local provenancing — has been encouraged to optimise restoration outcomes (Hufford
and Mazer, 2003; McKay et al., 2005). A local provenancing strategy is assumed to maximise success
by preserving local adaptation, but what constitutes a ‘local provenance’ is not easily defined, so
provenancing often defaults to arbitrary spatial boundaries (McKay et al., 2005; Jones, 2013). In
addition, assuming a local advantage does not acknowledge the impact of important drivers of
ecosystem change on local adaptation (e.g. climate change, habitat fragmentation), which may

ultimately limit future restoration success (Godefroid et al., 2011; Breed et al., 2013).”

(Chapter 3; Gellie et al. 2016, Biological Conservation)

Fragmented landscapes can disrupt the gene flow and mating systems of plants, significantly impacting
progeny fitness relative to those individuals found in continuous habitats (Breed et al. 2015). Furthermore,
contemporary climate change is adversely influencing local adaptation in long lived plants (Christmas et al.
2015), via changes to selection over short periods of time (Bellard et al. 2011), disrupting the adaptive
landscape in which plants live. Seed sourcing and provenance strategies that maximise long-term population
fitness are vital in order to gain climate change resilience (Breed et al. 2013). Though maintaining, or
perhaps enhancing, genetic diversity, while conserving local adaptation can be an extremely challenging
task (Vander-Mijnsbrugge et al. 2010), making it imperative to broaden the scientific foundation supporting

this aspect of restoration practice.
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CHAPTER 1: INTRODUCTION

“There has been a recent push to advance the experimental evidence of local adaptation for
species commonly used in restoration, as this information will help build the empirical foundation
of seed collecting for restoration (Breed et al. 2013; Jones 2013; Thomas et al.2014). Developing
experimental evidence of local adaptation is a topic of great concern to land managers today due to the
risks and uncertainty caused by climate change and its potential impact on restoration success (Harris et
al. 2006; Chazdon 2008; Havens et al. 2015).”

(Appendix E; Breed, Gellie and Lowe 2016, Restoration Ecology)

An embedded provenance experiment at Scotia Sanctuary near the South Australian-New South Wales

border. Photo credit: Nick Gellie
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Alternative input

‘Applying principles of evolutionary biology to restoration can improve restoration outcomes
(Mijangos et al. 2015) by, for example, helping to overcome genetic quality issues of seed sourced from
fragmented populations or seed that is unable to adapt quickly enough to climate change (Sgro et al.
2011; Carroll et al. 2014). The genetic consequences of habitat fragmentation are well studied, and
fragmented tree populations generally experience increased inbreeding and decreased pollen diversity
(Eckert et al. 2010; Breed et al. 2015b; Lowe et al. 2015). Thus, avoiding highly fragmented populations
will reduce negative fitness consequences and maintain the adaptive potential of seed used for
restoration (Lowe et al. 2005, 2015; Breed et al. 2012).

Seed sourcing alternatives have been proposed to mitigate the impacts of climate change but
require more sophistication than simply avoiding isolated trees. Alternative strategies include
translocating genetic material from non-local seed sources (e.g. predictive provenancing) or mixing
multiple sources that only sometimes include ‘local’ seed (e.g. climate-adjusted, composite, admixture
provenancing; Breed et al. 2013). However these strategies are not universally accepted as they suffer
from a lack of empirical studies (Gibson et al. 2016) and the perception of risk of malaptation from

translocation (Bucharova 2016).

The theoretical pros and cons of such alternative seed sourcing strategies are well
documented (Broadhurst et al. 2008; Crowe and Parker 2008; Sgro et al. 2011; Breed et al. 2013;
Prober et al. 2015). In short, the perceived risks of these climate-ready alternatives include increased
risks of outbreeding depression and disruption of local adaptation. With risks of outbreeding depression
often overstated, particularly for outcrossing and common species (Frankham et al. 2011), it is
reasoned that if local adaptation is already being eroded by climate change, these genetic risks are
worth taking (Hoffmann and Sgro 2011; Aitken and Bemmels 2015; Gellie et al. 2016). Despite this
ongoing debate, both empirical and theoretical evidence generally supports the need for changes to
seed sourcing practices to help reduce the impacts of climate change (Aitken et al. 2008; Broadhurst et
al. 2008; O'Neill et al. 2008; Breed et al. 2013; Breed et al. 2016b), and a clear way forward to help
provenance decision-making is to test provenance performance in situ during restoration (Gellie et al.
2017).”

(Chapter 5: Gellie et al. 2017, submitted to Evolutionary Applications)
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Monitoring output

The inconsistency of restoration monitoring, poor consensus on evaluation criteria, and a lack of access to
past monitoring data has been suggested as a major hurdle to meeting restoration targets (Suding 2011).
Too often simplistic non descriptive metrics (e.g. survival) are the only criteria to judge success. Additionally,
failing to identify the aspects of current practice that are impeding or indeed facilitating success will hamper
follow up management (Burton 2014; Collen & Nicholson 2014) and their omission means that their results
do not participate in the effectiveness of subsequent projects (Chapter 2, see Fig 2). Restoration begins the
process of regaining ecological function to degraded lands with trowels and seedlings as the front line
weapons used to implement restoration strategies. However, the capacity to scale up current practices to
new challenges (e.g. the Bonn Challenge), integrate new technology (e.g. eDNA monitoring Gellie et al.
2017), and learn from past faults will require closer scrutiny of the methods we presently employ followed by

evidence-based iterative improvements to practice.

“Effective monitoring provides the evidence needed to make adaptive management interventions
if, for example, restoration goals are being missed (Collen & Nicholson 2014). With consistent
monitoring, the restoration end-users and practitioners can demonstrate their achievements relative to
investor or policy goals. Traditionally, monitoring involves field-based visual surveys of ecological
communities (e.g. taxonomic inventories) (Butchart et al. 2010), which rely on expert observers. These
approaches are time consuming, expensive and often not standardised across projects (Thomsen &
Willerslev 2015) or between observers (Vittoz & Guisan 2007). Consequently, many restoration projects
go unmonitored, or where monitoring is conducted, it remains limited in scope and utility (Ruiz-Jaen &
Aide 2005). These limitations can hamper the ability of follow-up management to achieve desired
restoration goals (Burton 2014; Collen & Nicholson 2014).”

(Chapter 6; Gellie et al. 2017, Molecular Ecology)
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Thesis aims and objectives

The primary aim of this thesis is to develop strategic approaches to improve restoration practices and

promote resilient restoration plantings.

To achieve this primary aim, a series of secondary objectives required investigation:

First, a critical review of restoration interventions was undertaken to understand the deficiencies of, identify

the knowledge gaps in, and recognize the impediments to current practice from these interventions.

Second, to test the outcomes of the first objective | gathered empirical evidence on the relationships
between plant fitness (i.e. the principal metric of restoration success) and provenance distance from planting
sites (i.e. the range of genetic resources available to practitioners). This investigation was undertaken for
core restoration species of southern Australian eucalypt woodlands. The following specific questions were
addressed using provenance frials:

o Are there fitness and functional trait differences between provenances of our study species?

o If present, are these differences consistent with local adaptation?

Third, this thesis examines efficient and complimentary ways to monitor restoration planting outcomes (i.e. a
proxy for restoration success) specifically with a focus on functional return of the restoration community. This
required developing and integrating genomic techniques (i.e. eDNA metabarcoding) into current practice,

and evaluating the utility of eDNA metabarcoding in restoration assessment.
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Thesis structure

The body of the thesis comprises five papers that have been submitted, accepted or are pending
submission. These chapters are presented in the format of the journal or as the published version, and are
preceded by a title page and statements of authorship. Supplementary information is also presented at the

end of each chapter where relevant.

This chapter (Chapter 1) covers the aims and objectives of my work and provides background to
the topic area. In this chapter | frame the thesis composition, beginning with a review of restoration practice
(Chapter 2), followed by empirical papers that present a body of evidence testing local-provenancing and
alternate seed sourcing strategies along with their suitability for restoration under climate change (Chapters
3-5). The last data chapter (Chapter 6) develops a new genomic monitoring tool for restoration. The final
chapter (Chapter 7) synthesises the evidence presented in the thesis, summarises how best to apply this
body of work to meet the challenges currently facing the restoration industry, and identifies future areas of

priority research.

Chapter 2 is a manuscript pending revision for Frontiers in Ecology and the Environment that
documents the knowledge gaps in current restoration practices with an overview of suitable mechanisms
that could be used to reconcile these gaps. This paper proposes a systematic approach to restoration that
incorporates embedded experiments, and networking results as a mechanism to improve outcomes.
Examples are given where embedded empirical experiments in allied disciplines (e.g. forestry and urban
design) have contributed significantly to adaptive management. | identify that generating provenance data is
a fundamental component required for improving restoration practice as it provides the evidence base for
restoration seed collection decision-making, particularly under climate change. Provenance data then
becomes the focal theme of Chapters 3-5 of this thesis. The manuscript from Chapter 2 was also catalytic in
producing an infographic and a 5 minute cartoon entitled “The Federated States of Degradia” (see Appendix

A), which will be used to promote the paper and the ideas it contains more widely through social media.

BEST PRACTICE RESTORATION 8 NJC GELLIE



CHAPTER 1: INTRODUCTION

Chapter 3 is a paper published in Biological Conservation and is the first case study of the thesis
implementing the recommendations from Chapter 2. A robust provenance experiment was embedded at a
site that is currently undergoing restoration in the Mount Lofty Ranges of South Australia. Approximately
1500 Eucalyptus leucoxylon plants were grown from seed collected at three different sources that were 5
km, 20 km and 45 km from the restoration site - where the local provenance was most mesic and aridity
increased with distance from the restoration site. The expectation was that if the local plants were locally
adapted then they would outperform plants from more distant sources. However, this expectation was not
found. Rather, local plants had the highest death rates, grew the slowest, and showed increased
invertebrate attack and greater signals of stress - all signs of local maladaptation. By contrast, the plants
from more arid sources survived and grew the best. These results clearly give support for implementing a
seed provenance strategy that accounts for climate change by mixing seed in an arid-to-mesic direction. In
addition, the embedded experiment approach advocated in Chapter 2 provided an effective way to facilitate

adaptive management options for restoration stakeholders based on the empirical evidence.

Chapter 4 is a paper prepared for submission and provides a second restoration embedded
experiment case study. The common garden experiment undertaken in Chapter 3 is expanded to include a
reciprocal transplant experiment of the common mallee species Eucalyptus gracilis. This study also explores
the importance of revisiting and gathering data from past embedded experiments. It included a suite of
functional traits, not often used in provenance trials, which helped enrich the study by providing insight into
plant resource acquisition strategies. In this chapter, two common garden experiments established at either
end of an aridity gradient (e.g. 300 km apart; 238 vs. 386 mm mean annual rainfall) in 2010 were revisited.
The planting site was found to be a strong predictor of survival, which was lower for all provenances at the
more arid site. Plant height and reproductive activity displayed adaptive differentiation, where the local
provenance performed best at both sites. All functional traits had significant provenance effects (indicating a
strong genetic influence), that varied according to expectations of aridity adaptation. These findings suggest
that E. gracilis can occur across a range of climatic conditions by combining specific adaptations to aridity

and acclimating to environmental change via phenotypic plasticity.
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Chapter 5 is a paper prepared for submission and provides a third empirical case study
implementing the embedded experiments recommendation from Chapter 2. The single species common
garden experiment of Chapter 3 is expanded to include a reciprocal transplant experiment of four common
restoration species. Furthermore, the work of Chapter 4 is advanced by increasing the ecogeographic range
from which donor provenances were selected. This study resulted in two common gardens of four
provenances of four species (ca. 4,000 plants) spanning a 250 km aridity gradient running the length of
Yorke Peninsula in South Australia. The local provenance failed to perform best in all but 3 of the 96 garden-
species- provenance- trait combinations. The more arid provenances outperformed other provenances in 5
of these 96 combinations. Although additional work is required to fully explore the potential risks of
translocation in this system, arid to mesic transfer appears to be a ‘no regrets’ management strategy to

increase climate resilience of restoration plantings on the Yorke Peninsula for these species.

Chapter 6 is a manuscript published in Molecular Ecology and provides a significant extension to
current monitoring practice. This draws on the conclusions of Chapter 2 and focuses attention on simplifying
restoration success metrics. This chapter uses the idea that monitoring biodiversity recovery should include
the assessment of microbial diversity — the soil microbiome — because of the numerous important functional
roles microbes have in ecosystems. A novel method for identifying, quantifying and describing change in the
soil microbiota during the restoration process is pioneered by this work. This work demonstrates that
metabarcoding soil eDNA is an effective way of monitoring the flux in bacterial communities, and that
identifying this change has significant scope for improving the efficacy of restoration interventions. The
method proposed also opens up an opportunity for economically viable and retrospective assessments of
past restoration efforts. As proposed in Chapter 2, finding a reliable tool for retrospective assessment of
restoration performance could significantly contribute to greater restoration knowledge, especially if that
knowledge is communicated and networked more widely. With further development, this genomics tool has
great scope to assess site viability, monitor restoration interventions, and potentially to prescribe follow-up

treatments - all having the potential to improve restoration outcomes.
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Chapter 7 is a synthesis of the preceding chapters and considers the contribution that this body of
work has made to the field of restoration ecology. | list my contribution to the National Standards of
Restoration Practice, facilitating adaptive management options for our partners, networking provenance
results, creating infrastructure, disseminating strategic guidelines for climate resilience, and monitoring
innovation all as direct consequences of my thesis. | conclude by putting forward recommendations for

future directions of scholarship to bridge the existing knowledge gaps that have been identified in this thesis.
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Abstract

The world has vast areas of degraded land. In response, ambitious targets have been set to restore
degraded ecosystems, including the New York Declaration on Forests target of 350 million ha of restoration
by 2030. The achievement of these goals requires a marked improvement to restoration’s evidence base,
which could be realised by systematically embedding scientific experiments within restoration programs. We
illustrate the operational feasibility of this principle with examples of successful transdisciplinary research
involving embedded experiments in associated fields. Furthermore, we propose networking these embedded
experiments globally and brokering the knowledge gained to catalyse innovation and improve restoration
practices. To unify a networked approach to research infrastructure, we call on restoration stakeholders to
develop acceptable industry standards of experimental design. Finally, we suggest how to effectively use

this principle to meet biome-scale demands of the coming decades.

In a nutshell

o Approximately one third of the Earth’s arable land is degraded as a result of unsustainable land

management.

e With varying degrees of efficacy and no historical precedence of scale, restoration projects are now

being undertaken to improve vast tracts of degraded land.

e The repeated nature of these projects provides an exceptional opportunity to address knowledge gaps

more formally and improve restoration practices.

e We propose that deliberately embedding scientific experiments into restoration projects and networking

this knowledge globally will establish a much-needed evidence base to improve outcomes
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In a recent global assessment, roughly a third (i.e. 29%) of all arable land was considered degraded
(Nkonya et al. 2016). Previous estimates of twice this figure (e.g. 66% Bot et al. 2000; Gibbs and Salmon
2015) reflect the considerable variation in how degradation is defined, used and assessed (Hobbs 2016).
However, if this recent conservative estimate by Nkonya et al. (2016) was to be consolidated into one
geopolitical boundary, a landmass which we might hypothetically call the ‘Federated States of Degradia’
(Figure 1), this federation would exceed the size of Russia (approx. 2 billion ha). Degradia’s population
would include more than 3 billion of the world’s poorest and most vulnerable people (Nkonya et al. 2016)
who would be restricted in their economic capacity to deal with the consequences of unsustainable land

management on biodiversity and ecosystem services.

Recognizing the scale and impact of this degradation has stimulated multilateral agreements with
ambitious restoration targets, such as the Convention on Biological Diversity (CBD) Aichi Target 15, the
aims of the United Nations Framework Convention on Climate Change (UNFCCC) for Reducing Emissions
from Deforestation and Forest Degradation (REDD+), and more recently the Rio+20 land degradation

neutrality goal.

In an attempt to provide a pragmatic means to achieve these targets, The Bonn Challenge (e.g.
restoration of 150 million ha of degraded land by 2020) was tabled in 2011 by the Global Partnership on
Forest & Landscape Restoration (GPFLR). This target was extended to 350 million ha by 2030 at the
September 2014 United Nations Climate Summit in New York. In China alone 40 million ha have been
designated for restoration by 2020, an area roughly the size of California (Xu 2011), and a further 100 million
ha were committed to by the African Restoration Initiative (AFR100) announced in December 2015 at the

Paris Climate Conference (COP21).

Setting large global restoration targets has affirmed the growing significance of restoration practice
in environmental policy (Suding et al. 2015). However to direct restoration practices, policymakers require
relevant tools to evaluate restoration against sustainable goals. To this end, in 2016 the United Nations
Environmental Program’s International Resource Panel secretariat put forward recommendations on how to

decouple economic growth from environmental degradation (UNEP 2016). Furthermore, the
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Intergovernmental Platform on Biodiversity and Ecosystem Services (IPBES) is undertaking a thematic
assessment on land degradation and restoration. Therefore, scaling-up restoration projects will require
evidence-based, cost effective interventions that are consistent with UNEP and IPBES recommendations

and include a social-ecological context to restoration interventions.

Defining clear policy objectives is not a straightforward exercise. For example, even the term ‘forest’
is dynamic (Chazdon et al. 2016; Bastin et al. 2017), but we will focus on seed-based plantings associated
with forest restoration because these interventions are central to GPFLR and restoration initiatives
contributing to the Bonn Challenge and AFR100. Although forest restoration is only one of many restoration
interventions in one of many biomes (Holl and Aide 2011), our belief is that with minor modification to
address the key knowledge gaps (Figure 1b), any of these interventions could support long-term embedded
experiments. Therefore, we volunteer an extension of the knowledge gaps identified in Perring et al. (2015)

and highlight them as a framework to embed experiments in restoration (Figure 1b; WebTable 1).

In this article we propose that to achieve the spatial ambitions forecasted in the aforementioned
multilateral agreements, restoration projects should become active scientific laboratories (Figure 2). By
reviewing examples of allied industry programs and global networks that have taken this approach, we
demonstrate that the model of incorporating experimental components into restoration projects could help
answer unresolved questions in the field. We explore a biome-wide application of embedded experiments as
a demonstration of how to establish synergies and create a much-needed evidence base for restoration
science to maximize restoration success. Networking this principal at a global scale would then amplify
project benefits, by helping deliver the evidence required for adaptive restoration at scale and linking

scientists, land managers and decision-makers to ensure the most efficient use of limited resources.
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Embedded restoration experiments

Proceeding with restoration that lacks the capacity to respond to emerging goals, because of limited
evidence, will compromise the ability of the restoration sector to address the major challenges it faces during
the new era of broad-scale restoration. For example, active forest restoration through replanting has tended
to default to approaches that are driven by pragmatism, the efficacy of which may be unproven or not cost-
efficient at larger scales (Murcia et al. 2014).

Robert Cabin (2007) introduced the term ‘intelligent tinkering’, not only in homage to Aldo Leopold
but also to refer to a practitioner driven mechanism of improving restoration through trial and error. Many
restoration projects have these tinkering components (e.g. site preparation, species mixes, timing of plant-
out) but reporting can be erratic, is seldom enforced, and is often biased towards positive outcomes (Suding
2011). Without replication, formal scientific standards, and suitable curation, ad hoc research and intelligent
tinkering may silo learning and knowledge locally. Unfortunately, these important restoration skills based on
trial and error could then be lost to a new generation of practitioners if retiring restoration elders do not factor
in the succession and dissemination of this knowledge.

Principal planning decisions about seed resources can affect the rate at which restoration plantings
become established (Godefroid et al. 2011), and undermine the magnitude or diversity of ecosystem
services provided (Benayas et al. 2009). Yet decisions about seed collection (Broadhurst et al. 2016) and
species selection (Xu 2011) often default to a ‘local is best’ convention without first determining the suitability
of the material. Simple embedded experiments (e.g. Gellie et al. 2016) can be used to address these gaps,
as they remove the need for the risk averse circumspection of default strategies, and provide controlled
infrastructure to use in further assessments.

Consistent monitoring is also recognised as a key gap that requires critical review to optimize the
return of ecosystem functions to degraded land (Godefroid ef al. 2011; Suding et al. 2015). To achieve
functional return and therefore resilience, the restoration sector will need to recognize and incorporate
important economic, social, cultural and political values and needs across both human and ecological
spectra (Chazdon 2008). Projects from forestry and restoration (Panel 1) highlight the success of embedding

experiments.
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There will be substantial benefits to be gained by improving restoration practices. A report by The
Global Commission on The Economy and Climate (Stern and Calderon 2014) estimated that achieving the
expanded Bonn Challenge goal of 350 million ha of restored land by 2030 would contribute US$170 billion
per year to global ecosystem services, agroforestry and carbon sequestration economies. The report also
proclaims “land degradation can be addressed by well tested practices” (Stern and Calderon 2014), but
omits to state a suitable vehicle for such testing. To accurately test the validity of current practice, research
needs to be entrenched, rigorous and replicated within and across projects.

Stakeholders could share the cost of establishment, which does not need to be restrictive (see
NutNet model in Panel 2 for an example), and the value in the additional cost of embedding experiments
may be found in productivity gains. For example, costs (e.g. design, monitoring, and logistics) were offset
against gains in an Australian woodland restoration project by identifying the source of sub-optimal plant
performance (Gellie et al. 2016). Encouraging adaptive management approaches like the example we give
that are based on embedded experiments could (and in our opinion should) be linked to the accreditation for
payments for environmental services (PES) schemes involving restoration.

Restored landscapes are a valuable resource that can benefit society more widely. As restoration
interventions mature, and with suitable governance, there is the potential for cost recovery of the
experiments. Projects could supply seed resources, and embedded experiments could test how to
sustainably harvest them for future restoration projects (Broadhurst et al. 2016). The potential use of timber
and non-timber forest products (Shackleton and Shackleton 2004), and the indirect benefits of enhancing
human wellbeing by restoration (Aronson et al. 2016), could be better quantified by experimentation.
Investigating the dynamics of restoration interventions via experimentation would help quantify the provision
of biodiversity and ecosystem services (Benayas et al. 2009), and improve engagement with policymakers

using these frameworks.

Networking experiments
A network of knowledge based on the findings of restoration experiments will need to marry design with

operational feasibility to overcome logistical hurdles. Integrating, interpreting and extrapolating the results of
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these experiments is a non-trivial task, but the restoration and research communities stand to gain much
from improved cooperation with each other. A global network will provide a forum to broadcast barriers to
success, test strategies to mitigate these barriers and other common problems (e.g. impacts of climate or
desertification). Ideally a network would also provide a platform to broker the knowledge gained from
embedded experiments. Embedding research into real-life applications across larger scales provides end-
user integration across jurisdictional boundaries that better reflect biome or global trends, which many
scientists want but all too often do not achieve. Panel 2 provides examples from research networks that
have institutionalized experimental design into their programs, outlining an approach we now encourage for
restoration.

Networking restoration experiments, as opposed to simply embedding trials for project specific
interventions, encourages rapid learning through dissemination, and expands our capacity to test ecological
theory with broadscale replication (Bradshaw 1987). A more defined knowledge network will also enable
generalities of larger-scale biological processes to be explored (e.g. ecosystem services, niches, and
functional groups; Montoya et al. 2012). Lessons in governance and relevance to global priorities learnt from
Long Term Ecological Research (LTER) networks could be applied, even incorporated into a restoration
research network (Barbosa et al. 2004). Extrapolating trends globally (as done in LTER facilities, see Panel
2) would move restoration from topical prescriptions to problems to a global synthesis of practice. Synergies
in transdisciplinary aspects of restoration could be sought (e.g. in the areas of economics, governance and
legal structures in social-ecological-systems) when compared across different markets (Chaves et al. 2015).

Another overlooked opportunity here is the potential for citizen science and community-based
programs to contribute to the research effort. Such efforts build capacity for monitoring restoration outcomes
among local communities, thus improving communication of project rationale and transparency. Options for
incorporating strategies that promote key ecosystem services (e.g. air and water purification, local climate
amelioration, soil stabilization, carbon sequestration, pollination services) could also be highlighted, and
more efficiently communicated through community involvement in experiments (Benayas et al. 2009).

Indeed, it is an essential principle of the management of common-pool resources that monitoring needs to
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be transparent, and at least to some degree, the responsibility of resource users (e.g. innovative data

collection and curation methods can encourage broader participation, see https://portal.landpotential.org).

How can embedded and networked experiments be applied?

Applying embedded and networked experiments in restoration at larger scales will help to harvest the
evidence needed to bridge key knowledge gaps (WebTable 1). The world’s five Mediterranean climate
regions form a global biome that has a disproportionately large concentration of biodiversity, but
unsustainable land practices have led to acute degradation (Hoekstra et al. 2005). This biome is
economically and biogeographically disjunct (i.e. five biodiversity hotspots on five continents, and countries
with varying degrees of economic development; Myers et al. 2000). Sustained pressure from agriculture,
urbanisation and deforestation (Cowling et al. 1996) has stimulated ecological research and restoration of
biodiversity in the Mediterranean biome (Doblas-Miranda et al. 2015). We explore how restoration synergies
could be achieved by networking embedded experiments across this biome to strategically address the six

key knowledge gaps (identified in Figure 1b; WebTable 1);

1. Defining outcomes — simple manipulations of planting treatments (Jaunatre et al. 2014),
species mixes targeted to ecosystem services (Perring et al. 2013), and changes in fire
regime (Armesto et al. 2009) are key focal points to consider for the design of embedded
experiments in this biome.

2. Social integration — using embedded experiments will engage communities and help
facilitate participation (Benayas et al. 2009). Embedded experiments can also test the
feasibility of seed production and propagation industries (Brancalion et al. 2012;
Broadhurst et al. 2016).

3. Financing - testing species mixes allows investigation of carbon bio-sequestration
(Standish and Hulvey 2014) and non-timber forest products (Shackleton and Shackleton

2004) as revenue streams. Networking the knowledge of a biome opens the opportunity
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for wealthier member states to assist poorer states in developing embedded experiment
infrastructure and improve restoration.

Plant genetic resources — climate change presents a great threat to restoration success,
and embedded experiments are already showing great promise in this important area
(Breed et al. 2013; Gellie et al. 2016).

Technology adoption — genomics is opening up new opportunities for restoration
monitoring and assessment (Williams et al. 2014). The evidence gained from embedded
experiments will encourage consistent practices that allow before after control impact
(BACI) experimental designs to investigate changes (Gellie et al. 2017).

Policy and governance - if restoration is approached as a potentially sustainable
economic activity then this encourages oversight and efficiencies to be sought (see AFRP
in Panel 2 where mandatory monitoring requirements have been pioneered in new legal

frameworks; Chaves et al. 2015).

The Mediterranean biome shrubland vegetation identified as matorral in Chile is similar to

chapparal in California, maquis in the Mediterranean basin, fynbos in South Africa, and open shrublands of

southern Western Australia known as kwongan. These vegetation communities primarily exist in an agro-

ecological mosaic that is degraded and challenging to restore. Site specific requirements may dictate that

factors other than those listed above take priority (e.g. edaphic conditions, recruitment or controlling invasive

species), which could be considered in the context of a split-plot design to test the effect of restoration

interventions on them. However, consistently instating research infrastructure in the form of common

gardens and reciprocal transplant experiments that explore plant origin and species mix at a bare minimum,

would be a sound beginning. We have speculated on efficiencies that could be obtained from networking the

knowledge gained by these types of embedded experiments, but they remain to be realised in this or in other

biomes.
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Conclusion

Few restoration projects successfully integrate well-designed experiments at the design phase.
When such integration does occur, it is generally opportunistic rather than programmed and therefore the
potential gains of cross-project learning are not achieved. Deliberately embedding experiments into
restoration projects will help integrate knowledge exchange between researchers, land managers, and
policymakers. We propose networking these embedded experiments globally and brokering the knowledge
gained to catalyse innovation and improve restoration practices. To unify a networked approach to research
infrastructure, we call on the restoration community to develop acceptable industry standards of
experimental design. If, as postulated by Suding et al. (2015), “clarifying and informing policy is the common
motivator”, and as professed in the New York Declaration on Forests, “restoration of degraded ecosystems
can indeed be used as an auspicious solution to climate change”, surely exploring the efficacy of restoration
through embedded experiments and networking the results is an investment that will pay generational

dividends.
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WebTable 1.

Key knowledge gaps in restoration that still require addressing before large-scale projects can be effective,
and how embedding scientific experiments within projects and networking this globally can benefit
restoration outcomes (adapted from Perring et al. 2015).

Knowledge gap Benefits of embedded Outcomes of a global networking References
experiments of experiments
(1) Defining desirable  Helps to identify barriers, set ~ Creates a global platform for Hobbs et al.
restoration outcomes  realistic restoration targets, assessment of, restoration 2006; Breed
and quantify co-benefits interventions that can objectively et al. 2016
address the viability of scaling up
projects
(2) Integrating Initiates restoration solutions  Global buy-in and roll out of Chazdon
communities into that incorporate social interventions, where restoration 2008;
restoration environmental systems that ~ knowledge leads to broadscale Brancalion et
empower communities empowerment and sustainable al. 2012

restoration actions.

(3) Finance and Links restoration interventions  Links topical restoration Chazdon
support of restoration  with economic outcomes in interventions with globally targeted  2008; Breed
actions order to justify restoration ecosystem services. Provides fiscal et al. 2016

financing and other support  sustainability for restoration by
opening up alternative funding
sources.

(4) Sustainable and Identifies the environmental ~ Improves resilience, sustainability ~ Xu 2011;

progressive impacts of seed harvesting and scalability of plant-based Breed et al.

management of plant  and use for restoration and restoration interventions. Drives 2013;

genetic resources defines appropriate plant changes to policy and practice. Broadhurst et
sources for restoration during al. 2016

global change

(5) Adopting emerging  Provides new solutions to Enables cost savings and efficacy ~ Williams et al.
technologies scale-up restoration fostering  gains to translate to greater 2014; Zahawi
innovation restoration impact etal. 2015
(6) Improving Effective monitoring will Encourages good governance Suding et al.
restoration policies and improve accountability and which helps to develop the legal 2015;
governance structures lead to more sustainable and jurisdictional frameworks for ~ Richardson
practices. restoration interventions. Provides 2016

a platform for knowledge brokering.
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D

To improve outcomes, restoration needs to address key knowledge gaps

G

To maximise benefits, embed and network experiments in restoration

Local Networked Best
restoration =» globally = outcome
experiments

Restoration

Figure 1

The Federated States of Degradia showing (a) the scale of the restoration challenge, (b) the key knowledge
gaps in restoration (adapted from Perring et al. 2015, see WebTable 1 for more detail), and (c) to improve
restoration outcomes the practical way forward is to embed experiments locally, and regionally, then

ultimately globally network the process to encourage knowledge transfer.
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Restoration
success

Low

Embedding experiments during restoration would allow inefficient practices to be identified. Desirable traits

for future climate scenarios (e.g. drought/frost/fire tolerance) could be routinely tested in common gardens

locally. Targeted phenotypes could be robustly tested in reciprocal transplant trials using repeatable modular

experimental units (see NutNet in Panel 2) that focus on the gaps in WebTable 1. Site effects would be

promptly identified then minimized, and networks could identify trends. The principle of embedding

experiments is illustrated above, where restoration success ranges from low (yellow) to high (green). Arrow

directions represent the flow of knowledge gained from past restoration projects.
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Panel 1. Success stories of embedded experiments

Adaptree: The Canadian forest sector provides a good model of how to improve the link between research,
application and outcomes. In 2013, forestry added CAD$19.8 billion to the Canadian economy, however
economic losses due to climate change impacts were forecasted to be as high as 35% (or a loss of
CAD$6.93 billion) by 2100 (Adaptree 2012). In an attempt to provide the evidence-base for policy and to
address suboptimal tree growth and maladaptation associated with climate change AdapTree was formed
and ran from 2011-2015. Adaptree assembled a transdisciplinary team that integrated genomics and climate
mapping technologies for the primary economic trees of Canada and resulted in a portfolio of climate
scenario options for the forestry sector. More broadly speaking, North American land managers can now use
this knowledge to justify strategies of assisted gene flow to combat climate change (Rosner 2015). The
concerns identified by the AdapTree project over maladaptation due to climate change in forestry are

mirrored in restoration sector (Breed et al. 2013).

Methods used by Adaptree (e.g. common garden experiments, Figure 3) could be applied as
embedded experiments in restoration to address many of the six key knowledge gaps identified in
Figure 1.

Figure 3. AdapTree team measures heights and prepares to plant out 2-year old Lodgepole pine seedlings
in a validation field trial. Photo credit: P. Smets
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Atlantic Forest Restoration Pact: At a regional scale, the Brazilian Atlantic forest restoration practices
have matured due to the success and failures of experimental trials (e.g. exotic species in the 1980s, to
plantings of remnant forest species in the 1990s, and onto the practices that seek to mimic and accelerate
ecological succession in the early 2000s). Early work led to a unified regional restoration alliance in 2009,
called The Atlantic Forest Restoration Pact (AFRP) with an ambition of restoring 1 million hectares by 2020
(Rodrigues et al. 2009) that has now grown to 15 million ha by 2050.The AFRP has extensively used
embedded experiments and subprojects have been identified that have real social benefits. For example,
communities have been involved in seed collection and propagation and new cottage industries have
emerged (e.g. nurseries and seed enterprises). Plus, the education of communities has encouraged
participation in the monitoring of projects. These outreach programs have further enhanced land stewardship
and enabled the exchange of indigenous knowledge back into the AFRP. Local policymakers have also
pioneered legal instruments for regulating restoration that have introduced mandatory requirements for
projects that increasingly rely on evidence and oversight obtained from embedded experiments (Chaves et
al. 2015)

The AFRP is successfully developing sustainable restoration approaches derived from the evidence
obtained in embedded experiments.
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Panel 2. Networking experiments pays dividends
TreeDivNet: An integration of an experimental mindset has been successfully applied in the Tree Diversity

Network (http://www.treedivnet.ugent.be/). This alliance of projects aims to estimate the impact of tree

diversity on ecosystem functioning and stability across different biomes. The experimental designs may
differ marginally between projects but they broadly focus on progressing monospecific plantations into more
sustainable practices that incorporate diverse genotypes, species and structures.

In its second decade of operation, the scale of TreeDivNet is impressive (e.g. coordinated plantings
of more than 1,000,000 trees spanning four biomes). Projects have not generally been integrated into active
restoration as we are proposing because of the forestry theme of the network, but the Ridgefield TreeDivNet
Experiment (Figure 4) in Western Australia is a notable exception, and highlights the network’s flexibility
(Perring et al. 2012). Improving future TreeDivNet projects by expanding spatial, temporal and operational
scales was proposed by Kris Verheyen and colleagues in a recent review (Verheyen et al. 2016), and if
adopted these changes are likely to reinforce TreeDivNet's relevance to evidence based restoration
practices.

By emphasizing the benefits of a networked experimental approach to decision making TreeDivNet
promotes the coordinated knowledge transfer that we believe is essential in the restoration sector.

Figure 4. The Ridgefield TreeDivNet Experiment, Photo credit: R.J. Hobbs
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NutNet: The Nutrient Network (NutNet; http://www.nutnet.umn.edu/) is a cooperative research network that

tackles questions of biogeochemical cycling and species interactions in natural ecosystems at a global
scale. The genesis of NutNet came from a workshop in 2005 where students realized the paucity of
replicated experimental data for grassy biomes globally (Stokstad 2011). NutNet provides good evidence
that with clear goals and well-designed experimental treatments, ecological networks do not have to be
financially restrictive (costing ca. US$300/year/treatment for site setup and maintenance) (Borer et al. 2014).
Despite NutNet focusing on natural ecosystems without a restoration theme, after a decade of
networked research, some key recommendations of this network have particular relevance to embedding
and networking experimental design into restoration (Borer et al. 2014). These recommendations include the
following considerations:
i.  Communicating clear scientific goals to participants is essential.
ii.  Plain language and simple protocols are indispensable.
ii.  Standardizing both treatment and sampling strategies has power in its replication. Any deviation
from this format will degrade the data set.
iv.  Long-term, transparent strategies to overcome participation, cost, data ownership and authorship
hurdles should be developed early.
v.  Simple, inexpensive and modular designed experiments will assist in uptake, but keep it flexible
enough to incorporate additional studies.
vi. A critical mass of contributors will ensure short generation times of data, when the benefits are
articulated this will help in growth.
vii.  Data integration and management needs to be planned.
A similar standardized protocol that is used in NutNet (Figure 5) could be applied in a restoration

context to allow the analysis, extrapolation and forecasting required to tackle the challenges of scale
arising in the 21st century.
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Figure 5. The Doane Audubon Spring Creek Prairie NutNet site in Nebraska, USA. Photo credit: R. Laungani
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Abstract

Replanting native vegetation is a broadly accepted method for restoring degraded landscapes. Traditionally,
seed used for restoration has been locally sourced to avoid introducing maladapted plants and to minimise
the risk of outbreeding depression. However local adaptation is not universal and is disrupted by, for
example, climate change and habitat fragmentation. We established a common garden experiment of ca.
1500 seedlings sourced from one local and two non-local provenances of Eucalyptus leucoxylon to test
whether local provenancing was appropriate. The three provenances spanned an aridity gradient, with the
local provenance sourced from the most mesic area. We explored the effect of provenance on four fitness
proxies after 15 months, including survival, above-ground height, susceptibility to insect herbivory, and
pathogen related stress. The local provenance had the highest mortality and grew least. The local
provenance also suffered most from invertebrate herbivory and pathogen related stress. These results
provide evidence that no advantage would be gained during the establishment of Eucalyptus leucoxylon at
this site by using only the local provenance from within the range we sampled. Our results suggest that
incorporating more diverse seed mixes from across the aridity gradient during the restoration of Eucalyptus
leucoxylon open woodlands would provide quantifiable benefits to restoration (e.g. 6-10% greater survival,
20-25% greater plant height, 16-45% more pathogen resistance during establishment). We demonstrated
these restoration gains by embedding a common garden experiments into a restoration project, and we
recommend this approach be more widely adopted because it provides an effective way to facilitate adaptive

management options for restoration stakeholders based on empirical evidence.
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1. Introdisction restoration process that has important consequences (Hufford and

Mazer, 2003: McKay et al, 2005: Broadhurst et al., 2008). Historically,

Human actvities have been attributed to the degradation of billions
of hertares of land (Gibbs and Salrmen, 2015: Mkornya et al, 2016). Eco-
logical restoration is recognized as the principal strategy to actively re-
verse this degradation [(Aronson and Alexander. 2013), and
revegetation through active planting is one of the most common resto-
cation tools empleyed to achieve this goal A number of restoration
commitrments of unprecedented scale have recently been made to ad-
dress land degradation (Broadhurst et al, 2016). For example, the
Bonn Challenge commits to restore 150 million ha by 2020 and the
2014 Mew York Declaration on Forests restoration goal extends this to
350 rdllion ha by 2030, However, it rernzins unclear whether projects
implementing such ambitions targets will succeed in their objectives
unless existing levels of uncertainty in current practice are addressed
(Suding et al, 2015).

Seed it the fundamental component of restoration plantings, and
choasing the arigin of the seed 15 an eardy commitment in the
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the preferential use of local seed - local provenancing - has been en-
coutaged to optimise restoration outeomes (Hufford and Mazer, 20032
McHay et al, 2005). Alocal provenancing strategy is assurned &0 mad-
mise success by preserving local adaptation, but what constitutes a
“local provenanes” is not easily defined, so provenancing often defaults
to arbitrany spatal boundaries (MeKay et al, 2005 Jones, 2013). In ad-
dition, assuming a local advantage does not acknowledge the impact of
important drivers of ecosystem change on local adaptation (e g climate
change, habitat fragmentation), which may ultimately limit future res-
toration suceess [Godefroid et al, 2011: Breed et al, 2013).

Local adaptation is commen in plants, but not ubiquiteus (Leirm and
Fischer, 2008: Hereford, 2009). It has been shenn to be driven by both
biotic [e.g herbrvory and pathogen resistance Crémiews et al, 2008)
and zbiotic factors (e.gclimate Turesson, 1922; Clansen et al, 1941;
Hereford, 2009). However. Leimu and Fischer (2008) réported in their
meta-analysis that the magnitude of local adaptation is independent
of geographical transfer distance (ie. the transfer of seed between
0,003 krne and 3500 bam had no effect on the strength of adaptation). Far-
thermore, climate change and habitat fragmentation can both reduce
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the likelihood and strength of local adaptation. Fragmentation tends to
increase inbreeding and reduce adaptive capacity, and climate change
is chifing adaptive landscapes (Le the relatonchip between a given
site and the optimal phenotype at that ste] (Jump and Pefinelas,
2005; Lowve et al, 2005; Breed et al, 2015). As such, it has been argued
that strictly adhering to local provenancing could lmit the evolutionany
potential of restoration plantings [Sgrd et al, 2011: Breed et al, 2013:
Havens et al | 2015).

The effects of intentionally midng local and nen-local provenances
on plant fitness was recognized by Darwin (1876), and has been
exploited in plant breading for centuries [Schnable and Springer,
2013). Mixing genotypes alse comes with risks as it can lead to the in-
troduction of maladapted individuals and outbreeding depression
(Lesica and Allendorf, 1993, where interpopulation crosses experience
a decline in progeny fitness (Hufford and Mazer, 2003: Vander
Mijnsbrugge et al. 2010). These concerns have merit, chiefly when
provenances with different ploidy levels are used (Weels et al, 20110,
where transfer is being considered ower very long distances, or dearmatic
ervironmental gradients exist (Byrne et al, 2011; Breed et al, 2013).
However, the concern of outhreeding depression has generally been
overemphasised in the conservation genetics literature since the likeli-
heod of outbreeding depression is low for crosses of non-threatened,
predominantly outcrossing species that are used in restorstion
(Frankham et al, 2011).

Traditional and novel seed collection recommendations were
reviewed in Breed et al. (2013), who argued for provenancing ap-
proaches that mitigated the impacts of climate change and habitat frag-
mentation on provenance fitness. Two theres came out of this review.
First, it was suggested that local provenaness should be supplemented
with provenances from further afield to augment adaptive potential of
plantings [e.g. composite and admixture provenancing). Secondly, it
was suggested that particular peovenaneess should be selected to
match future environmental conditions based on climate modelling
(eg predictive provenancing ). Further steategies have suggested to ex-
plicitly incorporate climate resilience, a< in Prober et al {2015), who en-
couraged a directional selection to seed collection in ling with elimate
predictions (ie climate adjusted predicve provenancdng), and region-
ally developed cultivars selected for specific traits have also been rec-
ormnendad (&g vigour, deought molecance and disesse resistance Baer
etal, 2014). with mounting evidence from translocation studies show-
ing that sorme populations lack distinet loeal adaptation (Haneock etal,
2012; Breed et al, 2016a; Lu et al, 2016), and the numerous quantita-
Hwve reviews also questoning the ubiquity of local adapeation (Ledmu

and Fischer, 2008; Hereford, 2009), provenance studies of core restora-
Hon species are needed to help guide the selection of appropriate
provenancing strategies (Breed et al, 2013; Prober et al, 2016).

Iny this study we irvestigated how provenance influenced fiest sea-
son survival, growth, herbivory and pathogen resistance for a founda-
Hem tree species commaonky used in restoration of southern Australian
habitat, Eucalyptus lencoxylon ssp leucoxylon (hereafter E. leucoxylon).
We used three provenances orientated along an east—west aridity gradi-
ent in the southern Mt Lofty Ranges in South Australia. The local prov-
enance was western and most mesic, and the distant provenance was
eastern and most xerie (Fig 1), The three provenances were growl in
a cormmon garden experiment to explore the following questions: (1)
what effect does E leucoxylon provenance have on survival, growth, her-
bivary or pathogen resistance? If variation is observed, (2] is this varia-
Hon in ling with local adaptation? From the evidence we present, we
derive regional management recormendations for optimising seed
sourcing strategies for E leucoxyion. The findings of this study has impli-
cations for other speeies in the region and for congervation and restora-
Hon mere generally.

2. Materials and methods
2.1. Study species and site

Eucolyptus leucoxylon is 2 tree that grows 8 to 30 m Micolle, 2013),
aceurs in scuthern Australian open woodland communities on fertile
soils with a loarmy horizon over day [Armstrong et al, 2003, particular-
ly where annual ramfall is =400 mm (Boomsma and Lewds, 1980). It is
largely pollinated by birds, and to a lesser extent by insects and small
marmmals, and is prederminantly outcrogsing (Ellis and Sedgley, 1993;
Ottewvell et 2l 2009). E leucoglon is protandrous and the close proxdm-
ity of sequentially hermaphroditic inflorescences allows selfing to oceur
from adjacent fleveees on the same plant (Ells and Sedgley, 1993:
House, 1997).

We established a cormmeon garden experiment within a 238 ha resto-
ration site cwmned and managed by the South Australian Water Corpora-
Hon (SA Water), near the township of Clarendon [—35.0882°s,
138.6236°E). The site was cleared =100 years ago and was managed
under a grazing lease agreement untl 2010. Restoration began in
2011 by SA Water and is ongoing. The local climate is Mediterranean,
with hot dry summers and moderately wet winters (mean madmum
sumrner  temperature = 219 0 mean maximoem  winter

0 25 50

— w—
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Fig- 1. Provenance localities (apen circles |, location of restoration site [x] and extent of remmant vegstation [grey shading).
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ternperature = 11.2 °C; mean annual rainfall = 790 rm. http:/faeon.
barm. gev aw/cimate /data), additional environmental data Table A1)

22 Seed colleetion and germinaton

We sourced seed from maternal trees of theee provenancss across a
west-gast aridity gradient to capture varation in precipitation znd tern-
perature that might contribute to establishment and performance dif-
ferences across the provenances. The provenances were selected from
intact native stands of =100 individuals. The stand densities of these
provenanses were 140 + 213 SE plants ha~ . Open-pollinated seed
was collected from the canopies of at least 10 mature donor trees at
each provenance. The provenance localities were Mt Bold (3510435,
138.6901°E; ca. 5 km from the restoration <ite; hereafter local prove-
nanee]: Macelesfigld (35161275, 138.8517°E: ca. 20 km from the resto-
ration site: heresfter intermediate provenance): and Monarto
(35.1178"5, 139.1295°E; ca. 45 km from the restoration site; hereafter
distant provenance | (Fig 1).

The restoration site has 2 similar climate to the local provenance,
with aridity, temperature and ramfall trending towards drier and hotter
conditions in an easterly direction, towards the distant provenance. The
restoration site has an andity index of 1.01 (ardity index = mean annu-
2l precipitation / potential evapetranspiration), which is near the mean
aridity index for the speces (mean andity index = 0.8 & 0.01 SE). The
selected provenances span a large propertion of the total range of arid-
ity that E leucewylon ooours (eg 43% of the total andity index present in
the records for the species: local = 1.01: intermediate = 0.85: distant =
039, Atlas of Living Australia; http://spatialala org 2w/, Fig. A1).

Gerrmination and rearing of seedlings was conducted in full-sun ata
commercial nursery in South Australia (35.1264°5, 139.2359°E). A sub-
set (o= 1434) of all the E. lsucosylon plants raised for this restoration
project (n = 12,320) was randomly selected in the nursery and pots
were marked for use in the common garden experiment (final sample
sizes for analysis deseribed beloe).

23 Cortmon garden experiment

A fully randomised design was used where provenance was ran-
domly assigned to 2 planting location within the restoration site
(35.0882°5, 138.6235°E), and planting took place in June-July 2012,
Flants were individually geo-referenced during planting using a Trimble
Juno 30 GIS maobile field data collector (ie 1434 plants: Nueq = 477;
Diprermediore = 313 Naurane = 4447 Each seedling was planted into
ground which was mechanically prepared using a plough. A 200 =
200 x 400 o UV stabilised corflute tree goard (Geofabrics)
surrounded each seedling to protect against vertebrate herbivores
(e.g rabbits and kangaroos). We sprayed glyphosate herbicide in a
1 m radius of the planting site, with one follow-up spray 12 months
post-planting Each seedling was planted with a slow-release fertiliser
tablet (Typhoon™ for Natives), and none were watered during or after
planting. A mix of canopy species was planted over the entire restora-
Hon project at a density of ea 150 sterns ha 1.

2.4 Fitress prosdes

We seemred four fitness preoces in Novermber—December 2013 (ea. 15
months after planting: 19 months after germination) as follows. First,
we scored plant survival Plants were scored as either “alive” if green fo-
Liage and/or a green sterms were present or scored as "dead” if no green
foliage was present or no plant was found within the plant guard of a
marked stake.

Flant fitne<s should in part be proportional to wood and stem pro-
duetion, which can be expressed as a function of height (Falster and
Westoby, 2003} We scored aboveground height for each plant with a
graduated telescopic surveyor's stave [(Alumi Staff Pty. Ltd). Height
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was recorded as the vertical distance between the ground and the
most distal phatosynthetic fissue of each plant.

We scored each plant for the presence/abcence of invertebrate her-
bivery (hereafter herbivory) and pathogen related stress [hereafter
stress) to provide a prosy of biotic intersctions of the plants [eg herbiv-
ory and stress resistance Linhart and Grant, 1996). The presence of her-
bivory was scored as present when ca. >5% of the entire foliage shewed
signs of herbivory. Stress was scored as present if leaf broaming and fall
were gvident or leaf blight ar rust was observed.

We excluded 35 (Mjpea = 3! Mincormetizre = 142 Naierare = 13) of the
1434 plants that were planted but could not be relocated during our
survey. A total of 1399 plants (n,q) = 469 yperremare = 499 Nag gy =
431 remained and were used for determining survival. Of these 1399
plants, 179 were dead [Ny = 34 Nygermeaiare = 390 Nagran: = 36)
and were excluded from provenance performance analyses. Hence,
provenance effects on height, herbivory and stress was conducted on
the remaining 1220 plants (M = 335 Myprormesze = 4400 Nagmar =
395).

2.5. Data analysis

We explored provenance effects on the four fitness proxies with
generalised linear models in R+ 323 (R Core Tearn, 2015). Provenance
was treated as a fixed factor. The four fitness proxy response variables
were treated as followes: survival, herbivory and stress were binary var-
iables and a hinorndal link fanction was used; plant height was 2 contin-
uones variable and data identity was used. Mode] residuals were visually
assessed for normality and we used Bex-Cox transformations of the data
o meet norrmality of residuals assumptions where appropriate [Box and
Ciene, 1964).

Sinee plant height is likehy to be associated with herbivory and stress
armong provenances, we explored the prowvenance effects on plant
height controlling for variation of these two factors. We did this by in-
cluding herbivory and stress as predictor variables together with prov-
enance in the model exploring the varation in height, and including
the herbivory = provenance and stress x provenance Z-way
interactions.

To help demonstrate the influence of provenance on the fitness
prendes, we calculated the relathve home-site advantage for each fitness
proxy by dividing the difference between local and non-local prove-
nance fitoess prosgy values by the local fitness progr value (&g for the
relative home site height advantage of the intermediate provenance,
we caleulated [local height — intermediate height] [ local height).

3. Results

We observed a strildng difference in survival across provenances,
with significantly higher survival of distant and intermediate

1.00

local v inbarmadiate

ERT

Survival Height Herbivary Stress

o LA

Relative home-sile advanlage
o
o
=1

1.00 -

Fig. 2. Relative home-site advantags of the provenances for each of four fitness proes.
Resuilts above the horizonsl line would indicate a locz] advansage, and results below the
line indicsss loal is nat best. *F < 005, *°F < 0,01, ™7 = 0001
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provenarnces than the local prevenance [generalised linear model: link
function = binomial: provenance z = —4.124: P < 0.001: local =
32.1%; intermedizte = 38.3%, distant = 91.6%; Figs. 2,3). Distant and in-
termediate provenances also grew significantly taller than the local
provenance (general linear model: provenance z = —5447;
F <0001 local = 84.71 em £ 1.25 S5E; intermediate = 7985 cm £
134 SE: distant = 8566 cm + 1.44 5E: Fig 4).

Distant and intermedizte provenances had sgnificantly less herbiv-
ory than the local provenances (generalised linear model: link fune-
tion = binomial; provenance z = 4.894; F < 0.001; local = 46.6%;
intermediste = 23.4%: distant = 30.0%: Figs. 2.3), and exhibited signif-
icantly less stress than the local provenances [ generalised linear model:
lirik funetion = binermial: provenance z = 6037, P<0.001; local = 62%;
intermediate = 20.4%; distant = 17.7%: Figs. 2. 3).

Herbivory and stress both had significant negative effects on plant
height [ general linear model: herbivary z = —6451; P<0.001; herbiv-
ory present = 6336 cm £+ 0.69 5E; herbivory absent = 80,19 e £+ 1.07
SE: stress z = —B8.074; P <= 0.001: stressed = 47.70 em + 1.65 SE: not
stressed = 8046 cm £+ 0.81 5E). When we included both herbivory
and stress in a model with provenance and explored their effects on
height. each effect was significant as were the provenance x herbivony
and provenance = stress Z-way interactions (generalised linear
model: provenance: t = 73750, P < 0.001: stress: t = 153840,
F < 0.001; effect: t = 24,742, P = 0.001: provenance x herbivornyr F=
8.04. F < 0.001: provenance x stress: F = 5.57, P <001, provenance:
F = 7350, F < 0.001; Figs. 5, &)

4 Discussion

‘We embedded 2 commen garden experiment into a large-seale res-
targton project to assess the impact of using local vs. more distant prov-
enances on four fitness proxies for £ lzacoxylon, a foundation teee
species routinely used for restoration throughout southern Australia.
Twt nan-local provenances from more arid environments were superi-
or to the more mesic local provenance, indicating there would be limit-
ed benefits during establishment if 2 local seed source was salely used.
Dur findings suggest that benefits would be gained to restoration at this
site with only modest adjustments to a local provenancing approach.
For exarnple, our results indicabe that if the local seed souress were sup-
plemented with the two provenances we explored, then between 6-
10% greater survival, 20-25% greater plant height, and 16-45% mone
pathogen resistance could be obtained.

4.1. Local malodaptation

Maladaptation is defined ina variety afways, and we nse the fallo-
ing definition here - lower fitness and performance of the local prove-
nance compared with non-local provenances (Crespd, 2000). The less
vigarous growth, lower survival and reduced resistance to insect her-
bivory and stress of the local provenance compared 80 the bao alternate
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Fig. 3. Survival, herbivany and siress for the three Eucchptus leucoy

45

a0 90 100
.

70

Helght (zm)
50 &0

40

Local |rlerrmadinlo Distam

Fig. 4. Mean height of the three Eucalyptus | lor: pr =395%

imtervals.

provenances indicates this local provenancs is displaying maladapta-
Hon. Maladaptation can arise due to one or a combination of genetic fac-
tors {Crespi, 2000, for example 2 changed mating system [eg.
increased inbreeding) in the local provenance [Young et al. 1996;
Breed et al, 2012a; Breed et al, 2015: Lowe et al, 2015), a legacy of
founder effects in the local provenance (Travisano et al, 1995; Leimu
and Fischer, 2008). Maladaptation can zlso be driven by environmental
changes, where conditions change faster than the local provensnce can
adapt (Crespi, 2000; Christmas et al, 2015).

The mating system of eucalypts is often tightly linked with habitat
fragmentation, where disrupted pollinator dynamics as a result of
lovwrer stand density can result in elevated selfing and reduced pollen di-
versity (Breed et al, 2015). Previous work has showm that these factors
can impact on eucalypt fitness {Costa e Silva et al, 2010 Breed et al,,
2012b: Bresd et al. 2014). Thee fitness effects are expected to be par-
Heularly strong for predominantly outerossing species, such as many
eucalypts (Horsley and Johnson, 2007; Breed et al. 2015), which carry
high genetic loads (Klelonvsld, 1988). Despite the populations in this
study inhabiting a highly modified landscape, our sampling design spe-
cifically aimed to minimize fragmentation impacts by sourcing seed
from mature, large and intact remnant stands with similar pepulation
densities. Further, the mating system of E leucoxylon has been obsenved
o be resilient to severe changes in density [Ottewell et al, 2009). There-
fore, a provenance-dependent mating systemn effect, 25 2 result of frag-
mentation impact, is unlikely to be the main cause of the
mialadaptation we obderve.

Strong founder effects can result in severe genetic dnft (Davies etal,
2010: Davies et al, 2013), which lzads to a higher probability of fixation
of deleterions alleles, resulting in maladaptation (Lenormand, 2002
Despite the fact that we do not have demographic history data for this
species, we know that the regional refugiurm is likely to be in the Mt
Lofty Ranges (ie. the local provenance). rather than the flatter, more

8

o
-

Height {em)
50 60 TO

40

Local Intermediate Distant

Fig. 5. Mean height of the thres Eucalyptus leucmylon provenances thowing rtressed
(elozed b and not sireszed (apen box) plarts. Errar bass shaw B5% confidence intervals.
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_8_ differently to selection and have different levels of adaptive potential
[Kremer et al, 2014), or provenances that ocoupy past climate refugia
£ as these could hold eryptic sources of genetic diversity (Ternunowvic et
o al, 2013). Furthermore, as highlighted recently in Praber et al (2016),
5® § managing the potential interactions of local maladaptation with eryphic
E - L L] populaton structures, and non-climate related adaptations (eg. com-
'il_g oS 3 ity ecology issues such as pollinators), need to be managed ata
2 & site level. 1t would also be useful to test whether the intermediate and
distant provenances were locally adapted, and a reciprocal transplant
= trial would resobve thic query (Kaweck and Ebert, 2004).
g 42, ImpHications for management
Local Intermadiate Distani

Fig. 6 Mean height thaee Eucalypeus [rucoylon provenances with herbivery (closed
o) and withaut hechivory {apen bex). Erver bars show 83 confidence intervals

and surrounding areas (L the intermediabe and distant provenances)
(Byrne et al, 2008; Guerin et al, 2016). Thus, it is also unlikely that
founder effects explain the maladaptation we sbserved in our study.

Enwironrmental conditions might be changing faster than the local
provenance can adapt, which may have drven the maladaptation we
ohserved (Christrmas et al. 2015). Aridity is likely to be a strong agent
of selaction in many eucalypt species (Steane et al, 2014: Booth et al,
2015: Dillon et al, 2015 Breed et al, 2016a), and it may be that we
are detecting a signature of climate change impacts on the local prowve-
nance. Climate models suggest that southern Australia (including the
study region) is undergoing significant increases in addity (CSIRD and
Bal, 2014). E leuroxylon forms large populations with high inter-pop-
ulation gene flow [Ottewell et al, 2009: Nicolle, 2013), suggesting that
etfective population size and genetie diversity should be high [Petit and
Harrpe, 2006: Dttewell et al, 2010). Consequently. selecton should
have ample genetic variation to act upon, thus allowing selection to
act efficdently (Lenormand, 2002) and not constraining adaptation in
this system [Christrac et al, 2015). However, the long-lived nature of
E leuroxyion indicates that the selection that took place on the adult
generztion (the provenances used in our study) was under a pre-cli-
mate change environment, possibly resulting in an adaptation lag to
the rapid climate change oeoureing today [Kremer et al, 2012}, To fur-
ther explore the extent of climate adaptation lag in E Jewcoxylon, it is im-
perative to extend monitoring of this trial into the foture, with a
particular focus on differential recruitment between provenances. As
aridity increases with climate change, a greater adapeation lag should
rnanifest by maladaptation further increasing in years to corme.

We also observed that the local provenanes was mone susceptible to
herbiveres and pathogens than the two non-local provenances in the
common garden environment of this study. These results support the
findings that pathagen severity in planted eucalypts is strongly affected
by provenance {Stone et al, 1998), and strong negative correlations be-
tween leaf diseases and growth rate are the norm (e g in Eucalyps
globulusCarnegie et al., 1934). The differential herbivore impacts be-
tween provenances we observed was similarly cbserved in Eucolyptus
tereticornis (Haneock and Hughes, 2014), where local provenances
were more susceptible to phytophagous insects than non-local prove-
nanees. Follow-up studies are needed o fully explore whether the her-
bivore and pathogen responses identified in the local provenance were
direetly due to shifting herbivores and pathogens, or indirectly 45 4 re-
sult of the poorer performance of the local provenance increasing its
susceptibility to local herbivores and pathogens.

Orverall, our study provides evidence of local maladaptation in E
[zucaxylon from the southern Mt Lofty Ranges in South Australia, To in-
crease our understanding of the generality and spatial extent of malad-
aptation in this species, we need to perform more extensive trials,
expanding on the number of trial sites and the number of provenances
tested. Such trials could include peripheral provenances (eg testing
performance of leading and trailing edge), which are likely to respond
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We provide clear evidence that no advantage would be gained dur-
ing the establishment of E leacosdon at this site by solely using the local
provenance rather than including two additional provenances from
riore arid environments. The local and most mesic provensnce per-
formed considerably worse than two alternative and more and prove-
nanees for each of four fitness prosdes. Thus, we recormmend that for
E. leucoxylot, at least in this area, non-local and more arid provenances
should be incorparated into additional restoration trials. We show that
alternative and superior provenances could span up to 45 ke into mose
arid locations. In this case, for example, even a conservative addition of
trore distant provenances into the seed mix, deseribed in Broadburst et
al (2008) as composite provenancing, would substantially reduce neg-
atrve effects of exclusively wsing local provenancing Thus, the results of
this study previde & management option that is not reliant on local
provenance (Breed et al, 2013, and is consistent with the directionality
of prevenance choice recornmmended by Prober et al (2015). It is impor-
tant that our trial is monitored into the future to study undetected re-
sponses of the non-lecal provenances, such as monitoring flewering
tme and the genotypes of recruits. Itwould also be important to estab-
lish additional trizls that explore the responses of additional prove-
nanees from across a broader range of environments.

The ability of large restoration projects to achieve their goals will
rely on the scalability of current practces to meet global demand
(Merritt and Dixon, 2011), the certainty of seed supply (Broadhurst et
al, 2016), and the capacity of restoration plantings to be dynamic and
adjust to global change [Perring et al, 2015; Breed et al, 2016h). We
wers fortunate to be able to incorporate our experiment directhy into
a restoration project, and information garnered from this trial can be di-
rectly incorporated into the adaptive management framework of the
staleholders. Embedding experiments into restoration projects, such
a3 we have done here, promises to improve the efficacy of restoration
practices, and lead to innovation with real end-user inpact [Suding et
al, 2015). Undertaking these activities in partnership with the end-
users will empower stakeholders and help develop strategies to scale-
up restoration efforts to face the challenges set down by current global
targets.

Data acressibiliny

Common garden data available from Aekos Digital repository for
survival (Gellie et al, 2016a) DOI: 10.4227/05/5TECADFAD2455, and
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Supplementary Information

Supplementary Table A1. Precipitation and aridity data at common garden

Common Garden’ Climate data
Annual mean aridity index? 1.01
Annual precipitation (mm)3

Mean (20 year) 736.8

Mean (since 1868) 790.0

2010 829.1

2011 731.0

2012 748.0

2013 719.8

2014 583.4
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Abstract

Preserving local adaptation is often stated as a principle intention of ecological restoration, but is seldom
tested. Exploring intraspecific variation in fitness and functional traits through reciprocal transplant
experiments can identify local adaptation and the adaptive potential of source populations used for
revegetation under climate change. In this study, we established two common gardens in 2010 at either end
of an aridity gradient (300 km apart; 238 vs. 386 mm long-term mean annual rainfall) for three Eucalyptus
gracilis provenances — a species commonly used in restoration plantings across southern Australia. We
included provenances local to both sites, plus a third provenance geographically and climatically
intermediate to the two local provenances. In 2015, we measured fitness (e.g. survival, height, reproductive
activity) and functional traits known to relate to aridity adaptation (e.g. wood density, specific leaf area) of ca.
100 plants per provenance per trial. Planting site was a strong predictor of survival, which was lower for all
provenances at the arid site. Plant height and reproductive activity displayed adaptive differentiation, where
the local provenance performed best at both sites. All functional traits had a significant provenance effect,
indicating a genetic basis to aridity adaptation. Each trait also showed greater intra-provenance variation at
the more arid site, which is consistent with the observation that unfavourable conditions increase genetic
variation in functional traits. We conclude that E. gracilis occurs across a range of climatic conditions by
combining specific adaptations to aridity and adjusting to environmental change via phenotypic plasticity.
With the increasing aridity that is predicted in southern Australia under climate change, our results support
arid-to-mesic provenance sourcing strategies for restoration of this species to help build the adaptive

potential of newly planted populations.
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INTRODUCTION

Plant seed is versatile and has become the preferred propagule of revegetation because it transports, stores
and sows efficiently (Galatowitsch 2012) however the restoration sector needs enormous quantities of
quality seed to meet demand for current global initiatives (Perring et al. 2015; Broadhurst et al. 2016).
Climate change and habitat fragmentation are important determinants of seed quality, and a number of novel
seed sourcing methods have been proposed to mitigate these impacts (Broadhurst et al. 2008; Breed et al.
2013; Prober et al. 2015), but need evidence-based approaches to achieve desired targets (Suding 2011;
Chazdon et al. 2015, Miller et al 2016).

Applying principles of evolutionary biology to restoration can improve restoration outcomes
(Mijangos et al. 2015) by, for example, helping to overcome genetic quality issues of seed sourced from
fragmented populations or seed that is unable to adapt quickly enough to climate change (Sgro et al. 2011;
Carroll et al. 2014). The genetic consequences of habitat fragmentation are well studied, and fragmented
tree populations generally experience increased inbreeding and decreased pollen diversity (Eckert et al.
2010; Breed et al. 2015b; Lowe et al. 2015). Thus avoiding highly fragmented populations will reduce
negative fitness consequences and maintain the adaptive potential of seed used for restoration (Lowe et al.
2005, 2015; Breed et al. 2012).

Seed sourcing alternatives have been proposed to mitigate the impacts of climate change but
require more sophistication than simply avoiding isolated trees. Alternative strategies include translocating
seed from non-local sources (e.g. predictive provenancing; Crowe and Parker 2008) or mixing multiple
sources that include some ‘local’ seed (e.g. climate-adjusted provenancing ; Prober et al. 2015, composite
provenancing; Broadhurst et al. 2008, and admixture provenancing; Breed et al. 2013). However these
strategies are not universally accepted as they suffer from a lack of empirical studies (Gibson et al. 2016),
and the perception of risk of malaptation from translocation (Bucharova 2016).

The theoretical pros and cons of such alternative seed sourcing strategies are well documented
(Broadhurst et al. 2008; Crowe and Parker 2008; Sgro et al. 2011; Breed et al. 2013; Prober et al. 2015,
Bucharova et al. 2016). However there is no universally optimal strategy and uptake of these strategies will

ultimately be determined by a mix of conservation concerns, flow on effects, restoration objectives,
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operational feasibility and evidence. Notwithstanding the complex nature of restoration decision making, the
perception of genetic risk in these alternative strategies (e.g. increased risk of outbreeding depression and
the associated disruption of local adaptation) remains a major barrier to implementation. Though, with risks
of outbreeding depression often overstated, particularly for outcrossing and common species (Frankham et
al. 2011) used for restoration, it is reasoned that if local adaptation is already being eroded by climate
change, these genetic risks are worth taking (Hoffmann and Sgro 2011; Aitken and Bemmels 2015; Gellie et
al. 2016). Despite this ongoing debate, both empirical and theoretical evidence generally supports the need
for changes to seed sourcing practices to help reduce the impacts of climate change (Aitken et al. 2008;
Broadhurst et al. 2008; O’Neill et al. 2008; Breed et al. 2013; Breed et al. 2016b), and a clear way forward to
help provenance decision-making on this complex issue is to test provenance performance in situ during
restoration (Gellie et al. 2017).

Reciprocal transplant experiments that incorporate a range of provenances and are planted along
environmental gradients provide a powerful experimental tool for restoration ecologists (Matyas 1996;
McLean et al. 2014; Christmas et al. 2015; Caddy-Retalic et al. 2017). However, deciding on the traits to
measure in provenance trials of long-lived trees that reflect fitness or adaptation is a nontrivial exercise.
Traditional fitness components (reproductive success and lifespan) are impractical (Petit and Hampe 2006),
and most tree species used in restoration are non-model species that lack the substantial trait or genomic
resources available for model and commercial species. Survival, reproduction and growth metrics are
commonly measured in provenance trials (Funk et al. 2008; Sandel et al. 2011) because survival and
reproductive traits clearly relate to fitness, and growth traits are expected to correlate with resource
acquisition efficiency.

Functional traits (e.g. wood density, specific leaf area, and stomatal size) affect a plant’s ability to
acquire, use, and conserve resources (Reich et al. 2003). These traits relate to plant fitness in the
environment but are less commonly measured in provenance trials, despite widespread trees commonly
show variation in these traits across climate gradients (McLean et al. 2014). Therefore, describing the
variation in these functional traits within and among provenances can provide an effective way to distinguish

the resource acquisition strategies of plants in response to their origin (i.e. genetic effects) and at planting
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sites (i.e. environmental effects; Sandel et al. 2011; Funk et al. 2016). Hence, identifying trends in functional
traits for key restoration species has considerable merit as this information can assist land managers to
select appropriate seed for restoration.

In this study we established two common garden experiments in the winter of 2010 of three
Eucalyptus gracilis (F. Muell.) provenances that differed markedly in aridity (e.g. the aridity index = mean
annual precipitation/potential evapotranspiration and ranged from 0.15 (arid site) to 0.37 (mesic site) Figure
S1). Common gardens were established local to the two most environmentally dissimilar provenances (i.e.
arid vs. mesic). A third provenance geographically and climatically intermediate to the two locals was also
planted at the gardens. We used these provenance trials to address the following questions: (1) is there
fitness and functional trait differentiation across provenances? If so, (2) are fitness and trait differences
consistent with aridity adaptation? Since adaptive differentiation is expected in most plant species and our
provenances cross a considerable environmental gradient, we expect our provenances to display local

adaptation for both fitness and functional traits (Leimu and Fischer 2008; Hereford 2009).

METHODS

Study species

Eucalyptus gracilis is a multi-stemmed, sclerophyllous tree common throughout sand and sand-over-
limestone soils (Nicolle 1997). Eucalyptus gracilis is common in Mediterranean type environments of
southern Australia that are characterised by hot dry summers and cooler wet winters. Eucalyptus gracilis
generally grows from 2 to 6 m high, it has small white hermaphroditic flowers and is pollinated primarily by
small insects and, to a lesser degree, by birds and small marsupials (Slee et al. 2006; Morrant et al. 2010).
Eucalyptus gracilis probably has a late-acting self-incompatibility mechanism, resulting in mixed mating to
preferential outcrossing (tm generally >0.80) (Horsley and Johnson 2007). This assumption is supported by
published E. gracilis mating system data (tm = 0.75-0.95) (Breed et al. 2014; Breed et al. 2015b). Serotinous
fruit (i.e. seed released in response to an environmental trigger that often includes fire) are held over
numerous years, with drying triggering seed release. Seed are small (<2 mm diameter) and gravity

dispersed. Based on published data from the ecologically similar species Eucalyptus incrassata and our own

BEST PRACTICE RESTORATION 59 NJC GELLIE



CHAPTER 4: FITNESS AND FUNCTIONAL TRAIT DIFFERENTIATION

field observations of E. gracilis, ants harvest the majority of newly fallen seed, except during particularly

heavy seed release events (e.g. fire mediated serotiny; Wellington 1985a, 1985b).

Provenance collections

To capture aridity differences that might contribute to fitness and functional trait variation, we chose three
provenances of E. gracilis in the mallee vegetation of the Murray-Darling Basin (Fig. 1 and S2). The least
arid southwest provenance was at Monarto (35.12° S, 139.16° E), the intermediate provenance was at
Yookamurra Sanctuary (34.52° S, 139.47° E; hereafter Yookamurra), and the most arid provenance was at
Scotia Sanctuary (33.22° S, 141.15° E; hereafter Scotia). Scotia is ca. 300 km northeast of Monarto, and ca.
220 km northeast of Yookamurra. Climate data indicate that Scotia is more arid than both Yookamurra and
Monarto (aridity index: Scotia = 0.15, Yookamurra = 0.25, Monarto = 0.37; aridity index = mean annual
precipitation/potential evapotranspiration; mean annual rainfall: Scotia = 238 mm, Yookamurra = 278 mm,
Monarto 386 mm) (Williams et al. 2010; 2012). Our provenances represent the central range of the climatic

envelope of E. gracilis (http://spatial.ala.org.au/; Supplementary Fig. S1).

We collected open-pollinated seed from >100 mature fruit across the canopies of 20 trees at each
provenance in January 2010. Nearest neighbours were excluded from sampling to minimise the risk of re-
sampling maternal trees. Additionally a separation of >20m between donor tree sources was made to reduce
the inclusion of clonal clusters or close relatives in the seed mix. Fruit from each mother tree were
processed separately. Fruit were dried for ca. 2-3 weeks in individual plastic containers under greenhouse
conditions. Dried fruit were then shaken in these plastic containers to encourage seed release. These seed
were then sown in February 2010 (details below). The mean height of mother trees was 5.88 m + SD 2.37 at

Scotia, 6.96 m £ SD 1.58 at Yookamurra, and 6.03 m £ SD 1.23 at Monarto.
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Figure 1.

Figure 1. Map showing the locations of the Eucalyptus gracilis provenances and transplant experiments,
Monarto and Scotia (closed circles) and intermediate provenance Yookamurra (open circle). Shading

indicates the extant of remnant vegetation. The inset map shows the study location in Australia.
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Reciprocal transplant trial

To assess fitness and functional trait differences between the three provenances, we established common
garden experiments in 2010 within 10 km of the mother trees at Scotia and at Monarto (Fig. 1). The
experimental plantings in the common gardens were part of restoration projects undertaken on both of these

properties.

Ten replicates (i.e. pots) of ca. 20 seed from each mother tree were sown onto saturated,
commercial potting mix. Germination was conducted under glasshouse conditions in Adelaide, South
Australia (34.92° S, 138.61° E). Four-week-old seedlings were moved to a full-sun nursery at the Mt Lofty
Botanic Gardens, South Australia (34.99° S, 138.72° E). Family cohorts of seedlings (i.e. all progeny from
one mother tree) were grown in crates that were shifted and rotated weekly to minimise confounding effects
of location in glasshouse/nursery. To minimise selection on seedling fitness, the most central seedling within

each pot was chosen, and the rest were removed prior to planting.

Plantings took place at Scotia (33.12° S, 141.78° E) and Monarto (35.83° S, 139.9° E) in June
2010. We used a randomised complete block design (Addelman 1969), with five seedlings per family per
site. Seedlings from each mother tree were present in a random location once in every second of 10 rows
per site. Two seedlings died in the nursery prior to planting (for sample sizes see Table 1). Planting sites
were prepared by rotary hoeing to remove residual surface vegetation, parallel rip-lines were drawn through
at 3 mintervals, and seedlings were spaced at 3 m intervals within these rip lines. Planting took place in May
of 2010 and no manual watering or fertilisation took place at the time of planting or thereafter. A 200 x 200 x
500 mm tree guard (Global Land Repairs, Fyshwick) was installed which surrounded each seedling to

protect it against vertebrate herbivores (e.g. rabbits, kangaroos).
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Fitness and functional trait data

In July 2015 (5 years, 1 month after planting) we measured the aboveground stem height of all plants
(distance from ground to highest point of plant; hereafter height), plant survival (yes, no), whether plants
were reproductively active or not (yes, no; yes = signs of buds, flowers, fruit; no = no signs of any
reproductive activity), and collected plant samples to measure leaf and wood functional traits.

Branchlets with ca. 10 leaves and woody stem with diameter >6mm were used as a standard
sampling unit for all plants. Branchlets were excised from the northern aspect of all plants with secateurs.
These branchlets and stems were stored in moist, cool (ca. 4° C) hermetic plastic bags until processed. The
youngest, fully developed and expanded leaf on each branchlet was sampled to estimate leaf area, by
scanning and measuring with ImageJ (Schneider et al. 2012). Leaves were then oven dried at 65°C for 48
hours and weighed. Specific leaf area is the ratio of leaf area and mass.

Wood density is the volumetric mass found by determining the ratio between dry weight and
volume. Wood density was obtained by cutting 2-3 cm of uniform segments from the proximal end of one
branchlet for all plants. Length and diameter were measured with a digital calliper to obtain volume.
Afterwards, the segments were dried at 85 °C for 48-72 hours and weighed.

Stomatal size was estimated on 13 (2 SE) of the ca. 100 plants per provenance-site combination.
We cut 1 x 1 cm? leaf sections from halfway along the lamina to prepare the cuticles, placed them in sterile
test tubes and submerged in a 2:1 solution of 35% hydrogen peroxide: 80% ethanol (v/v), then warmed them
until the leaf sections became translucent and the cuticle began to separate from the leaf tissue. Crystal
violet 0.05% wiv was used to stain the cuticles, which were then fixed to slides with warmed phenol
glycerine jelly. An Olympus UC50 camera mounted on an AX70 Olympus microscope (Olympus™ Australia)
was used to image both the abaxial and adaxial surfaces of each leaf using AnalySIS (Soft Imaging System,
Minster, Germany). ImageJ (Schneider et al. 2012) was used to measure guard cell-pair length and width of
five stomata for both the abaxial and adaxial leaf surfaces with ten stomata measured per leaf. Guard cell-
pair length and width were multiplied together to obtain stomatal size (um?). Leaves from 50 individuals at

the Scotia common garden (i.e. Scotia n = 18; Yookamurra n = 18; Monarto n = 14) and, 26 individuals at
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the Monarto common garden (i.e. Scotia n = 6; Yookamurra n = 10; Monarto n = 10) were used for analysis.

Sample numbers varied due to availability of suitable material.

Data analysis

We used general and generalised linear mixed effects models in the package nlme v. 3.1-120 (Pinheiro et al.
2015)in Rv. 3.2.3 (R Core Team 2015) to assess the effects of plant provenance and trial site on E. gracilis
fitness and functional traits. Plant provenance and trial site were treated as fixed effects, and family (i.e.
mother tree) was treated as a random effect nested within provenance. A binomial distribution with a logit
link function was used for survival and reproductive data and a Gaussian distribution with no link function
was fitted for height, wood density, specific leaf area and stomata area. Planting row was not included in
models because model residuals showed no spatial autocorrelation, and not including row in the model
reduced model parameterisation. Fitted model residuals were visually assessed for normality and were
normally distributed in each case (except for binomial models). We had too few individuals within families to

confidently estimate trait heritability.

RESULTS

Climate variation

During the first two years of the reciprocal transplant experiment (2010 and 2011) the observed annual
rainfall was the highest on record at both locations (Table S1), more than twice the historical mean annual
rainfall at Scotia and 1.4 times the historical mean annual at Monarto. The rainfall in 2012, 2013, 2014, and

2015 was more similar to long term mean annual rainfall trends.

Fitness variation
Trial site had a significant effect on plant survival, with higher survival at Monarto (85.6%) than at Scotia
(71.9%). We observed no significant provenance or provenance*site effects on plant survival (Table 1, Fig.

2A).
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Trial site and provenance*site had significant effects on plant height (Fig. 2B). Scotia plants grown
at Scotia grew taller than either Yookamurra or Monarto plants at Scotia (i.e. the height of plants grown at
Scotia: from Monarto 194.1 cm + 6.5 SE; from Yookamurra 208.3 cm + 5.6 SE; from Scotia 213.4 cm £ 5.9
SE). Monarto plants grew taller than either Yookamurra or Scotia plants when grown at Monarto (i.e. the
height of plants grown at Monarto: from Monarto 96.4 cm + 3.9 SE; from Yookamurra 82.9 cm + 4.1 SE;
from Scotia 72.8 cm £ 4.2 SE). Overall, plants, regardless of origin, were significantly taller at Scotia (205.4

cm £ 3.5 SE) than those grown at Monarto (84.7 cm + 2.4 SE) (Table 1, Fig. 2B).

Provenance and provenance*site had significant effects on reproductive activity, with site being
marginally not significant (Fig. 2C). Scotia plants grown at Scotia had considerably more reproductively
active plants (61.5%) than those from Monarto (25.5%) or Yookamurra (22.2%). At Monarto, local plants
were again the most reproductively active (36.0%), with Scotia (26.3%) and Yookamurra (19.6%) plants
showing lower rates of reproductive activity. Plants from Yookamurra were the least reproductively active,
and plants from Scotia were the most reproductively active (Scotia = 42.1%; Yookamurra = 21.3%; Monarto
= 30.6%) regardless of where they were planted. We observed higher levels of reproductively active plants
at Scotia (34.9%) than at Monarto (27.0%), but the overall effect of planting site was marginally not

significant (P = 0.055).
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Figure 2.
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Figure 2. Fitness traits, (A) survival, (B) height, and (C) reproductive activity of the three Eucalyptus gracilis

provenances in the two common garden trials. Error bars show SE.
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Functional trait variation

Trial site, provenance and provenance*site all had significant effects on wood density (Fig. 3A). We
observed clear differences in wood density among all provenances grown at Scotia, (i.e. the wood density of
plants grown at Scotia: from Monarto = 0.764 gcm3 + 0.007 SE; from Yookamurra = 0.772 g/cm? £ 0.006
SE; from Scotia = 0.802 g/cm? £ 0.011 SE). At Monarto, we identified weaker differences between
provenance wood densities, but Scotia plants again had the highest wood density (i.e. the wood density of
plants grown at Monarto: from Monarto = 0.733 g/cm® + 0.005 SE; from Yookamurra = 0.721 g/cm3 £ 0.007
SE; from Scotia = 0.743 g/cm? + 0.008 SE). Overall, wood density was significantly higher at the more arid
Scaotia site (0.779 g/cm3 + 0.005 SE) than at Monarto (0.732 g/cm3 £ 0.004 SE), and was also significantly
higher for Scotia sourced plants (0.768 g/cm3 + 0.028 SE) than either Yookamurra (0.739 g/cm? + 0.023 SE)

or Monarto (0.743 g/cm? £ 0.022 SE) sourced plants (Table 1, Fig. 3B).

Provenance had a significant effect on specific leaf area (Fig. 3B). Specific leaf area was largest for
Yookamurra plants (35.18 cm2/g + 0.36 SE), with Scotia having the lowest specific leaf area (Monarto =
34.68 cm?/g + 0.35 SE; Scotia = 33.53 cm?/g = 0.32 SE). There was no significant effect of planting site or

provenance*site on specific leaf area.

Provenance had a significant effect on stomatal size (Fig. 3C), where Scotia plants had the largest
stomata (Monarto = 750.6 um £ 22 SE; Yookamurra = 793 pm + 34 SE; Scotia = 898 um + 25 SE) (Table

1, Fig. 3C). There was no significant effect of planting site or provenance*site on stomatal size.
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Figure 3.
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Figure 3 Functional traits, (A) wood density, (B) specific leaf area, and (C) stomatal size of the three

Eucalyptus gracilis provenances in the two common garden trials. Error bars show SE.
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DISCUSSION

By embedding common garden experiments of Eucalyptus gracilis into two large-scale restoration projects
ca. 300 km apart in semi-arid Australian mallee, we observed a combination of adaptive differentiation and
plastic responses to environmental conditions. The environment at the planting site was a strong predictor of
survival, which was lower for all provenances when grown at the more arid site. Plant fitness — as expressed
by height and reproductive activity — showed patterns consistent with adaptive differentiation. Patterns of
functional trait variation — as expressed by leaf and wood architecture — were largely consistent with aridity
adaptation, and also corresponded with theory that unfavourable conditions will increase genetic variation in
functional traits (Hoffmann and Merila 1999). Together, our findings suggest that the E. gracilis provenances
studied have substantial adaptation to aridity and they also have some capacity to physiologically acclimate
to changing conditions. With the trajectory of increasing aridity predicted in southern Australia under climate
change (CSIRO and BoM 2014), there would be some benefit in seed sourcing strategies for this species in
restoration that seeks to combine seed sources in an arid-to-mesic direction. Orientating seed selection in a
prescribed direction is likely to provide a low cost, low risk amendment to current practice that will help build

the adaptive potential of planted populations to climate change.

Variation in fitness traits

We observed a significant genotype-by-environment interaction for height and reproductive activity,
indicating local adaptation and a home-site advantage for these traits. These results suggest a current local
advantage is being maintained within provenances. The provenance-site combination with the largest plants
in our experiment was Scotia plants grown at Scotia (i.e. the most arid site), which indicates adaptation to
aridity. This taller, arid provenance should have a competitive advantage over smaller non-local
provenances. Our observations are largely consistent with previous work on eucalypts that has shown aridity

is a strong agent of selection in eucalypts (Steane et al. 2014; Booth et al. 2015; Breed et al. 2016a).
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Aridification and the formation of the Australian sandy deserts since the mid-Pleistocene has meant the
ability to exploit water availability is a major factor in the evolutionary history of eucalypts (Parsons 1969). It
is currently thought that eucalypts in southern Australia responded to the aridification during the mid-
Pleistocene by in situ adaptation and persistence, rather than large-scale migration (Byrne 2008). Indeed,
our study species E. gracilis forms large populations in Mediterranean-type mallee environments of southern
Australia with high intra-population gene flow (Breed et al. 2015a), suggesting that the effective population
size and genetic diversity of E. gracilis is likely to be large (Petit and Hampe 2006; Kremer et al. 2012).
Therefore, selection should have adequate genetic variation to act efficiently (Lenormand 2002), and
adaptation to aridity is unlikely to be constrained by low genetic diversity in this system (Christmas et al.

2015).

However, E. gracilis provenances grown at the arid site outgrew plants at the more mesic site,
which appears counterintuitive if we consider the arid site to be water limited. This inconsistency can in part
be explained by a high degree of phenotypic plasticity in the species and the exceptionally high water
availability at the arid site in 2010 and 2011 (Table S1). This inter-annual variation in rainfall is likely to have
provided a low water stress environment for the arid site plants during these establishment years, which in
turn is likely to have led to greater than expected growth. Furthermore, during the latter stages of the trial we
observed a higher weed load at the mesic compared to arid site (e.g. introduced grasses Avena sp., Briza
sp., Vulpia sp.; personal observations). This weed load is likely to have increased interspecific competition
for resources (e.g. water and nutrients) at the mesic site. Resource competition is known to dramatically
reduce biomass of other eucalypt species during establishment (Ball et al. 2002). Despite these
observations, the relative height of provenances within sites was consistent with aridity being a strong

stressor and important agent for selection.

The long-lived nature of mallee eucalypts, including E. gracilis (e.g. 100s of years; Clarke et al.
2010), means that selection most likely took place on the adult generation in an environment before
anthropogenic climate change. This pattern of selection could perpetuate an adaptation lag to contemporary

conditions, under which rapid climate change is occurring (Kremer et al. 2012). To further explore the extent
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of climate adaptation lag in E. gracilis it will be important to maintain monitoring of these experimental trials
into the future, focusing on fecundity and the differential recruitment or introgression between provenances.
If an adaptation lag occurs at the rear edge of the distribution of this species (i.e. more arid provenances), it
should result in these more arid provenances having higher fitness in a future drying climate, as suggested
by Hampe and Petit (2005). We would therefore expect that the arid provenance will out-perform the mesic

provenances at the mesic site in years to come, and it is our intension to continue this research.

In our study, local plants had higher reproductive activity than non-local plants. These reproductive
differences were most pronounced at the more arid site where the local, and larger plants were
approximately 2.5 times more reproductively active than the smaller plants from the two more mesic
provenances. Similar results have been observed in E. globulus ssp. globulus, where reproductive activity
was dependent on plant size (Jordan et al. 2000). The correlation of reproductive output with plant size is not
limited to eucalypts (Samson and Werk 1986), and can have important consequences for plant population
dynamics. The relationship between reproduction and plant size should be a consideration for land
managers undertaking restoration with E. gracilis, but further work on pollinator visitation, and ultimately

recruitment, is required to understand the significance of plant size in this system.

Functional trait variation

Functional traits are those traits that should have a significant effect on fitness, giving plants the ability to
acquire, use, and store resources in their given environment (Reich et al. 2003). For example, plants tended
to employ a suite of strategies (e.g. slow tissue turnover, low transpiration rate, or strong plant defence
traits) to exploit low-resource environments, and these strategies are physiologically linked to growth-related
traits (e.g. leaf morphology for photosynthesis and defence, wood density for nutrient transport, resource
allocation and strength). Therefore, if functional traits are found to have a significant genetic component then
these traits are likely to influence provenance fitness if provenances are transferred to different resource

environments (e.g. more arid sites).
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Our results showed that the three functional traits observed (specific leaf area, wood density, stomatal size)
each had a significant genetic effect. As such, the more mesic provenances are likely to be functionally
constrained under resource limited conditions (e.g. lower water availability during times of drought).
Furthermore, the significant genetic effect we observed for our functional traits indicate that our E. gracilis
provenances have a genetic base to their adaptation to aridity, and we believe that these findings can serve
as a suitable predictor of environmental suitability for provenances. We observed an amplification of
phenotype differentiation between provenances in the more resources limited site at Scotia, which is
consistent with the theory that unfavourable conditions increase genetic variation in functional traits

(Hoffmann and Merila 1999).

Site, provenance and site*provenance each had significant effects on wood density, where denser
wood for all provenances was observed at Scotia, indicating trait plasticity, but also the Scotia provenance
had the highest wood density across both common gardens, indicating a heritable component to this
functional trait. Higher wood density is usually associated with narrower vessels that can safeguard plants
against the loss of conductivity that may occur due to embolism (Lens et al. 2013). Denser wood should
allow mallee species such as E. gracilis to survive and grow under conditions of very low soil water
availability (Pfautsch et al. 2016). In our case, the aridity index (mean annual precipitation/potential
evapotranspiration) was considerably lower at the arid site (0.15) compared to the mesic site (0.37).
Observing wood density to be heritable is consistent with a recent study of 28 eucalypt species that found

hydraulic architecture to be adapted to water availability (Pfautsch et al. 2016).

Specific leaf area represents a trade-off between resource allocation for construction and
photosynthetic ability of the leaf structure. Specific leaf area tends to decrease with increasing aridity
(Cornelissen et al. 2003; Wright et al. 2004), however this relationship is not ubiquitous (Schulze et al. 2006;
Warren et al. 2006). We observed trends in specific leaf area that were consistent with the former
expectations. Our results were also consistent with the intraspecific variation in specific leaf area observed in
E. tricarpa (McLean et al. 2014) and a common garden trial of 29 eucalypt species by Warren et al. (2006).

However, the absence of a significant provenance*site effect most likely indicates that selection has not
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acted strongly enough on specific leaf area to differentiate values between provenances. Despite the small
observed range of specific leaf area (33.35 cm/g for Scotia provenance planted at Scotia to 35.27 cm2/g for
Monarto provenance planted at Scotia), the significant provenance effect does indicate a genetic
component. In a similar fashion to wood density, we observed greater variation in specific leaf area among

provenances when planted at the more arid site.

Gas exchange in leaves is a function of the stomatal size and density that along with light intensity,
carbon dioxide concentration and temperature control the photosynthetic rate of plants. To conserve water,
stomatal size is generally observed to decrease with increasing aridity (Franks et al. 2009; Carlson et al.
2015). Contrary to this trend, stomata of the arid provenance were the largest in our study which would
seem to be a disadvantage for water use efficiency in this arid environment. There is some evidence of
vernal geophytes (e.g. herbaceous open woodland plants) developing larger stomata as an avoidance
strategy to preclude growth in the hotter drier months (Hodgson 2010), but we have no evidence to support
this strategy being adopted by this species. Interestingly, greater intra-provenance variation in this trait also
manifest at the more arid site while the intraspecific stomatal sizes tended to converge at the mesic site. It
would therefore be useful to investigate the leaf architecture of this species further (e.g. stomatal density,
guard cells and boundary layer) and directly measure gas exchange to help reconcile the stomatal size
anomaly we have reported on. Overall, leaf architecture observed in the Scotia provenance indicate a
relatively conservative strategy that suits arid conditions (Hetherington and Woodward 2003) which are

predicted for our study region in the coming decades (CSIRO and BoM 2014).

CONCLUSIONS

Considerable differentiation was observed in fitness and functional traits between provenances of E. gracilis
with common phenotypic trends emerging. These complex genetic vs. environment and multi-trait patterns
convey a more complete picture of provenance performance than studies based on just one or two fitness or

functional traits. The evolutionary insight provided by the broader suite of traits we explored in situ through

BEST PRACTICE RESTORATION 74 NJC GELLIE



CHAPTER 4: FITNESS AND FUNCTIONAL TRAIT DIFFERENTIATION

transplant experiments has great utility for land managers undertaking restoration, especially when applied
across the species range. With the climate change projections indicating a trajectory of increasing aridity for
southern Australia, our findings suggest that, at least for our study species, natural stands have a strong
genetic basis to aridity adaptation. Therefore, mixing E. gracilis seed sources during restoration in an arid-to-
mesic direction on a spatial scale beyond what would normally be considered ‘local’ may be the best climate

change mitigation strategy for this species as it should increase their adaptive capacity.
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Supplementary Information

Figure S1. Annual mean aridity index for Eucalyptus gracilis presence data post-1980 from the Atlas of

Living Australia (http://www.ala.org.au/). Arrows indicate the aridity index of the three provenances.
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N Kilometers

Figure S2. Map showing the locations of the Eucalyptus gracilis provenances and transplant experiments,

Monarto and Scotia (closed circles) and intermediate provenance Yookamurra (open circle). Grey points

indicate the incidence of records for Eucalyptus gracilis in the study location http://spatial.ala.org.au.

Table S$1. Annual mean aridity index and precipitation data at Monarto and Scotia, plus the observed rainfall

for 2010, 2011, 2012, 2013, 2014 and 2015.

Monarto Scotia

Annual mean aridity index 0.37* 0.14*
Annual precipitation (mm)

Mean 386" 238"
2010 525.4 480.7
2011 4454 454.6
2012 465.9 164.5
2013 410.0 172.8
2014 359.0 214.2
2015 397.9 235.1

Footnote

*Data sourced from Williams et al. (2010)
AData sourced from http://www.bom.gov.au
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Abstract

Few ecosystems are as diverse yet remain as vulnerable as those found in Mediterranean type landscapes.
The heavily altered and degraded Australian Mediterranean biome is testimony to this fragility. Replanting
locally sourced native vegetation is an accepted method for actively restoring these degraded landscapes
and assumes plants to be universally locally adapted. However, this common practice fails to acknowledge
the disruptions to local adaptation that can be caused by a changing climate and habitat fragmentation. We
established two common garden experiments (4 species x 4 provenances) of ca. 1900 seedlings each to
test the suitability of local provenances on the Yorke Peninsula, a highly degraded part of the Mediterranean
biome in Australia. The provenances spanned a 250 km aridity gradient running the length of the peninsula
(aridity index = 0.28 for Port Pirie at the northern, arid end; aridity index = 0.49 at Point Yorke at the
southern, mesic end). The common gardens coincided with current restoration projects at the two southern
provenance localities that (i.e. Point Pearce and Point Yorke). We explored the effect of provenance on four
fitness proxies; survival, above-ground height, susceptibility to insect herbivory, and pathogen related stress
of the surviving plants in these gardens after 10 months of establishment. We found that the local
provenance of each species did not have the highest survival and the most arid provenance showed
significantly more growth than all other provenances in 5 of the 8 species x environment combinations. Site
and species were stronger predictors of the incidence of invertebrate herbivory and pathogen related stress
than the source of the plants. We conclude that although additional work is required to fully explore the
potential risks of translocation in this system, arid to mesic transfer may provide a low risk management

strategy to increase climate resilience on Yorke Peninsula.

BEST PRACTICE RESTORATION 82 NJC GELLIE



CHAPTER 5: THE IMPACTS OF SEED CHOICE

INTRODUCTION

The Mediterranean biome is characterized by mild wet winters and warm dry summers. This biome occupies
<5% of the world’s terrestrial land surface and is spread across five continents. It is disproportionally rich in
biodiversity and harbours almost 20% of the world’s vascular plant species (Cowling et al. 1996). In
Australia, the Mediterranean biome is disjunct but concentrated on the south-central and south-western
continental margins (Rundel et al 2016). Floristically, the Australian Mediterranean biome is heavily

represented by eucalypt dominated woodland and grassland communities.

Historically the arability and productive nature of this biome has led to widespread land conversion
(e.g. since European settlement it is estimated that approximately 47 million ha of eucalypt woodlands have
been cleared in Australia (Booth et al. 2015)). Ecological restoration has been proposed as the principal
strategy to reverse these trends (Aronson and Alexander 2013) through the reinstatement and/or
rehabilitation of self-sustaining communities (Hobbs and Norton 1996). However, the current day scale of
restoration (e.g. The Bonn Challenge aspires to restore 350 million ha by 2030) has no historical precedent,
so optimal outcomes will require honing the efficiency of strategies. Restoration is evolving to meet these
new challenges by pursuing practices that are backed by scientific rigour (Miller et al 2016) and as a result

restoration has become a truly multi-disciplinary pursuit (Choi et al. 2008).

Supplying adequate amounts of appropriate seed is a major challenge for restoration projects
(Galatowitsch 2012). Genetic quality of seed can be compromised by the effects of climate change (Sgro et
al. 2011; Carroll et al. 2014) and habitat fragmentation (Breed et al. 2015). The usual method to source and
supply seed in restoration takes a local provenancing approach (i.e. collecting seed from remnant plant
populations in as close proximity to the restoration site as possible in order to exploit local adaptation;
Callaham 1963). Despite local-adaptation investigation being the foundation of forestry trials for the past 250
years (Langlet, 1971) and retrospective assessment of these trials giving great insight to the effects of
climate change (Matyas, 1994, 1996; Leites et al, 2012), local adaptation is seldom empirically tested in a

restoration context (Gibson et al. 2016).
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Local-provenancing is a prescriptive strategy that by definition is static and has no internal
mechanism to account for the dynamic nature of climate-change or fragmentation on restoration habitats.
Hence the uniform application of local-provenancing in dynamic systems has attracted close academic
scrutiny in recent years because it lacks the nuances necessary to react to rapid abiotic changes
(Broadhurst et al. 2008; Sgro et al. 2011; Breed et al. 2013). In response, seed sourcing practices are
evolving to meet the challenges of climate change and fragmentation. Many alternative strategies have been
proposed, for example, augmenting seed sources with a mix of seed to increase genetic diversity (e.g.
composite or admixture provenancing; Broadhurst et al. 2008; Breed et al. 2013) or matching provenances
to future climates (e.g. climate adjusted or predictive provenancing; Sgro et al. 2011; Prober et al. 2015).
These conceptual advances have prompted some researchers to empirically test these alternative strategies

(e.g. Breed et al. 2016b; Gellie et al. 2016) but further testing is required.

Exploring the validity of alternative provenancing methods is analogous to exploring local
adaptation which has a long history in plant ecology (Clausen, Keck & Hisey 1941), evolutionary biology
(Turreson 1922) and forestry (Matyas 1996). Classically, investigating local adaptation has been done with
reciprocal transplant experiments (Kawecki & Ebert 2004). Understanding the direction and magnitude of
adaptation within a species, and the role the environment plays on it, allows us to determine whether non-
local plants can survive and potentially thrive under particular environmental conditions. With alternative
provenancing strategies being seriously considered in restoration practice (McDonald, Jonson and Dixon

2016), there remains an urgent need to test their efficacy.

In this study, we measured fitness responses of four provenances of four foundation tree species
(E. oleosa, E. porosa, E. socialis and M. lanceolata) in a reciprocal transplant experiment on Yorke
Peninsula, South Australia. We selected these species as they are commonly used for restoration in the
Mediterranean biome in southern Australian, and each lacks comprehensive provenance data. The four
provenances we used span the strong climate gradient on Yorke Peninsula. We embedded our garden
experiments within two active restoration projects in the more mesic southern half of Yorke Peninsula. This

experiment was used to explore the following questions: (1) Does provenance affect survival, growth,
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herbivory and the impact of pathogens in our study species? If so, (2) is variation in these traits in line with
local adaptation? We extend our interpretation of these two questions with regional management
recommendations for optimising restoration strategies of our four focal species, however this study will have

broader implications for temperate plant species more generally.

METHODS

Study species

We used three sclerophyllous mallee eucalypt tree species in our study - Eucalyptus oleosa, E. porosa, and
E. socialis (all in the Myrtaceae family). Each species is widespread in southern Australia, well represented
in mallee communities and span the Mediterranean biome (see Supporting Information Fig. S1-S3). They all
have hermaphroditic flowers that are pollinated primarily by insects and, to a lesser degree, birds and small
marsupials (Nicolle 2013). Each species is also likely to have a mixed mating system that has been either
directly observed (E. socialis: Breed et al. 2012, 2016b) or based on observations from closely related
eucalypts (Horsley and Johnson 2007). All grow to approximately 10 m or slightly larger in the case of
Eucalyptus porosa in higher rainfall areas (Nicolle 2013). Each produces small seed (<2 mm diameter) that

are gravity dispersed.

Our fourth study species is Melaleuca lanceolata and is also a member of the Myrtaceae family. M.
lanceolata is widespread across southern Australia and found throughout the Mediterranean biome (see
Supporting Information Fig. S4). It is an evergreen shrub growing to approximately 5 m in lower rainfall
areas. It produces lanceolate glaucous leaves (Brophy, Craven and Doran 2013). This species exhibits a
mixed mating system with long lasting hermaphroditic inflorescences that are most likely pollinated by
insects and birds (Brophy, Craven and Doran 2013) and to a lesser extent small marsupials (Pestell & Petit
2008). Like the eucalypts, the seed of M. lanceolata are small and gravity dispersed (<1 mm diameter pers.

obs.).
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Populations and seed collection

Similar to other regions in the Mediterranean biome (e.g. south-western Western Australia and the Cape
region of South Africa) the mallee woodlands and associated plant communities of Yorke Peninsula, South
Australia have experienced substantial modification. The peninsula has been extensively cleared for
agriculture and grazing, with most remaining biodiversity hugs the coastline, road networks, less arable
ridgelines and the southern extremity. The peninsula runs north-south, is ca. 60 km wide and 240 km long,
with over 560 km of coastline. The local climate is Mediterranean, with hot dry summers and moderately wet
winters, with the north being more arid than the south (Port Pirie: mean annual precipitation = 362 mm,

aridity index = 0.28; Point Yorke: mean annual precipitation = 485 mm, aridity index = 0.49).

To capture aridity differences that might contribute to fitness variation, we sourced seed from four
provenances along the peninsula for each of the four study species in in the spring of 2014 (see Supporting
Information Fig. S1-S4). The provenance localities were Port Pirie (-33.1279°, 138.1449°), Kadina (-
34.0731°, 137.7473°), Point Pearce (-34.3839°, 137.5001°), and Point Yorke (-35.2122°, 137.1468°) (Fig.
1). The provenances were each intact native stands of >100 individuals. Open-pollinated seed was collected
from the canopies of at least 10 donor trees in each case. Fruit for each provenance-species combination
was pooled prior to sowing. Germination and rearing of seedlings was conducted in full sun at a commercial
nursery in South Australia (Brooklyn Park, -34.9328°, 138.5340°) for approximately 6 months prior to

planting.
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Figure 1. Map showing the extent of Yorke Peninsula and the locations of provenance selection. Reciprocal

transplant experiments were located at Point Yorke and Point Pearce and the Peesey swamp ecotone is

highlighted.
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Common garden trials

We used a fully randomised block design at common gardens located at Point Pearce (-34.4073°,
137.4936°) and Point Yorke (-35.2277°, 137.1781°). In each common garden, we planted a total of ca. 120
plants per provenance-species combination, where 40 plants per provenance were randomly assigned to a
planting location in one of three blocks at each common garden (Table 1 has planting numbers). Each
seedling was hand-planted into ground that was mechanically prepared with a V-plough to remove weeds
and produce a rip line. A 200 x 200 x 400 mm (Geofabrics) UV stabilised corflute tree guard was put around
each seedling to protect it against vertebrate herbivores that are present at both sites (e.g. rabbits,
kangaroos). None of the seedlings were watered or fertilized at the time of planting or thereafter. Our
experimental plots were embedded into larger restoration projects where canopy species were direct seeded

at a stocking density of ca. 150 stems ha-'.

Fitness proxies

We scored four recognised fitness proxies that included survival, growth, insect herbivory, and pathogen
impact in May 2015, ca. 10 months after planting and 16 months after germination. We scored survival as
either ‘alive’ if green foliage and/or a green stems were present, or ‘dead’ if no green foliage was present or

no plant was found within the plant guard at a marked stake.

Plant fitness is also known to be proportional to wood and stem production, which can be
expressed as a function of height (Falster & Westoby, 2003). We therefore scored aboveground height for
each plant with a graduated telescopic surveyor's stave (Alumi Staff Pty. Ltd). Height was recorded as the

vertical distance (cm) between the ground and the most distal photosynthetic tissue of each plant.

We scored each plant for the presence/absence of invertebrate herbivory (hereafter herbivory) and
pathogen related stress (hereafter stress) to provide a proxy of biotic interactions of the plants, which is also

an important component of plant fitness (e.g. herbivory and stress resistance; Linhart & Grant, 1996). The
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presence of herbivory was scored as present when ca. 5% of the entire foliage showed signs of herbivory.

Stress was scored as present if leaf browning and fall were evident or leaf blight or rust was observed.

Of the 3840 plants reared for the two common gardens (= 120 plants x 4 provenances x 4 species
x 2 common gardens), 99 plants did not survive from the nursery, leaving 3741 seedlings. At Point Yorke, a
total of 1850 plants (E. oleosa = 419, E. lanceolata = 477, E. porosa = 480, E. socialis = 474) were used to
assess survival, of which 1734 survived (E. oleosa = 388, E. lanceolata = 458, E. porosa = 453, E. socialis =
435). These survivors were used to assess growth, herbivory and pathogen impact. At Point Pearce, 1891
plants (E. oleosa = 457, E. lanceolata = 478, E. porosa = 478, E. socialis = 478) were used to assess
survival, of which 1779 survived (E. oleosa = 403, E. lanceolata = 458, E. porosa = 465, E. socialis = 453).
These survivors were used to assess growth, herbivory and pathogen impact (see Table 1 for further details

of provenance sizes at the common gardens).

Data analysis

We used general and generalised linear mixed effects models in the package nime v. 3.1-120 (Pinheiro et al.
2015) in Rv 3.2.3 (R Core Team, 2015) to explore the effects of plant provenance and trial site on plant
fitness. Plant provenance and trial site were treated as fixed effects. A binomial distribution with a logit link
function was used for survival, herbivory and stress data, and a Gaussian distribution with no link function
was fitted for the continuous variable height where the data identity was used. Fitted model residuals were

visually assessed for normality and were normally distributed in each case (except for binomial models).

Since plant height has previously been seen to be associated with herbivory and stress among
provenances (Hancock et al. 2012; Gellie et al. 2016) we explored the effects of provenance on the height of
plants controlling for variation of these two biotic factors. We did this by including herbivory and stress as
covariate predictors together with provenance in a model exploring variation in height, and including the

herbivory x provenance and stress x provenance 2-way interactions.
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RESULTS

Eucalyptus oleosa

The local provenance at Point Yorke had significantly higher survival than the Point Pearce provenance (P <
0.05), but survived similarly to the two most northern provenances (Table 1). The Point Pearce provenance
at Point Yorke had the lowest survival of any species-provenance-garden combination (82.7%). No overall
difference in survival was observed among provenances at Point Pearce, however Point Yorke — the
southernmost provenance — had the second lowest survival of any species-provenance-garden combination

(83.0%).

At Point Yorke, provenance had a significant effect on plant height (P < 0.001) with the local
provenance growing higher than all other provenances (Figure 2). At Point Pearce, provenance again had a
significant effect on height (P < 0.01), where plants from Port Pirie — the northern most provenance — grew

the largest.

At Point Yorke, provenance had no significant effect on herbivory rate (P = 0.34). At Point Pearce,
provenance did have a significant effect on herbivory rate, where the local plants (6.4%) had significantly
more herbivory than Point Yorke (0%; P < 0.05), Kadina (1.9%; P < 0.05), and Port Pirie (1.8%; P < 0.05).

When controlling for this effect in the model the same growth trends remained.

At Point Yorke, provenance had a significant effect on stress where the local provenance had
significantly less stress than Point Pearce, Kadina and Port Pirie (all had P< 0.001). There was a strong
negative effect of stress on height (P< 0.001). When controlling for this effect in the model, Point Yorke
provenance still grew substantially better than Point Pearce and Kadina, but the Port Pirie provenance did
significantly better than any other provenance. No significant stress*provenance interaction was detected at
Point Yorke. At Point Pearce, provenance had no effect on stress. There was however a strong negative
effect of stress on height (P < 0.001), when controlling for this effect in the model the trends remained

similar. The Port Pirie provenance still did significantly better than all other provenances, and Point Pearce,
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the local provenance, had similar performance to Kadina and Point Yorke. No significant stress*provenance

interaction was detected at Point Pearce.
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Figure 2. Height of the focal species from the four provenances in the two common gardens. Error bars

show SE. Red circles indicate the local provenance. Statistical effect of provenance for growth is shown,
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Eucalyptus porosa

At Point Yorke and Point Pearce, there were no significant differences in survival between the four

provenances (Table 2).

At Point Yorke, provenance had a significant effect on plant height (P < 0.001, see Figure 2). The
local provenance (25.0 cm + 0.84 SE) were significantly shorter than Kadina (33.3 cm £ 1.05 SE; P< 0.001)
and Port Pirie (39.2 cm £ 1.27 SE; P < 0.001) and only marginally less than Point Pearce (27.6cm % 1.00
SE; P =0.089). At Point Pearce, provenance significantly affected the height of plants (P < 0.001). The local
provenance was significantly shorter (36.4 cm £ 1.04 SE) than Point Pirie (44.3cm £ 1.20 SE), but equally
as tall as Kadina, and taller than Point Yorke. The plants that originated from Port Pirie outperformed all

other provenances at Point Yorke by approx. 40% and at Point Pearce by approx. 33%.

Provenance had no significant effect on herbivory rate at either Point Yorke (P = 0.34) or Point

Pearce (P = 0.33).

At Point Yorke, provenance did not have a significant effect on stress. However, there was a
significant negative effect of stress on height (P < 0.001), and when controlling for stress in the model the
local plants at Point Yorke remained significantly smaller than all other provenances. No significant
stress*provenance interaction was detected at point Yorke. At Point Pearce, stress was not significantly
different between provenances. There was a significant negative effect of stress on height (P < 0.001), but
controlling for this effect led to similar trends, where Point Pearce did better than Point Yorke but worse than

Port Pirie and similar to Kadina. No significant stress*provenance interaction was detected at Point Pearce.
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Eucalyptus socialis

At Point Yorke, provenance had a significant effect on survival (P < 0.047), where the local provenance
(94.0%) had significantly less mortality than Point Pearce (87.2%), but similar levels of survival to the other

two provenances (Table 3). At Point Pearce, provenance had no significant effect on survival.

At Point Yorke, provenance had a significant effect on height (P < 0.001) (see Figure 2). The local
plants (33.5 cm £ 1.0 SE) grew significantly larger than both Point Pearce (28.9 cm + 0.84 SE; P < 0.001)
and Port Pirie (28.3 cm £ 0.90 SE; P < 0.001) but equally as high as Kadina (33.2 cm + 0.94 SE; P = 0.88).
At Point Pearce, provenance had a significant effect on growth where the local provenance (28.1 cm £ 0.96
SE), grew significantly less than all other provenances (Point Yorke 36.9 cm + 0.81 SE, P < 0.001; Kadina

34.2 cm +1.05 SE, P < 0.001; Port Pirie, 33.5 cm + 1.12 SE, P < 0.001)

Provenance had no significant effect on herbivory rate at Point Yorke (P = 0.09) or Point Pearce (P

= 0.09).

At Point Yorke, provenance had a significant effect on stress, where the local provenance had
significantly less stress than Point Pearce (P > 0.05), Kadina (P < 0.001) and Port Pire (P < 0.001). There
was a significant negative effect of stress on height (P < 0.01), but when controlling for this effect, the same
trend in plant height remained (i.e. Point Yorke still did better than Point Pearce and Point Pirie, and similarly
to Port Pirie). No significant stress*provenance interaction was detected at Point Yorke. At Point Pearce,
stress did not differ significantly between provenances. However stress had a strong negative impact on
height (P < 0.001), and when controlling for this effect, the same trends in plant height remained. The stress
recorded for local plants at Point Pearce (34.3%) and the Port Pirie provenance (35.9%) at this garden were

the highest recorded for any species-provenance-garden combination.
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Melaleuca lanceolata

There were no significant differences in survival between the four provenances at both Point Yorke

and Point Pearce (Table 4).

At Point Yorke, provenance had a significant effect on plant height (Figure 2). The local provenance
was the second largest of the plants (28.6 cm £ 1.26 SE), grew similarly to Point Pearce (26.7 cm + 0.85
SE; P =0.20), and significantly better than Kadina (23.8 cm £ 0.96 SE, P < 0.001) and significantly worse
than Port Pirie (33.3 cm + 0.82 SE, P < 0.01). At Point Pearce, provenance also had a significant effect on
height. The local provenance grew to (30.5 cm + 1.23 SE), significantly less than Port Pirie (36.8 cm £ 1.01
SE, P <0.001), but similar to Kadina (29.2 cm + 1.01 SE, P = 0.44) and marginally less than Point Yorke

(33.7 cm = 1.38 SE, P = 0.056).

At Point Yorke, no herbivory was recorded for this species at this garden. At Point Pearce,

provenance had no significant effect on herbivory (P = 0.09).

At Point Yorke, stress was not significantly differ between provenances, but had a large effect on
height (P < 0.001). After controlling for this effect, the same trends in plant height remained (i.e. Point Yorke
still doing significantly worse than Port Pirie, but significantly better than Kadina). No significant
stress*provenance interaction was detected at Point Yorke. At Point Pearce, stress was not significant
between provenances but had a large negative effect height (P < 0.001). After controlling for this effect, a
similar trend in plant height remained (i.e. Point Pearce doing worse than Port Pirie, but similar to the other

two provenances). No significant stress*provenance interaction was detected at Point Pearce.
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DISCUSSION

By embedding common garden experiments of four restoration species into two large-scale restoration
projects ca. 100 km apart in southern Australia, we observed a spectrum of responses to environmental
conditions. For each species, we included four provenances that were collected across 250 km of aridity
gradient, which is well beyond what is usually considered ‘local’. Provenance had a strong effect on most
fitness traits. However, across the experimental treatments we only observed the local provenance to
perform significantly better than all non-locals on 3 of 96 unique combinations (2 gardens x 3 non-local-local
provenance comparisons x 4 traits x 4 species = 96 combinations; of which 27 showed significant
differences). Local plants did significantly best for height and stress in E. oleosa at Point Yorke, and stress
for E. oleosa at Point Yorke. The most arid provenance (Port Pirie) performed best in 5 of the 96 species-
provenance-garden-trait combinations. Our findings indicate that local adaptation is far from an expectation,
at least for our study system during the period we recorded data. Therefore, with the trajectory of increasing
aridity in southern Australia, combining seed in an arid-to-mesic direction would provide a low cost, low risk
mitigation strategy to help build the adaptive potential of restored populations of these species to climate

change.

Plant fitness during establishment

The local plants performed best for only one species, at one garden and only for two of the four traits we
measured (E. oleosa at Point Yorke for height and stress). The most northern provenance - Port Pirie —
significantly outperformed all other provenances in 5 contrasts of plant height (E. oleosa at Point Pearce, E.
porosa at both gardens, and M. lanceolata at both gardens). The arid provenance had greater or equal
survival than local provenances (e.g. 7 of 8 provenance x survival combinations) but none of these were

significant. Therefore we observe little evidence to support strict local provenancing in our study system.

Our results should be interpreted with caution as we have only observed the early establishment of

the study species chosen. Different stages of life history will need to be observed in follow up studies, as
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they will contribute to understanding the overall plant fitness and the persistence of these species on the
peninsula. The effect of biotic factors were generally not significantly different between provenances (except
for E. oleosa herbivory at Point Pearce, E. oleosa and E. socialis stress at Point Yorke). When controlling for
herbivory in E. oleosa at Point Pearce, no significant effect on height remained, unlike other eucalypt
systems where herbivory has been shown to have a strong effect on provenance performance (Hancock et

al. 2012; Gellie et al. 2016).

Stress tended not to be significantly different between provenances, however often had a strong
negative effect on plant height. This strong effect on height was also seen to be the case in a common
garden study across a similar aridity gradient of Eucalyptus leucoxylon in southern Australia (Gellie et al.
2016). However, unlike the E. leucoxylon trial (Gellie et al. 2016) the initial plant height trends we observed
generally remained after statistically controlling for stress, suggesting that stress had a similar effect on
height across provenances. The contrasts where this was not the case both occurred at the more mesic
Point Yorke garden, where the local E. oleosa and E. socialis plants showed a strong home site advantage
in stress resistance over the more arid provenances. Coincidentally, local plants also did best or equal best
at these species-garden combinations, indicating that augmenting seed selection with more distance
provenances is generally not warranted. If mixing was to occur, we would recommend that only small
proportion of alternate provenances be added and then only to increase the genetic diversity of plantings
(i.e. a composite provenancing strategy as described in Broadhurst et al. 2008). As indicated by Bucharova
et al. (2016), the consequences of biotic interactions on provenance selection are complex and important,
and if significant trends are observed, the trophic interactions should always be considered before

translocating seed.

Previous studies on eucalypts have shown aridity to be a strong agent of selection (Steane et al.
2014; Booth et al. 2015), and it is likely to also be the case for our study species. E. socialis has been the
best studied of our four study species (Parsons & Rowan 1968; Breed et al. 2016b). An E. socialis
provenance trial was recently published, and used provenances closer to the central aridity range of the

species (aridity index 0.14 to 0.25; Breed et al. 2016b), similar to the most arid provenance we used (Port
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Pirie aridity index = 0.28). Although our study spans a greater range in aridity, the trends in early E. socialis
growth (years 0-2) in Breed et al. (2016) are consistent with our results, and the authors also observed a
weak link between growth and provenance. In Breed et al. (2016), adaptive differentiation only emerged
after several years (>4 years), and then only manifesting at the most arid site. E. socialis appears to be rarer
on southern Yorke Peninsula than the other species in our study (ALA species records for southern Yorke

below Peesey Swamp: E. oleosa >60, M. lanceolata >100, E. porosa >40, E. socialis ca. 30,

http://www.ala.org.au/). Reduced fitness through changes in individual mating patterns driven by reductions

in pollen diversity has been observed in this species (Breed et al., 2012), where pollen diversity better
explained variation in growth than inbreeding alone. It has also been shown that fragmentation has a strong
impact on inbreeding (Breed et al. 2015). As such, the severe habitat fragmentation and low density stands
in this part of its range (personal observation) could potentially help explain these results. Further work on
the population genetic structure and mating patterns of this species would assist in reconciling the departure

from the trend for this and other species on Yorke Peninsula.

Follow-up studies should explore both phenotypic and genotypic target(s) of selection in greater
detail, and in additional life stages, however measuring fitness in long-lived woody plants is logistically
difficult (Petit & Hampe 2006). Therefore it is important to utilise these common gardens in the future to
explore traits that should reflect lifespan plant fitness, such as functional ecological traits (e.g. specific leaf
area, wood density), reproductive traits (e.g. phenology, fruit/seed production), along with genetic signatures

of selection to more fully understand adaptation to aridity in our study system.

Management implications

In the Mediterranean Biome, where the dual threats of a climate change and habitat fragmentation are
apparent (Klausmeyer & Shaw 2009), there is a strong push for alternative management strategies. This
biome has a high degree of endemism (Cowling et al. 1994), and in this case species are obstructed from

migrating at their leading edge (e.g. the Southern Ocean in Australia), which is likely to accelerate the need
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for implementing strategies to conserve and restore suitable habitat. The Yorke Peninsula is a particularly
interesting case where pockets of high plant diversity remain, but they largely occur in small, isolated
patches due to the legacy of land clearing. Since 2012, the Australian Government's Biodiversity Fund, and
more recently Landcare, has promoted active restoration initiatives to help alleviate this disjunction of

remnant vegetation on Yorke Peninsula.

Our findings suggest that restoration could expand seed sourcing beyond what is normally
considered local for restoration in Yorke Peninsula. Though it must also be understood that manipulating the
genetic makeup of restoration seed across strong environmental gradients does not come without risks
(Byrne et al. 2011), as this may lead to maladaptation and outbreeding depression (Breed et al. 2013).
However, our data do not indicate trends of strong adaptive differentiation in our study system and for
predominantly outcrossing long lived species (Horsley & Johnson 2007; Breed et al. 2015), like our focal

species, the risk of outbreeding depression is low (Frankham et al. 2011; Weeks et al. 2011).

With an oceanic barrier to the south and drying conditions predicted for these high yield agricultural
lands, incorporating a genetically diverse seed mix would be precautionary. Performance and evolutionary
potential would certainly be improved by following low risk strategies of mixing seed (e.g. composite and
admixture provenancing; Broadhurst et al. 2008; Breed et al. 2013). Our precautionary conclusion of shifting
seed in an arid-to-mesic direction remains consistent with previous trends found in other long lived

Myrtaceae species of the southern Australian Mediterranean biome (Breed et al. 2016b; Gellie et al. 2016).
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Supporting information

Table S$1. Annual mean aridity index and precipitation data at provenance locations, plus the observed

rainfall for 2014 and 2015.

Port Pirie  Kadina Point Point
Pearce  Yorke

Annual mean aridity index

0.28 0.31 0.32 0.49
Annual precipitation (mm)
Mean 362 376 372 485
2014 330 336! 362 3623
2015 331 317 n/a2 n/a3

Footnote

Tclosest weather station Moonta (137.59°E, 34.07°S)

2closest weather station with records Sandilands (137.77°E, 34.52°S) is at a similar latitude but has no
records for 2015.

3 closest weather station 022016 Stenhouse Bay (137.77°E, 34.52°S) and no records for 2015
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Figure S1. Annual mean aridity index for Eucalyptus oleosa presence data post-1980 from the Atlas of

Living Australia (http://www.ala.org.au/). Provenance name indicate the aridity index of the four

provenances.
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Figure S2. Annual mean aridity index for Eucalyptus porosa presence data post-1980 from the Atlas of

Living Australia (http://www.ala.org.au/). Provenance name indicate the aridity index of the four

provenances.
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Figure S3. Annual mean aridity index for Eucalyptus socialis presence data post-1980 from the Atlas of

Living Australia (http://www.ala.org.au/). Provenance name indicate the aridity index of the four

provenances.
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Figure S4. Annual mean aridity index for Melaleuca lanceolata presence data post-1980 from the Atlas of

Living Australia (http://www.ala.org.au/). Provenance name indicate the aridity index of the four

provenances.
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Abstract

Ecological restoration is a globally important and well-financed management intervention used to combat
biodiversity declines and land degradation. Most restoration aims to increase biodiversity towards a
reference state, but there are concerns that intended outcomes are not reached due to unsuccessful
interventions and land use legacy issues. Monitoring biodiversity recovery is essential to measure success,
however most projects remain insufficiently monitored. Current field-based methods are hard to standardise
and are limited in their ability to assess important components of ecosystems, such as bacteria. High-
throughput amplicon sequencing of environmental DNA (metabarcoding of eDNA) has been proposed as a
cost-effective, scalable and uniform ecological monitoring solution, but its application in restoration remains
largely untested. Here we show that metabarcoding of soil eDNA is effective at demonstrating the return of
the native bacterial community in an old field following native plant revegetation. Bacterial composition
shifted significantly after 8 years of revegetation, where younger sites were more similar to cleared sites and
older sites were more similar to remnant stands. Revegetation of the native plant community strongly
impacted on the belowground bacterial community, despite the revegetated sites having a long and
dramatically altered land use history (i.e. >100 years grazing). We demonstrate that metabarcoding of eDNA
provides an effective way of monitoring changes in bacterial communities that would otherwise go
unchecked with conventional monitoring of restoration projects. With further development, awareness of
microbial diversity in restoration has significant scope for improving the efficacy of restoration interventions

more broadly.
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Abstract

Ecological restoration is a globally important and well-financed management interver-
tiom used to combat biodiversity declines and land degradation. Most restoration aims
to increase biodiversity towards a reference state, but there are concerns that intended
outcomes are not reached due to unsuccessful interventions and land-use legacy issues.
Monitoring biodiversity recovery is essential to measure success; however, most pro-
jects remain insufficiently monitored. Current field-based methods are hard to stan-
dardize and are limited in their ability to assess important components of ecosystems,
such as bacteria. High-thronghput amplicon sequencing of environmental DNA
(metabarcoding of eDNA) has been proposed as a cost-effective, scalable and uniform
ecological monitoring solution, but its application in restoration remains largely
untested. Here we cshow that metabarcoding of soil eDNA is effective at demonstrating
the return of the native bacterial community in an old field following native plant
revegetation, Bacterial composition shifted significantly after 8 years of revegetation,
where younger sites were more similar to cleared sites and older sites were more siri-
lar to remnant stands. Revegetation of the native plant community strongly impacted
on the belowground bacterial community, despite the revegetated sites having a long
and dramatically altered land-use history (i.e. *100 years grazing). We demonstrate that
metabarcoding of eDNA provides an effective way of monitoring changes in bacterial
communities that would otherwise go unchecked with conventional monitoring of
restoration projects. With further development, awareness of microbial diversity in
restoration has significant scope for improving the efficacy of restoration interventions
more broadly.

Feywords: anthropocens, ecosystem restoration, eDNA, land degradation, microbiome
nexi-generation sequencng

Recetoed 19 September 2016; revision recetved 20 December 2016; accepted 13 February 2017

Introduction

Ecosystem restoration is increasingly relied upon to
combat the global declines in biodiversity, ecosystem
services and land quality (IPBES 2014; Suding et al
2015). The recent formation of the Intergovernmental
Platform on Biodiversity and Ecosystem Services
(IPBES} draws attention to the key role restoration has
in combatting these global issues. Aspirational goals
have been set and agreed to, such as restoring 350 mil-
lion ha by 2030 at the Sept 2014 UN Climate Summit in

Correspondence: Martin F. Breed, Fax: +61 8 8313 4386;
E-mail: martin bresd@adelaide eduay and Andrew J. Lowe,
Fax: +61 § 8313 4385; E-mail: andrew lowe@adelaide edu.au
*These suthors contribited equally.
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New York, requiring substantial investment (Menz ef al.
2013). These impressive ambitions will rely on effective
restoration practices being employed and the addition
of integrated policy support (Suding et al. 2013).

A recent meta-analysis of 221 restoration projects
found highly variable and, in some cases, suboptimal
cutcomes (Crouzeilles of al. 201€), corrcborating previ-
ous studies (Benayas et al. 2009; Moreno-Mateos ef al.
2012; Wortley f al. 2013} and policy reviews (Baker &
Eckerberg 2016), which together provide clear evidence
of deficlencies in current restoration practices. These
studies identify the lack of comsistent and objective
monitoring as 2 common factor jeopardizing the deliv-
ery of restoration goals. If restoration monitoring is not
undertaken effectively, them adaptive management
optons for follow-up maintenance will be hindered by
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a lack of evidence and restoration investments risk
being unduly wasted (Ruiz-Jasn & Aide 2005). Finding
effective restoration momnitoring tools that assess site
viability and intervention efficacy, and provide follow-
up directions has generally eluded the restoration com-
munity, and resolving this impasse is a pdonty of
restoration (Ruiz-Jzen & Aide 2003).

Effective monitoring provides the evidence nesded to
make adaptive
ple, restoration goals are being missed (Collen & Nichol-
son 2014). With consistent monitoring, the restoration
end-users and practiioners can demonstrate their
achievements relative to investor or policy goals. Tradi-

gement interventons if, for exam-

tionally, monitoring involves field-based wisual surveys
of ecological communities (e.g. tawonomic inventories)
{Butchart of ol 2010), which rely on expert observers.
These approaches are tme-consuming, expensive and
often not standardired across projects (Thomsen &
Willerslev 2015} or between observers (Vittoz & Guisan
2007). Consequently, many restorastion projects go
unmonitored, or where monitoring is conducted, it
remains limited in scope and utility (Ruiz-Jaen & Aide
2003}, Thess limitztions can hamper the ability of follow-
up management to achieve desired restoration goals
{Burton 2014; Collen & Micholson 2014).

Traditional field-based momnitoring methods focus on
terrestrial macro-organisms, largely discounting micro-
bial communities, which are the foundations of many
ecosystem funchons and services (e.g. muirent cycling:
Ferer etal 2007; Zak ef ol 2003). High-throughput
amplicon sequencing of DNA present in environmental
samples (metabarcoding of eDNA; e.g. soil} can provide
a complimentary approach to field-based ecological
monitoring (Thomsen & Willerslev 2015; Barmes &
Turmer 2014}, and could revolutionize the restoration
assessment process (i ot ol 2013; Willlams ot al. 2014;
Barnes & Tumer 2016). An eDNA approach can identify
and quantify the sources of the genetic material, result-
ing in a cost-effective, high-throughput and standard
approach that can gquantify biodiversity. Little prior
Imowledge is nesded to identify a representative suite
of spedes within a focal taxon. Metabarcoding has
already proven to be an effective and effident method
to survey important groups such as soil bacteria and
fungi where morphelogical identification is notoriously
problematic (Taberlet et al. 2012), and can equally be
applied to macrocommunities {e.g. insect, plant} (Bissett
et al. 2018}

Land degradation causes a decline in microbfal actv-
ity (Araujo ef al. 2014), and agricultural practices have
strong impacts on microbial community composibon
{Potthoff ef al. 2006); however, there is only limited
information on how restoration affects these communi-
tie=. Soil bacteria exhibit biogeographical trends (Fierer
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& Jackson 2008), where bacterial species turnover often
occurs in an ecologically predictable way, in line with
soil biochemical changes (Fierer et al. 2007). By identify-
ing the dynamics of this turnover throughout the life of
restoration projects (ie. before restoration starts, during
restoration and after restoration is declared complete).
there exists potential to develop uniform assessment
and monitoring tools.

Metabarcoding of eDMA has few empirical examples
of the effects of ecological restoration on microbial com-
munities (Aradjo ef al. 2014). However, metabarcoding
has recently been applied to a number of allied fields to
describe ecological community turnover. For example,
Clemmensen et al. (2015) used this approach to describe
fungal community succession across 3000 years of bor-
eal forest, and Rime et al. (2015) used this approach to
describe fungal and bacterial succession across stages of
soil development along a2 sequence of 110 years of gla-
dal retreat. In an applied ecology context, Clarke et al.
(2015} used this approach to show that re-introducing
native vertebrates could change soil fungal communities
in the Australian arid zone. Such an approach holds
great promise to explore the effectivensss of ecological
restoration to returm soil microbial diversity and func-
tion, and to determine whether restoration interventions
can overcome past land-use legacy issues.

Chur study used high-throughput sequencing of bacte-
rzl small-subunit ribosomal DNA (165 rfRNA} genes to
describe the turnover in bacteral community acoss a
10-year revegetation chronosequence. This chronose-
quence spanned cleared sites, sites revegetated for
restoration in 2009, 2008, 2007 and 2005, plus three dif-
ferent reference sites of native remnant vegetation. We
specifically addressed the following questons: (i} Do
soil bacterial communities differ across stages of ecolog-
ical restoration? (i) How strong is the influence of past
vs. contemporary land-use patterns on bacterial com-
munity composition? (iif} Are bacterial communities in
older restoration sites similar to reference sites, and are
bacterial communities in younger restoration sites simi-
lar to currently cleared sites? (iv) Which of these bacte-
rzl taxa are characteristic of the different ages of
ecological restoration?

Methods

Study system

Cur study system was an active restoration site at Mt
Bold, a water catchment reserve of the Mt Lofty Ranges
in South Australia (35.07°5, 138.42°E; Fig. 1). This catch-
ment was dominated by an open eucalypt woodland
that has historically been subjected to tree clearance
and grazing that began early in the 20th century. In this
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Fig. 1 Study site localities and panoramas at the time of sam-
pling of our target restoration project. The revegetation at sites
included in our study was undertaken 10, 8, 7 and 6 years before
sampling in 2015. The three sites selected A,
B, O sbutted the restoration project and were the reference sites
on which the revegetation was based. A cleared site was selected
that was adj to the d and sites.

context, the native understory and most of the overstory
was cleared and replaced by 2 grassland dominated by
introduced grasses (Armstrong et al. 2003). At our study
site, grazing ceased in 2003 when South Australia’s
water utility (SA Water) took over management SA
Water has actively restored the study site since 2005,

£ 2017 John Wiley & Sons Lid
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with the restoration geal of re-creating the local Eucalyp-
tus leucoxylon-dominated grassy woodland community.

Revegetation methods were consistent across the study
system. This included the use of the same site prepara-
tion method (i.e. shallow surface rip), plant species mix
(i.e. replanting the same subset of overstory and mid-
story plant species present in the local woodland com-
munity; details below), timing (ie. late winter planting)
and maintenance (i.e. fencing to exclude Livestock, annual
grass slashing, woody weed removal). The revegetation
effort emploved is regionally important because this
catchment is within a regional biodiversity hotspot that is
vulnerable due to high levels of land clearing (Guerin
et al. 2016), ecological degradation (Bradshaw 2012) and
invasive species (Armstrong et al. 2003).

Prior to 2005, both the cleared site and the sites that
were restored had their tree overstory removed, result-
ing in a pasture grass-dominated landscape that was
used for low-density grazing. Prior to 2005, Remnant A
was minimally cleared and had low-density grazing,
and remnants B and C were protected from clearing
and had minimal human impact.

After 2005 and to the time of sampling, the cleared
site saw minimal intervention except that woody weeds
and annual grasses were slashed on an annual basis.
The sites restored between 6 and 10 years ago were
revegetated with the same local, native South Aus-
tralian mix of species, which included the overstory
South Australian blue gum (E. leucoxylon) and manna
gum (E. viminalis), and a shrub layer that included
golden wattle (Acacia pycnmantha), sticky hop bush
(Dodongea wiscosa) and swest bursaria (Bursaria spincsa
ssp. spinosa). Remnant A had weed control, and rem-
nants B and C were managed for conservation.

At the time of sampling, the cleared site had no over-
story layer, and was dominated by exofic grasses and
forbs. Restored sites had the revegetation species mix
instated plus minimal native and exotic grass and forb
cover. Remnant A had a native E. lsucoxylon overstory
and sparse native grass and forb understory, and rem-
nants B and C had native E. leucoxylon and E. viminalis
overstory, native A. pyonantha, D. viscosa, a B. spinosa
ssp. spinosz shrub layer, with native grass and forb
understory.

Soil collection. In January 2015, three 25 x 25 m quad-
rats were randomly selected per site, giving a total of
24 quadrats across the eight sites. Soil was sampled
from the 0- to 10-cm and 20- to 30-cm soil horizons at
each quadrat. A representative 50 g sample of soil was
collected at each of these 24 quadrats by pooling nine
soil samples from each soil depth, incuding soil from
open areas and under plants. These nine soil samples
were pooled into a sterile plastic bag, and homogenized
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using a sterilized trowel. All soil samples (n = 4B) were
frozen on site in sterile S30-mL falcon tubes until DNA
extraction — hereafter referred to as technical replicates.
An additional 300 g soil was sampled from these
pooled samples and used for soil physical and chemical
analysis. We guantified soil moisture, ammonium,
nitrate, available phosphorus, sulphur, organic carbon
and soil pH (H;0 and CaCly) (for more detailed meth-
ods, see Bissett ef al. 2016).

DINA extraction and genowmic analyses

DMNA was extracted and then pooled from 3 = 025 g
soil samples per techmical replicate at the Australian
Genome Research Facility (AGEF, Adelaide, Australia)
using MoBio powersoil DNA extraction ldis according
to the Earth Microbiome Project (http://wwow.earthmic
robiome. org /emp-standard-protocols / dna-extraction-
protocol,/). We PCR-amplified the bacterial 165 riboso-
mal DNA for each technical replicate with negative con-
trols (laboratory-grade water) used on each plate using
the forward 27F and reverse 519R primers (Lane 1991),
including the 12-bp Golay barcodes as described by
Caporaso ¢f al. (2012), and with 1U Immeolase DMNA
polymerase (Bioline) per reaction with the following
PCR protocol: 10 min of actvation at 55 °C, 35 cycles of
30s at 94*C, 10 5 at 55 °C and 45 = at 72 *C, and
10 min of final extension at 72 *C (reagents, volumes
and final concentrations are found at hitps://download
s-geif bioplatforms.com/bpa/base/ methods /165 /165
method.pdf). PCR products (ra. 530 bp) were visualized
by electrophoresis in 2% agarose gel 0.5:x TAE buffer.
PCR plates showing bands for the negative controls
were reamplified until they appesred blank (for more
methods on controls, see Bissett of zl. 201&). Products
were purified with Agencourt AMPure XF bead clean-
up. Amplicon concentrations were guantified using the
Cuant4T™ P& 4=DNA Aszay Kit, normalized by
diluting to 10 nx with vardable volumes of 10 mu Tris
{pH 83}, and sized on an Aglent Bicanslyzer. Equal
volumes of these normalized PCR products were then
pooled and diluted to 4 mua, and then sequenced on an
TMumina MiSEC) platform.

Read quazlity was thoroughly assessed and trimmed
prior to operational taxonomic unit (OTLU) picking.
Read merging and screening based on guality scores
was performed with FLASH using default settings
(MMagoz & Salzberg 2011), and merged reads <400 bp
and those containing MNs or homopolymer runs =8 bp
were removed using aomHvR v134.1 (Schloss ef ol
2009). We used an OTU picking workflow similar to the
QIME  pipeline (Rideout ef gl 2014), with minor
changes detailed in Bissett ef al. (2016). We used the fol-
lowing worldlow on the reads: (i) demultiplex reads;
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(i1) make an orv FasTa mapping file split into chimeric
and nonchimeric reads by sorting reads by abundance,
remove reads with <8 copies, cluster reads into OTUs
of >07% similarity using UPARSE (Edgar 2013) and
identify chimeric reads as detailed in Bissett et al
(2016); (iii} map original reads from (i} back to the o
FasTa mapping file from (i) and ewclude chimeric-
mapped OTUs and retaining nonchimeric OTUs. Non-
mapped reads were rerun through steps (1-3) but with
a lower threshold for copy number from =6 to 2. All
nonchimeric reads were then combined into a final
mapped file, which was converted to an OTU table.

Operational taxonomic units were identified using
Gresngenes (DeSantis f gl 2006), using the Wang clas-
sifier (Wang et al. 2007) in MOTHUR at 60% confidence
in the assignment of each taxon based on sequence sim-
ilarity. We discarded OTUs not identified as belonging
to bacteria, unidentified at the phylum level, or having
<100 reads across all technical replicates. Further details
of our molecular methods, including the details of the
use of mock communities to guide the analyses, can be
found in Bissett ef al. (2016), and commands used are in
http:/ /www. bicplatforms.com/wp-content fuploads /
OTU_pipelines. pdf.

Statistical analyses

Cperational taxonomic unit abundance was rarefied to
the technical replicate with the lowest number of reads
with the rarefy function in Vecas v 2.3-2 (Oksznen et al.
2015) implemented in 5 v 3.2.3 (R Core Team 2013). 5pe-
cies richness, effective spedes number (Jost 2006) and
Shannon’s diversity and evenness were used to describe
site diversity. Variation in rarefied OTU abundances and
phyla was visnalized using principal coordinates analy-
sis (PCoA) using Bray—Curtis (rarefied abundance) and
Jaccard (presence—absence) distance matrices. Results of
PCoAs were compared to principle components analysas
of centred log-ratio-transformed OTU and phyla abun-
dances {Gloor & Reid 2016). Differences in rarefied abun-
dances of the dominant phyla and soil characteristics
across the revegetation chronoseguence were analysed
using a permuted analysis of variance with the aovr func-
tion in Luresse v 1.1-2 (Wheeler 2010} implemented in =
with 5000 permutations.

Results

We analysed a total of 3 002 411 guality-filtered bacte-
rizl 165 rRINA gene sequences in the 48 technical repli-
cates across the eight revegetation chronosequence sites
(Table 51, Supporting information), consisting of 3316
CTUs. Nine bacterial phyla dominated our dats set.
including Acdobacteria, Actinobacteria, Bacteroidetes,
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Table 1 Effect of restoration site and seil depth on rarefied relative abundance and diversity of bacteria phyls (for details on Shan-
non's diversity and effective spedes member anovas, see Table 54, Supporting information)

Rarefied abundance

Fhylum Site (Fz a4 Dhrection of efect Deepth (Fy oo} Direction of effect Site x Depth (Fy )
Aridobacteris 1580 Increasing 56.30%* Incressing 0.8
Actinobacteria 532w Decreasing 18.45%* Decreasing 0.53=
Bactercidetes T Variable 46,51 Decreasing 0.39™
Chilorofled 238 Varishle 0.75™ 0.65
Firmicutes 705 Decreasing 0.33= 1117
Cemnatirmonadetes FALs= Dlecreasing R Deereasing 0.4e™
Flanctomycetes 2.0g*= Increasing 14,27 Decreasing 0.4s™
Protechacteria 209 271™ 051"
Verruoomicrobia 11.25% Increasing 31.ad%e Incressing 1.85™
Rare 151™ 51/ Increasing 0957

Permuted analysis of vatance ™not significant, *F < 005, *F < 0.01, **F < 0.001.

concentrations significantly increased, across the revege-
tation chronosequence (Table 2). 5o0il phosphorous,
organic carbon, ammonium and sulphur significantly
decreased with depth (Table 2). Other =zcil parameters
{e.g. pH and ammomium} did not change in a direc-
tional fashion (Table 21, and thers was no clear general
trend when all soil traits were combined apart from
remnant sites clustering together (Fig. 55, Supporting
information).

Discussion

Using high-throughput amplicon sequencing of envi-
ronmental DNA that we sampled from soils across 2
revegetation chronosequence, we demonstrated clear
changes in the bacteriz]l community at an active restora-
tion site in southern Australia. The identification of
these changes adds to our understanding of the effect
of restoration on soil bacterial communities and con-
tributes to the growing evidence that these communities
can alter dramatically with ecological processes (Fierer
et al. 2007). Most previous studies that have docu-
mented bacterial community changes have focussed on
natural processes, such as plant community succession
and stages of soil development (Jesus et al. 2009; Rime
et al. 2015). Few studies have explored bacterial
responses to achve ecological restoration (Potthoff ef al.
2006; Banning et al. 2011; Cavagnaro of &l 2016). To the
best of our knowledge, only one cther study has used
metabarcoding of eDNA as a method for assessing the
impact of restoration on soil microbiomes (Araujo ef al.
2014). Araujo et al. (2014) explored the effect of high-
vs. low-diversity non-native planting treatments on
degraded land bacterial communities. However, unlike
our study, Aratjo and colleagues did not explore
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changes in bacteria across a restoration chronosequence,
different responses at depth or responses to alternate
restoration interventions with native plant species.

The bacterial phyla that displayed the greatest change
in abundance across our revegetation chronosequence
were Acidobacteria and Firmicutes. These trends sup-
port previcus work that has shown Acidobacteria to be
more abundant in forest and grassland soils rather than
agricultural soils, and less abundant in nutrient-rich
soils such as pastures (Fierer ef al. 2007). Firmicutes
abundance has previously been shown to be higher in
pasture habitats than in forests (Jesus f al. 2009). These
two phyla are associated with important functional
roles in ecosystems {eg. Addobacteria have been
shown to breakdown complex, recalcitrant sugars;
Ward et al. 2009; and Firmicutes such as Clostridium
are well-known human commensals and pathogens).
Additional work is required to confirm the functionality
of OTUs identified in our study (eg soil enzyme
assays, Potthoff e al. 2006; proteomic investigation, Bas-
tida ef al. 2009).

We observed an imcrease in soil organic carbon
across the revegetation sequence, which is consistent
with previous work on restoration of a Californian
grassland (Potthoff ef al. 2008), and the positive effect
of revegetation on soil organic carbon sequestration
more generally (Wang et al. 2011). The direcHon of this
change was towards the concentrations found at the
remnant sites, which appears consistent with a previ-
ous study of Jarrah forest restoration in Western Aus-
tralia (George et al. 2010). George et al. (2010) observed
organic matter accumulated in the topsoil with increas-
ing tme since restoration, which was a trajectory
towards a native soil carbon profile. We found nitrate
and phosphorous decressed with age of restoration,
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Fig 2 Principel coordinates analysis of restoration sites based
on Bray—Curtis distance matrix of bacterial 165 fEINA OTU rar-
efied abundance.

Chloroflexi, Firmicutes, Gemmatimonadetes, Flancto-
mycetes, Frotecbacteria and Verrucomicrobia (gach with
=>1.3% abundance). Thesz dominant phyla totalled
47.1% of the total read data set. Rare phyla were
grouped and included 29% of the total reads (each
phylum <I1.3% total abundance). Technical replicate
OTU abundance was rarefied to account for within
technical replicate differences in abundance (a2 0- to 10-
cm Remnant C techmical replicate had the lowest num-
ber of reads = 33 797).

Bacterial alpha-diversity was similar across sites
(Table 51, Supporting information). However, we
observed a striking directional change in community
composition across the revegetation chronosequence
(Figs 2 and 3). Recently revegetated sites had bacterial
communities similar to the cleared area, and older
revegetated sites were more similar to remnants. These
bacterial community trends largely similar
between seil depths. The observed changes in commu-
nity struchure were constant for both rarefied abun-
dance (Figs 2 and 3) and presence-absence richmess
(Fig. 51, Supporting information) distance matrices, as
well as centred log-ratio-transformed abundance (Figs
52, 5% and 54, Supporting information).

Acidobacteria and Firmicutes were the phyla that
exhibited the greatest change in abundance across the
revegetation chronosequence (Fig. 3; Table 1). Addobac-

IWETE

teria showed a significant incresse in sbundance and
Firmicutes showed a significant decrease in abundance
with Hme since revegstation (Table 1). Acidcbacteria
alsoc showed significantly increased abundance with
depth (Table 1}. Acidobacteria displayed a significant
negative correlation with increasing nitrate (r% 0 = O
21; #3345 —042) and phosphorous
(r% 4 = 0.37; "%_u 5o = 0.38), and positive correlations

concentrations
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with erganic carbon (%, = 0.19; 73, .. = 0.17) and sul-
phur (3, = 0.16; ¥, ., = 0.23) (Tables 52 and 53, Sup-
porting  information). weak
positive correlations with increasing comcentrations of
nitrate (rf ., = 0.15; #5, ., =041} and phosphorous
F g =013 rdy 5 = 0.48), and negative correlations
with organic carbon (rg 1o = 024 1":-:0 sp = 0.27) and sul-
phur 7§y, = 0.21; 7§y 4 — 0.24).

501l mitrate and phosphorous concentrations signifi-

Firmicutes displayved

canily decressed, and organic carbon and sulphur
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Table 1 Effect of restoration site and seil depth on rarefied relative abundance and diversity of bacteria phyls (for details on Shan-
non's diversity and effective spedes member anovas, see Table 54, Supporting information)

Rarefied abundance

Fhylum Site (Fz a4 Dhrection of efect Deepth (Fy oo} Direction of effect Site x Depth (Fy )
Aridobacteris 1580 Increasing 56.30%* Incressing 0.8
Actinobacteria 532w Decreasing 18.45%* Decreasing 0.53=
Bactercidetes T Variable 46,51 Decreasing 0.39™
Chilorofled 238 Varishle 0.75™ 0.65
Firmicutes 705 Decreasing 0.33= 1117
Cemnatirmonadetes FALs= Dlecreasing R Deereasing 0.4e™
Flanctomycetes 2.0g*= Increasing 14,27 Decreasing 0.4s™
Protechacteria 209 271™ 051"
Verruoomicrobia 11.25% Increasing 31.ad%e Incressing 1.85™
Rare 151™ 51/ Increasing 0957

Permuted analysis of vatance ™not significant, *F < 005, *F < 0.01, **F < 0.001.

concentrations significantly increased, across the revege-
tation chronosequence (Table 2). 5o0il phosphorous,
organic carbon, ammonium and sulphur significantly
decreased with depth (Table 2). Other =zcil parameters
{e.g. pH and ammomium} did not change in a direc-
tional fashion (Table 21, and thers was no clear general
trend when all soil traits were combined apart from
remnant sites clustering together (Fig. 55, Supporting
information).

Discussion

Using high-throughput amplicon sequencing of envi-
ronmental DNA that we sampled from soils across 2
revegetation chronosequence, we demonstrated clear
changes in the bacteriz]l community at an active restora-
tion site in southern Australia. The identification of
these changes adds to our understanding of the effect
of restoration on soil bacterial communities and con-
tributes to the growing evidence that these communities
can alter dramatically with ecological processes (Fierer
et al. 2007). Most previous studies that have docu-
mented bacterial community changes have focussed on
natural processes, such as plant community succession
and stages of soil development (Jesus et al. 2009; Rime
et al. 2015). Few studies have explored bacterial
responses to achve ecological restoration (Potthoff ef al.
2006; Banning et al. 2011; Cavagnaro of &l 2016). To the
best of our knowledge, only one cther study has used
metabarcoding of eDNA as a method for assessing the
impact of restoration on soil microbiomes (Araujo ef al.
2014). Araujo et al. (2014) explored the effect of high-
vs. low-diversity non-native planting treatments on
degraded land bacterial communities. However, unlike
our study, Aratjo and colleagues did not explore
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changes in bacteria across a restoration chronosequence,
different responses at depth or responses to alternate
restoration interventions with native plant species.

The bacterial phyla that displayed the greatest change
in abundance across our revegetation chronosequence
were Acidobacteria and Firmicutes. These trends sup-
port previcus work that has shown Acidobacteria to be
more abundant in forest and grassland soils rather than
agricultural soils, and less abundant in nutrient-rich
soils such as pastures (Fierer ef al. 2007). Firmicutes
abundance has previously been shown to be higher in
pasture habitats than in forests (Jesus f al. 2009). These
two phyla are associated with important functional
roles in ecosystems {eg. Addobacteria have been
shown to breakdown complex, recalcitrant sugars;
Ward et al. 2009; and Firmicutes such as Clostridium
are well-known human commensals and pathogens).
Additional work is required to confirm the functionality
of OTUs identified in our study (eg soil enzyme
assays, Potthoff e al. 2006; proteomic investigation, Bas-
tida ef al. 2009).

We observed an imcrease in soil organic carbon
across the revegetation sequence, which is consistent
with previous work on restoration of a Californian
grassland (Potthoff ef al. 2008), and the positive effect
of revegetation on soil organic carbon sequestration
more generally (Wang et al. 2011). The direcHon of this
change was towards the concentrations found at the
remnant sites, which appears consistent with a previ-
ous study of Jarrah forest restoration in Western Aus-
tralia (George et al. 2010). George et al. (2010) observed
organic matter accumulated in the topsoil with increas-
ing tme since restoration, which was a trajectory
towards a native soil carbon profile. We found nitrate
and phosphorous decressed with age of restoration,
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Table 2 Effert of restoration site and scdl depth on seil charackeristics

Direction of Dhirection of Site x
Varishle Site (Frazl effect Depth {(Fys2) effert Depth {(Fraa)
Mitrate R Decreasing 255 137
Phosphatous 10654 Decreasing 41.35% Decressing 065™
Cganic carbon 2644 Increasing 242 7% Diecreasing 1.31™
pH (Cally) B.31% Variable 0.04™ 0.88™
pH (H,O0 B85 Variakle 2287 [1F V.o
Sedl moisture 301 Variable .05 3.20%
Asrnenonim 3.53% Variable 28,58 Diecreasing 0.e5™
Sulphur 3.00¢ Increasing Z3.07% Diecreasing 0.3em

Permuted analysis of variance ®not sigréficant, °F < 0.05, P < 001, *=F < 0.001.

which is also consistent with previous trends from the
restoration of abandoned pastoral lands (Conmingham
et gl. 2015). It is expected that prior to grazing in these
ex-pastoral landscapes, perennial native grasses would
have kept the macronutrient concentrations low (Prober
ef al. 2002). We have shown that restoration can reduce
macronutrient loading from land legacy effects, return-
ing soil to 2 state that resembles remnant sites.

Crganic matter turmover and nutdent cycling are
often driven by the achvity of soil microorganisms
(Fierer ef gl 2007; Banning ef al. 2008). We observed
shifts in the bacterdal community with depth, whach
corresponds with 2 decrease in the general availability
of macronuirients and organic carbon at depth. This
seems likely to have ocourred as a result of resource
inputs being highly stratified in the soil column, where
for example detritus accummlates on the surface and is
more subject to wetting, drying and O; than would
occur at depth (Allison ef al. 2007). We found that con-
centrabions of organic carbon in the top 10 cm of soil
increased with age of restoration (see Table 52). How-
ever, this trend was reversed at lower depths, which
may be due to a higher fraction of carbon occurring in
only moderately labile or recaldtrant forms (Le. organic
molecules that can resist microbial decomposition) in
soil below 20 cm (George et al. 2010). To determine the
fracion of carbon (recalcitrant or otherwise) that
occurred at these two horizons would require addi-
tional analyses (e.g. isotopic analysis of 5°C and micro-
filtration of the soil).

The zpplication of metsbarcoding to ecological
restoration is novel, and these findings are encouraging
for establishing this method as a rapid, scalable and
comprehensive tool to monitor the microbiome of
restoration interventions. Banning et al. (2011} used 165
rENA microarrays to demonstrate that bauxite mining
significantly impacted on the soil bacterial community
and that mine site rehabilitztion facilitated the bacterial
community to become similar to the adjacent remnant

£ 2017 John Wiley & Sons Ltd
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forest. These authors observed greatest recovery of bac-
terial community betwesn 6 and 14 years, which is
comparable to our findings of ex-pasture revegetation,
where the greatest change occurmred after 8 years of
revegetation. With further development, metzbarcoding
has great potential to be an effective tool to monitor the
efficacy of restoration interventions, which will be a
timely extension of its diverse application and utility
shown in allied areas of ecology (Thomsen & Willerslev
2015; Valentini et al. 2018).

Conclusions

Despite the rosy outlook our findings paint for using
eDNA metabarcoding in restoration contexts, additional
work is required to address some technical limitations
of this approach. For example, exploring how to best
control for technical issues such as artificial diversity
mntroduced during PCR or sequencing steps requires
careful consideration. The biogeography of soil micro-
biota and testing the consistency of soil bacterial
responses to revegetaton and other restoration inter-
ventions will also underpin its uility. Extending soil
assessments to include the study of metaproteomics has
potential to yield functional data about these changing
communities that cannot be derdved by the eDMA
metabarcoding (Bastida ef al. 2009). Improved under-
standing of the functional diversity in the microbiome
is important to give greater understanding of important
svmbiosis and trophic interactions (e.g. changes in the
rhizosphere during the restoration process, Requena
et gl 2001).

A revision of the assessment of ecological restoration
by the Intergovernmental Platform on Biodiversity and
Ecosystem Services (IFBES) is due to be delivered in
2018 (ie. the thematc assessment on land degradation
and restoration — Dieliverable 3bi). Identifying the func-
tions of soils and the ecosystems that are connected to
those functions is an important link in delivering many
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UN Sustainable Development Goals (SDiGs) (Keesstra
et al. 2016). With further development. the genomic
approach we used in this study could serve the mult-
ple cutcomes that are desired by IFEES and the TN
5DGs. For evample, with additional baseline data, this
method could be used to assess site viability for restora-
tion (le prior to restoration), assessing establishment
success (ie. during restoration) or even refine follow-up
restoration interventions (ie. postrestoration). Scalable
and uniform tools, such as eDNA metabarcoding, that
have the potentiz] to measure ecological integrity and
identify ecosystem services directly are well placed to
translate into future policy development. Such transla-
tion is a fundamental component needed to achisve the
large multilateral restoration targets tied to the Bonn
Challenge {Suding et ol. 2015).

Ecological restoration is the principal intervention
used to reverse land degradation, but unpredictable or
dynamic ecosystem responses can stifle interventions,
and a lack of accurate, scalable and uniform assess-
ment tools hinders the capacity of ecological restora-
tion to achieve desired ecclogical goals (Wortley =t al.
2012). Using high-throughput =DMA metabarcoding,
we demonstrate that bacterial rewilding can ocour
within 8 years of restoration interventions, so effechive
monitoring of this system should incorporate this
important finding. Cur results are evidence of the
effectiveness of metabarcoding in restoration assess-
ment. For the reasons we outline, we hope that emerg-
ing frameworks for ecological restoration will consider
including the development of eDNA baseline and
assessment tools to advance current monitoring of
restoration practices in  line with the current
challenges.
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Fig 51 Principal coordinstes analysis of dissimilarity of the
restovation chronosequence sites based on Jacrard distance
matriy of bacterial 165 fRINA OTL precence-gheence.

Fig 52 Principle eoordinates analysis of restaration sites based
cn Bray-Curts distance matrix of bacterial phyls rarefied abun-
dances.

Fig 53 Principle components analysic of restoration sites based
on centred log-ratin transformation of bacterial phyla abun-
danees,

Fig 54 Principle components ahalysis of restoration sites based
on centred log-ratio transformation of bacterial 165 fRNA OTU
abundanees.

Fig 55 Principal coordinstes analysis of dissimilarity of the
restoration chronosequence sites based on soil physical and
chemical charackerictics.

Table 51 Mean (+5D) member of quality-Sltered reads on raw
data, OTLT richness on raw dats, Shannon's diversity index
and evenness on rarefied data across the restoration chronose-
quence sies.

Table 52 Sedl characterisde values acress the restoration
chretiosequence sites.

Table 53 Pearson correlations between soil characterisdes and
Aridet is and Firmicutes, with + indi g & positive cor-
relation and — indicating a hegative correladion.

Table 54 Effect of restoration site and soil depth on diversity
of bacteria phyla.
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Table S3 Pearson correlations between soil characteristics and Acidobacteria and Firmicutes, with +

indicating a positive correlation and - indicating a negative correlation.

Depth (cm) Variable Acidobacteria r2 Firmicutes r?
0-10 Nitrate 0.21 (-)* 0.15 ()’
0-10 Phosphorous 0.37 (-)* 0.13 (+)°
0-10 Organic carbon 0.19 (+)* 0.24 (-)*
0-10 pH CaCl; 0.01 (+) 0.08 (-)ns
0-10 pH H.0 0.03 (+)s 0.11 (-)ns
0-10 Soil moisture 0.12 (+)° 0.28 (-)*
0-10 Ammonium 0.01 (+)ns 0.03 (-)ns
0-10 Sulphur 0.16 (+)° 0.21 (-)*
20-30 Nitrate 0.42 (-)* 0.41 (+)*
20-30 Phosphorous 0.38 (-)* 0.48 (+)**
20-30 Organic carbon 0.17 (+)* 0.27 (-)**
20-30 pH CaCl, 0.01 (-)rs 0.01 (-)ns
20-30 pH H.0 0.11 (+)ns 0.11 (-)s
20-30 Soil moisture 0.03 (-)ns 0.06 (+)s
20-30 Ammonium 0.08 (+) 0.08 (-)ns
20-30 Sulphur 0.23 (+)* 0.24 (-)*

ms, not significant, "P < 0.1, *P < 0.05, **P < 0.01
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Figure $1
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Figure S1. Principal coordinates analysis of dissimilarity of the restoration chronosequence sites based on
Jaccard distance matrix of bacterial 16S rRNA OTU presence-absence.
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Figure S2
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Figure S2. Principle coordinates analysis of restoration sites based on Bray-Curtis distance matrix of

bacterial phyla rarefied abundances.
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Figure S3
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Figure S3. Principle components analysis of restoration sites based on centred log-ratio transformation of

bacterial phyla abundances.
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Figure S$4
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Figure S4. Principle components analysis of restoration sites based on centred log-ratio transformation of

bacterial 16S rRNA OTU abundances.
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Figure S5
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Figure S5. Principal coordinates analysis of dissimilarity of the restoration chronosequence sites based on

soil physical and chemical characteristics.
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CHAPTER 7: CONCLUSIONS

This thesis is presented as a portfolio of manuscripts that are either published, or pending submission to
peer-reviewed international journals. The thesis chapters each include a discussion of the results obtained.
Here in Chapter 7, the conclusion of this thesis, | put forward a cohesive synthesis of these works. | also
build on the insight gained from new monitoring techniques shown in Chapter 6, and identify future directions
of research provoked by the work contained in this thesis. | reveal the contribution this body of work has
made towards bridging the knowledge gaps and developing best practice for restoration in a changing

climate.

Synthesis of thesis

In Chapter 2, | introduced the concept that embedding experiments in restoration will advance restoration
science and inform restoration practice. By applying this systematic approach to restoration projects | have
advanced the understanding of the effect of provenance choice on restoration. It is apparent that remaining
with the status quo of restoration practice (i.e. employing strictly local provenancing) can have significant
negative consequences for restoration projects. Chapters 3, 4, and 5 largely support a conclusion for more
dynamic provenancing practices but would also benefit from follow-up studies during later life stages.
Collectively, these chapters amount to the study of six core-restoration species tested in 5 common gardens,
from provenances spanning 2.5 degrees of latitude (ca. 460 km) in southern Australia. The results from
these common garden studies give clear direction to our industry partners (e.g. Trees For Life, Greening
Australia and SA Water) that arid to mesic transfer of seed is a low risk strategy to mitigate the negative
effects of climate change. We capitalise on the substantial benefit offered by embedded experiments by
revisiting restoration projects at latter life stages of the plants with research infrastructure available in situ
(Chapter 3). Along with aiding the provenance selection process, we also present a timely and novel
application to monitoring restoration projects by sequencing eDNA (Chapter 6). This genomics approach
requires more development but holds great promise in reconciling a long standing restoration shortfall -

access to a cost-effective, scalable restoration monitoring protocol.

BEST PRACTICE RESTORATION 135 NJC GELLIE



CHAPTER 7: CONCLUSIONS

Development of national standards for practice

Ambitious global restoration targets (e.g. The Bonn Challenge) have inspired huge investments in
restoration, however the restoration community has had little information as to whether current restoration
practices will meet long-term objectives. In Chapter 3, and 5 clear signals of maladaptation are identified in
locally sourced plants used for restoration in southern Australia. These results have implications for
restoration practices and suggest that reviewing current seed strategies could significantly improve
restoration outcomes. For example, in Chapter 3 a study of Eucalyptus leucoxylon; 10% greater survival,
25% larger plants and up to 45% greater pathogen resistance could be achieved during establishment by
incorporating a more diverse range of seed from warmer and dryer locations. Seed sourcing strategies
which mix provenances from a combination of local and more distant locations are now gaining traction with
restoration practitioners as a direct result of our studies (Appendix B). To this effect, | along with other
authors contributed to the 2016 Society for Ecological Restoration Australasia: National Standards for
Ecological Restoration Content (Appendix C). Our contribution appears in the guidelines as (Appendix 3;
genetics, fragmentation, and climate change) and provides a pragmatic step forward towards achieving best

practice restoration.

Adaptive management improvement

| have significantly contributed to simplifying adaptive management options for our stakeholders by
qualifying and reporting on the performance of plant genetic resources in situ. Too often the funding cycles
that enable restoration to initiate interventions are prohibitively short and lack oversight, resulting in a set
and forget approach that does not harness or act on the knowledge contained in project outcomes. By
embedding experiments and implementing the strategies outlined (i.e. the principal recommendations from
Chapter 2) a science-practice interface has been forged with partners that has the agility to act decisively on
evidence as it is produced. The modest setup costs of such a collaborative model has already paid
dividends to our partners and has the ability to adapt to emerging restoration challenges by dynamically

realigning an appropriate research focus when needed. Furthermore, an ability to act authoritatively with
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evidence based follow-up interventions is empowering and encourages partnerships. | suggest that fostering
this joint stewardship between science and practice is an important advance in delivering optimal results to

projects and goes a long way towards the development of best practice in this industry.

Collation, interpretation and distribution of results

Chapter 2 recognises that consolidating and networking the information obtained in experiments (such as
provenance trials) is a necessary but all too often missing in restoration practice. To build on this observation
and with the assistance of The University of Adelaide | helped convene the first National Provenance
Synthesis Workshop in April 2016. The objective of the workshop was to gather world leaders in the field of
restoration genetics and forestry science to synthesise provenance trial resources and derive evidence-
based seed collection guidelines. Data from 153 trials (including published data from Chapters 3-5) spanning
47 years of provenance research in Australia have be collated and analysed. This workshop was an
Australian first and a workgroup is currently exploring the potential of predicting provenance performance
based on geographic distance, climate distance, and/or fragmentation of source pops which if successful will

be a paradigm step forward to developing best practice in this industry.

Infrastructure development

The research conducted during this thesis also provides a secure foundation from which to stage further
studies. By establishing trials that contain in excess of 5,000 plants we have created important research
infrastructure. These trials have already progressed into teaching facilities, been used as demonstration
sites and have the capacity to develop as long term studies where we can explore the biotic and abiotic
factors effecting restoration at later life stages of these plants. Facilitating a temporal dimension of
restoration performance is generally considered too costly but it remains widely recognised as a major gap
by contributors to the restoration ecology literature. This infrastructure now allows us to explore patterns of
selection that could perpetuate an adaptation lag to contemporary conditions, and important aspects of
recruitment or phenological variation that cannot be assessed during early establishment (as was done in in

Chapter 3). Furthermore, the methods we advocate for embedding experiments in restoration projects in
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Chapter 2 and the eDNA assessment tool from Chapter 6 may also provide a platform to measure
ecosystem service benefits to people as well as nature. This progressive approach to assessment has found
popular acceptance with peers (Appendix D) and aligns well with multilateral policy development from the
Intergovernmental Platform on Biodiversity and Ecosystem Services (IPBES) and the United Nations

Sustainable Development Goals (SDGs) that are outlined in more detail in Chapter 6.

Formation of strategic provenance advice

In Chapter 5 | argue for directional selection (e.g. arid to mesic) as a low risk mitigative management
strategy to increase climate resilience in plantings. This finding is corroborated in Chapter 3 and 4 along with
adjunct empirical studies | have been involved in during my candidature (Appendix E: Breed et al. 2016b and
Aoppendix F: Baruch et al. 2016). Although, as has been stated in these chapters, when no genetic
information is available precautionary principles of genetic risk management should apply to any
translocation of genetic material. In fact this precaution is often used as the principal justification of local
provenancing (e.g. the risk of outbreeding depression and maladaptation). Gaps in the information on
genetic diversity and structure of Australian native plants used in restoration add to the hyperbole
surrounding provenance choice. | was thus fortunate to have been invited to a workshop convened in
Canberra (2014) that aimed to investigate the overarching population genetic parameters of Australian
plants. The output of this workshop (Appendix G; Broadhurst et al. 2017) found some notable differences in
population genetic parameters compared with global trends. The differences from global trends included a
striking effect of disjunction and abundance in Australia and the unexpected result of higher genetic diversity
residing in the eastern biome of Australia. The consequence of this important work is that we can now
facilitate genetic predictions into conservation and restoration decision-making with better confidence than

could ever be done before.

The trends that were found in the genetic diversity of Australian Flora (Broadhurst et al. 2017) have
the potential to provide important evidence to support on-ground restoration decisions. However scientific
literature does not always translate easily into policy or practice so interpretive guidelines are often a

necessary interim step to help empower end-users. Discussions with land managers and policy makers
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about seed availability and choice at a workshop jointly convened by Trees for Life and the Environment
Institute in March 2017 highlighted that the lack of the descriptive procedures was a barrier to them using
alternative provenancing strategies in projects. To bridge this gap our research group has engaged with
partners to produce project specific provenancing guidelines for mitigating the effects of climate change. The
guidelines are combined in a pamphlet that presents background (Figure 1.) and a decision tree (Figure 2.)
to help end-users choose seed recipes for their projects. Although still in development, once finalised we
hope these guidelines will provide a useable tool to advise decision makers about the strategic management

of genetic resources used for restoration.
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Figure 1. Draft guidelines to incorporate climate change decisions into seed collection for restoration
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Figure 2. Draft guidelines to incorporate climate change decisions into seed collection for restoration

(Decision tree page 2)
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CHAPTER 7: CONCLUSIONS

Next generation monitoring tools

Finding effective restoration monitoring tools that can assess site viability, monitor intervention efficacy and
have the acuteness to prescribe follow-up actions has generally eluded the restoration industry. In Chapter 6
| provide a significant and innovative contribution to monitoring practices that may have the utility to serve
the diversity of briefs required by the industry. The diversity and composition of the soil microbiome was
investigated and | found that bacterial rewilding (i.e. return to a remnant state) occurs after 8 years of
revegetation, however importantly this return does not have a linear relationship with time since restoration
interventions. This published work was also the kernel for investigating the effect of restoration on alternate
taxa (e.g. fungi, archaea) and has prompted collaborations with allied research groups looking at the effect
of biodiversity and restoration on the human microbiome. Even with the traction we have attained in this
field, additional work is required to address some of the technical limitations to this approach (e.g. PCR bias
and poorly characterised taxonomic databases). This work is also planned for expansion to examine meta-
proteomics of microbial communities to yield functional data about our focal taxon, taking us closer to
accurate assessment of the effect of restoration on ecosystem services. The results from Chapter 6 suggest
that best practice not only requires effective monitoring, but it should include the wider biodiversity of
microbial communities for optimal outcomes, and that monitoring early performance (i.e. <8 years) will not

accurately reflect the trajectory of community change.

Future directions

Local-provenancing has a strong historical grounding in forestry research and genecological studies and
appeals to land managers due to its intuitiveness and logistical ease. However important findings in this
thesis (e.g. local-maladaptation and sub-optimal plant performance) indicate that further investigation of this

convention along with other core restoration practices (e.g. monitoring) are warranted.

First, the embedded experiments have proved their merit in this thesis but at this stage remain

firmly in the domain of the researcher, | believe developing strategies to empower practitioners is a
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necessary evolution of practice. | envisage a modular design for embedded experiments in the future that
can easily be added to projects by stakeholders. The units of experimentation should be simple, repeatable
and inexpensive (see NutNet example Chapter 2). These units can be targeted and designed to explore the
key knowledge gaps we identified in Chapter 2 (e.g. outcomes and co-benefits, community integration,
financing, genetic resources, new technologies, policy and governance), and where necessary attend the
abiotic and biotic site dependencies (see Chapter 5) that may be picked up in the new monitoring paradigm

we suggest.

Second, we are only beginning to harvest the wealth of knowledge contained in past trials (see
above Collate, interpret and distribute results) and this is particularly relevant for our partners but the data
pipelines we are generating will have global appeal. | hope that | get the opportunity to progress this work
further towards a coordinated network of strategic provenance advice aimed at the people restoring

landscapes on my behalf anywhere on the planet.

Third, the eDNA monitoring we present in Chapter 6 in is in early stages of development but has
substantial scope for improving practice. The ease of sampling means that sites can be remotely stratified
and sampled for a modest cost with rudimentary tools by third parties (i.e. potentially even citizen scientists)
following simple protocols. By using this technique we can add to established baseline information (see
BASE project Chapter 6) to help predict restoration viability, prescribe initial treatments, generate post hoc
assessments and potentially even rejuvenate failed restoration sites with inoculant microbiota. The utility of
this method may lie in its broad application, but with future development it has the potential to acutely guide

stakeholders where restoration dollars can be best spent.

Synopsis

I have identified broad-scale sub-optimal plant performance in southern Australia, exploited and re-purposed
emerging technologies, and provided a suitable mechanism for the investigation of knowledge gaps in
restoration. All of these elements have provided incremental steps towards best practice that is sympathetic

to stakeholder needs. The extensions to this thesis that are highlighted in the sub-sections above are
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testimony that a systematic approach to bridging knowledge gaps is appropriate and bearing fruit for industry
partners, but restoration is a complex task. The evidence | have presented suggests that even though static
approaches to restoration are unlikely to meet the challenging new dynamics of restoration in the 21st
century a cure-all panacea is unrealistic too. More so to achieve the millions of hectares forecasted in the
coming decade’s restoration practices will need to adapt and improve iteratively, through the effective use of
science-practice synergies. A path towards networking the insights from embedded experiments has begun
this process through the synthetic treatment of historical provenance trails, but the scale of current

restoration projects requires this to be hastened and delivered globally.

So | will conclude my thesis with words that appear in Chapter 2, words that were initially crafted in
anticipation of providing a way forward, but have since become an auspicious reprise in a thesis that has

navigated me a little closer to developing best-practice.

T exploring the efficacy of restoration through embedded experiments and networking the

results is a precautionary investment that will pay generational dividends”.

revision Frontiers in the Ecology and Environment)
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APPENDIX A: Federated States of Degradia Multimedia*

Conceived: Nick Gellie, Martin Breed and Andrew Lowe

Script: Nick Gellie, Martin Breed, Corrin Baker and Andrew Lowe

Animation: Tullio Rossi

Voiceover; Verity Kingsmill

Sound production: Nick Gellie and Andrew Tokmakoff Bas3ment Studio, Adelaide Australia
Post production: Tullio Rossi

Production: The Environment Institute, The University of Adelaide

URL: https://www.youtube.com/watch?v=uhhb5MW5qul&feature=youtu.be

0000

# restoreDegradia

ADELAIDE.EDU.AU/RESTOREDEGRADIA

THE UNIVERSITY
o ADELAIDE

ENVIRONMENT INSTITUTE

*This content was developed for promoting Chapter 2 but is embargoed for public release until the
publication of the chapter
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APPENDIX B

Breed MF, Lowe AJ. Gellie NJC, and P. Mortimer 2016. We're kidding ourselves if we think we can “reset”
the earth’s damaged ecosytems. The Conversation May 27, 2016.

https://theconversation.com/were-kidding-ourselves-if-we-think-we-can-reset-earths-damaged-ecosystems
59972

/>

We’re kidding ourses if we thik we
can ‘reset’ Earth’s dama

May 27, 2016 6.10am AEST ¢

Earth is in a land degradation crisis. If we were to take the roughly one-third of the world’s land that has
been degraded from its natural state and combine it into a single entity, these “Federated States of
Degradia” would have a landmass bigger than Russia and a population of more than 3 billion, largely
consisting of the world’s poorest and most marginalised people.

The extent and impact of land degradation have prompted many nations to propose ambitious targets for
fixing the situation — restoring the wildlife and ecosystems harmed by processes such as desertification,
salinisation and erosion, but also the unavoidable loss of habitat due to urbanisation and agricultural
expansion.

In 2011, the Global Partnership on Forest and Landscape Restoration, a worldwide network of governments
and action groups, proposed the Bonn Challenge, which aimed to restore 150 million hectares of degraded
land by 2020.

This target was extended to 350 million ha by 2030 at the September 2014 UN climate summit in New York.
And at last year's landmark Paris climate talks, African nations committed to a further 100 million ha of
restoration by 2030.

These ambitious goals are essential to focus global effort on such significant challenges. But are they
focused on the right outcomes?
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For restoration projects, measuring success is crucial. Many projects use measures that are too simplistic,
such as the number of trees planted or the number of plant stems per hectare. This may not reflect the
actual successful functioning of the ecosystem.

Meanwhile, at the other end of the scale are projects that shoot for outcomes such as “improve ecosystem
integrity” — meaningless motherhood statements for which success is too complex to quantify.

One response to this problem has been a widespread recommendation that restoration projects should aim
to restore ecosystems back to the state they were in before degradation began. But we suggest that this
baseline is a nostalgic aspiration, akin to restoring the “Garden of Eden”.

Beaultiful, but not particularly realistic. Wenzel Peter/Wikimedia Commons

An unrealistic approach

Emulating pre-degradation habitats is unrealistic and prohibitively expensive, and does not acknowledge
current and future environmental change. While a baseline that prescribes a list of pre-degradation species
is a good place to start, it does not take into account the constantly changing nature of ecosystems.

Instead of a “Garden of Eden” baseline, we suggest that restoration projects should concentrate on
establishing functional ecosystems that provide useful ecosystem services. This might be done by improving
soil stability to counter erosion and desertification, or by planting deep-rooted species to maintain the water
table and reduce dry land salinity, or by establishing wild pollinator habitats around pollinator-dependant
crops such as apples, almonds and lucerne seed.

Natural ecosystems have always been in flux — albeit more so since humans came to dominate the planet.
Species are constantly migrating, evolving and going extinct. Invasive species may be so prevalent and
naturalised that they are impossibly costly to remove.
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As a result, land allocated for restoration projects is often so altered from its pre-degradation state that it will
no longer serve as habitat for the species that once lived there. Many local, native species can be
prohibitively difficult to breed and release.

And present-day climate change may necessitate the use of non-local genotypes and even non-local native
species to improve restoration outcomes. Newer, forward-thinking approaches may result in the generation
of novel gene pools or even novel ecosystems.

Projects should focus on targets that are relevant to their overarching goals. For example, if a restoration
project is established to improve pollination services, then the abundance and diversity of insect pollinators
could be its metric of success. As we argue in correspondence to the science journal Nature, restoration
should focus on helping to create functional, self-sustaining ecosystems that are resilient to climate change
and provide measurable benefits to people as well as nature.

An excellent example of a successful, large-scale restoration project with targeted outcomes is Brazil's
ongoing Atlantic Forest Restoration Pact. This has committed to restoring 1 million hectares of Atlantic forest
by 2020 and 15 million hectares by 2050.

This project has clear objectives. These include restoring local biodiversity (for conservation and human use,
including timber and non-timber forest products); improving water quality for local communities; increasing
carbon storage; and even creating seed orchards that can be either sustainably harvested or used to provide
more seed for sowing as part of the restoration.

This project has clear social objectives as well as ecological ones. It has created new jobs and income
opportunities. Local communities are contributing to seed collection and propagation, while the project gives
landowners incentives to abide by laws against deforestation. For forests, this is the kind of pragmatic
approach that will bear the most fruit
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McDonald, T., Jonson, J. & Dixon, K.W., (2016) National standards for the practice of ecological restoration
in Australia. Restoration Ecology, 24, S4-S32.

Acknowledgements: we acknowledge the contributions of many agencies, researchers, industry bodies,
contractors, and individuals whose comments on earlier versions improved the relevance and rigor of the
Standards. While these people and organizations are too many to mention by name we particularly
acknowledge the following people who contributed substantial information on genetics or environmental
change: Andre Clewell, Linda Broadhurst, Nola Hancock, Lesley Hughes, Suzanne Prober, Margaret Byrne,
Martin Breed, Andy Lowe, Nick Gellie, Siegy Krauss, Maurizio Rossetto, Ary Hoffman, Rebecca Jordan,
Nigel Tucker, Trevor Booth and George Gann. Andre Clewell additionally contributed inspiration and ideas
that led to the attributes list and recovery wheel shown in Figs 2 and 5; and the final draft was further
improved.

I contributed to (Appendix 3: Genetics, fragmentation, and climate change—implications for restoration and
rehabilitation of local indigenous vegetation communities) of this document. The National standards for the
practice of ecological restoration was conceived by The Society for Ecological Restoration Australasia
(SERA) to raise the standard of restoration and rehabilitation practice across all sectors of the industry.
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POLICY ARTICLE

National standards for the practice of ecological

restoration in Australia

Tein McDonald'-*?, Justin Jonson'*, Kingsley W. Dixon’%"

EXECUTIVE SUMMARY

The contemporary call for restoration and rehabilitation comes
at a eritical point in our planct’s history where human influ-
ence iz all pervasive. Australiz’z long and relatively uninter-
mupted evolutionary past means the continent possesses ancient
soils and exceptionally diverse and umique biota—gyet its ter-
restrial and manne ecosystems carry a more recent legacy of
extensive and continuing environmental degradation, particu-
larly in urban, industrial, and production landscapes and aguatic
environments. Anthropogenic climate change 15 supenmpos-
ing further pressure on ecosystems, whose vulnerability to ch-
mate change iz exacerbated by other causal factors includ-
ing land clearing, overharvesting, fragmentation, inappropd-
ate management, disease, and invasive species. Degradation 1s
50 severs In most casss that it will not be overcome with-
out active and ecologically appropriate intervention including
mitigation of these causal factors and reinstatement of indige-
nous biodiversity.

The prachice of ecological restoration and rehabilitation secks
to transform humanity’s role from one whers we are the agents
of degradation to ones where we act as conservators and heal-
ers of indigenous ecosystems. It is in this context that the
Nartional Standards for the Practice of Ecological Restoration
in Australia (the “Standards™) has been prepared by the Society

for Ecological Restoration Australasia (SERA) in collaboration
with itx 12 not-for-profit Partner and advisor orgamzations: all
of whom, like SERA, are dedicated to effective conservation
management of Australia’s indigenous ecological communities.

This document identifics the need and purpose of ceologi-
cal restoration and explains its relationship with other forms
of environmental repair. The Standards identifies the principles
underpinning restoration philosophies and methods, and out-
lines the steps required to plan, implement, monitor, and evalu-
ate & restorahion project to increase the likelihood of its success.
The Standards are relevant to—and can be interpreted for—a
wide spectrum of projects ranging from minimally rezourced
community projects to large-scale, well-funded industry or gov-
ermment projects.

SERA and its Partners have produced these Standards for
adoption by community, industry, regulators/government, and
land managers (including private landholders and managers
of public lands at zll levels of government) to raise the stan-
dard of restoration and rehabilitation practice across all sectors.
The document provides 2 blueprint of principles and the stan-
dard that will aid voluntary as well as regulatory organizations
1in their efforts to encourage, measure, and audit ecologically
appropriate environmental repair in all land and water ecosys-
tems of Australia

! Society for Exclogizal Restoration Australasia, Board

2 Address comespondance to Dr Tein McDonald, smail =immi@ orm am

*Tein McDonald & Associates, PO Bax 41, Woodbam, NSW 2472, Ausagalia
“*Threshold Environmensal, PO Box 1124, Albany, Wi 6331, Australia

*Centre of Excellence in Natural Resource Management (CENBM), The University of
Weestarn Australia, Alkary £330, WA, Australia

*Diepartmest of Environmens and Agricalrure, Cursin Universicy, Kent Sreet, Bendey,
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Recognizing that undesirable species can also be highly
resilient to the disturbances that accompany restora-
tion, with sometimes unpredictable results as competiion
and predator—prey relationships change. Invasive species,
for example, can intensify or be replaced with other inva-
sives without comprehensive, consistent, and repeated
‘treatment.

Taking acconnt of the landscapefaguatic context and
priorvitizing resilient areas, Sitez must be assessed
in their broader context to adeguately assess complex
threats and opportunities. Greatest ecological and eco-
nomic efficiency anses from improving and coalescing
larger and better condition patches and progressively
deoing this at increasingly larger scales. Position in the
landscape/aquatic environment and degree of degradation
will influence the scale of investment required.
Applying approaches best suited to the degree of
impairmeérnt. Many areas may still have some capacity
to naturally regenerate, at least given appropoate imter-
ventions, whilz highly damaged areas might need rebuild-
ing “from scratch.” It is critical to consider the inhersnt
resilience of a site (and trial interventions that tngger and
harness this resilience) prior to assuming full reconstroc-
tion 15 needed (Box 2).

Addressing all biotic components. Terrestrial restoration
commeonly starts with reestablishing plant communi-
ties but must imtegrate all important groups of bicta
including plants and amimals (particularly those that
are habitst-forming) and other biota at all levels from
micro- t0 macro-organisms. This is particularly important
conzidering the role of plant—animal interactions and
trophic complexity required to achieve the reinstatement
of functions such as nutrient cycling, soil disturbance,
pollination, and dispersal. Collaboration between fauna
and plant specialists is required to identify appropriate
scales for on-ground works and to ensore the appropriate
level of assistance is applied to achieve recovery.
Addressing genetic issmes. Where habitats and popula-
tions have been fragmented and reduced below a thresh-
old/minimum sire, the genetic diversity of plant and am-
mal species may be compromised and inbreeding depres-
sion may occur unless more diverse genetic material is
reintroduced from larger populations, gene flow rein-
stated, andfor habitats expanded or connected.

LOGISTICAL

Enowing your ecosystems and being aware of past
mistakes. Success can increase with increased working
Inowledge of (1) the target scosystem’s biota and abiotic
conditions and how they establish, function, interact, and
reproduce under vanous conditions including anticipated
climate change; and {2) responses of these species to
specific restoration interventions tried elsewhere.

Gaining the suopport of stakeholders. Successful
restoration projects have strong engagement with stake-
holders including local commumities, particularly if they

are involved from the planmng stage. Poor to expend-
ing limited restoration resources, potential henefits of the
restored ecosystem to the whole of society must be explic-
itly examined and recognized and it must be previousky
agreed that the restored ecosystem will be the preferred
long-term use. This outcome 15 more secure when there
are appreciable benefits or incentives available o the
stakeholders, and where stakeholders are themselves
engaged 1n the restoration effort.

Taking an adaptive (management) approach. Ecosys-
tems are often highly dynamic, particularly at the early
stages of recovery and each site is different. This not only
means that specific solutions will be necessary for specific
ecosystems and sites but also that solutions may need to be
arrived at after trial and error. It is therefore useful to plan
and undertake restoration in a series of focused and moni-
tored steps, guided by initial prescriptions that are capable
of adaptation as the project develops.

Identifying clear and measurable targets, goals, and
objectives. In order to measore progress, it is necessary
to identify at the outset how you will assess whether you
have achieved your restoration outcomes. This will not
only ensure a project collects the nght information but
it can also better attune the planning process to devise
strategies and actions more likely to end in success (Box
3 and Appendix 4).

Adequate resourcing. Budgeting strategies need to be
identified at the owtset of a project and budgets secured
When larger budgets east {e.g. as part of mitigation
associated with a development) restoration activities can
be camned out over shorter ime frames. Smaller budgets
applied over long-time frames can be highly effective if
works are limited to areas that can be adequately followed
up within available budgets before expanding into new
areas. Well-supported community volunteerz can play a
valuzble rolz in improving outcomes when budgets are
Adequate long-term  mar ent arr:
Secursd temure, property owner commitment,
long-term management will be required for most restored
ecosystems, particularly where the causes of degrada-
tion cannot be fully addressed. Continued restoration
interventions aid and support this process as interactions
between specizs znd their environment change over tme.
It can be helpful to identify likely changes in species,
structure, &nd function over the short, medium, and longer
term duration of the recovery process.

and

Appendix 3. Genetics, fragmentation, and climate
change — implications for restoration and
rehabilitation of local indigenous vegetation
communities

Two primary threats and their interactions need to be recog-
mized by revegetation practitioners. These are fragmentation and

climate change.
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Effect of fragmentation on genetic diversity. The concept
of confining seed collection to a “local provenance™ area (Lo
enzurs local adaptation is maintained) has been widely adopted
by plant-based restoration practiioners. However, the paradigm
of collecting very close to the restoration site 1s no longer con-
sidered useful. Firstly, scientists agree that plant local adaptation
is mot a5 common as many believe. Secondly, many practitioners
now understand that a “local” genotype may oocur over wider
areas (1.e. from 10z to 100s of km) depending on the species and
its biclogy. However, in a largely cleared landscape, small frag-
ments are at risk of elevated inbreeding when populations of a
species drop below threshold numbers, which can be different
for every species. As inbred seed may fail to reinstate func-
tional and adaptabls plant populations, in general it is best to
collect seed from larger, higher density stands. Thiz means that
in fragmented landscapes where vegetation stands are smaller,
less dense, and more 1solated, collecting seed from wider dis-
tances and muliple sources will be necessary 1o caplure sufli-
cient genetic diversity to rebuild functonal communities. This
seed should be multiplied in regional seed production areas,
however, to avoid overharvesting from remnants.

Climate change Examination of Australian ecosystems shows
that many indigenous species have endured ancestral exiremes
of climate well beyond predicted climate change scznamos.
However, accelerated climate change iz a serious emerging
problem. Some species will be impaired by increasing ocean
temperatures and acidity, and manne, freshwater, and terrestrial
habitats will be lost in some locations due to ==a level nse.
Many river channels, lakes, and wetlands may also be affected
by drying or its consequences such as mncreased salinity and
cold-adapted species will be lost at colder, higher elevations
where there is nowhere higher for them to migrate as climate
warms. Indeed, even conservative global warming scenarios
suggest that a wide range of local environments to which species
may have adapted will change dramatically.

Although we cannot precisely predict the type and scale of osks
that ecosystems face because only a small proportion of species
has been individually studied, we know that some species may
be lost from their current locations while others will colonize
new areas, altering local species aszemblages. We also know
that the effect of climate change will be particularly strong when
combined with high levels of fragmentation.

Some specics may have sufficient inherent “adaptive plastic-
ity" to persist as climates change, as has been demonstrated from
translocation experiments and detailed pollen analysis of past
environments. That is, an individual plant may be able to adjust

its form by mechanizms such as reducing its leaf size, increasing
leal thickness, of alwering lowering and cmergence times. But
in many cases, persistence may depend on a zpecies” capacity
for genetic selection or adaptation, which in turn depends on
population size and the diversity of the genes available.

Species that have large, connected populations, a wade cli-
matic range, naturally high dispersal characteristics and whose
populations have many genes in common are likely to have 2
higher chance of genetically adapting to the new environments
or migrating as their cimate envelope moves. Comversely,
species with low pollen and zeed dizpersal characteristics, that
occur naturally in “islands™ or “outliers” or that have besn
isolated through land clearing or niver regulation, for example,
may be less able to adapt or migrate in response to climate
change (Box 3).

Implications for restoration and rehabilitation

Technigues and protocols are emerging to gmde the collec-
tion of genetically diverse matenal to use mn revegetation in
order to enhance a species’ adaptive potential In extensive,
intact indigenous habitats whers species and populations ares
likely to have a greater capacity to adapt unaided because of
high connectivity, interventions to enhance adaptive potential
are unlikely to be nezded. But where landscapes or waterscapes
remain largely fragmented, interventions to assist genetic adap-
tation are expected o be beneficial. This means that, while the
local gene pool still has potential to play a major role in adapta-
tiom, it is prudent to consider including at least a small amount
of germplasm of the same species from a “future climate™ —that
is, a region with a climate similar to that which is predicted for
the area being restored. Research is underway to test some of
these new approaches and it is hoped that “mles of thumb™ will
eventually be developed. Mzanwhile, researchers are designing
protocols and proformas for approprately documented and reg-
istered “citizen science” tnals integrated into low-risk restora-
tion settings. Participation in such tnals will enable groups to
actively test a range of recommendations on their sites while
also optimizing opportunities for improved science and practice.

Tools for assessing climate-readiness in relation to genetics
Some tools are available to help restoration planners under-
take what could be called “climate-readiness™ analysis at the
planming stage. Firstly, restoration practitioners are encouwr-
aged to seck out predictions of locations where ecosystems
are likely to be affected by climate change. Secondly, prac-
titioners are encouraged to liaise with researchers to gain a
better understanding of predicted responses of species to both

Box 5. Climate envelope

more complex.

The climate range in which a species currently exists can be referved to as its “climate envelope.” During climate change this
climate envelope is Lkely to uncoupls from the current location tn which the species exists and, where conditions become hotter,
move further poleward or to higher elevations. This means that the species may be lost from the more equatorial extrems of the
range and need more help io adapt as if, or is genoivpes, move peleward or to higher elevations.

However, as precipitation is likely to change in less predictable ways, it is likely that the displacement of climate envelopes will be
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National restoration standards, Auwrtraliz

Web-based tools are zlso readily accessible for adentify-

Direction of expected climate change ing whether the species currently occurning mn the vicimty of
ot site, 0.g. increasing aridity. your sitz will still be suited to climates predictsd to ooour
at your site in the future. One of the most important of

these is the Atlas of Living Australia website (www.ala org au)

A Climate adjusted provenancing which can help practiioners identify the natural geographic
range of a species and whether it may have the potemtial

) . -. to toleratz the conditions predicted to occur under climate

] b .. ,. ® change scenarios which themselves are mapped on the website

www.chimatechangeinanstralia gov.an. An explanation of how
these tools can be combined 15 found in Booth et 2. (2012).
Proposed propagule sourcing  strategies  to build
climate-readiness into restoration through ensunng genetic
o diversity include: composite provenancing Broadhurst etal

B Lo<cal provenansing

2008), admixture provenancing (Breed et al. 2003}, predictive
provenancing (e.g. Crowe & Parker 2008), and climate adjusted
provenancing (Prober etal. 2015; Fig. 4). Application of any
such models should be undertaken within 2 nsk management

€ Composite provenancing framework that comsiders the potential negative cffects of
- e - - inbreeding and outbreeding depression, interpreted in a manner

o clearly understood by practiioners. It should also include

i G. b long-term monitoring (ie. at least a decade) to enable lessons
" o . A learned to be captured for both restoration and climate science.

Practitioners designing planting hists need to bear in mind,
however, that it is impozsible to be certain of the changes that
will occur. Different species will respond to climate change
[ ] 9 @ [ ] in different ways and at the moment there is no easy way

to predict this. Furthermore, temperature and rainfall are not

< the only important predictors. A range of physical (e.g. soils)

[ ] ® ) and biological factors (z.g. dizperzal)—which themzelves

may or may not be affected by 2 changing climate—can

D Admixture provenancing

E Predictive provenancing also have important roles in influencing the distribution of a
species. While some cantion will always be required, a bal-
anced approach in fragmented arcas would see the restoration

. plan specify the use of locally occurmring species (preferring
germplasm from larger populations, even if somewhat more
distant) and where advised, formally tnalling the inchusion
of some germplasm from “future climate’ locations. Such a

Figure 4. Provenancing strategies for revegetation (Reproduced hese from combined zpproach—coupled with optmizing comnectvity
P_ﬂ?'bﬁ eral 2015) -_HJE SWM&':E”M site to be sevegetated, and Ufﬁ’- to the extent possible—is likely to improve opportumties for
eiteles represent native popularions used as germplasm sources. The size natural adaptation should it be required.

of the circles indicares the selarive quantities of germplazm inclnded from
each pogulaton for nee at the revegeration site. In the case of the climate-
adjnsted provenancing, the relasive quanticies of the germplasm from the LITERATURE CITED
varions populatons will depead vpon facters such as genetic rsks, and the
rate and reliskility of climare change projections. For simplicicy, thiz

reprecents the major direction of climate change in a cingle dimension (e.g.
aridity, to combine influences of i ng temperature and dec
rainfall}, but moliple dimensions could be considered as required.

Booth TH, Williamds KJ, Bclbin L {2012) Dowloping biodivesse plantings
suitabils for changing climatic condiions. 2- wsing the Aflas of Living
Anstrelia. Ecological Manzgement & Restozation 13:274-251

Brood MF, Stecd MG, Otowell EM, Gardna MG, Lowe AT (2013) Which
provenance and whese? Scod soarcing swatcpics for rovegctation inoa
changing crrrironmeat. Conscrraticn Goactics 14:1-10

fragmentation and climate change and to identify the relative Broadhurst LM, Lowe AT, Coatcs DI, Crmningham 54, McDonald M, Vesk
risks of a range of options relating to the deliberate movement of BA, Yatcs CT (2008} Scod supply for broadscale rostoration: maximiring
genetic matenal in restoration projects. (Genetic analysis canbe cvelotionary petzotial. Evelutionany Applications 1:587 257

Crowe B, Parkes WH (2008) Using pestflio theory to guide seforestation and
sessoration under climate change sconerins. Climatic Change §9:335-370
Prober SM, Bymne M, MeLean BH, Steane DA, Posts BM, Vaillaneourt RE, Stock
W (2015) Clisate-adjusted provnancing: 2 siategy for chimate-resilicnt

undertaken by a range of research institutions and 1s increasingly
affordable for practitioners. This cost reduction is increasing the
numbers of species being studied while rapid improvements in

the effectiveness and efficiency of genetic testing tools are also ceclogical Testoration. Fronticrs in Ecology and Evolation 3-article 65.
occurring.) hittg=journal fromticrsin arg/article/ 10, 5388/fovn 201500065/ Fullé
=28 Restoration Ecology  June zme
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APPENDIX D

Gellie N. 2016. The maladapted future is here — it's just not evenly distributed*. Biodiversity Revolution Blog
https://biodiversityrevolution.wordpress.com/2016/11/23/the-maladapted-future-is-here-its-just-not-evenly-
distributed/

The maladapted future is here - it’s just not evenly distributed*

Posted on November 23, 2016 by Nick Gellie

THE FUTURE IS HERE, IT'S JUST NOT
EVENLY DISTRIBUTED YET

Why do we need to take urgent account of current climate maladaptation in ecological restoration?
* paraphrased quote from cyberpunk essayist, William Gibson

[ am sitting in my office writing this blog barely 100 m away from where Professor Tim Flannery would have
written sections of his best seller The Future Eaters. It was published while he was Director of the South
Australian Museum more than a decade ago. Flannery’s book describes the actions of destructive colonial
settlers as “maladaptative” to the delicate Australian environment.

The preferred method of land clearing for agriculture in Australia has been to pull a ships anchor chain
behind two bull-dozers and by any measure can be considered a maladaptive way to manage the land.
Photo credit: Angela Wylie
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Habitat clearance in Queensland is again on the increase and is now at similar levels to when The Future
eaters was first published. Credit The Conversation. The Future Eaters became an iconoclastic call to arms
to preserve Australia’s natural heritage, and its message remains as relevant today as it was back when it
was published.

Thoughts of this book have recently resurfaced with me following the publication of our article in the journal
Biological Conservation, with another past director of the South Australian Museum, Professor Andrew
Lowe. Together with our colleagues we found more evidence of maladaptation. But unlike the overt results
from the mechanised wave of European clearance, the subject of our maladaptation is virtually blind to the
naked eye, exists in common trees species and provides a whole new set of challenges for biodiversity
management.

Wikipedia defines Maladaptation (/ maelaedaep 'texfon/) as a trait that is (or has become) more harmful than
helpful, in contrast with an adaptation, which is more helpful than harmful. All organisms, from bacteria to
humans, display maladaptive and adaptive traits.

This definition is fine for a general context, but for our study we need to consider maladaptation from an
evolutionary perspective. Where maladaptation is the poor growth or survival of some plants relative to
others in a set environment. Environment and climate are important predictors of plant growth and survival
and determine where a plant can or cannot grow. But environment is not the only driver, genetic issues can
also influence maladaptation.

Importance of maladaptation for restoration?

Globally there are now important initiatives to reverse habitat clearing and degradation and to rebuild
biodiverse systems. However with the rapid rate of recent climate change, choosing where to source seed
from for revegetation has become a complex and unresolved step in the practice of restoration.

The distribution of plants is largely predicted to shift poleward and upward as global temperatures increase
due to climate change. These shifts will have particularly dire consequences for some plants (e.g. forest
dieback), resulting in the creation of new ecosystems that have no historical equivalent. Restoration
practices, rather than accepting the magnitude and velocity of these changes, often take a nostalgic view of
what the landscape should look like in the future. Reinstating these past landscapes and disregarding their
maladaptation could hamper our ability to cultivate resilient function into the degraded systems where
restoration is being practiced.
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Our study

In our recent paper we looked at how the origin of seed used for restoration affects the growth and survival
of plants in restoration projects.

To test this idea, we selected plants that were local (within 5km), intermediate (20kms) and distant (45kms)
to a site that was being restored in southern Australia. The local plants were from the highest rainfall area of
the study, with intermediate and distant plants from successively drier habitats. We grew approximately 1500
plants from seed collected from these 3 sources together at a single site, known in scientific terminology as
a common garden. If the local plants are well adapted (and not maladapted) to the site, then we would
expect them to outperform plants from other more distant sources. However, this expectation was not borne
out by our findings (see below). Rather, we found that local plants had the highest death rates, grew slowest
and showed signs of increased invertebrate attack and stress, all signs of maladaptation. By contrast the
plants from warmer dryer sources survived and grew the best.

1.00 1
lotal vs. intermediate

o) , .
g |l ocal vs cistant Local is best
o
@
2 Survival Height Herbivory Stress
i
& 0.00 -
E "’ " l t
5 |
£ E3 2
1] | -
-2 -k
E W
m -
n: L] P

-1.00 - Local is NOT best

Maladaptation as indicated by a lack of home-site advantage for local plants compared to those from other
better adapted locations, when survival, height, levels of herbivory and stress are compared. If the graphs
dip below the line it indicates that the local provenance is performing less well than others, i.e. local is not
best, **P < 0.01, ***P < 0.001

These results have implications for restoration practices and would suggest that reviewing current seed
strategies could significantly improve restoration outcomes. For example at the site in our study, up to 10%
greater survival, up to 25% larger plants and up to 45% more pathogen resistance could be achieved during
establishment by incorporating a more diverse range of seed from warmer and dryer locations. These new
seed sourcing strategies which mix provenances from a combination of local and more distant locations
(known as composite or predictive provenancing) are now gaining traction with restoration practitioners.

A practical way forward

We identified maladaptation in our landscape because we intensively investigated it. However it may not be
so easily observed on casual inspection, as the impacts can be subtle and nuanced. In this system we now
have sufficient scientific evidence to take an evidence based approach to restoration practices. Augmenting
seed mixes beyond simple local sourcing strategies would provide substantial benefits to this project. Like
Flannery’s narrative the options available to restoration practitioners to mitigate maladaptation are not
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without controversy but sticking with the status quo (sourcing local seed only) will have important suboptimal
ramifications, as shown in our results.

Our work also emphasises that we need to take an integrated approach to gathering evidence. This can be
done by embedding experiments directly into restoration projects. It provides a cost effective way to develop
adaptive management options with restoration stakeholders and hopefully lessen the impact of issues like
maladaptation.

| sentimentally enjoy my trees in the ground not in museums or art galleries (see below), but this does not
require me to commit to a nostalgic view of the landscape. Rather | understand that restored plant
communities need to be persistent, and that this persistence may be challenged by the results we found. If,
as William Gibson contends, “the future is already here”, and maladaptation is a fragment of this future, then
we are obliged to find practical solutions to mitigate its consequences.

_

Eucalyptus 2013 was conceived by Cai Guo-Qiang as a quintessential element of the Australian landscape,
transposed into the Gallery of Modern Art like a vast readymade.31 m spotted gum Photo credit Sydney
Morning Herald.

This post, by Nick Gellie, discusses the recent paper ‘Local maladaptation in a foundation tree species:
implications for restoration’ by himself and co-authors Martin Breed, Nikki Thurgate, Shaun Kennedy, and
Andrew Lowe published recently in the journal Biological Conservation.
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APPENDIX E

Breed M.F., Gellie N.J.C., & Lowe, A.J. (2016) Height differences in two eucalypt provenances with
contrasting levels of aridity. Restoration Ecology 24,471-478.

Abstract: Huge investments are fed into repairing the world’s degraded land, placing unparalleled pressure
on delivering large quantities of quality seed. One of the most pressing issues is to identify which region to
collect seed from and specifically whether local seed has a home-site advantage, particularly given the
pressures of climate change. Recent theoretical recommendations have supported supplementing local
seed with seed transferred in an arid-to-mesic direction to improve climate resilience of plantings. We tested
this recommendation by establishing a reciprocal transplant trial in June 2010 of two seed provenances with
contrasting aridity of Eucalyptus socialis, a tree widely used for restoration in Southern Australia. We
recorded survival and height over 5 years. The years 2010 and 2011 were particularly wet years at both
sites (>1.8 times historical rainfall), but the years 2012-2015 were consistent with long-term rainfall trends,
with the arid site receiving 12-48% less annual rainfall than the mesic site. Only the arid provenance
showed a home-site advantage, and only for height after the two wet years followed by the three drier years.
Provenances had similar levels of survival at both sites and did equally well at the mesic site. These results
only provide initial evidence to support the recommendation that restoration plantings aiming to incorporate
climate resilience should include arid-to-mesic transferred seed. Further work is needed to fully explore
potential confounding site-specific effects. Supplementing locally collected seed with arid-to-mesic
transferred seed could be important to increase climate resilience of plantings and demands further studies
to explore its costs versus benefits.
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RESEARCH ARTICLE

Height differences in two eucalypt provenances
with contrasting levels of aridity

Martin F. Breed!, Nicholas J. C. Gellie!, Andrew J. Lowel?

Huge investments are fed into repairing the world®s degraded land, placing unparalleled pressure on delivering large quantities
of quality seed. One of the most pressing issues is to identify which region to collect seed from and specifically whether local
seed has a home-site advantage, particnlarly given the pressures of clomate change. Recent theoretical recommendations
have supported sopplementing local seed with seed transferred in an arid-to-mesic direction to improve climate resilience
of plantings. We tested this recommendation by estabhishing a reciprocal transplant trial in Jone 2010 of two seed provenances
with contrasting avidity of Eucalypius socialis, a tree widely nsed for restoration in Southern Australia. We recorded survival
and height over 5 years. The years 2010 and 2011 were particnlarly wet years at both sites (>1.8 times historical rainfall), but
the years 20022015 were consistent with long-term rainfall trends, with the arid site receiving 12—-48% less anrnal rainfall
than the mesic site. Only the arid provenance showed a home-site advantage, and only for height after the two wet years
followed by the three drier years. Provenances had similar levels of snrvival at both sites and did equally well at the mesic site.
These results only provide initial evidence to support the recommendation that restoration plantings aiming to incorporate
climate resilience should include arid-to-mesic transferred seed. Further work is needed to fully explore potential confounding
site-specific effects. Supplementing locally collected seeds with arid-to-mesic transferred seed could be important to increase
climate resilience of plantings and demands further studies to explore its costs versus benefits,

Key words: climate change, local adaptation, plant genetic resonrces, provenance trial, transplant experiment

o - challenge and has been discussed elsewhere (Broadhurst et al.
Implications for Practice 2008, 2015). In this study, we focus on the quality of seed where
® Using locally sourced seed—local provenancing—is there are two main issues to consider: the regional scale of
commonplace in restoration and is selected without where to collect sezd (i.e. local vs. nonlocal) and the impacts
thoroughly testing alternative provenancing strategies.
“‘_D_ only found limited su.pp_url for local pn:wm:lancmg,, regional-scale issues of where to collect seed, as recent work
which suggests that alh:mah\'c [BEQEIE b SRS has already demonstrated the potential impact of fragmentation
Ty IR . ) on seed quality (Eckeet ctal 2010; Vrancks et al. 2011; Breed
s We recommend that ahﬂ'n_atwc provenancing sirategies et al. 2015; Lowe et al. 2015).

sheal bﬂﬁm el r:slnﬂh.un TEEiTR e iy The moszt fundamental izsus when considering which region

gy el A G e S E e to collect seed from is whether the local seed shows local adap-
tation, that is a home-site advantage. Thers has been a recent

of fragmemation (i sile-specitic issucs), We will focos on

push to advance the experimental evidence of local adaptation

Introduction for species commonly used in restoration, as this mformation
Ambitious global restoration targets have inspired huge invest- will help build the empirical foundation of seed collecting
ments in restoration. For example, the aspirational goal of for restoration (Breed et zl 2013; Jones 2013; Thomas et al.

Land Degradation Neutrality was put forward dumng the 2014). Developing experimental evidence of local adaptation
Rio+20 UN Conference on Sustainable Development; itz goal
is to restore circa 2 billion hectares by 2030. In Australia, m& " i MEB, NFOG ansiveed

. uthor cansibetans: MEE, sigmad the mxperimeniz; MEE, I v
the focus of our study, the federal government has commit- the data: MFH rale the firse draft of the mamascript: all authors cantribated
ted AUD 5255 hlbon for emissions reduction, including substantially ta revisions.

large-scale restoration plantings (Australian  Government Schocl of Biological Sciences and the Envira + Tnstirute, Usiversicy of Acelaiz

2014). Much of this imvestment is being directed to restoration North Terrace, SA 5005, Australia
of marginal agricultural land, such as the semi-arid rangelands 2 Adires; comespondence 1o A. Lowe, mail andreo:lowe @adelzide sdu a
(http:/fwww environment gov. awland/green-army/projects).
The enormous scale of restoration puts huge pressure on L 2016 Sociary for Ecolagical Restaration
supply of quality seed. How to deliver large quantities of seed ‘:Twcmsl ﬁ__‘i“
without significantly impacting native vegetation is a serious ‘tspefionlinalibrary. wiley comdoi/10.11 1 Livac 12335/ suppinfo
Restoration Ecelogy 1
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is a topic of great concem to land mansgers today due to the
nisks and uncertainty cansed by climate change and its potential
impact on restoration success (Hamis etal. 2008; Chazdon
2008; Havens etal. 2015). A number of seed collecting strate-
gies have been proposed to increase the climate resilience of
restoration plantings to combat the uncertainty introduced by
climate change (Broadhurst =t al. 2008; Sgro etal. 2011; Breed
etal. 2013; Prober etal 2015). These strategies have largely
encouraged the augmentation of adaptive potential by mixing
populations {c.g. admixture and composite provenancing), or
the supplementation of local seed with seed from mere and
environments in attempt to match extant populations wath future
conditions (z.g. predictive and climate-adjusted provenancing).
However, little data from manipulative expenmental work are
available to assess the feasibility and potential risksfenefits of
these strategies.

Previous studies on plants have shown that local adaptation
is commen, though not ubiquitous. Reciprocal adaptation (i.e.
two seed sources sach show z local zdvantage at home but
a disadvantage at away sites) was observed in 45% of plant
studies reviewed by Leimu and Fischer (2008), and local
adaptation was found in 71% on studies of plants and animals
in the meta-analysis by Hereford (2009). Leimn and Fischer
{2008) found evidence that small populations may lack the
genetic varation regquired to adapt to local conditions, as small
populations experience elevated levels of genetic drift which
constrains the genetic baziz of adaptation (Young etal. 1996).
Hereford (2009) found that local adaptation was most often
detected when environmental differences between parental
sites were greater (including climate stress; Parachnowitsch
2013). However, identifying the drvers of local adaptation is
hampered by the lack of reporting, particularly of negative or
unusual results (Godefroid et al. 2011; Suding 2011). Further-
more, most previous work on plant local adaptation has been
conducted on model or agriculturalforestry svstems, and it is
only now with the global effort to restore degraded land, that a
shift in focal species 1s needed.

Integrating scicntific experiments inte broadscale restora-
tion projects provide many opportunities to help build its
evidence-based foundaton. An approach that holds great
promise is to embed reciprocal transplant expenments imto
restoration plantings (Breed et al. 2013). Reciprocal transplant
experiments are one of the most effective ways to determine
whether plant populations display local adaptation (Kawecki 4
Ebert 2004}, and can be incorporated into large-scale restoration
projects with mimmal cost (Breed et al. 2013). Furthermore,
as sdaptation o one habitwl may cause lower fitness in other
habitats, causing a fimess wadc-off or a cost of adapiation,
reciprocal transplant experiments provide a direct explorstion
and quantification of these costs (Kawecki & Ebert 2004;
Hereford 2009).

In this study, we established a reciprocal transplant exper-
iment between two populations of Euwcalyprus socialis ssp.
socialis (F. Muell ex Miq.; hereafter E. socialis) on two private
conservation sanctuaries that differed markedly in andity in the
winter of 2010 to address the following questions: {1) do seed
provenances differ in height between these tnal sites? and if so,

2) are differences consistznt with a home-site advantage? (3)
are differences consistent across the 5 years of the tnal? and (4)
does vanation in height through tme relate to andity? Az andity
is expected to be a strong agent of selection in eucalypts (Steans
ctal 2014; Booth et al. 2013), 1t should present a challenge to
plants at the more and site. Unless there are large costs to plants
performing well under arid conditions, we expect that adapta-
tion will only manifest in the arid site. In this article, we discuss
the implications of finding evidence indicative of aridity adapta-
tion to seed collecting for restoration under climate change, plus
we explore the opportumties for improving restoration science
by Integrating experiments into commeercial restoration projects.

Methods

Study Species

Eucalyptus socialis 1s a multistemmed, sclerophyllous tres
commen throughout the sand and sand-over-limestone soils of
the Murray-Darling Bazin, Scuthern Australiz (Farsonz 1969;
Nicolle 1997). Eucalvptus socialis generally grows from 2 to
#&m high, it has small white hermaphroditic flowers {diameter
of mature flowers with reflexed stamens. <15 mm) and is polli-
nated primarily by small inszcts and, to a lesser degree, by birds
and small marsupizls {Slee etal. 2006; Momant et al. 2010).
Data from closely related ecucalypts suggest that E. socialis
probably has a late-acting self-incompatibility mechamism,
resulting in mixed mating to preferential outcrossing (f, go=n-
erally =0.70) (Horsley & Johnzon 2007), which iz supported
by published data on E. socialis mating system (Breed etal
2015). Serotinous froits (ie. seeds released in response to an
emvironmental trigger) are held over numerous years, with
drying tnggering seed release. Seeds are small (<2 mm diam-
eter) and gravity dispersed. Based on published data on the
ccologically similar Eucalyptus incrassata and our own ficld
observations of E. socialfs, ants generally exhaunst soil seed
banks, except during particularly heavy sesd release such as
post fire (Wellington & Noble 1985z, 19855).

Populations and Seed Collection

To capture zndity differences that might contribute to height,
we chose two populations of E. sociglis in the Murray-Darling
Basin (Fig. 1). The southwest, less znd population was
at Yookamuwra Sanctuary (34.52°5, 139.47°E; hereafter
Yookamurra) and the more arfd populaton was at Scotia
Sanctuary (33.22°5, 141.15°E; hereafter Scotiz). Scotia is
circa 200km northeast of Yookamurra and they are both
characterized by similar sandy soils over limestone. Cli-
mate data indicate that Scotia is more and than Yookamurra
(andity index: Scotia=0.15, Yookamurra=025; andity
index = mean anmual precipitation/potential evapotranspiration;
rainfall: Scota=238mm, Yockamuoma=278mm; Williams
etal. 2010; Willlams etal. 2012; Tzble 51). Thess two loca-
tions represent the central range of the chmatic emvelope of
E. socialis ssp. soctalis (http://spatial ala org an/; Fig. S1).
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Eucalypt height differs with aridiy
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Fignre 1. Magp showing the locations of the reciprocal ransplan:
experiment, Yookamuers and Seotis. Shading indicates remnant
wvegetstion, and the incer map shows the amdy locarion in Ansrralia

We collected open-pollinated seeds from greater than 100
mature fruitz across the canopiss of 19 tress at Scotiz and
20 trees at Yookamurra in Januwary 2010. The mean height
of these mother trees was 6.58m=1.075D at Yookamurra
and 4.72m+ 1.605D at Scotia. We avoided sampling nearest
neighbors (>20m distance between trees) to minimize the fsk
of sampling the same mother tree or close relatives. Froits
from each mother tree were processed separately. Fruits were
dried for circa 2-3 weeks in individual plastic containers under
greenhouse conditions. Dined fruits were then shaken in these
plastic containers to encourage seed release. These seeds wers
then stored for circa 1 week in paper envelopes untl sowing in
February 2010 (details described below).

Reciprocal Transplant Trial

To assess height differences between Scotia and Yookamurra,
we established a reciprocal transplant experiment in 2010 within
10km of both provenances. Scotia and Yookamurra are part
of an extzasive belt of mostly intact mallee woodland (ie.
sucalypt dominated, Mediterranean scrub) in zemi-and to arid
Southern Australia. This reciprocal transplant expenment was
part of restoration projects undertaken on the provately owned
and managed properties.

Twenty replicates {ie. pots) of circa 20 seeds from each
mother tres were sown in February 2010 onto saturated native
poting mix. Germinstion was conducted under glasshouss
conditions in Adelaide, South Anstralia (34.92°5, 138 61°E).
Seedlings were moved to the full-sun nursery at the Mt Lofty
Botanic Gardens, South Australia (34.99°5, 138.72°E)} after
4weeks in glasshouse conditions. Family cohorts of seedlings

were grown in crates that were shifted and rotated weekly to
avoid confounding effects of location in glasshouse/nursery.
The most central seedling within each pot was chosen, and
noncentral 51|p|:|'ﬂunL.s su:q‘dl'inl__-;- wiere removed over the subse-
quent weeks prior to planting to mimimire selection on seedling
fitness

Plantings took place at Scotia and Yookamurra in June 2010.
We used a randomized complete block design (Addelman
1969), with seedlings from each mother tree present at least
onee in a random location in each of 10 rows per site. We had
approximately 60% seedling mortality in the nurzery phor to
planting (provenance sample sizes at planting: my, o e = 247;
Mgz, = 229; Table 52). Planting sites were prepared by rotary
hocing to remove residual surface vegetation, paralle] op-lines
were drawn through at 3 m intervals, and seedlings were spaced
at 3 m intervals. No manual watering or fertilization took place
at the time of planting or thereafter. A 200 > 200 x 500 mm tree
guard (Global Land Repairs, Fyshwick, Anstralia) surrounded
cach seedling to protect it against vestebrate herbivores (e.g.
rabbits, kangaroos).

Height and Survival Data

In November 2010 (5months after planting), May 2011
(11months after planting), and February 2015 {4 years @
months after planting), we measured the aboveground stem
height of all plants (distance from ground to stem apex; here-
after height) and plant survival. No plants had developed a
multi-stermmed habitat at amy stage of this study. Weed control
was not conducted after planting, and greater biomass of weeds
was observed at Yooksmurra than Scotia, particularly at the
final aszessment period (i-e. in Febrary 201 5) (data not shown).

Obsenving height, particularly over the time peniods of this
study, should allow an examnation of differences that likely
affect growth in later life, However, using height as a fitness
proxy has hmitations, as it does not include plant investments
belowground, which may influence the ohserved patterns, and
it does not directly estimate the plant’s contribution to the next
generation. However, height remains commenly measured in
provenance trials to gain insight into plant performance in 2
given environment and we expect that it positively comelates
with biomass and/or resource acqmsitions and therefore also
with plant lifespan and/or reproductive success (O°Brien etal.
2007).

To indicate the magnitude and direction of the advantage of
local provenances, we calculated the relative home-site advan-
tage for height, by dividing the difference between the home
versus away mean height value by the home value.

Data Analysis

We used general linear mined effects models in the package
nlme v. 3.1-120 {Pinheiro et al. 2015) in B v. 3.0.2 {R Project
for Statistical Computing, http:/fwww.r-project org) to assess
height between E. socialis provenances in the two habitats for
each samphing interval (Le. 2010, 2011, and 2015). When we
ohserved a significant provenance x site effect, we explored the
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3 - - 2012 2ma 2014 2015 Table 1. General Linesr mined effects models of Eucalyprus soctalis height
H b explained by the lixed effects in these models across the three samplng
% o1 periods of the reciprocal waneplant trisl established in Tune 2010,
& NS .
i - Hiamaaha sisadAntage Variable Effect Stz SE(om)  tValue  pVilue
- Year of reciprocal transplan: axparnment 2015 height
Sie 93891187 8.08 <001
Figre . Compasisens herween local height and ainfall during the pesiod Provenance 460221322 3.55 <0.01
of the reciprocal wansplant trial, with the more mesic Yookamuorra in blse Prm'ena.?:u:e e 47181622 189 <0.01
and the more arid Seotia in orange (A) Solid ines show mean anonal 2‘?‘” height
eainfall for the duration of the reciprocal ransplant experiment Sue 23 '94 = ‘: 84 4.76 <0.001
(2010-2014), 2ad hosizears] dotied Lines show long-ters mean snausl Provemance 135£346 0.43 0.67
rainfall {1997—2005). (B) Relative home-site advantage measured for each ?é?;:ﬂfxzx site 176+ 6.62 0.27 039
sumpling period with statistical significunce of provenance differences eight
i e gnicdnee o privenee dferenees Sie 8995202 445 <0001
Provenance 002£222 001 0.99
Provenance ¥ site 2204272 084 0.40

effects of provenance within each site further with a more simple
model that excluded site effects.

Plant provenance and tnal site were treated as fixed effects,
and family (1e. mother trec) was treated as a random effect
nested within provenance. A binomial distobuotion with a logit
link function was used for survival data and a Gaussian distr-
bution with no link function was fitted for height data. Planting
row was not included in models becanse model residuals showed
no spatial autocorrelation and not including row in the model
reduced model parameterisation. Fitted model residuals were
visually aszessed for normality and were normally distributed in
cach case. We had too few surviving individuals within families
{Table 82 to confidently estimate trait heritability.

Resulis

Climate Variation

During the first two vears of the reciprocal transplant experiment
{2010 and 2011}, mean annual rainfall was the kghest on record
at both lecations (=430 mm at both Scotia and Yookamurrs;
1.8 times historical mean annual rainfall; Fig. 2). The years
2012, 2013, and 2014 wer= similar to historical rainfall trends,
with Yookamurra receiving 12—-48% more rainfall than Scoha.

Variation in Performance

During the higher rainfall years, 2010 and 2011, neither
population  showed a local advantage for height at
Scotia (Scottia mm 2010 Scota=131cm+135E s
Yookamurra 1435cm+1.45E; Scotia im 2011:  Sco-
tia=784em+2.75E vs. Yockamumra 20.9cm+2.65E) or
Yookamurra (Yockamuma in 2010: Scota=153cm+0935E
vs. Yookamurra 13.4cm +0.9 SE; Yookamurra in 2011: Sco-
t2=354cm+205E vs. Yookamurra 362cm+1.7SE)L
However, we obzerved 2 home-zite advantage for height of
the more arid Scotia sourced plants in 2015, the fifth year of
the reciprocal transplant expenment (Scota=241cm+t 95E
vs. Yookamurra 194 cm+ 10SE; Figs. 2 & 3; Tables 1, 2, &
53). No local advantage was observed at Yookamurra m this
year (Scotia= 144 cm+ 7 5E vs. Yookamurma 145 cm + 6 5E).
Height in the fifth year by Scotia and Yookamurra provenances
was circa 51 and circa 41% of the height of local mother trees
at Scotia, and both provenances were circa 22% of the height
of local mother trees at Yockamumra, No marked differsnces
1in provenance survival were observed in amy year at either site
(Tables 2 & 52).
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Table 2. Number of seedlings planted as past of the reciprocal transplant experinent and mean height = SD (em) and surviving seedlings at each of the

sampling pesiods,

Plenting n 2010 Heighs 2010, n 2001 Heaght 2000 2015 Height 2015 n
Planted ar Yookamurra (mesic)
Yooksmurrs provenance 125 134497 o4 5624192 78 1454+ 51.8 &9
Scotia provensnce 112 1554L08%8 5] S544212 T8 1449 £ 508 (%3]
FPlanted ar Scotia (arid)
Yookamurra provenance 22 145£156 52 8094292 48 1940+ 634 43
Scotia provensnce 117 131+£139 41 TE4 293 38 241.1+35351 37
Discussion Plants grown at the and site outgrew those grown at the more

We explored the home-site advantage of a species of malles
eucalypt (Eucalyptus socialis) that is commeonly used in broad-
scale restoration in Southern Australia We collected height
and survival data over a 5-year reciprocal transplant experiment
between two sites that differed markedly in andity in the
Murray-Darling Basin in Southern Australia. We only observed
a significant home-site advantage for height in the more arid
northern of the two sites, and only &t the end of the tnal; after
two imitial very wet years followed by three dry and more
normal years. Seed transfer in a mesic-to-and direction reduced
height of E. socialis, but seed transfer in an arid-to-mesic
direction did not reduce height. However, no differsnce in the
survival of provenances was observed in any sampling peniod
at either site. Thus, our study only provides some tentative
evidence to support the supplementation of local seed sources
by transferring seeds from and to more mesic locations to add
climate resilience to restoration plantings, which is especially
important to planmng seed sourcing activities at mesic and
more southemn sites which have increased andity projected for
future climates. However, further work is needed to explore
other provenance-dependant site-specific factors that may be
confounding our results (e.g. site management effects), whether
provenances have the genstic variation to adapt in zita without
translocation (Christmas etal. 2015} and to fully assess the
nisks of maladaptation and outbreeding depression.

Adaptation to Aridity

The significant home-site advantage for height in the more arid
site is consistent with the northern provenance showing signs
of adaptation to ardity, where these taller, northern provenance
plants should be at a competitive advantage over their smaller
and southern provenance counterparts. Although our results
need to be interpreted with caution, as we did not dirsctly test
drought tolerance or ecophysiological adaptation per se (sec
discussion below), our findings are consistent with previcus
work on cucalypts that has shown that andity is a strong agent
of selection in some eucalypts (Steane et al. 2014; Dillon et al.
2015). Aridity is known to limit the distribution of E. socialis
in mallee ecosystems (Parsons 1969), and E. socialis has been
observed not to respond to drought hardeming tnals (Collatz
etal. 1976), all of which suggest that andity is an ecological
stressor for this species and may therefore be a strong agent of
selection.

mesic site (both provenances at Yookamurra =circa 145 cm vs.
Yookamurra at Scotia = circa 194 cm vs. Scotia at Scotia = circa
241 cm; Table 1). These patterns appear to contradict andity as
zn ecological stressor, but can in part be explained by the high
water availability at Scotiain vears 1 and 2 of the trial compared
with Yockamurra, allowing plants at Scotia to grow rapidly at
these tmes (Table 2; Fig. 2). Furthermore, during the latter
stages of the tral, we observed higher weed load at Yookamurra
compared with Scotia {in particular Horehound Marrubium
vilgare, Caltrop Iribulus terrestris; data not shown), which
may have led to greater competition for resources at Yooka-
murra than at Scotia. However, despite the overall differences in
height, the relative provenance heights within sites (Fig. 2) were
consistznt with aridity being an ecological stressor. This stress
did noet appear sufficient to differentially impact mortality.

Water availability during the wet 2010-2011 years was much
higher than during the and and more typical years at both sites
(2012-2014). Water availability during the more arid years of
the trial was lowest at Scotia, as itreceived 12-48% l=ss rainfall
than Yookamurra. As selection is expected to be stromgest
on low fitness phenotypes during times of heighiened stress
{Chepton & Donohue 2010; Fox & Reed 2010), and because 1t
is likely that 1ow fitness E. secialts genotypes would be stressed
in the presence of low water availability (Parsons 1969; Collatz
etal 1976), it is not surprising that a home-site advantage did
not mamfest in the high rainfall years at either site (rainfall was
1.8 times historical levels in these years). Therefore, detecting
a2 local advantage at the mors arid Scotiz only after 3-anid years
is comsistent with aridity stress.

Many studies on eucalypts have shown that andity is a strong
agent of sclection (Steane et sl 2014; Booth etal 2015; Dal-
lon etal. 2015), and is likely to be the case for E socialis
(Farsons & Rowan 1968; Parsons 1969). Eucalyprur socialis
forms large populations with high intra-population gene flow
(Breed et al. 2012; Nicolle 2013), suggesting that effective pop-
ulation size and genetic diversity should be very large (Petit
& Hampe 2006; Kremer et al. 2012). Consequently, selection
should have plenty of genetic varation to act upon, allowing
it 1o act elficiently (Lenormand 20023, Therclore, adaptation
should not have been constrained by low genetic diversity in this
system (Christmas et al. 2015). However, the long-lived nature
of E. soctalis (100 s of years; Clarke ot al. 2010) indicates that
selection that took place on the adult generation was doven
by an eovironment before contemporary climate change took
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effect, possibly resulting in an adsptation lag to the rapid chmate
change oocurnng today (Kremer et al. 2012). To further explore
the extent of climate adaptation lag in E. soctalis, it iz imperative
to extend monitoring of this tral to extend mto the future, with
a particular focus on differential recroitment between prove-
nances. As andity increases with climate change, an adaptation
lag should manifest by the arid provenance out-doing the mesic
provenance at the mesic site in years to come.

GChallenges with Tree Provenance Trials

Deciding on the performance traits to measure in provenance
trials of long-lived trees that reflect fitness is a nontrivial
exercise, and traditional fitness components (reproductive suc-
cess and lifespan) are impractical to measure (Petit & Hampe
2006). Forthermore, most tree species used in restoration are
nonmadel species, and do notusually have large trait or genomic
resources available. Consequently, practical performance traits
are needed.

Aboveground plant height was the performance trait used in
this study, and is a commeonly measured trait in provenance trials
related to restoration (0 Brisn =t al. 2007). When this trait is
wsed s afitness proxy, it is assumed that it positvely cormelates
with biomass and/or resource acquisitions, and therefore also
with plant Lifespan andfor reprodoctive success. However, it
does have imitations because plant height itselfis unlikely to be
under direct selection, as height rellects a complex interaction
of many genes and traits. However, its complex nature also
makes it a useful trait to observe, as it increases the probability
of detecting differences due to selection, since the zummed
action of selection on many genes and traits will manifest as
height, whereas selection on an individual gene or trait would
nsk going undetected if their role in andity adaptation was
small or absent (Bockman 2012; Anderson et al. 2014). Indeed
in our case, follow-up studies should explore phenotypic and
genotypic target(s) of selection in more detail. For example,
it would be useful to explore functional ecological traits (e.g
S0 signatures, specific leal ares, wood density, and so on),
reproductive traits (e.g. phenology, freitzeed production), and
genetic signatures of selection to more fully understand the
andity adaptation.

Our results must also be interpreted within their imited geo-
graphic range of material and sites used in this study. Additional
work will be needed to confirm the generalized nature of arid-
ity adaptation in E. socialis by assessing more provenances at
more sites. Other ime- or provenance-dependant factors than
aridity may have contributed to the local advantagze we ocbserved
at Scotia. We can mule out mating system differences between
provenances as previous work on these provenances has shown
that mating systems do not differ betwesn the two prove-
nances (Breed et al. 2015). However, time- or aridity-dependant
provenance-environment interactions may also be contributing
to the patterns observed. For example, the planting sites may
have abiohc or biotic differences that impact the performance
of provenances at later life stages or only under arid conditions
{e.z. soil microbial activity). In addition, as discussed above,
future work is needed to tease apart the chimatic differences

between sites from other sile-specitic lactors, such as sile man-

agement, edaphic, or compettion differences.

Management Implications

Eucalyptus socialis is heavily relied upon for restoration in the
mallee, where its utility of drought resistance in shallow soils
over limestone is beneficial (Nicolle 20131, but climate models
suggest that this region is likely to undergo significant increases
in zrdity (CSIRO & BOM 2014). Restoration projects that
use E socialis could actively transfer seeds from more arid
provenances to their location of interest to supplement local
szed collection to potentially increase climate resilience of
plantings. Thiz approach iz not without risks, as tranzferring
seeds across ecological gradients may increass the nsk of
maladaptation (Hereford 2009 and outbreeding depression
{Frankham etal 2011; Weeks et al. 2011). Indeed, these nsks
could potentially be overcome by increasing planting density
of local seed. However, the concept of seed transfer across
andity gradients such as this has repeatedly put forward from
theoretical points of view (Broadhurst et al. 2008; Sgro etal.
2011; Wesks et al. 2011; Breed et 2l. 2013; Prober et al. 2013),
but few studies have helped assess these management recom-
mendations with empincal data. Further studies are needed to
explore the consistency of our findings by exploring additienal
fitness traits over longer periods of time (e.g. biomass esti-
mates, and recruitment), plus it would be fruitful to explore the
generality of this trend in this and other regions.

The trals studied here were estzablished on land owned and
managed by Australian Wildlife Conzervancy, which is a pri-
vate crgamization that was interested in re-establishing vegeta-
tion on areas cleared prior to land purchase. Implementing the
reciprocal transplant trial used in this study on their property
imposed minimal costs to the organization, as it was consistent
with their land management plans, and the modest costs of set-
ting up the trial and monitonng was met by the researchers. We
believe that this model of collaboration meets the needs of land
managers/owners, the restoration community, and researchers.
Given the projected zcale of worldwide landscape restoration,
there 15 an unparalleled opportunity to embed ficld expen-
ments within restoration projects, to further our understanding
of restoration processes and ecosystem science.
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APPENDIX F

Baruch, Z., Christmas, M., Breed, M.F., Guerin, G.R., Caddy-Retalic, S., McDonald, J.T., Jardine, D.I.,
Leitch, E.J., Gellie, N.J.C., Hill, K., McCallum, K., & Lowe, A.J. (2016) Leaf trait associations with
environmental variation in the wide-ranging shrub Dodonaea viscosa subsp. angustissima
(Sapindaceae). Austral Ecology. doi:10.1111/aec.12474.

Abstract: Intra-species variation in specific leaf area (SLA) and leaf area (LA) provides mechanistic insight
into the persistence and function of plants, including their likely success under climate change and their
suitability for revegetation. We measured SLA and LA in 101 Australian populations of the perennial shrub
Dodonaea viscosa (L.) Jacq. subsp. angustissima (narrow-leaf hop-bush) (Sapindaceae). Populations were
located across about a 1000 km north—south gradient, with climate grading from arid desert to mesic
Mediterranean. We also measured leaves from 11 populations across an elevational gradient (300-800 m
asl), where aridity and temperature decrease with elevation. We used regression and principal component
analyses to relate leaf traits to the abiotic environment. SLA displayed clinal variation, increasing from north
to south and correlated with latitude and the first principal component of joint environmental variables. Both
SLA and LA correlated positively with most climatic and edaphic variables. Across latitude, LA showed more
variability than SLA. Changes in leaf density and thickness may have caused the relative stability of SLA.
Only LA decreased with elevation. The absence of a SLA response to elevation could be a consequence of
abiotic conditions that favour low SLA at both ends of the elevational gradient. We demonstrated that the
widely distributed narrow-leaf hop-bush shows considerable variability in LA and SLA, which allows it to
persist in a broad environmental envelope. As this shrub is widely used for revegetation in Australia, South
America and the Asia-Pacific region, our results are consistent with the notion that seed used to revegetate
mesic environments could be sourced from more arid areas to increase seed suitability to future climate
change.

BEST PRACTICE RESTORATION 184 NJC GELLIE



APPENDICES

Austral

l‘.L COLOGY A Journal of scolagy in the Southern Hemisphere

Auwstral Ecology (2016) e, se—es

Leaf trait associations with environmental variation in the
wide-ranging shrub Dodonaea wviscosa subsp. angustissima
(Sapindaceae)

ZDERAVEOQO BARUCH,” MATTHEW J. CHRISTMAS, MARTIN F. BREED,

GREG R. GUERIN, STEFAN CADDY-RETALIC, JOHN MCDONALD,

DUNCAN 1. JARDINE, EMEYS 1LEITCH, NICE. GELLIE, EATHRYN HILL,
KIMBERLY MCCAITTUM AND ANDREW J. LOWE

School of Biological Sciences, University of Adelaide, North Terrace, Adelaide, South Australia, 5005
Australia (E-mail: zdravke.baruch@adelatde. edu. aw)

Abstract Intra-species vanation in specific leaf area (SLA) and leaf area (LA) provides mechsnistic insight mto
the persizstence and function of plants, including their liksly succes: under climate changs and their suitability
for revegeration. We meassured SLA and LA in 101 Australian populstions of the perennial shrub Dodonasa wis-
cosa (L.} Jacq. subsp. angustismma (narrow-leaf hop-bush) (Sapindacese). Populations were located scross about
2 1000 km north—south gradient, with climate grading from and desert to mesic Mediterranean. We zlso mea-
sured leaves from 11 populations across an elevational gradient (300-800 m =sl), where andity and temperature
decrease with elevation. We used regression and prncipal component analyses to relate leaf waits to the ablotic
environment. SLA displayed clinal vadation, increasing from north to south and correlated with latitude and the
first principal component of joint environmental vanzbles. Both SLA and LA correlated posinvely with most cli-
matic and cdaphic vanables. Across latitude, LA showed more vansbility than SLA. Changes in leaf density and
thickness may have caused the relatve stability of SLA. Only LA decressed with elevation. The absence of 2
SLA response to elevation could be 2 consequence of sbiotic conditions that favour low SLA at both ends of the
elevational gradient. We demonstrated that the widely distributed narrow-leaf hop-bush shows considerable var-
ability in LA and SLA, which allows it to persist in = broad eovironmental envelope. As this shrub 1s widely used
for revegetstion in Australia, South America and the Asia-Pacific region, our results are consistent with the
notion that szed used to revegetats mesic snvironments could be sourced from mors arid areas to ncreass seed
suitability to future climate change.

Key words: Dodonasa wiscosa subsp. angustisnma, clevabional gradient, mtra-specific trait vanation, latitudinal
gradient, leaf ares, specific leaf area.

INTRODUCTION dovers of trait vanston, as well as into the persistence

znd functon of widespread species (Hulshof et al
Varability in functonal traits within and among 2013%; Carlson et al 2016). Inference can be made of
populations sllows plants to persist across a broad the likely success of those species under future climate

range of covironmental conditions. By virtue of change aznd ther suitsbility for revegetstion projects
expanding niche breadth, intra-specific functional (Laughlin 2014). However, most studies explore trait
trait varation, caused by local adaptation and plastic- variztion in few populstons, along short geographic
ity, is assumed to result in wider species distributions and environmentsal distances, and often with many co-
(Ramirez-Waliente e ql 2010; Bolnick e ol 2011). varying covironments| parsmeters (e.g. spenal, edsphic
Consequently, intra-specific functional trait vanation znd climstc vanstion). Limited sampling and co-vary-
influences the assembly, dynamics and function of ing environmentsl parameters make it difficult to deter-
local communities (Comwell & Ackerly 2009; Viclls mine the specific abiotic driveris) of tr=it vanaton =nd
et al. 2012; Kunstler er al 2015; Siefert ar al 2015; limit the utlity of those studies.
Escudero & WValladares 2016; Funk er all 2017). The Specific leaf area (SLA, cguivalent to leaf area per
zssessment of functional traits across environmentsl unit mass) and leaf area (LA) are traits known to vary
clines provides insight into the mechanizms and in response to plant habitar 2z theze taits influence
hest and gas exchange with the stmosphere (Westoby
*Cossesponding author, et al. 2002; Di=z et al 2016). Functonslly, SLA ndi-
Accepted for publication Ocrober 2015, cates how much leaf surface 15 produced by one unit of
% 2016 Ecological Socety of Australia do:10.1111/aec. 12474
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leaf biomass, which closcly correlates wath photosyn-
thetic and growth rates, resource use efficiency, lesf
life span and cost of construction (Wrnght & al 2004;
Poorter ar al. 2000; Kunstler et all 2015). The impact
of intra-spedfic vardation in SLA expands to ecosystem
function by influencing productvity, litter breskdown
and muirient recycling (de Bello & gl 2010}, The mul-
tiple roles of SLA, itz ezse of measurement and the
availability of a large worldwide datsbaze (Kange e al.
2011) make 1t 3 preferred trait for research in func-
tional ecology. LA influences leaf temperature regula-
tion and transpirston rate through its efect on the
boundary layer thickness, and consequently slso
mmpacts on lesf heat and water balance (Dhaz ef al.
2016). For numerous speoies with contrastimg life
forms and from different biomes, SLA and LA corre-
late well with abiotic stresses such as drought, nutrient
availability and insolation (Poorter &t al. 2009).
Austraha’s wide vanation in andity and substrates,
coupled with the presence of common species whose
naturzal distribution spans these gradients, makes the
continent an excellent natural lsborstory in which o
test the processes influencing intra-specific plant trait
variation. The perennial shrub Dedonageas wiscosa (L)
Jacq. subsp. angustiseima. (DC.) JG West (West 19084)
(Sapindzceae) (hereafter Dodonaes) 1s appropriste for
our study because it is distmbuted from the hot, and
centre of the continent to the temperate Mediter-
ransan zone on the southern coast, and also at all el=-
vations of the Flinders and Mt Lofty Ranges in South
Aunstrabia. This wide distobution suggests Dodonaca
should have substantial vansbility m SLA and LA,
which is supported by accounts of phenotypic clines in
leaf width (Guenn e al 2012), stomatal density (Hill
et al. 2014) and allele frequencies of genes assocated
with water use efficiency (Chnostmas 2015; Chostmas
et al. 2016) in this species. It 15 possible that Dodon-
aea is now being pushed to adapt to climate change at
a rate that may exceed its adaptive potental. Despite
this threat, its cxtensive range, apparent plasticity and
ability to pionser degraded sites suggsst that it may
have more capacity to adapt to changing environmen-
tal conditions than other native shrubs (Booth er al.
1986). Dodonacs 1= a ruderal species sble to grow on
disturbed or sroded soils, and iz often employed for
restoration 2nd soil stsbilizstion in Australia (Monie
et al. 2013; Pickup et al. 2013) and overseas (Groe-
nendipk et al 2005; Bonfil & Trejo 2010; Ammendt
gt al. 2013; Yelemk e ol 2015). As such, mntra-speci-
fic trait varadon could be & useful basis on which o
decide on seed sources for restoration by incressing
the likelihood of planting success and resilience under
climats change (Laughlin 2014). Hers, we int=nsively
sample Dodonzez across 2 broed environmentzl and
spatial range to identify the likely drivers of two iImpor-
tant leaf traits. We couple this ansalysis with leaf trait
analysis of populations distmbuted over =lbtudinal

doi:10.1111/aec. 12474
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gradients, representng = short linear distance but with
steep environmentszl vananon, cffectively decoupling
grographic distance from snvironmental distance. We
aim to answer the following questions: (i) what is the
range of Dodonaea’s SLA and LA responses to its
eovironment? (1} which sbiotic vansbles associate
with these leaf traits? and (111) do lanitude and elevaton
hzve similar =ffectz on SLA and LA

METHODS

Study specics and populations

Diodonasa [narrow-lesf hop-bush) i= a 14 m tall woody
ghrub, with upright, narrow, tough and sticlky leaves cov-
ered by reflective wax. It is widely distributed throughout
the southern half of Ausgmalia, predominsntly on well-
drazined szoilz. Locally, it forms sparse-to-dense cover in
shrublands and in cpen woodlands 3= 2 recognizable shrub
layer (Hyde & Playfair 1997; Foulkes & Gillen 2000; Lang
er al. 2003; Brandle 2010).

We analysed SLA znd LA from two dara sers. The first
comprised samples from 101 populations across about a
1000-km non-linear lstimidingl sequence (23.6-33.9°5),
mazinly focuzed in the Morthern Territory and South Ans-
waliz (Fig. 1). Climatic and edaphic varizsbles for each pop-
ulation site inclode mean annual precipitation, the aridity
index ranging from O (most arid) to 1 (least arid), air tem-
perature, solar radiadon, soil pre-European nitrogen con-
centration and phosphorous content, clay percemtage and
bulk density. Environmental data were sourced from the
Atlaz of Living Australia at 0.01% (=1 km) resolution (hope!/
woww.gla.org.an; accessed 15 Febmary 2016) (Williams
eral. 2012). From mnorth to zouth, there are gradual
decresses in soler radiation snd temperamire with parallel
increzzes in rainfall and soil ferdlity. The annual mean arid-
ity index (anmuzl rzinfsll [ potentdal or pan evaporation)
integrates warer siress condifon and decreases southwards.
Latitude and discrete sbiotic varizbles such as aridity, rain-
fall, mean temperamire and zoil I and P quantities relate
linearly from 253°% to about 30°5, but further southwards
this relationship becomes exponential (dara not shown).

The second datz set comprized 11 populatons sampled at
50 m elevation intervals berween 300 to 800 m =sl, in the
Heyzen Range (31.31° 5; 138.57% E; Fig. 1) (Guerin er al
2012). We obtzined the low elevation climate records from
the Atlas of Living Aunstralia (hrp:(www ala org au; accessed
15 Febmary 2016) (Williams er al 2012) (mean air tempera-
ture = 16.0°C; mean annual rainfsll = 500 mm). Climatic
dara were unavailzble for the highest elevation, but conzider-
ing the average elevation lapse rate, we estimated mesn tem-
persture and mesn annual rainfsll to be 12.0°C and
500 mm, respectively, with both temperature and ardity
decressing at higher elevadons.

Trait measurements

We mezsured LA zsnd 5LA on either recendy collected
(fresh) or dred, preserved leaves. Samples came from

£ 2016 Ecological Secety of Australia
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(range: 0-1; more to less arid). The st;.r symbel indi

increase northwards, whereas rainfall and =oil N and P

one to five i per population and we

five undamaged leaves per individual. We followed stan-
dard p d for field and preservation of
fresh leaves (Perez-Harguindeguy eral 2013). We
scanned the leaves and measured their area with Image]
(Rasband 2011), before oven drying at 65°C for 48 h,
then weighing and calculating SLA. To zccount for the
area contraction of preserved leaves, which made direct
comparison with fresh les imp we

a factor by fresh and dry LAs from
two populations: one from a mesic site (Mt Bryan
33.33°S; 139.05°E) and the other from zan arid site
(Andamooka 30.47°S; 137.15° E). Leaves from the north-
em and more arid site showed less shrinkage
(15.6 L 2.4%; n = 20) than those from the wetter south-
em site (23.4 + 4.3%; n = 25) (Fy ¢ = 50.2; P< 0.001).
The mean shrinkage (20.1 £ 5.3%) is consistent with
published values (Torrez er al 2013; Queenborough &
Porras 2014). Consequently, all LAs were converted into
a fresh basis by: Fresh LA = Dry LA / 0.201 before SLA
was calculated and used in further analysis. By including
preserved leaves, we expanded the data azvzilable for this
study several fold.

P Tenlated

© 2016 Ecological Society of Australia
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of Dod viscosa subsp. Shades rep the zridity index
the i dient site. Insolati o range and aridity
increase
Iysed Data analysis

For both data sets, we correlated SLA and 1A and each
trait with the abiotic variables listed zbove. In addition, and
to cbtain an integrated response of leaf traits to muldple
physical variables, we employed principzal component analy-
sis (PCA) to ordinate the population sites within the envi-
ronmentzl space using PC-Ord V6 (McCune & Mefford
2011). We then d the ¢ i d by
PCA along its main variance axis to latitude, SLA and LA
using the Im function in R v. 3.3.1 (R Core Team 2016).
Dustwoa th bias in our along the latitudi
gradient, we carried out bootstrap resampling with 10 000
iterations using the boot function in the R package v. 1.3-
18 (Canty & Ripley 2016) to obtain the confidence inter-
vals for regression coeflicients.

RESULTS

SLA significantly increased southwards but LA di
not show a significant correl with lstitud

doi:10.1111/aec.12474
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Table 1.

Regression coefficients of Dodomaea oificosa subsp. angusmosima-specific leaf area [SLA) and lesf area (LA) against a

range of environmental variables gz well a5 coordinares of Axis 1 of a principal component analysis (FPC1) ordination of the
environmental variables along the latitudinal and elevational clines. F values relate to the significance of the slope values and
those in bold represent statistically significant relationships. Ninety-five per cent confidence limits (based on 10 000 boot-

straps) of intercepts, slopes and +* are shown in Appendix S2

Regreszion Intercept Slope # F
Larimudinal clfne
SLA mersus latitude 13.72 -1351 0.14 <0.001
SLA ey sridity 56.07 34.08 0.35 <0.001
SLA mersus precipitation 48.38 0.05 0.38 <0.001
SLA persus insolation 140,23 3.821 0.23 <0.001
SLA persus mean temp 94.24 1.72 0.11 <0.001
SLA mersus N 35.54 0.57 0.18 <0.001
SLA oerss P 56.01 0.02 0.21 <0.001
SLA mersus % clay 73.68 0.24 0.03 0.088
SLA oersus bulk densiny 31.35 24.06 0.03 0.033
LA persus latitude 1.45 0.01 0.0007 0.790
LA oersus aridity 123 134 0.16 <0.001
LA persus precipitation 0.87 0.002 0.18 <0.001
LA persar ingolation 3.17 —0.07 0.02 0.0799
LA persas mesn temp 1.26 0.02 0.01 0.500
LA persus N 1.0 0.01 0.02 0.137
LA versus B 1.33 <0.01 0.05 0.024
LA persas % clay 2.27 —0.02 0.06 0.011
LA oersus bulk density 0.22 097 0.02 0.145
SLA mersus TA 52.43 845 0.25 <0.001
Latimde persus PC1
220 1.04 0.00 0.506
Above —30°
32.41 0.76 0.68 <0.001
Below 307
SLA mersis PCL 66.19 241 0.23 <0.001
LA persus PC1 1.63 0.05 0.03 0.089
Elenarional clfne
SLA oy LA (elevaton) 44 80 223 =001 0.466
SLA persus elevation 4349 <0.01 =<0.01 0.454
LA persus elevation o7 <0.01 0.17 <0.001

(T=ble 1; Fig. 2a,b). There was greater vansnce in
1A compared to SLA, particularly at the ends of the
latitudinal cline. Both SLA and LA sigmificantly
incressed with an increass in precipitation and a
decrease in andity (Table 1; Appendix 51a, b). Only
51LA correlated significently with other climatic van-
ables such as msolstion znd mean air temperature
(Tsble 1; Appendix Slc, d). The relatonships of
SILA snd LA with soil varisbles were mixed. Both
traits correlated signmificantly with soil P concentrs-
tion, but only SLA showed =z significant correlation
with W content (Tabls 1; Appendix Sl=, f). Neither
trait demonstrated correlations with the percentage of
clay in the soil, but denser soils were associated with
higher SLA (T=ble 1; Appendix Slg, h). The first
axis of the PCA e=xplasined most of the varnation in
the ordinstion of populaton sites (68.01%) within
the environmental space including all climatic van-
ables and so0il N and P amounts {Tzable 2; Fig. 3a).
When plotted agzinst lattuds, PCAL showed a clesr

doi:10.1111/aec. 12474
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discontnuity in populston cline at ca. 28-30°S
(Tsble 1; Fig. 3b). SLA correlsted significantly with
the whols span of int=grated environmentzl vanables
represented in PCAL (Table 1; Fig. 3c).

The clevational responses of leaf traits contrasted
with the labtudinal responses. SLA did not vary sig-
nificantly slong the entire 500 m elevational gradient,
whereas LA did decrease significantly with elevation
{Table 1; Fig. 4a,b).

DISCUSSION

Leaf trait variation across latitude

We observed considersble intra-specific varability in
SLA and LA, comparable to that reported for other
sclerophyllows shrubs (Comwell & Ackerly 2009;
Carlson et al 2016). Only SLA showed positive
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clinal vanation zlong the sampled lammudins]l gradi-
ent, incressing from north to south. The responses of
SLA and LA to the shiotic variables across the gradi-
ent differed, indicating that the mathematical rela-
tionship between 5LA and LA did not translate into
similar responses. We suggest that these different
responses were due to their separate and specific
rolez in leaf function. Both traits decreased with
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g g
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Fig. 2. Lesf trair responses of Dodonaes oisessa subsp. an-

gustisima vo the latitodinal gradiemt. Linesr regressions
berween (3) SLA and (b) LA and latitode. Coefficients and
statistical significance are shown in Table 1. Symbols repre-
sent the average for esch population. In all panels, broken
lines indicate 95% confidence Hmits.

Table 2.

increasing =ndity, but the response of SLA was more
pronounced. Furthermore, only SLA responded to
zir temperaturs and soil W and P amounts, which ars
predictsble and commeon responses in sclerophyllous
shrubs (Fonseca er al 2000; Ackedy aral 2002;
Poorter et al. 2009). Soil fertlity (as measured by W
and P soil amount) was positvely associated with
SLA, but not with LA, These findings correspond to
the tendency that perenmal sclerophyllous shrubs
growing on oligotrophic soils, such as the northern
Dodonara populations wath their low SLA, exhibit
conservative strategies that minimizs nutrient loss by
producing more robust, long-lived leaves (Fonseca
et al 2000; Wnght et al 2004; Ordonez & ol 2009;
Poorter et all 20097,

The variability in LA across the latitudinal gradient
was higher than 5LA, which attests to the higher
plasticity of LA reported n other shrubs (Carlson
et al. 2016). Coordinated changes in lesf tissue anat-
omy related to leaf density and thickness may have
plaved 3 role in the relative stsbility of SLA in
Dodonaea (Witkowsk & Lamont 1991; Poorter et al
2009; Villar et all 2013). In evergreen woody species,
SLA is influenced more by leaf density in terms of
less intercellular =ir spaces and smaller cells (Villar
et al. 2013), but confirmaton for Dodonaca requires
further investganon.

The latitudinzl trends of both traits across our sam-
pling ar=a appear to be drven by the main north—
south environmentsl gradients. However, when inte-
grated into 2 single PCA axis of vanation, two patterns
stand out. Firstly, the environmentsl disjunction
between mnorthern (23.5-30°S) and southern (30—
35°%) sites becomes obvicus. We suggest that the
change from summer-dominant or non-scasonsl rains
in the north to a defined winter rain regime in the
south, or the putatively high soil salinity nezar Laks
Eyre at the disjunction latitude, may have caused the

Pearson correlations with coordinates of Axes 1 and 2 of the PCA ordinstion of abiotic variables slong the latitudi-

nal cline. Regression coefficients in bold represent highly correlated environmental variables. Included is the percentage of the
totzl variance explained by each axis. High correlation coefficients are shown in beld lettering

PC1 PC2

Ads r # r #

Aridity index 0.92 0.84 0.03 Q.00
Annual Mean Rainfall (mm) —0.93 0.8 0.12 0.02
Solar radiation (MJ m ™2 day %) 0.95 0.9 0.1z 0.0z
Temperature (mean) FC) 0.88 0.77 —0.01 0.00
Temperature (range} FC) 0.94 0.89 0.07 0.00
Soil nitrogen concentration (mg kg Ha0 ) —0.87 0.75 0.11 Q.01
Soil phosphorus content (kg ha %) 0.94 0.58 0.07 0.00
Clay (%) o2z 0.05 0.88 0.77
Sail bulk density (g cm 5 —0.43 0.18 —0.78 0.61
%% Variance explained 68.01 15.89
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Fig. 3. (2) Principal component analysis (PCA) of the
environmental variables shown in Teble 2. In parentheses
iz the percentage of totzl vardation explzined by sach PC
axis. () Linesr regression between latitude and the coordi-
nares along Axis 1 of PCA. Solid line indicates regression
for samples below —307°; dotted line indicates (insignificant)
regression for samples above —30°. () Linzar regression
‘berween Dodomaea visonsa subsp. amgustissimsg SLAs and the
coordinates of PCA slong Axiz 1. In =ll panels, circles rep-
resent the southem (30-33°5) populstions znd wiangles
represent the northem (23-29°5) populations. In panels (B)
and (¢} the red broken lines indicate 95% confidence limits
and the coefficients and sratistical significance are shown in
Takle 1.

observed discontinuty. Secondly, the SLA cline does
not show any apparent disjunction, which is more dif-
ficult to explain as we would have expected ther lesf
traits would also respond to the environmental discon-
tinuity. More intensive sampling at the discontinuity
latitude may clarify this point.

It is important to note that the approach we have
taken here did not allow us to test the responses of
51A and LA to speaific abiotic factors. Many of the

doi:10.1111/20c. 12474
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Fig. 4. Linear regression between Dodongea miscosa subsp.

angustisinea (2) SLA and (b) elevation. Symbaols represent
walues for individual lesves. In all panels, the broken lines
indicate 95% confidence limits and the coefficlents and sta-
tistical significance are shown in Table 1.

abiotic vanables co-vaned along the gradient. We,
therefore, cannot disentangle the relstive contmbu-
tons of the specific environmental varables we con-
sider to direct {or indirect) =ffects on leaf traits. As
such, we took = proncipasl component znalysis
approach to account for these correlations, reduong
redundancy in the sbiotic data and addressing statis-
tical issues assocated with muldple testing. The
associztions we have identified do hint st causative
responses to covironment, but further testing (e
controlled glasshouse trials) of the effects of specific
ablotic factors on leaf waits in Dodonases is
required.

Leaf trait variation across elevation

51A and 1A reacted differently to the parallel
changes Im decreasing temperature and ncressing
precipitation taking place from low to high eleva-
ton. Reduced LA at higher elevations and under
lower temperature has been previously shown n
Diodonzez (Guerin et ol 2012) and in other species
(Gratani et al. 2012; Kichenin e al 2013; Pescador
etal 2015). However, the sbsence of an SLA
response 15 challenging to explain. We suggest that
it could have ansen becsuse there are forces that

£ 2016 Ecological Scaety of Australia

190

NJC GELLIE



APPENDICES

LEAF TRAITS OF THE NARROW-LEAF HOP-EUSH T

favour low SLA at both ends of the clevation gradi-
ent. At higher elevanon, low LA causes low SLA.
At low elevation, higher andity reduces SLA. How-
ever, similer conditions prevail along the latitudinal
range we sampled, where SLA responded linearly to
the complex environmental gradient. To account for
this discrepancy, we suggest that the clevational
rangs we sampled (500 m) is too short to generats
population differences in SLA due to unimpeded
gene flow. Also, the combined effects of meressed
UV radiation and wind welocity at higher alttude
might influence SLA. Apzin, the mechznizm
involved in this type of SLA homeostasis likely
implicates simultancous changes in leaf density and
thickness. The clevationsl stability of SLA suggests
that maintzining SLA within narrow limits may be
criical to the life history of Dwodonses. Similar
trends were reported for the sclerophyllous shrub
Protea repens in South Afnca and in Mediterranean
highlands (Pescador e al 2015; Carlson et al
2016). Commen garden trisls or growing Dodonaes
under controlled conditons with simultaneous mes-
surements of leaf thickness and density could reveal
the mechamism belind the stability of STA.

CONCLUSIONS

Dodonaea shows substantal vanability in SLA and
LA, =z 3 consequence of it responding to 2 wide
vanety of environmental demands throughout its
extensive ranges and helping to facilitate its presence
in multpls community assemblages. The relative
stability of SLA compared to LA is probably the
result of trade-offs imposed by the web of close
relstionships with other important life-history traits.
Common garden experiments and growth trials
under controlled conditions sre needed to under-
stand the effects of abiotic forces on these anstomi-
cal and eccophysiclogicel  relationships. The
covariance of climste and zoils with latitude mazkes
it difficult to separate the individusl effects of each
of these vanables on SLA and 1A responses. In
addition, it is difficult to explsin the shsence of an
SLA response to changes m climats with elevation
in contrast to its clear response to changes in cli-
mate across latitudes. A combinstion of inherent
SLA stability, small inter-populstion distances along
the slope, increased UV radiation and wind velocity
at higher elevations might be responsible for this
dispanty in SLA response. As D). wiscosa subspecies
are widely employed for revegetstion, our results are
consistent with the notion that, if differences in leaf
traits ars genestically based, seed from populstions
from more ard aress could be used to revegetats
mesic cnovironments to increase seed sutability to
climate change (Breed et ol 2013).

% 2016 Ecological Seciety of Australia

BEST PRACTICE RESTORATION

191

ACENOWLEDGMENTS

We thank Jacob Mills, Mark Laws and Ian Fox for
helping to collect and process leaf samples. This
research was supported by the Australisn Research
Coundl funding to AJL and MFB (DE150100542
awardsd to MFEBE; DP150103414 awarded to AJL
and MFE), and an Australian Academy of Sciences

Thomas Davies Rescarch (Grant  (awarded o
MFB).
DATA ARCHIVING

All leaf trait data have been published online vis the
AFEOS dats repository and can be accessed wi=
the following links: Latitudinal data set: hepo
www.zekos.org.au/dataset/’262394; DOI: 10.4227
5TC2343E4E9C2.  Alomdinal dsta et kb
www.ackos.org.au/dataset/264061; DOI: 104227
STC39663TEESS

REFERENCES

Ackerly D. D, Enight C. A, Weiss 5. B, Bamon K &
Swarmer F_ P. (2002) Lesf size, specific leaf area and
mdcgohabitar  disuibubon of chaparral weody planms:
conmasting gaterns in species level and commumniry lewvel
analyses. Oucologiz 130, 445-57.

Ammondr 5. A, Limen C. M, Ellsworth L. M. & Leary J. E.
{2013) Restoravon of nadve plant conununites in a
Hawaiian dry lowland ecosysrem dominared by the
invasive grass Mogathyrus movomus. Apel Vop Scc 16, 20—
30,

Ardas of Living Awcsrealia  Awvailable from TURL:  hooged/
www.alaorg.an) (Accessed 15 February 2016).

de Bello F., Laverel 5, DHazr 5. ot al (2010) Towards an
asziesament of muliple ecosyatermn processes and services
via funcional wairs. Bindivers. Conserv. 19, 2873-03.

Bolnick D, 1, Amarasekare P, Aradijo M. 5. & of (2011) Why
inrragpecific craic varigtoen maners in commuenity ecology.
Trends Ecol Ewol 26(4), 183-92.

Bonfil C. & Trejo I {2000) Plant propagaton and the
ecological restofadion of DMewican wopical decidwous
forests. Eeol Restor 28(3), 360-76.

Booth C. A, King G- W. & Sancher-Bavo F. (1998)
Eswablishment of woody weeds in Western New South
Walea. 1. Seedling emesgence and phenolozy. Rangdand F
18, 58-70.

Brandle R. (20100 A Bivlogical Swroey of the Byre Pevmnda,
South Awstraliz. Science Resource Cenme. Informarion,
Science and Technology Directorate. Depasoment for
Environment and Heritage, Adelaide, South Assrralia,

Breed M. F., Swead M. G, Omewell . M., Gardner M. G. &
Lowe A J. (2015) Which provenance and where? Sesd
soureing  areategies  for  revegerstion i a  changing
etwviromment Comere. Geonet. 14, 1-10.

Canty A. & Ripley B. (2018) boor Boonmorap R (S5-Plus)
Funcrions. R package version 1 3-18.

Carlsen J. E, Adams C. A & Holdnger K. E. (2018)
Intraspecific vasaton in stomaral teairs, leaf taim and

do1:10.1111/aec. 12474

NJC GELLIE



APPENDICES

1 Z.BARUCH ET 4L

physiclogy reflects adapravion along aridiy gradients in a
South African chrub. dnn Botory 117, 185-207.

Christmas M. T. (2015) Adagration slong a climaric gradienn: i
trair plasdcity or genetc adapraton responsible in che
nareow leaf hop-bush Dodonoes circosz s5p. amgumssama? A
lesson in collecting seed for comnon gorden experiments
Sowth Awst Nat 891, 27-33.

Christmas M. T, Biffin E.; Breed M. F. & Lowe A J. (2016)
Finding needles in 2 genomic haysrack: targered capruse
idenirifies clear sipnarmires of selection in 3 non-model planc
species. Mol Eool 25(17), 4216-33,

Cornwell W. K. & Ackerly D. D. (2009) Community assembly
and shifte in  plant  waic  disedbutdons  scress an
envirenmental gradient in coastal Califorsda. Eeol. Momogr.
THL), 100-26.

Diaz 5, Kamge J., Comelizsen . H. C. ot ol (2018) The global
spectrum of plant form and function. Nenee 529, 167-T1.

Eszcudero A & Valladares F. (2018) Trair -bazed plant ecologm
moving owards a unifring species coexistence theofy.
Oeeologrz 180, 919-22.

Fonseca C. B, McOwermon J, Colline B. & Wesnoby ML
(20007 Shifts in wmaircombinatons aleng fainfall and
phosphores gradienrs. ¥ Eool 88, 064-T7.

Foulkes J. M. & Gillen J. 5. {2000) A Bivlogical Swooey of the
Muuray Mallez, Sowth Australiz. Biological Survey and
Research Section. Heruge and Biodiversity Division.
Deparrment for Environment and Heritage, Adelside,
Senath Awsrealia.

Funk J. L., Larson J. E., Ames G. M. & ol (2017) Revisidng
the Holy Grail: using plant functonal waie oo understand
ecological processes. Biol Rew. doi: 100111 1ber 12275

Gratani T, Carondi B, Pirone G., Framasoli AR, Varone L.
(2012) Physiological and helegical leaf teair variar
in mwo Apennine plant species in fesponse o different
aldrudes. Protopmthetica 50, 15-23.

Groenendijk ., Duivenvoorden J., Fiemman M. = al (2003)
Successional positon of div Andean dwarf forest species a2
4 basis for restoration rials. Plawr Eool 181, 243-53.

Guerin G. B, Wen H. & Lowe A J. (2012) Leaf morphology
chift linked 1o clifnate change Biol Lew 8, 8836,

Hill K E, Guetin G. B, Hill B 5. & Wading J. R. (2014)
Temperanure influences stomaral density and mawimum
potential warer lozz th d: of Dod: Tiscosa
subsf). sngustmma along & latdmede gradiear in southesn
Anstralia. Auww ¥ Botarmy 62, 657-65.

Hulshof C. M., Violle C, Spasejevic M. J. & of (2013} Intra-
specific and inrer-gpecific vasiaten in specific leaf area
reveal the imporrance of zbiotic and biode drivers of
species divessity across elevadon and ladmde. ¥ Ve S0
24, 021-31.

Hyde M. K. & Flayfair R M. (1007) Vegeraton. In: A
Binlogical Survey of the Novth Qlary Plosm, South Auwstralis
(eds B. M. Playfair & A C. Robinson) pp. 53-138
Biological Swrvey and Research, MNarural Resources Groug.
Department of Environment snd MNamral Resources,
Adelaide, Soucth Ausoralia_

Karge J, Dhaz S, Lavorel 8. eral (2011) TRY - a global
darabase of plant wraits. Global Change Bial 17, 2005-35.

Eichenin E., Wardle D. A, Pelmer D. A, Morze C. W, &
Frescher G. T. (2013) Conrrasting effects of plant inter- and
incraspecific vasiaton on commundty-level ooat meisuses
along an envirenmetal pradient. Feoer Eeol 27, 125481,

Kunsder G., Falster D, Coomes Dn A o al (2015 Plant
funcronal craits have globally consistent effecs on
comperition. Notre 529, 7585,

doi:10.1111/20c. 12474

BEST PRACTICE RESTORATION

Lang P. I, Canty P. D, Neshim B. J, Baker L. M &
Rohingen A C. (2003) Vegeration. In: 4 Biological Suroay
of the Anangy Fitjangagiara Lands, South Australiz (eds A.
C. Robinson, P. B. Copley, P. D. Canty, L. M. Baker &
B. J. MNeshim) pp. 65195, Biodiversity Suwrvey and
Monitosing  Section, Science and  Conservation
Direcrorate, Deparoment for Environment and Heritage,
Adelaide, Soudy Ansralia.

Lawghlin D. C. (2014) Applying traic-based models w achieve
functonal targer for theory-deiven ecological sestoration.
Ecol Loz 17, TT1-84.

McCune B. & Mefford M. J. (2011) PC-ORD Mulhvariate
Analyris of Eologicel Det=. V. 60 MjM  Sofrware,
Gleneden Beach, OR, USA.

Mondie EL, Flogentine 5. & Palmer G. (2013) Receuitment and
funetionality rrairs a3 bicindicarers of ecologicsl restoration
sccess in the Lurg Hills disreicr, Vieroria, Awsrralia. Feol
Processes 2, 27.

Ozdofiez J. C., van Bodegom P. M., Wine J. P. M., Wright I.
J. Reich P. B. & Aerm R, (2008) A global smdy of
relationships berween leaf trairs, climare and sofl measures
of nunient fertlity. Global Ecol Bingeogr. 18, 13749,

Perer-Harguindeguy N, Diaz 5, Gamier E. & of (2013) New
handbook for swndirdized measvrement of plant
functional trairs woddwide, Awst . Botomy 61, 167-234.

Pezcador D. 5., de Bello F., Valladares F. & Escudero A,
(2015) Planr trair variarion along an altiradinal gradient in
Mediterranean high mountsin grasslands: conrolling the
species urnover effect. Pled ONE 1003, 0118876,

Pickiip M., Wilson 5., Freudenberges D). o ol (2013) Posr-fige
recovery of fe d woodland co in sourth-
ezsrern Amsrralia. demeal Eeol 38, 300-12.

Poorrer H., MNinemes U, Poorter Lo, Wrighe L T. & Villar BE.
(20087 Cauzes and consequences of variaton in leaf mass
per ares (TMA): a mers-analysis. New Phoyecl 182, 565-88.

Queenborough 5. A & Porraz C. (2014) Expending the
coverage of plant wwair darabases — a comparison of specific
leaf area derived from fresh and dried leaves. Plowr Eeol
Dhivars T(1-Z), 383-8.

R Core Team (2016) R- 4 Langusge amd Ewvirommuow for
Stattstical  Comprutn R Foundar for  Sraristical
Comgpuring, Vienna, Ausreia. Available from TURL: hrope!
wamwr R-project.org’.

Famirer-Valiente J. A, Sancher-Gomezr 5., Arnda I &
Valladares F. (2010) Phenenypic plasdeity and local

! ion in leaf hyziological wraits of 13 conrrasting
cork ook populations wader different warer availabilides.
Trez Physiol 30, 618-27.

Rashand W. 5. (2011} ‘Image]” (US Madonal Instmmes of
Health: Bethesda, MD). Awailable from URL: hope!
imagej nih gowiil [Accessed 21 Apeil 2016].

Sieferr A, Violle C, Chalmandrier L. ool (2015) A global
merz-analysiz of the relative extent of inmaspecific oradt

iaton in planr iries. Frol Lerr 18, 1408-10.

Torrez V., Jorgensen F. M. & Zanne A E. (2013) Specific leaf
area: a predicdve model wsing dried samples. Ause § Bor
61, 350-7.

Villar R, Ruiz-Robleto ], Ubera J. L & Poorer H. (2013)
Exploring varigdon in leaf mass per area [LMA) from leaf
o cell: an anaromical analysis of 26 woody species. dm. §
Boe 100, 196980,

Viclle C., Enguisr B. ], MeGill B. ., Lisng L., Albert C. H. &
Hulshof C. (2012) The et of the variance: intraspecific
vasiability in comumunity ecology. Trends Ecol EBzol 27,
24452,

£ 2016 Ecological Scaety of Australia

192

NJC GELLIE



APPENDICES

LEAF TRAITS OF THE NARROW-LEAF HOP-EUSH

West . G- (1984) A revision of Dodorzea Miller (Sapindaceae))
in Amsrralis. Brumomia 7, 1-194.

Westoby M., Falarer D 5., Moles A T., Vesk P. A, & Weizht
I 1. (2002) Plant ecological sraregies: some leading
dimenszions of variaton berween species. e Rew. Eeol
Syae 33, 125-50.

Wilizms E. T, Belbin L., Awsgn M. P. et ol (2012) Which
envirommental variables should T use in my biodiversiny
model? bt F Geogr. Inf S 26(11), 2000-47.

Widcewskd E. T. F. & Lamont B. B. (1901 Leaf specific maas
confounds leaf dencity and thickness. Oacologa 88, 48603,

Wright L J, Reich P. B, Westoby M. zaf (2004) The
wotldwide leaf economics spectrem. Noros 428, 821-T.

Yelenik 5. G., DiManne N. & D Ancenic C. M. (2013)
Evahsating niirse plants for festosing native woody ipedes o
degraded submropical woodlands, Beol. Frol 5(2), 300-13.

% 2016 Ecological Seciety of Australia

BEST PRACTICE RESTORATION

193

il

SUPPORTING INFORMATION

Additional Supporting Information may be found in
the online version of this article at the publisher’s
web-site:

Appendix 51. Lincar regressions of Dodonaca leaf
traits SLA and LA with cight environmental vanables
Appendix 52, Regression coefficients of Dodonaes
specific leaf area (SLA) and leaf zrea (LA) agsinst =
range of environmental variables

do1:10.1111/aec. 12474

NJC GELLIE



APPENDICES

APPENDIX G

Broadhurst, L., Breed, M., Lowe, A., Bragg, J., Catullo, R., Coates, D., Encinas-Viso, F., Gellie, N., James
E., Krauss, S., Potts, B., Rossetto, M., Shephard M., & Byre M. (2017) Genetic diversity and
structure of the Australian flora. Diversity and Distributions, 23, 41-52.

Abstract

Aim To investigate the relationships between species attributes and genetic parameters in Australian plant
species and to determine the associations in relation to predictions from population theory and previous
global analyses.

Location Continent of Australia.

Methods We assembled a dataset of all known population genetic analyses of Australian plants based on
neutral markers and catalogued them according to key species attributes, including range, abundance,
range disjunction, biome and growth form; and genetic parameters, mean number of alleles per locus,
observed and expected heterozygosity and population differentiation. We determined relationships between
species attributes and genetic parameters using a maximum-likelihood, multimodel inference approach.
Results We found many associations that were consistent with predictions. Species attributes with greatest
effect on genetic diversity were range size, growth form, abundance and biome. The most important
attributes influencing genetic differentiation were range disjunction and abundance. We found unexpected
results in the effects of biome and growth form on genetic diversity with greater diversity in the eastern
biome of Australia, and lower diversity in shrubs compared to trees.

Main conclusions Our analysis of genetic diversity of Australian plants showed associations consistent with
predictions based on population genetics theory, with strong effects of range size, abundance and growth
form. We identified a striking effect of range disjunction on population genetic differentiation, an effect that
has received little attention in the literature. We also found some notable differences to global predictions,
which were most likely explained by confounding effects across variables. This highlights that caution is
needed when extrapolating trends from global analyses to regional floras. Identifying associations between
species attributes and patterns of genetic diversity enables broadscale predictions to facilitate the inclusion
of genetic considerations into conservation decision-making.
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ABSTRACT

Aim To investigate the relastionships between species attributes and genetic
parameters in Australian plant speciezs and to determine the aszocations in
relation to predictions from population theory and previous global analyses.

Location Continent of Australia.

Methods We assernbled a dataset of zll known population genetic analyses of
Australian plants based on neutral markers and catalogued them according to
key species attributss, including range, abundancs, range disjunction, biome
and growth form; and genetic parameters, mean number of alleles per locus,
observed znd expected heterozygosity and population differentiation. We deter-
mined relationshipz betwesn species attributes and genetic parameters using a2
maxmum-likelihood, multimodel inference approach.

Results We found many associations that were consistent with predictions.
Species attributes with grestest effect on genetic diversity were range size,
growth form, abundance and biome. The most important attributes influencing
genetic differentiation were range disjunction and abundance. We found unex-
pected results in the effects of biome and growth form on genetic diversity,
with greater diverzity in the eastern biome of Australia, and lower diversity in
shrubs compared to trees.

Main conclusions Our analysis of genetic diversity of Australian plants showed
associations consistent with predictions based on populstion genetics theory,
with strong effects of range sire, sbundance and growth form. We identified =
strilking effect of range disjunction on population genetic differentiation, an
effect that has received little attention in the Lterature. We also found some
notable differences to global predictions, which were most likely explained by
confounding effects across variables. This highlights that caution is needed
when extrapolating trends from global analyses to regional floras. Identifying
associations between species attributes and patterns of genetic diversity enables
broadscale predictions to facilitate the inclusion of genetic considerations imto
conservation dedsion-making.

Keywords
biome, conservation, disjunction, genetic differentiation, genetic diversity, life
history.
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Levels of gemetic diversity within and among populatons
have important consequences for the evolutonary trajectories
of species and for the function and composition of ecological

communities (Hughes et al, 2008). Genetc diversity influ-
ences functionsl trait variation, recovery of populations fol-
lowing  disturbance, species interactions,
structure and nuwient and energy fluves (Whitham et al,
006; Hughes eral, 2008; Bell & Gonzales, 2009).

community
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Consequently, understanding how genetic diversity is dis-
tributed in time and space is critical for managing biodiver-
sity over broad spatial scales [eg responzes to climate
change} within biclogically realistic time frames (i.e. decadal
and longer) and helping to guide investments into on-
ground actions (eg. restoration). A major goal of mult-
species meta-analyses in conservation biology is the identifi-
cation of predictable biclogical patterns that can be used to
guide the development of conservation and restoration
frameworks. Identifring predictive associstions between
genetic diversity and explanstory verisbles that are easily
mezsured i5 highly adventageous, given that the resources
available for studving genetic diversity are finite.

Both adaptive and neutral evolutionary processss shape
the distribution of genetic variation within species. While
Imowledge of the genetic variation underlying past adspta-
tion and potentally available for future adaptation is an ideal
for conservation and restoration biology, assessing this varia-
tion is both time-comsuming and resource intensive (e.g.
common garden or transplant stodies). Such assessments
often require large-scale and often long-term quantitative
genetic studies, with the wvelidation of associations between
functional traits and fitmess being chellenging {Rockman,
2012). Consaquently, for the majority of species of interest
in conservation, we must continue to largely rely on puta-
tvely mewtral genetic vadation to link molecular variants
with functionzl traits. In plants, newtral genetic varation iz
influenced by a range of life-history, geographic and demo-
graphic attributes, such as growth form, range size and abun-
dance (Hamrick & Godt, 1996). Understanding associations
between these spedes attributes and the level and structuring
of neutral genetic diversity can help build generalizations to
guide conservation amd restorstion decisions, espedally for
plant species where little or no information exists. These gen-
eralizations would be useful in several area: of comservation
biclogy including: (1) informing the current debate in
restoration genetics on the importence of genetic diversity in
seed sources and the gemetic connectivity of restored and
remnant populations (Broadhurst et al, 2008; Bresd et al,
1013); (2) providing guidance for the application of risk and
management frameworks in conservation and restorstion
(Bymne et al, 2011x Ottewell ef al, 2016); (3) planning to
meet the enormous global scale of restoration in the coming
decades (Perring et al, 2015; Suding er al, 2013); (4) facili-
tating the inclusion of demographic processes (eg source—
sink dynamics, refugia) into the next generation of species
distribution models (Bellard et al, 2012; Pauls et al, 2013%;
Catullo et al, 2015); (5) the incorporation of genetic factors
into population vizbility modelling (Pierson er al, 2013); (6]
identifying groups of speces to be prioritized for assisted
management strategies (Rossetto et al, 2015; Christmas
et al, 2016); and (7] developing guidelines for the manage-
ment of small populations of threatened spedes (Frankham,
2015).

Developing broad principles to meet any or all of these
objectives is complex and rests on the premise that
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generalized patterns of genetic diversity actually exist Several
studies have examined the partitioning of neutral genetic
variation by species attnbutes to produce generalized find-
ings that have been argued to be globally relevant (Hamrick
et al, 197% Loveless & Hamrick, 1934; Hamrick & Godt
1939, 1996; Gitzendanner & Soltis, 2000; Nybom & Bartish,
2000; Nybom, 2004 Duminil et al, 2007). These studies
have indicated that range size, growth form and mating sys-
tem are some of the most important predictors of species’
genetic diversity. Widespread species presumably maintain
more diversity due to lower gemetic drift in lerge, stable
metz-populations than spedes with narrower distributions
(Hamrick & Godt, 1989). Range size has also been found to
be correlated with plant mating systems, with the distribu-
tion of self-pollinating species being up to two times larger
than their outcrossed sister species |Grossenbacher et al,
2015). Self-pollinating species are predicted wo be better colo-
mizers than those that outcross as reproductive assurance can
facilitate geographic range expansion (Baker, 1955; Stebbins,
1957; Panmell, 2015). Plant form and generation time are
predicted to inflaence genetic diversity because species with
shorter generation times are expected to have smaller neigh-
bourhoods, which promotes population izolation, whersas
genetic diverzity should decay more slowly in lomger-lved
species (Loveless & Hamrick, 1984), although annuals with
large population sizes mey not experience this effect Age-
related fecundity and overlapping generations also homoge-
nize long-lived populstions {Kuparinen er al, 2010). Repro-
ductive strategy may influsnce genetic diversity as inbresding
tends to homogenize genotypes and increass population dif-
ferentiation, while outcrossing enforces pollen dispersal,
increasing the likelihood that long-distance gene flow will
reduce population divergence. Many plant species have a
mixed mating system, although this may include z preference
for cutcrossed pollen [e.g. sucalypts (Griffin eral, 1987
Byme, 2008)], while low genotype diversity is often charac-
teristic of clonal spedes (Millar er al, 2010; Binks et al,
2015). short dispersal distznces should promote differentiz-
tion, whereas regular, long-distance dispersal should promote
populstion homogenizetion (Lovelsss & Hamrick, 1584).

The importance of identifying assodations berween species
attributes and their genetic diversity is highlighted by the
strong influence of population sire, genetic variation and
inbreeding on plant popolstion fitness and furure viabiliry
(Spielman et al, 2004 Leimu ef al, 2006). While previous
reviews (Hamrick et al. 1979 Loveless & Hamrnck, 1984;
Hamrick & Godt. 1989, 1996; Gitzendanner & Soltis, 2000;
Mybom & Bartish, 2000; Nybom, 2004; Duminil e al, 2007}
provide insights that could help guide comservation and
restoration actions, their relevance in the Australian context
has not been explorad. These previous reviews focussad lar-
gely on northern temperate and Neotropical species, as rels-
tively few Southern Hemisphere species were svailsble for
inclusion at the tme. Distnct tavonomic and compositional
differences in vegetation also exist between the Northern and
Southern Hemispheres. Many of the genetic diversity
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analyses to date for longer-lived species such as trees are
focussed on boresl forests and montane coniferous forests
that are common in the Northern Hemisphere, but less so in
the Southern Hemisphere where other vegetation types and
plant genera (e.g Eucalyptus) dominate (Box, 2002). Conse-
quently, it is unclear how well these previous findings reflect
patterns in other regional floras such as Australia. The Aus-
tralian continent is old, large (~7.74 M km®, 299 M sq
miles), relatively flat, and has had a long end isolated history
with few perturbations associsted with volcanic activity or
gladation (Specht, 1981; Braithwaite, 1990). These character-
tstics have helped to drive the evolution of a phylogenetically
diverse and rich flora with high levels of endemism that are
distributed across 39 bioregions (419 subregions) including
the south-western Auswrslia global biodiversity hotspot
(Myers et al, 2000). Some 20,000 vascolar plant species (ca.
T of the world's flora; hitps:/fwww.anbg gov.au/sust-veg/
australian-flora-statistics html; B. Lepschi pers. comm.} ocoar
in Australia with Myrtaceae, Proteacese, Fabaceas, Mimosoi-
deae and Asteraceae being the most dominant and species-
rich plant families (Mast et al, 2015).

As a large species-rich continent, supporting 2 broad range
of biome: (e.g. alpine, temperate, tropical rain foresr, arid
and mediterranean-climate ecosystems), Aunstralia provides
an opportunity to eveluate the applicability of global pradic-
tons regarding gemetic diversity and structuring In this
smudy, we compiled published and wnpublithed populstion
genetic data for Australisn plant species to examine associa-
tons betwesn genetic diversity and species attributes. We
were primarily interested in determining the influence of
range size, growth form, abundance, biome and range dis-
junction on patterns of genetic diversity to assess how well
the Australian data fit previous global predictions. Exploring
the effects of mating system, pellination syndrome and seed
dispersal were not possible in our dataser due to our study

Genetic diversity in Australian plants

taxs primarily having small, graviry-dispersed ssed and being
insect-pollinated. We first made a priort predictons of the
associations betwsen species sttributes and neutral genstic
variation based on populstion genetic theory (Table 1). We
then used a mavimum-likelihood, multivariable approach
that enabled comparisons of the relstive importance of spe-
cies attributes on neutral genetic variation for Australian
plant taxa, while controlling for correlations among species
attributes, to explore the following questions: (1) How do
species attributes predict the level and structuring of popula-
tion genetic diversity in Austrslian plants? and (2} How and
why do these Australian patterns differ from previously pub-
lished global patternst

METHODS

Data gathering

An inventory of genetic data of Australian plant species was
gathered from published and submitted papers as well as
reports and unpublished datasets where we were confident of
data integrity (Table 51 in Supporting Information). More
than 300 microsatellite, allozyme, amplified fragment length
pobmaorphism (AFLF) and restriction fragment length paly-
morphism (EFLF) studies were idemtified. Each was study
evalusted as to how well it sampled the species distribution
and whether there was sufficient sampling within and among
populations (ie. = 10 individuals per population sampled
from across more than 70% of a species distribution).
Nomendature was clarified according to the Australian Plant
Index (AFNI,
ensure that tawonomic boundaries were as current as possi-
ble. This recovered a total of 290 datasets from which the
AFLF and FFLP studies were subsequently excluded due to
representztion  (AFLF = 23, RFLP = 31) for

Name https:/fwww.anbg gov.au/apnif}  to

inzufficient

Table 1 Cur predictions and observed wends of how species attributes influence levels and strocturing of genetic diversity in the
Australian flora. Observed trends matching expectations are italics, trends differing from expectations ase in bald.

H FuriGar

Plnt attributes  Category Microsatcllite obs.  Alloryme obs.  Predicion  Microsatelbite obs.  Allozyme obs.
Abundance Patchy Low 8 High High 8

Semi-continuous High NS Low Low NS
Biome Wt Low puky High s s

Trogical Low NS Low NS NS

East High NS Low NS NS
Disjunction Yes S 8 High High High

No NS N5 Low Low Low
Farm Tree High NS Lew Ns High

Shrub Low NS hid pokt High

He:b Low NS High NS Low
Range Widespread High NS High NS NS

Regional Mad NS MEd NS NS

Localized Lew puky Lerw s s
15, not mgnificant.
Diversity and Distributions, 23, 41-52, © 2016 John Wiley & Sons Lid 43
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mesningful analysis. There were few studies of polyploid spe-
cles, and so, these were removed as the genetic values were
not directly comparable with those of dipleid species. Multi-
ple studies of the same species were retained if different
markers were used or if recognized subspecies or ecotypes
were examined. A similar number of microsatellite (n = 118)
and allozyme (n = 117) studies were retained for analysis
across 235 taxa. The compiled dataset highlighted some pro-
nounced imbalances in studies of Australian plants. For
example, there was a significant bias towards eucalypts (25%
of the studies) and the Myrtacese more generally (33%) that
subsequently influenced data associated with pollination syn-
dromes and seed dispersal In addition, studies from the
western biome were dominated by rare and disjunct spacies
reflecting the evolutionary drivers assodated with this biodi-
versity hotspot (Hopper, 200%), and the largely conservation-
orientated focus of researchers in this region.

We classified spedes according to several atiributes using
agreed data standards (Table 2). Species were classified
according to the total size of their range area {Range):; how
populations were distributed within the species range (Abun-
dznce); the level of disjunction in the distribution of popula-
tions across the range (Disjunction); the predominant biome
within which the species occurred (Biome); and growth form
(Form), with the class ‘Herb® referring to herbaceous peren-
mizls only as there were no data for annual species, s these
are not common in the Australizn flora due to its evolution-
ary history (Byrne er al, 2008b, 2011b). We slso character-
ized the mating system, pollination syndrome and seed
dispersal mechanism of the species as these variables have
been shown to significantly influence patterns of genetic
diversity (Hamrick & Godt, 1996). However, we were unable
to analyse the influence of these varizbles on genetic parame-
ters due to the biazed and non-balanced expression of traits
exhibitzd in the species investigated, where the vast majority

of species in the dataset were animal-pollinated with a mived
mating system. Most species were also characterized by grav-
ity-dispersed seed. with other classes of seed dispersal having
sample sizes too small for effective analysis.

For each species, we collected species-level genetic sum-
mary statistics from each study including the mean number
of alleles per locus (4, # = 235}, expected and obsarved
heterorygosity (Hz, n = 219 Ho, = = 202} and population
differentiation (Gsr and Far, = 135), which were used as
the response verishles for our data snalysis We treated all
microsstellite studies in one dass, although genetic diversiry
levels in microsatellite studies based on species specific loci
have been found to be higher than those on based on cross-
species amplificstion (Primmer er al, 199§; Barbard er al,
2007). While For describes the amount of genetic variation
that can be explained by population structure and Ggr quan-
tifies the genetic divergence among populatons, there are
similarities between the two measures (Hartl & Clark, 2007)
and in practice Ger s equal to Fgr (Nel 1977)
quently, we included both of these measures as estimates of
differentiztion, herein denoted as ‘Fgy’. 5 has been carried
out elsewhere (Gitzendanner & Soltis, 2000).

Comse-

Data analysis

To explore the redundancy and structure among the vari-
ables, we usad principal component anzlysis (FCA) for the
continuous genetic response variables and multiple corre-
spondence analysis (MCA) for the categorical spedes attri-
butes in the sacromoen package (Husson et al, 2014) in =
v.3.02 (R Core Team, 2015). We then used general linear
models in & maximum-likelihoed, multimodel inference
framework in 2 to test for our hypothesized relationships
between the predictor varizbles (Le. species atributes; Range,
Distribution, Abundance, Biome, Form) and the genetic

Table & Species attributes and genetic parameters assessed in this smdy.

Varizhles Categony Classification Deescription Referenee
Plant attritutes Bangc Predictor Widespread = = 600 kam in o dircchion; Memn & Hogper (1987)
regional = 150-600 bm;
lozalized = small, localized, < 100 km
Abundance Eredictar Semi-continuons or patchy. Describes the
pattern of population distribution
within the spedcs mange
Disjunction Predictar Yes or Mo, Describes whether populations
in specics with scmi-continucus
distributions arc very discrete and unlikely to
be interacting, that is whether
divergent lincages are likely to have cvolved
Biome Predictar Eastern, western or tropical Australia Olson et al (2001}
Form. Predictor Tres, shrub, etk (porennial)
Gemetic parameters Marker Covariats Micresatellits, allozyme
A Brspomsc Mean number of allces Hartl & Clark (2007)
H, Responee Eapected heterozygesity Hartl & Clark {2007)
Fe Ersponsc Population differentiation Wright {1951), Mo (1973)
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response varisbles (4, Hp. Hgz, Fep). Firstly, we ran an
exhaustive set of additive models for each responss varishle
to determine which predictor varisbles were most important
in explaining varistion in the response variables. We esti-
mated Akaike information criterion corrected for small sam-
ple sizes (AIC.) and Akaike weights (, AIC) for each model
(Burnham & Andersen, 2002). To select predictor varizbles
of greatest importance to each response variable, we derived
the index of the relative importance of predictor variable 1
(AIC;), the sum of Alsike weights for all models thar
included parameter 1 (Burnham & Andersom, 2002). A high
AIC; implie: parameter § was mere important in predicting
variation in the response varighle j than parameters with a
lower AIC; (ie. a predictor varisble with AIC; spproaching 1
suggests that this parameter has grest importance).

We conducted nested ANOVAs to explore the phyloge-
netic signal in each genetic response varizble using the musd
packsge (Bates et al, 2014) in n. Tavonomic levels (order,
family, genus) were nested random effects within higher
levels. Unlike previous studies {e.g Duminil ef al, 2007}, we
detected only a weak phylogenetic signal in the gemetic
response variables [Table 3 sum of phylogenetic effects in
our case was < 40%, wherea: it was > 73% in Duminil er al
(2007)]. Indesd, when genetic marker trpe was included in
these models, merker type explsined much more varisnce
than the sum of taxomomic levels in &ll anslyses (Table 51
The higher allelic diversity detected with microsatellites com-
pared to allorymes is likely to swongly influence diversity
parameters, but would not be as strong an effect on values
of differentiation, although Hedrick (1999) has shown that
differentiation will be underestimated in lod, such as
microsatellites, with very high He values. To maintain statis-
ticzl power and to avoid overparameterization of models
predicting genetic varizbles, we chosz to indude genetic mar-
Ler type a5 & covarizte in all models to aveoid any confound-

Genetic diversity in Australian plants

RESULTS

As in previous studies (eg. Barremt er al, 2005), we found
great redundancy in the three genetic diversity response vari-
ables (4, Hp and Hz: Fig. la) and therefore chose to explore
variation in expected heterorygosity (Hg) only as it had the
weakest phylogenetic signal (Table 3). Life-history predictor
variables had more complex structure. The first two dimen-
sions of a PCA explained 35% of the variation among these
varizbles (Fig. 1b), and therefore, all were included in subse-
quant analyses.

We found differences for population genetic diversity (Hg)
in  microsatellite-based with Abundance
continuous versus patchy: mean He = 0.73 vs. 0.58; Table 4;
ATC; = 0.93; Tables § and 7), Form (tree versus shrub versus
herb: mean Hz = 0.69 vs. 0,60 va. 0.63; Table 4; AIC, — 0.85;
Tables 6 and 7). Range (widespread versus regional versus
localized: mean Hg = 0.70 0.64 wvs 055 Table 4
ATC; = 0.91; Tables 6 and 7) and Biome (east versus west
versus tropicalr mean Hg = 0.72 vs. 0.60 vs. 0.60; Table 4;
AIC; = 0.9%; Tables & and 7). Despite & similar number of
allozyme studies, no trends were detectable for this marker
type. Disjunction also had no detectable effect on genetic
diversity for either marker class. Differsnces in genetic diver-
sity were observed among the three Australian biomes for

stadies [semni-

.

microsatellite studies, with greater Hy in the eastern biome
than either the western or tropical biomes.

Comparizons of our genetic diversity (Hg) dats to est-
mates derived from global analysis revealed thar for most
categories, alloryme-derived values were generally higher or
similar for Austrslisn species. The exception to this finding

Table 3 Variznce explained by tavonomic levels and genetic
marker on the genetic response variables.

ing effects. Taxememic levd A (m5) B, () Fer (36)
In all linesr models, we used Box—Cox transformations
(Box & Cox, 1964) of the respomse varishles to meet the Marker i 813 1?'5‘?
assumption of normality of residuals, testing the normality ?:ri:l'\'r-n:din arde i';: ;':z 3:'3;
of residuals of models with Shapiro-Wilk tests (Shapiro & Gorvas mested in Eamly P, 23 oo
Wilk, 1965). !
(=) _.m
“E" 0.4 = .
Figure 1 Varistion explained in the 5 | % -
datasets by the response variables. (a) = " _E' 1.0 . ‘
Principal components analysis of genetic H o2 FetiGat =
response varishles from 155 Aunstralian i; \ § h
plant studies and (b)) multiple - _ : =
carrespondence analysis of life-history L E 0.0
predictor variables from 254 Anstralian E =
plant stdies. Species with missing data o 1 ™ 1
were exciuded from both analyses. E e E . .
Arrows represent the eigenvectors of the : T T T T -1.0 T T
different variables included in the -2 00 02 -0 0.0 1.0

analyses.
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Table 4 Summary of species-level mean gene diversity (Hg) from our study and from comparable studies based on global anatysis of
species. SE, standard error: s sample size Means of categories of the most important variables for predicting response are italics (see
Tables & and 7 for details of this process). Footnotes indicate the most relevant category reported in previous reviews.

This study Harmrick & Gedt (1989) Hamrick et al (1992) Nybem (2004)
Allarpmes Microsatellit i —— Allegymes Microsatellitc
Variable n Hy(SE) = Hg[(SE) A H, (SE) " H, [SE) M H,
Pange: e
Widespread 37 020{001) 48 0F0(00Z) 105 0.16 (0.01)% 11 0.26 (0.04)* 31 D.E2*
Regional 31 0AE {001} 39 064 (003 193 0.1z (o.0ut 115 0.17 (a.00)# a1 nest
Localized 49 021{001) 31 @59(002) 10l 0.14 (0011} &5 0.17 (001)F 16 D56
Form
Trcc 41 017 {001} &3 069 (003 110 0.18 (0.01)§ 191 0.18 (0.01)§ 59 0.58§
Shrub 48 020{001) 47 060 (0.02)
Hesh I8 027 {0.02) B 063 (00z) 132 0.12 (0.01)] 185 0.13 (0.01)7
Abundance
Patchy 54 020{001) &5 058 (0.02)
Scmi-costimuows 53 019 (0.01) 53 0.3 (002)
Biome
East 47 022{001) 45 072 (00Z) 343 122 0.17 (0.01)**
Tropical 7013 (004) 20 060 (0.04) 76 38 0.19 (002}t
West 62 019{001) 33 060 (00Z) 343 0.15 (0.01)** 122 0.17 (0.01)**
CHsfasction
Yes % 017 {002} 34 D86 (2.03)
No BE  021{001) B4 D65 (0.02)

*Widespread® {Hamsick & Godt, 1989; Nybom, 2004), “widespread wondy plants only (Hamrick et al,

1993).

+Regional’ [Hamrick & Godt, 1585; Nybom, 1004), ‘regional’ woody plants only (Hamrick ot al, 1952).

+Nasrow' (Hamsick & Godt, 1989; Nybom, 2004), ‘narsow’ woody plants only (Hamsick o o, 1992).

§'Long-lived perennizl Woody' (Hamrick & Godt, 1989; Hamrick o al, 1952), leng-lived perennial (Nybeom, 2004).
©*Shest-lived perennial Herbaccous' (Hamrick & Godt, 1989; Hamrick et al., 1992), “shost-lived perennial’ (Nybom, 2004).
=+ Temperate’ {Hamrick & Gode, 1589), “temperate’ woody plants only (Hamrick et al, 1992).

++'Tropical’ (Hamrick & Godt, 1989), “tropical’ woody plants onky (Hamrick et ol., 1992).

waz for widespread Australian species where the estimate waz
lower tham that for widespread woody taxa inm the global
anzlyses, and for tropical Austrelian species that had lower
estimates than global tropical species [Table 4). Comparizons
of the datz derived from microsatellites indicate that Hy was
generally similar betwesn Australian and global estimates
with the exception of widespread Australisn taxa where Hy
was higher {0.70) than global estimstes (0.62; Table 4).

Cur snalysis showed that population differentistion was
swongly nflusnced by Abundance (semi-continuous versus
patchy: microsatellite mean Fex = 0.09 vs. 0.16; Table 3; allo-
ryme mean Frr not significant; AIC; = 0.98; Tables 6 and 7).
Disjunction (disjunction versus no disjunchon: microsatellite
mesn Fer = 0.15 vs. 0.12; Table 5; alloryme mesn Fgr — 021
wvs. 0.14; Tzble 5; AIC; = 0.85 Tables 6 and 7) and Form
{trez versus shrub wersus herb: microsztellite mean Fip not
significant; alloryme mean Fer = 0.18 ve 017 ws. 011
Teble 3; AIC; = 0.85; Tzbles 6 and 7). Range and Eiome
were not strongly associsted with population differentiation
for either marker type. We note that mean differentiation
values are generslly lower in microsatellite studies than in
alloryme stodies (Table 5). consistent with the effect of high
heterorygosity on differentation values (Hedrick, 1999).
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Comparizons of genetic differemtiation in Australian allo-
zyme datz with global estimater indicate that widezpread,
regional and localized Australian species were less differenti-
ated than expected based on global predicions (Table 5).
However, comparison between Austrslian tress and long-
lived woody perennials from the global analysis showed Ans-
trelian trees had greater genetic differentation. In contrast,
Anstralisn herbs were less differentiasted than global est-
mates. Taxa in both esstern and western Australisn biomes
exhibited weaker differentiation than expected based on glo-
bal estimates from temperate plants. Tropical Australian spe-
cies had grester genetic differentistion than the global
estimates (although this effect has been noted for other trop-
ical flora (Newton et al, 1999; Dick et al, 2008) and may be
influenced by the small sample size in this category zlong
with the patchy contemporary and historiczl distribution of
many tropical species studied in the Wet Tropicz.

DISCUSSION

This anzlysis of the association of genetic diversity and dif-
ferentiation with key species atwributes for the Australia flors
presents a2 movel evaluation of this biclogically diverse

utians, 23, 41-52, @ 2016 John Wiky & Sons Lid
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Table 5 Summary of species-level mean gene diversity (F;r and Ggr

Genetic diversity in Australian plants

} from our study and thar from comparable sdies based on global

analysis of species. Means of categories of the most important variables for predicting response are ftalicized (see Tables 6 model
selection and 7 predictor importance below). Foomotes indicate the most analogous category reported in the other reviews.

Harmnrick & Gitrendanner &
This study (Godt (1959) Hamrick et al (1992)  Soltis (2000)  Nybom (2004)
Allorymes Microsatellites Allorymes Allorymes Allozymes Microsatcllites

Varia n n Fer(SE) m  Ger(SE) n Gar (SE) n  FarlGer (SE) = For
Range size

Widespread 13 018 (001) 32 37 021 {005} 003 (0.01)*  2Z 02T (0OI)* 13 0.I5*

Regional 25 018(0.0z) 25 136 022 (002} 127 007 (0.01)% 5 D28t

Localized 31 0l4(00z) 24 22 024 {0.02)¢ 012 (002)f 22 0I1(0O4)E 6 023t
Form

Trec 27 0I5 (o 49 013(0.01) 131 008 (001§ 185  0.08 (0.01)§ 17 0.18§

Shrub 29 017 24 014 {0.01)

Hecb 12 0.01{0.01 8 0.11(0.0Z) 119 023 (002} 164 013 (0.019
Abundance

Scmi-comtimuouws 23 0.4 (0.01) 35 Q.08 (0.0I)

Paschy 51 016({0.0I) 46 0.6 (0.0)
Biomc

East 19 016 (0.02) 33 0.11(00L) 322 035 (002)*% 135 (.09 (0.01F

Tropical 027(0.02Z) 19 0.04(00Z) 15 017 (002}t 3 012 (0.03)F

West 51 015({0.01) 29 004 (001) 322 025 (002)** 125 009 (D.01)**
Disjunetion

Yes 21 02I{003) 24 ©.I5(0.02)

Mo 53 0l4{001) 57 012 (0.01)

SE. standard crrors; m, =ample sizc.

*Widsspread' (Hamsick & Gedt, 1989; Gitzondanner & Saltis, 2000; Nybom, 2008), “widegread woody plants only (Hamrick o al, 1992).
+Regioral’ [Hamrick & Godt, 1389; Nybam, 1004), ‘regional’ woody plants only (Hamsick et al, 1552).
+"Nasrow' (Hamrick & Godt, 1389; Nybom, 2004), ‘narrow’ woody plants only (Hamrick o ol, 1957), 'rarc’ (Gitzendanner & Soltis, 2000},

§'Long-lived perennial Wondy' (Hamrick & Godé, 1985; Hamrick et al, 1

592), lang-lived perennizl (Nyberm, 2004).

'Shost-lived perennial Hesbaceons' (Hamrick & Godt, 198%; Hamsick et al, 1992), "shost-lived percnnial’ [Nybem, 2004).
** Tempesate’ {Hamuick & Godt, 1589), “tempeorate’ woody plants oaly (Hamsick ot al, 1992).
++ Tropical’ (Hamrick & Godt, 1989), “tropical’ weoady plants onky (Hamrick ¢ al, 1992).

continent. Many of the observed associztions were consistent
with accepted paradigms based on populztion genetic theory
and previous meta-analyses of northern temperate and
Weotropiczl floras, providing a robust basis for the pradic-
tions of influence of the species atributes assessed on genetic
parameters. However, we also report a few notsble excep-
tions: plant growth form appears to reflect the confounding
influence of different variables, and there was & significant
effect of range disjunction that has been poorly studied
(Hamrick, 2004). Marker type influsnced our sbility to
detect differences in genetic diversity and diffeventizeion,
most likely reflecting the lower number of alleles, and thus
lower resolving power, of ellozymes compared to microsatel-
lites (Sunnucks, 2000). We also observed considerable redun-
dancy in different genetic diversity metrics as has been
previously reported (Barrett er al, 2003).

Genetic diversity

Our expectations for genetic diversity with respect to plant
range, growth form and sbundance were mostly confirmed

Diversity and Distributions, 23, 41-52, © 2016 John Wiley & Sons Lid

from microsatellite studies of Austwalian plants, bur
observed weaker trends for data derived from allorymes. We
found that wide ranging and more abundsnt species had
greater genetic diversity, which is consistent with the theorsti-
cal and previously observed global trends in these groups of
species (Hamrick & Godt, 1989; Hamrick er al, 1992; Nybom
& Bartish, 2000). Both wider ranging and more abundant spe-
cies should be buffered against genetic diversity loss due to
random genetic drift as a result of larger effective population
sizes (ie the number of reproductive individoals in a popula-
tion). An wnexpected trend in this study was that Austrzlian
zhrubs azzessed uwsing microsatellites had lower genetic diver-
sity than either trees or herbs. This was particularly surprising
as many shrub species share atrributes with wess (eg. longev-
ity; long-distance gene flow), but this result may be partly due
to the confounding effect of Dismibution, becanse 43% of the
shrubs assessed here had localized distributions compered
with onlv 15% for trees. 4s shrubs are not well smdied glob-
ally, additional genetic studies on shrub spedes would help to
develop & more comprehensive picture of global patterns for
this life form. Species with small, localized ranges are more

we
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Table & General linear models of species attributes predicting populstion genetic response variables (Hz, expected heterazygosity
Fep/Ger. population differentiation). % DE, per cent deviance explained by the model: AAIC,, indicator of difference between model
Akaike information criterion corrected for small samples sizes (AIC.) and the minimm ATC. in the model set: L ATC, weight that shaw
the relative likelihood of model j: k. the number of parameters; only models with 2 AATC_ less than the null model (= 1} or with AAIC,

< 4 are shown.

Moddl 5 DE AATE, LAIC E
Expected heterozygosity (Hz)
H — Marker + Abundance + Form + Biomc Bli0a 0.00 0.48 7
H, — Marker = Abundance + Disjunction + Form + Biome 108 154 017 E]
Hp — Marker + Abundance + Form + Bangs + Biome Blid 1% 0.15 9
Population diffrentiation (Fay)
Fyz — Marker + Abundanes + Disjunction + Form 16.10 000 0.45 &
Fyr — Masker + Abundanes + Disjunctios + Form = Bisme 17.16 230 013 ]
Faz — Marker + Abundance + Disjunction + Form = Range 1657 £ 0.10 E]
Fer — Marker + Abundance + Form 1501 340 0.03 3

Table 7 The zelative importance of each species attributes in
predicting population genetic response varisbles (Hy, expected
heterozygosity: For/Ger. population differentiation). The index
of the relative importance of predictor variable { (ATC,) is the
sum of Aksike weights (ATC) over all models that indude
predictor i This importance weight gives evidence for how
strong the suppart is for each predictor varizble, regardless of
whether the predictor is in the best-fitting model or not (ses
Burnham & Andersen, 2002 pp. 187-162), with the most
important variables iralics in both cases.

Responss variable Predicter variable AIC,
Hr Abundance 0.98
Eiome 0.59
Disjunction 027
Form 0.36
Range 0.51
For Abundance 0.38
Biome 0.19
Diisjucnction 0.85
Form 0.33
Range 0.18

likely to be influenced by the effects of genetic drift reducing
genetic diversity and may explain our results.

Tur observation of differences in the three Australisn
biomes, with greatest diversity in the eastern biome than in
the western or tropical biome, was also unexpected. The dif-
ferences in Hr may be explained by a combinstion of con-
founding effects of other life-history attributes end historical
biogeographic factors of the three regions. The studies con-
ducted in the zastern biome had 2 greater proportion of trees
(62%] compared to those in the west (30%), as well 2s a
greater proportion of species with widespread distribution
(zast 43% vs. west 26%); both of these atributes were also
correlated with greater gemetic diversity. Historical biogeo-
graphic factors may also have influenced our result as the
impacts of incressing aridification and climate cycles over two
million years during the Pleistocene led to expansion of the
arid zone and contraction of wopical and mesic environments
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to the edges of the continent; this effect was more pro-
nounced in the western mesic and northern tropical regions
than in the eastern mesic region (Byrne et al, 2008b). In
addition, the eastern mesic region has & longer latitudinal gra-
dient with more diversz topography and greater elevation
range, which would allow species to either move south, or
move higher in altimde, in response to Pleistocene climatic
oscillations. Both these historical biogeographic factors are
likely to heve reduced the intensity of bottlenecks in the east-
ern biome compared to the western and tropicsl biomes.

Population genetic differentiation

Our expectations for the effect of range disjunctions and spe-
cies abundance on populstion differentiation were con-
firmed Species with distributions that incdude range
dizjunctions where gene flow s expected to be limited
zhowed z higher level of differentiation than species with
non-disjunct distributions. The effect of range disjunction on
population differentiation was consistent for both allozyme
and microsatellite dats, indicating that this strong effect is
readily detected. While some of these species may have dis-
junce ranges due to recent widespread habitar fragmentation
in southern Australia {Bradshaw, 2012; Guerin et al, 2018),
it iz more likely thar the high levels of divergence reflect
genetic processes associated with historical ecogeographic
barriers to gene flow over significant tme frames (Byrne
et al, 2008b, 2011b). Abundance was also found to influence
population differentiation as predicted., due to increased
mean differentiation in patchily distributed species, although
this was only obsarved for microsatellite studies.

We were surprized to observe deviations from our expec-
tation: for genetic differentiation (measured with allorymes),
and plant growth form as the greater gemetic differentiation
in Australisn trees compared to herbs was the opposite of
the trends cbserved in globsl analyses. The low genetc dif-
ferentiation observed for Australian herbs (0.11} was more
similar to that observed for long-lived perenmial woody
plamts (0.08) reported in earlier global reviews than for
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herbaceous species (0.23%; Hamrick & Godt, 1985). This iz
surprising because 93% of herbs included in our study were
clazsified as imsect-pollinated, which is a pollination syn-
drome that should increase the strength of population differ-
entiation due to limited capacity for geme flow compared
with pollination by large amimals or wind (Rossetto et al,
2007, 2009}. This unexpacted result may also be dus to the
dominance of terrestrizl orchids in our dataset (28% of stud-
tes) as these species have readily dispersed dust-like seed
(Jersakove & Malinova, 2007) whose widespresd dispersal
should reduce population differentiztion compared to many
other herbaceous species. Other herbaceous species in our
dataset are likely to be primarly outcrossing ss few Aus-
tralian herbs are obligete selfers Jeg. Dvosera (Stace eral,
1397);, Rasmunculus (Fickering, 1997); Sndidum  (Coates,
1381)]. Therefore, these Australian herbs are unlikely to
show the high genetic differentistion typical of selfing species
that have been observed in other florss (Hamrick & Godt,
1989). Observations of wesk genetic differentiation in Aus-
tralian herbs soggest that these species may have broader
geographic scales of pollen and seed dispersal than has been
observed elsewhere. Alternatively, our findings may reflect
the contraction of these species from larger and more contin-
wous populations in the more recent past. This may be a
productive arez of further research becsuse we may be

underestimating the pollen dispersal capacity of insects in
Aunstralian systems as high dispersal hes been observed in
some stodies on trees and shrubs (eg. Byrne er al, 2008
Afillar er al, 2011, 2014).

Our results also showed high levels of genetic differentia-
tion for alloryme studies of Australian trees {0.18), which
were on average double the estimates for trees in global stud-
tes (0.08; Hamrick & Godt, 1996). This result confirms previ-
ous observation: comparing Australian tress to conifers and
Morthern Hemisphere wind-pollinated —temperate/boreal
angiosperms (Moran & Hopper, 1987; Moran, 1992). This
may be due to the high prevalence of animal and particularly
insect pollination in Australian trees compared to the domi-
nance of wind pollinstion in temperate‘boresl Northern
Hemisphere trees. We did note one extreme outlier in the
tree datzset, the highly localized Eucalvprus caeria Gz = 0.60,
that may have a strong effect on our mean value for trees.
However, even when this outlier was removed, the level of
differentiation was stll high (mean for wees with E cae-
sta = 0.13; mean for trees without E caesia = 0.16). Moran
& Hopper (1987) noted the same trend when just wide-
spread Amstralian trees are compared with Northern Hemi-
sphere trees and suggest that in addition to pollination
syndrome, this difference could also be due to 2 more patchy
distribution of widespread Australizn tress due to their
greater edaphic specialization.

CONCLUSIONS

We show thst aggregating population genetic data across
many stodies can provide impomant insights into the
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associations berwsen speces attributes, using an extremely
broad and diverse sample of the Australian flora, and the level
and structuring of population genetic diversity in these spe-
cies. The plant atitributes that had the greatest influence on
genetic diversity across this sample of the Australian flora were
range size, growth form, species abundance and biome. The
best predictors of population genmetic differentiation were
range disjunctions and abundance. Most of these findings were
consistent with global observations, based largely on Northern
Hemisphere or Neotropical florss, providing further evidence
for the robustness of our understanding of genetic diversity
and differentiztion in plant species. However, we found some
notsble differsnces with global trends, which highlights that
caution is needed when extrspolating trends from globzl anal-
vsis to regional floras. The unexpected lower levels of genetic
diversity in Australian shrubs compared to trees and herbs
appear to be a result of confounding effects of distribution
that would need to be considered in general applicstion of
broad predictions. We also noted an unexpected difference in
the levels of genetic diversity in eastern Amstralian species
compared to those from western and tropical biomes that
appears associated with effects of species diswribution in these
plants, and demonstrates the strength of the influences of vari-
ables despite differsnt enviromments. For genetic differentia-
tion, we identified a notable impact of range disjunction. This
relationship has rarely been evalusted in previous studies of
this kind, and our analysis suggests range disjunction merits
more attention s a possible driver of differemtiation in global
studies.

Our stody has identified genersl associations between the
attributes of Australian plant species and the level and struc-
turing of genetic diversity, affirming the observations of pre-
vious studies of different regions. This is important because
theze associations provide simple and cost-effective surro-
gates for predicting population genetic diverzity and differen-
tiztion, although not necessarily adaptive variation, where
this information is not readily available Such predictions
assist in the inclusion of a genetic component into decision-
making spprosches and will assist in the development of
rapid and cost-effective frameworks for the conservation and
management of the Aunstralian flora.
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