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Here we present “Restore and Renew,” a replicable framework for gathering and interpreting evolutionary, ecological,
and genomic data in support of restoration practices. In an era of rapid climatic change and continuous widespread
clearing, revegetation projects need to focus on producing resilient and long-term self-sustaining populations. Restore and
Renew expands current knowledge of genetic provenance via genome-scan data, environmental niche modeling (ENM),
and site-specific climate information. The sampling strategy is to obtain leaf tissue representing the distributions of over
100 species commonly used in restoration. We apply generalized dissimilarity modeling to genome-wide single nucleotide
polymorphism datasets from hundreds of samples. Species-specific local provenances are obtained using a model that
represents observed patterns of genetic variation across the landscape. Climate modeling is implemented to interpret genetic
provenance boundaries in the context of current and future climatic conditions at the specified site. Results are presented in an
easy-to-use webtool (www.restore-and-renew.org.au), where the user simply selects their site of interest and a target species
to obtain the size and distribution of local genetic provenance. Although Restore and Renew is not prescriptive, it allows
restoration practitioners to make informed decisions on where to source material from, to fulfill their restoration scenario of
choice. Two examples, Westringia fruticosa and Acacia suaveolens, are presented to demonstrate how the analytical pipeline
responds to different ecological and evolutionary patterns. The webtool has multiple applications for biodiversity management
and will continue to evolve with new species and analytical/interpretative outputs.
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Implications for Practice

• Restore and Renew establishes a novel framework for
gathering, across multiple species, the climatic and
genetic provenance information needed to execute
restoration scenarios, initiate replicable experimental
trials, and develop monitoring strategies. The framework
is replicable globally across any vegetation type.

• Restore and Renew sets a precedent for large-scale, empir-
ically based projects that support applied restoration activ-
ities by providing an easy to access and easy to inter-
pret webtool (www.restore-and-renew.org.au) that can be
integrated with other data-gathering schemes and updated
with future developments.

• Access to large, dedicated empirical datasets that orig-
inate from technological and analytical developments
will invigorate experimentally based ecological restora-
tion research and diminish reliance on broad generaliza-
tions.

Introduction

Environmental pressures such as clearing and habitat frag-
mentation impact plant communities by reducing the size
and diversity of populations and preventing landscape-level
connectivity (Frankham et al. 2017). To remediate the loss of

vegetation cover, there has been a growing emphasis on habitat
restoration through revegetation. These increasingly large-scale
projects (e.g. www.bonnchallenge.org) need to be supported by
suitable ecological and evolutionary information to be success-
ful and mitigate anthropogenic impacts in the long term (Falk
et al. 2006; Kettenring et al. 2014). So far, this information has
been available only for a small number of species, and restora-
tion practitioners have mostly relied on generalized scenarios
that remain difficult to evaluate without reference data. Recent
technological and analytical advances in genomic research are
generating new opportunities for broader evolutionary explo-
rations in restoration genetics (Williams et al. 2014).

Restoration and revegetation activities have been estimated
at around US$2 trillion per annum globally (Prober et al. 2015).
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Considering the scale involved and the resources invested, it is
critical that the goals of ecological restoration, such as reestab-
lishing self-sustaining populations, ameliorating degraded
ecosystems, and reinstating ecosystem services (Kettenring
et al. 2014; McDonald et al. 2016), are achievable. For reestab-
lished vegetation to be resilient and ecologically adapted (and
adaptable), it needs to possess sufficient evolutionary potential
to respond to selective filtering now and into the future (Lesica
& Allendorf 1999). This is particularly true for anthropogenic
climate change scenarios predicting altered timing of life
history traits, shifts in geographical ranges, and modifications
in competitive interactions (Sgro et al. 2011). These additional
stressors and the following loss of genetic variation are likely
to intensify the risk of localized extinctions (Pachauri et al.
2014). Restoration practices that maximize genetic diversity
can therefore have a positive impact on ecosystem resilience
and biodiversity management in general (Breed et al. 2013;
Mijangos et al. 2015).

Within this context, the provenance delimitation discourse
has shifted relatively recently from predominantly sampling
from local sources (‘local is best’) to considering represen-
tation from a broader genetic basis (Broadhurst et al. 2008).
This is because while excessive use of nonlocal material could
potentially result in outbreeding depression (Fenster & Gal-
loway 2000), increasing evidence highlights the importance
and immediacy that inbreeding depression can have on popu-
lations with a narrow genetic spectrum (Frankham et al. 2011;
Hedrick & Garcia-Dorado 2016; Szűcs et al. 2017). Conse-
quently, restoration approaches that include material sourced
more openly are increasingly considered as more suitable for
achieving self-sustaining restoration targets.

As evolutionary biologists are still exploring the potential of
populations and species to adapt through selection, plasticity,
and/or gene flow, the relative risks of inbreeding or outbreeding
depression for most species remain empirically untested (Weeks
et al. 2011). In response to such uncertainties, a range of care-
fully crafted strategies for sourcing germplasm in restoration
and revegetation projects has been proposed. These strategies
range from “local sourcing” (McKay et al. 2005) to broader
genomic representations including “composite” (Broadhurst
et al. 2008), “predictive” (Crowe & Parker 2008), “admixture”
(Breed et al. 2013), and “climate adjusted” (Prober et al. 2015)
provenancing. Although these strategies (and the many others
that have arisen in the last decade) are conceptually sound, they
are difficult to execute in the absence of the empirical data neces-
sary to identify those provenance boundaries on which they are
based. Where does “local” end, and how do those boundaries
change across the distribution of a species or between species?
How are future climatic conditions likely to impact the cur-
rent distribution of target species? If we cannot answer these
questions in a replicable manner, we cannot develop experi-
mentation to test the relative merits of the various strategies,
monitor long-term success, nor consider the need for corrective
measures. Consequently, decision-making about evolutionary
implications is often reliant on inference and generalizations
that can jeopardize the planned outcome (Rice & Emery 2003).

Despite the paucity of empirical data supporting
provenance-sourcing decisions, restoration-granting agen-
cies often recommend or even require specific sourcing
strategies. “All-purpose” seed sourcing guidelines have been
developed to support provenancing objectives (in Australia a
commonly used example is the FloraBank Guideline 5; http://
www.florabank.org.au). These have broad appeal because they
set seed sourcing and provenancing criteria for a range of
circumstance and plant-type combinations, but are constrained
by evolutionary data availability. This is an important point
because meta-analyses of plant genetic studies suggest that
generalized patterns can only be validated across a limited
array of functional and geographical attributes (Krauss & Koch
2004; Rossetto & Kooyman 2011; Broadhurst et al. 2017).
Consequently, in the absence of directly relevant information,
the definition of “local provenance” can range from sampling
within a few hundred meters, to across a Bioregion (Hancock
& Hughes 2012; Perring et al. 2015).

Although defining what constitutes “local” remains elusive
without dedicated genetic information, the genomic era signif-
icantly reduced the resources needed to obtain large amount
of relevant data (Rossetto & Henry 2014; Williams et al.
2014). Single-nucleotide polymorphism (SNP) data derived
from next-generation sequencing technologies are particularly
suitable for defining boundaries between lineages, as well as
offering insights into adaptive processes (Funk et al. 2012;
Allendorf 2017). A new era of evolutionarily informed restora-
tion opportunities is arising, and it should be possible to com-
bine new technologies within a sampling and interpretative
framework that can provide the necessary data efficiently and
cost effectively.

Within this context our objective is to establish a sampling
and analytical protocol that enables the gathering of replicated
multispecies evolutionary information (based on genomic, envi-
ronmental, and distributional datasets). We introduce “Restore
and Renew,” a replicable framework that interprets uniformly
gathered evolutionary, ecological, and genetic data across many
species to meet the needs of restoration practitioners. The
information is presented in an open access, easy to inter-
pret, interactive webtool that facilitates the application of any
provenance-based scenario for many species at any site of
interest. The Restore and Renew webtool (www.restore-and-
renew.org.au) is a continuously expandable system (in number
of species and interpretative outputs) that supports restoration
practices, and enables the establishment of experimental trials
and monitoring procedures.

Methods

Sampling Strategy

Restore and Renew aims to equip restoration practitioners
and land managers with a summary of pertinent evolution-
ary, environmental, and ecological information for a selected
species and site (Rossetto 2017). The primary aim is to gather
information on genetic provenance, ecology, and climatic suit-
ability for over 100 Australian plant species commonly used in
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restoration work. The target species were selected after consul-
tation with restoration practitioners, nurseries, and ecologists to
ensure even representation of commonly used taxa as well as
broad functional, geographic, and ecological diversity (Hogbin
& Rossetto 2014).

To achieve its objectives, Restore and Renew needed a
sampling strategy that ensured even representation across the
environmental and geographical distribution of each species
while maximizing (when possible) between-species overlaps.
To achieve maximum informative power while maintaining
resource-effectiveness, we focused on maximizing the number
of sites sampled across the distribution of each species (Prunier
et al. 2013). Generally, and not surprisingly, sampling is logis-
tically complex and the most resource-intensive component of
the project. A brief description of the Restore and Renew frame-
work follows:

(1) Distribution and environmental data is used to select
between 30 and 50 representative sites that include geo-
graphic and environmental variation across the distribu-
tion of the target species. This is done simultaneously for
multiple species to maximize site overlaps, thus simplify-
ing collection logistics and enhancing multispecies analy-
ses and interpretations.

(2) After subsampling in preliminary trials we settled on
the collection of six individuals per species, per site to
maintain efficiency in costs and logistics while providing
sufficient genomic information at site and whole-species
levels (Prunier et al. 2013; Lotterhos & Whitlock 2015).
Herbarium vouchers are collected when no local voucher
has previously been collected, if other projects require a
voucher, or when there is taxonomic uncertainty.

(3) A dedicated application (App) built using iFormBuilder
(Zerion Software, Inc.) is used on mobile devices to col-
lect location and environmental data for every sample
of every species in the field. These data include indi-
vidual specimen barcodes, location information (e.g. lat-
itude, longitude, and altitude recorded using the GPS on
a mobile device), and other metadata relevant to the ana-
lytical approaches. We also collect additional ecological
information that can help the interpretation of unexpected
patterns. This information is used to inform further sam-
pling, to support future fine-scale studies, and to maintain
high standards of data capture for the National Herbarium
of New South Wales (NSW) and other data repositories
such as BioNet (http://www.bionet.nsw.gov.au/).

(4) Prebarcoded envelopes with an individual reference num-
ber (IRN) are used for collecting and storing tissue sam-
ples. Barcodes are scanned in the field using the App, and
the IRN tracks the sample all the way through to the final
data analysis.

(5) Samples are freeze-dried and stored in airtight containers
with silica gel at the National Herbarium of NSW until
they are processed.

(6) By mapping collection metadata, sampling progress
for each species is monitored to assess species-specific
progress and update field-collection plans to ensure that

sampling covers the entire distribution of species as well
as the breadth of environmental conditions they grow in.

(7) Once the full complement for a target species has been
sampled, leaf tissue is placed in a randomized order in
96-well DNA extraction plates and sent to DArT Pty
Ltd (www.diversityarrays.com), for DNA extraction and
DArTseq genetic analysis.

(8) Genotype by sequencing (DArTseq) data are downloaded
as .csv files and processed for quality control, analyses,
and interpretation using our custom workflows.

(9) The analytical workflows (described in greater detail
below) involve the delimitation of the area local genetic
provenance through the use of general dissimilarity mod-
els (GDMs), and climate matching to a specified restora-
tion site for current and future (2050) conditions.

(10) Species distribution data, genomic data, and climate data
are then brought together and presented within the Restore
and Renew webtool (www.restore-and-renew.org.au).

Genomic Data Analyses

We genotype the samples collected for each species using an
approach developed by Diversity Arrays Technology Pty Ltd
(DArT). DArT were the providers of choice because of logistic
ease of access to their technology, and the need for continuing
technical support in such a varied and complex project. DArT
also provides DNA extraction and sequencing services, as well
as data storage and handling, thus simplifying the infrastruc-
tural requirements of the Restore and Renew project. DArTseq
is a high throughput, cost-effective restriction-based, reduced
representation genome sequencing method that simultaneously
assays thousands of markers, as well as codominant SNPs across
the genome (Sansaloni et al. 2011; Kilian et al. 2012; Cruz et al.
2013). Reduced representation sequencing approaches, such as
DArTseq, enable the cost-effective investigation of evolution-
ary processes at a genomic scale and the fine-scale examina-
tion of genetic variation across landscapes (Bragg et al. 2015).
Recent studies using DArTseq have found that they are infor-
mative for understanding relationships among populations and
species, particularly in closely related lineages (Yang et al.
2016; Melville et al. 2017; Rutherford et al. 2018).

The genome reduction and library construction method of
DArTseq principally follows the methods described by Kilian
et al. (2012) and Cruz et al. (2013). The genome complexity
reduction performs a “methyl filtration” function achieved using
at least one methylation-sensitive enzyme that does not cut
DNA with a methylated cytosine base in the CXG motif. This
feature enables a strict selection of hypomethylated sequences
for the genomic libraries. In plant genomes, these sequences
largely correspond to single/low copy sequences, mostly within
(or closely linked to) genes, and distributed evenly across the
genome in gene-rich areas (see Garavito et al. 2016 as an
example of the distribution of DArTseq markers across the
Coffea genome). The resulting sequencing library is largely
depleted of paralog sequences allowing selection of true SNPs
by the DArTsoft14 analytical pipeline.
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Genotype data are generated using proprietary analytical
pipelines (DArT). Briefly, this consists of processing fastq files
to remove poor-quality sequences prior to marker calling. Iden-
tical sequences are collapsed and analyzed using a proprietary
algorithm (DArT) to correct low-quality bases in a singleton
tag by collapsing tags supported by multiple sequences as ref-
erence sequences. The corrected sequences are used in a sec-
ondary proprietary pipeline (DArT) which evokes SNP call-
ing algorithms (DArTsoft14). These workflows and associated
technical parameters have been validated by DArT Pty Ltd in
controlled cross populations tests in which Mendelian behav-
ior of markers can be rigorously tested. Approximately 30%
of genotyped samples are reprocessed as technical replicates to
measure the consistency of allele calls and calculate an index
of reproducibility for each locus. Sequencing is performed to
an average read depth of greater than 30 reads per locus. The
DArTsoft14 analytical pipeline also includes a BLAST search
of all loci to remove putative microbe contaminants. This step
is essential when working with tissue collected from natural
populations. Finally, all markers validated through the DArT-
soft14 pipeline are stored in the DArTdb storage system, which
allows for datasets processed at different times to be coanalyzed
without the inclusion of biological replicates, thus simplifying
multistep sampling and analyses when needed.

The genotype data are analyzed using a workflow (imple-
mented in R; R Core Team 2016) that we specifically developed
for Restore and Renew and consists of three main steps. We first
calculate a range of descriptive statistics for the dataset, filter
out SNP loci of poor quality (reproducibility average <0.96,
genotypes missing in >20% of samples), and identify poor
quality samples (samples missing data in a large proportion
of loci). Second, we perform a series of preliminary popula-
tion genetics analyses. The results are inspected to determine
whether additional sampling is needed, or if there are “out-
lier” samples, as can occur due to errors, such as taxonomic
misidentification, or real processes, such as recent hybridiza-
tion. Outlier samples that are likely due to errors are removed,
and this step is repeated to gain a preliminary understanding
of patterns of genetic variation. Finally, we perform a set of
analyses on a final dataset and build statistical models of genetic
differentiation that are used in the Restore and Renew webtool.
This begins with an analysis of population genetic stratifica-
tion using sparse non-negative matrix factorization (sNMF)
(Frichot et al. 2014) and R package landscape and ecological
association (LEA) (Frichot & Fancois 2015), and the estimation
of ancestry coefficients for each sample. This also includes
principal component analysis (R package adegenet; Jombart &
Ahmed 2011), and estimation of FST values between all pairs
of sampling sites (R package SNPRelate; Zheng et al. 2012).

Generalized Dissimilarity Models

Once the preliminary steps are completed, we estimate the mod-
els that are used to generate the information provided to prac-
titioners (R package gdm; Manion et al. 2017). These are
GDMs (Ferrier et al. 2007), which describe the level of genetic

dissimilarity (differentiation) between sites as a function of spa-
tial distance, as well as other predictive variables (Shryock et al.
2017; Supple et al. 2018). For species where spatial distance
provides a good description of differentiation between popula-
tion pairs, the GDM simply describes this dependence of pop-
ulation pairwise FST on spatial distance. We use this model to
predict the FST between a pair of points based on their distance
apart, or how far from a focal point—e.g. a site that is being
revegetated—a threshold value of FST is likely to be reached.
For other species, genetic differentiation between populations
will be affected by environmental variables (isolation by envi-
ronment) or by population stratification arising from historical
demographic processes including divergence and evolution in
isolation (potentially followed by secondary contact). Here, we
can use GDM models that have environmental variables (Sup-
ple et al. 2018) or ancestry coefficients (Shryock et al. 2017) as
covariates, along with spatial distance.

Having estimated a GDM and used it to make predictions
for FST across the landscape, we then make a prediction for the
genetically local area surrounding a specific location by choos-
ing a threshold value of differentiation (in this case, FST = 0.3).
The prediction of the genetically local area for a nominated loca-
tion can be generated and displayed rapidly. We note that in
the future, the availability of relevant data from an increasing
amount of species might help us to further refine several aspects
of the workflow. First, to generate a local area, it is necessary
to select a threshold for differentiation. We chose the value
of FST = 0.3 empirically, by examining outcomes for different
species and testing different threshold values. If needed, it would
be simple to adjust this threshold in the future for all or some
species. For instance, we could reduce this value for species pre-
senting increased risk of outbreeding depression, or if a more
appropriate value was identified via experimentation. Second, it
is likely we will encounter species with patterns of genetic vari-
ation that are not amenable to characterization with GDM. This
could occur where a species has expanded across the landscape
very recently, or where unobserved drivers have led to hetero-
geneity in the levels of differentiation among demes in different
regions. GDM would be expected to fit such data poorly, result-
ing in a small percentage of null deviance explained. Here our
advice to practitioners will vary depending on the magnitudes
of observed levels of differentiation. For instance, if differenti-
ation is hard to characterize with a spatial model, but is always
very small, we will indicate that broad collections are unlikely
to result in mixing of highly differentiated material. On the other
hand, if differentiation is spatially heterogeneous and can reach
high levels across small distances, we will indicate that col-
lecting material from spatially separated sites carries a risk of
mixing strongly differentiated material.

We continue to explore different methods of measuring and
characterizing differentiation, including more explicit consider-
ation of variation among individuals within our collection sites.

Species Distribution Data, Environmental Niche Modeling,
and Climate Matching

Occurrence data for the targeted Restore and Renew species
is obtained from the Atlas of Living Australia (www.ala.org
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.au) and filtered to include only herbarium records, and to
exclude erroneous records. Current climate is derived from
monthly minimum and maximum temperatures and rainfall as
30-year averages for the period 1983–2012 using gridded cli-
mate data from the eMAST repository (http://dap.nci.org.au/
thredds/catalog.html). Future climate conditions are derived
from a 30-year climate average using data from global circula-
tion models and Earth system models produced for the Intergov-
ernmental Panel on Climate Change Fifth Assessment Report
(Pachauri et al. 2014). We use an ensemble of seven climate
models with demonstrated skill in modeling climate in the Aus-
tralia region (CSIRO and Bureau of Meteorology 2015), and we
select model runs driven by a moderate climate change scenario
(RCP 4.5). The 30-year climatology we chose is for the near
future and is centered on 2050. These data are downscaled onto
the same grid as the eMAST data. Details of the downscaling
method, and justification for selection of climate models and
RCP 4.5, are provided in Appendix S1, Supporting Information.

To provide guidance on climate-matching and
future-proofing options, we implement a simple box-car
matching method similar to the technique used in the original
Bioclim technique (Busby 1991) to define a spatial region
around each user-selected location with climate conditions
broadly similar to those at the location. Other methods have
been devised for climatic matching (Robertson et al. 2001;
Broadmeadow et al. 2005; Robertson et al. 2008; Grenier et al.
2012) but they all require extensive computations to implement,
which is an impediment to the interactive nature of a web-based
decision-support tool. We restrict the climate variables to a rep-
resentative temperature (mean annual temperature [MAT]) and
precipitation (mean annual precipitation [MAP]). A challenge
for all climate-matching methods is selecting a threshold or
cut-off to provide a binary spatial-layer indicating match versus
no-match states. Ideally, any such decision rule should be
based on knowledge of the fundamental niche of the organism,
but this is not available in most contexts. We therefore select
heuristic thresholds for temperature and precipitation of 1.5∘C
and 300 mm, respectively.

Grid cells matching current climate at the user-selected loca-
tion are identified as those simultaneously falling within MAT
± 1.5∘C and MAP ± 300 mm where the MAT and MAP val-
ues represent the current or observed climate conditions at the
location. Grid cells matching predicted future climate at the
location are computed in the same way with current MAT and
MAP replaced by future values. The future climate layer repre-
sents climate conditions present in the landscape now which are
predicted to occur at the user-selected restoration site in 2050.
It allows restoration practitioners to consider seed collections
from populations of the target species which may be pre-adapted
to conditions expected at the restoration site. The webtool asks
practitioners to use direct observation of local soil attributes to
further refine search areas for seed collections.

We also produced ENMs using the machine-learning method
MaxEnt (Phillips et al. 2006). Predictor variables used included
bioclimatic variables (derived from the previously described
climate data), soil composition variables (percent sand, silt,
and clay), and the topographic variables, Topographic Wetness

Index, and Topographic Position Index. Soil and topographic
data were obtained from the CSIRO data portal (https://data
.csiro.au/dap, last accessed 30 August, 2018). Details of the
model-fitting procedure are provided in Appendix S1. MaxEnt
models fitted to current climate were projected onto 2050 condi-
tions with soil and topographic variables considered unchanged
over the time span. The role of the fitted niche models was to
provide an indication of overall environmental suitability and
the nature of changes expected for the species across its dis-
tribution in NSW. ENMs are not suitable for climate matching
for reasons explained in Appendix S1. To assist web tool users
to understand the nature of projected changes in environmental
suitability, we included a bar graph showing changes of envi-
ronmental suitability across five suitability classes ranging from
very low to very high suitability (details of this graphical tool are
included in Appendix S1).

Illustrative Examples

The initial scope of Restore and Renew focuses on the State
of NSW, Australia. NSW is a large state (around 800,000 km2)
characterized by the great dividing range running from north
to south and separating the wet coastal vegetation from the drier
inland. The diversity of terrestrial ecosystems leads to a range of
complex vegetation types (comprising over 5,000 native vascu-
lar plant species) that include semi-arid shrublands, temperate
grasslands, rainforests, eucalypt-dominated forests, chenopod
shrublands, heathlands, as well as alpine and subalpine vege-
tation. About 40% of the state has been cleared of native veg-
etation, and overall vegetation condition is considered good in
only 9% of NSW, with a similar amount of land coming under
some type of protection agreement (https://soe.environment.gov
.au/).

Restore and Renew is currently targeting over 100 species
commonly used in restoration across NSW. To illustrate how
the approach and workflows developed can respond to different
evolutionary histories and dynamics, we present relevant mod-
els and predictions for two species with contrasting distributions
and patterns of genetic variation: Westringia fruticosa (Lami-
aceae; Fig. 1A) and Acacia suaveolens (Fabaceae; Fig. 1C).

Westringia fruticosa (Willd.) Druce (native rosemary) is a
dense spreading shrub up to 1.5 m high. It has gray-green, nar-
row lanceolate leaves and the flowers are white, mostly found in
the upper leaf axils throughout the year. Although little is known
about the reproductive biology and ecology of the species tar-
geted by this project, flower structure suggests that W. fruti-
cosa is an outcrosser and most likely insect pollinated. Little is
known about seed dispersal. Its natural distribution is restricted
to the coastal heath near the ocean and along harbor foreshores
of NSW. It is commonly used as a garden plant and some
of the cultivars are hybrids and these should be categorically
avoided in ecological restoration work (and were avoided in the
sampling strategy). This species was selected to illustrate an
example of patterns of genetic variation across the landscape
that can be modeled quite effectively using spatial distance only
(isolation by distance [IBD]) and without covariates such as
environmental variables or ancestry coefficients (Fig. 1B). Here,
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Figure 1. Plots illustrating the geographical ranges and distribution of genetic differentiation across space for exemplar species Westringia fruticosa (A, B)
and Acacia suaveolens (C, D). For each, a map of occurrence records and sampling locations is shown (A, C), and pairwise genetic differentiation between
populations (FST ) is plotted as a function of spatial distance (B, D). Shaded regions represent the confidence envelope for each fitted generalized dissimilarity
model.

we present data based on 155 samples collected at 27 sites across
the range.

Acacia suaveolens (Sm.) Willd. (sweet wattle) is widely
distributed along the east coast of Australia from Tasmania in
the south to Queensland in the north. It is a prostrate-to-erect
shrub to 2.5 m, and like many other acacias has a short life span,
rarely living longer than 15 years and flowering early, usually
within the second year after germination. It occurs in a range
of soils and is tolerant of low temperatures. A. suaveolens is
likely to be open pollinated, seed fall is passive and thought to
be followed by short distance dispersal by ants, with recruitment
generally occurring after fire (Auld 1986). This early colonizing
shrub was selected to illustrate the case in which spatial distance
alone is insufficient to explain genetic variation across the
landscape, and where we need to build a model incorporating
other explanatory variables (Fig. 1D). The dataset was finalized
after excluding samples that were likely misidentified, or that
had a large proportion of missing genotypes. Here, we present
data for 166 samples collected at 29 sites across the range.

Results

In Westringia fruticosa we observed patterns of genetic variation
across the landscape that were consistent with IBD (Fig. 1B).
When we summarized genetic variation among samples with a
principal components analysis, we observed that the first prin-
cipal component was correlated with latitude. Also, there was
a monotonic increase in pairwise differentiation (FST ) between
populations as a function of their geographic distance. We fit a
GDM to these pairwise differentiation data and explained 81%
of null deviance in pairwise FST using spatial distance as the pre-
dictor variable. We used this model to predict the FST between
a “focal” point in space—a nominal site for restoration—and
all other grid cells (Fig. 2A). If we mask all cells predicted to
be differentiated, from the focal point with FST greater than the
threshold value, we have produced a prediction for the geneti-
cally “local” area (Fig. 2B).

In contrast, pairwise spatial distances between A. suaveolens
populations were not sufficient to explain levels of genetic
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Figure 2. Predicted levels of genetic differentiation from a selected location (shown by a cross). For Westringia fruticosa (A, B) and Acacia suaveolens (C,
D), a generalized dissimilarity model was fit to pairwise population genetic differentiation. For each species, the corresponding model was used to predict
levels of differentiation (less intense shading, higher differentiation) for all other locations across the landscape (within a buffered hull around sampled
locations) (A, C). It is then possible to set a threshold level of differentiation, exclude points with values greater than the threshold, and identify an area of
genetically local provenance (green areas; B, D). Boundaries can be uniform when responding to simple isolation by distance models (W. fruticosa) or
convoluted when following more complex criteria (such altitude in the case of A. suaveolens).
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Box 1. Interpreting the Restore and Renew data to replicate ecological restoration scenarios.

A simplified illustrative example for Acacia suaveolens is presented, to represent how the information obtained through the Restore
and Renew webtool could be used to replicate four restoration scenarios. For Acacia suaveolens, the analytical processes used to
identify the geographical range of local genetic provenance at the selected site take into consideration elevation and spatial distance.
As a result, in regions where abrupt changes in elevation occur within a small geographical area, the area identified as the local
provenance (i.e. nongrayed in the maps) has irregular boundaries and/or some fragmentation. This is a representation of how, based
on empirical data, the model responds to the presence of steep local altitudinal gradients within the distribution of this species.

Local provenancing (McKay et al. 2005): with the information mod-
eled and presented, seed sources can be selected from local climatic
and environmental conditions (i.e. similar to those within the site to
be restored) within the identified genetic neighborhood. This would
involve sampling from multiple locations in the areas that fall within
the overlap between the local genetic provenance (nongrayed area on
the map), and the climate-matched regions (highlighted in purple). In
many cases the area might also be sufficiently large to enable the maxi-
mization of genetic diversity even within this relatively narrow-scoped
strategy.

Composite provenancing (Broadhurst et al. 2008): following the local
boundaries of a genetic neighborhood, seeds can be sourced from a
range of sites with varying environmental and climatic conditions.
These include site-matched, future-matched, and unmatched (any area
within the nongrayed zone of the map). Small proportion of material
can also be obtained from sites outside that neighborhood (i.e. the
grayed area of the map).

Climate-adjusted provenancing (Prober et al. 2015): knowing local
neighborhood boundaries will enable sampling seed sources from local
genetic and local environmental conditions. Additional sources can be
selected outside the local genetic neighborhood that are incrementally
similar to the climatic conditions predicted based on future climate
change scenarios presented (and highlighted in orange in this and in
the following image).
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Box 1. Continued

Predictive provenancing (Sgro et al. 2011): modeled surfaces of future
climate enable the selection of seed sources from areas that are already
experiencing the climatic conditions predicted based on future climate
change scenarios. In some circumstances of course, these can include
sites that are within the local genetic neighborhood.

differentiation (Appendix S2). Some population pairs that are
close together in space had large values of genetic differentia-
tion. Also, in a principal components analysis, the first principal
component is associated with elevation (Appendix S2). We do
not suggest here that elevation directly influences patterns of
genetic variation, but is instead acting as a useful surrogate, per-
haps helping to account for variation between lineages that tend
to occur at different elevations. This is corroborated by an sNMF
analysis, which identifies different ancestral populations inhab-
iting a narrow strip along the coast and nearby upland areas.

Based on these observations, for A. suaveolens we fit a GDM
that had spatial distance and elevation as explanatory variables.
This model explained 48% of null deviance in pairwise FST .
When we used this model to predict FST from a focal site, FST
accumulated to larger values over much shorter distances rela-
tive to W. fruticosa, as expected. Correspondingly, the predicted
genetically local areas tended to be substantially smaller for A.
suaveolens.

In summary, for two contrasting test cases, a GDM explains
patterns of genetic differentiation across the landscape and pro-
vides predictions for the size and shape of the local genetic
neighborhood at any selected point (that falls within a buffered
hull around our sampling locations). For W. fruticosa, which
largely conforms to an IBD model, the local neighborhood is
a circle with the radius determined by the prevailing rate at
which differentiation accumulates with distance across the land-
scape (Fig. 2B). For Acacia suaveolens, differentiation is asso-
ciated strongly with differences in elevation and spatial distance,
and therefore the local neighborhood boundaries are not evenly
circular and are narrower where the area crosses a strong ele-
vation gradient. Box 1 illustrates how the A. suaveolens case
study is presented and interpreted within the Restore and Renew
webtool. Genetic provenance boundaries are calculated on the
fly relative to the site/species combination selected by the user,
and presented on the map as a highlighted area. Climate match-
ing found at the selected site is highlighted, and the user has the
option of also highlighting areas matching the climate that will
occur at that specified site in 2050. Details about the webtool

and how it can be used are available via the “help” button at
www.restore-and-renew.org.au.

Discussion

There is a growing need, in ecological restoration and revege-
tation practices, for genetic information in support of collection
strategies that aspire to the survival and persistence of popu-
lations (Mijangos et al. 2015). Here we describe a framework
to collect, interpret, and communicate multispecies provenance
information to restoration practitioners efficiently (in speed of
computation) and effectively (in ease of visualization and inter-
pretation). Restore and Renew will continue to add new species,
as well as layers of information and interpretative support, as
new pipelines for rapid data mining are developed.

Since species are different, illustrated by the two contrasting
cases above, the objective of Restore and Renew is to provide
easy-to-access information for practitioners to support empir-
ically informed choices that are relevant to their needs and
opportunities. The data are presented within the webtool so
that genetic differentiation boundaries can be interpreted within
current or future climatic contexts to fine-tune planting strate-
gies for the site/species combination selected. The availability
of such boundaries provides new opportunity to trial restora-
tion strategies, and hopefully supports the design of experiments
testing the validity of contrasting approaches.

As data for more species are obtained, we expect to ben-
efit from a broader understanding of interspecific variation in
landscape genetic patterns. This will bolster our ability to make
inferences about processes driving differentiation on the land-
scape, and lead to technical refinements in our workflows that
characterize these patterns of differentiation. For instance, as
we gain a better understanding of the range of variation among
species, especially in relation to trait and mating system varia-
tion (which are currently mostly unknown), we will refine our
approach to modeling and delimiting the genetically local area.

Restore and Renew exploits recent technical developments to
establish a large-scale program of data collection and analyses
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with broad applications and implications for restoration, reveg-
etation, and biodiversity management. For many species, it pro-
vides an empirically based understanding of how genetic diver-
sity is distributed across the landscape, and within current and
future climate expectations. This represents a first critical step
towards supporting restoration practitioners in their choice of
material and strategy, and in the development of experimental
and monitoring plans. Once combined with practical consider-
ations related to seed collection, preparation, and storage, as
well as site preparation, planting, and monitoring (Guja et al.
2015) this information can provide a considerable improvement
of restoration outcomes in general.
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