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Abstract
Translocation is an important conservation tool for reducing the probability of extinction of threatened plants. It is also 
becoming an increasingly common management practice, as habitats are destroyed and climate change pushes more plants 
beyond the limits of their tolerances. Here we outline the case for informing translocations with dedicated genomic data. We 
begin by describing principles for using genomic and genetic approaches to enhance the efficiency and success of transloca-
tion actions. This includes ensuring that translocated populations are adaptively representative, diverse, and composed (to the 
greatest possible extent) of unrelated individuals. We then use two Australian case studies to illustrate how these principles 
have been applied in practice and in a resource-efficient way. For Prostanthera densa, we describe how genomic data have 
quantitatively informed complex decisions, such as whether, and how extensively, to mix individuals from spatially isolated 
populations in translocated populations. For Fontainea oraria, genomic data have been used during post-translocation moni-
toring to confirm that newly established populations incorporate and recombine the little diversity that remained in wild 
individuals. Overall, we illustrate how a simple workflow can support the development and planning of genomic studies and 
translocation activities in tandem. In order to ensure greater adoption of translocation genomic workflows, funding bodies 
in charge of biodiversity management and conservation must direct the necessary resources towards them.

Keywords Ex-situ collection · Fontainea oraria · Genetic rescue · Monitoring · Optimised planting · Prostanthera densa · 
Threatened species · Translocation workflow

Introduction

Plant translocations transfer plant material into currently 
depleted populations or sites where populations were known 
or were assumed to have been found historically, with the 
aim of re-establishing self-sustainability (Gaywood et al. 
2022). Recent attention has been directed to the restora-
tion of populations that are fit and capable of responding 
to changing selective pressures (Leger et al. 2021). This is 
particularly relevant within a context of increased activities 
during the U.N. Decade on Ecosystem Restoration (www. 
decad eonre stora tion. org) aimed at abating the developing 
climate crisis (Forzieri et al. 2022) and decreasing current 
extinction rates (Turvey and Crees 2019). Consequently, 
planning and on-the-ground activities supporting ecologi-
cal restoration and threatened species translocation projects 
are increasingly sophisticated and can rely upon a range of 
science-based criteria to measure success (Commander et al. 
2018; Gann et al. 2019).
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Quantifying and qualifying the distribution, amount and 
nature of genetic diversity can influence the establishment of 
population trajectories, guide corrective actions and prevent 
catastrophic population declines (Schwartz et al. 2007; Sup-
ple and Shapiro 2018; De Woody et al. 2021). Yet, despite 
broader recognition that gene-level diversity is critical to 
biodiversity conservation (e.g., the latest Convention on 
Biological Diversity, www. cbd. int/ confe rences/ 2021- 2022/ 
cop- 15/ docum ents), the use of relevant diversity measures 
by translocation practitioners can sometimes be overlooked 
because of the perception that obtaining genetic information 
can be complex and specialised (Pierson et al. 2016; Silcock 
et al. 2019). In the absence of relevant genetic information, 
generalised best-practice guidelines on how to source plant 
material are often relied upon as a fall-back position (e.g., 
IUCN/SSC 2013; National Species Reintroduction Forum 
2014; Harrison et al. 2021). However, empirical evidence 
suggests that generalisations around the distribution of 
genetic diversity can be misleading even among closely 
related and co-distributed species (Rossetto et al. 2020), and 
consequently translocations supported by species-specific 
genetic knowledge are likely to provide improved long-term 
outcomes (Fremout et al. 2021).

With the advent of restoration and conservation genom-
ics (Breed et al. 2019; Hogg et al. 2022; Theissinger et al. 
2023) and the convergence towards representative, replicable 
and standardised genetic targets and indicators (Frankham 
2022; Hoban et al. 2022), innovative toolsets can guide 
translocation-based activities towards redressed survivorship 
trajectories (Chen et al. 2022). Technological advancements 
have been employed to develop all-inclusive and far-reach-
ing management strategies for model species (e.g., Lovell 
et al. 2021) but arguably, the magnitude of detail provided by 
such case studies are not indispensable to provide real-time 
conservation progress across large numbers of threatened 
species. Broadly applicable, intuitive and resource-efficient 
genetic workflows that directly guide on-the-ground activi-
ties can lead to a wide spectrum of replicable management 
actions across multiple species (Rossetto et  al. 2021). 
Obtaining taxon-specific genetic and genomic knowledge 
that supports the translocation of diverse and resilient popu-
lations, is conceivably more accessible than on-the-ground 
practitioners might realise.

Genetic and genomic knowledge is useful for describing 
the distribution of diversity, prioritising and designing man-
agement strategies such as translocations (Mijangos et al. 
2015), as well as monitoring the success of these actions 
(e.g., by assessing temporal variations in genetic indices; 
Moreno–Mateos et al. 2020). Direct applications include 
identifying source populations for future translocations 

and geographic areas that could cause unwanted admixture 
(Shapcott et al. 2015), and the potential risks associated 
with outbreeding depression (Kaulfuß and Reisch 2017) and 
hybrid swamping (Rutherford et al. 2019). Once evolutionar-
ily eligible sources are identified, the number and composi-
tion of individuals to be planted can be optimised to ensure 
that translocated populations are genetically diverse and rep-
resentative of the adaptive diversity that exists across the 
selected range of natural sites (Frankham et al. 2017; Fail-
lace et al. 2021). Careful delineation of source material can 
serve as a form of genetic rescue in highly clonal or inbred 
populations or, more generally, where the paucity of unre-
lated mates limits reproductive success or triggers inbreed-
ing depression (Spielman et al. 2004; van Rossum and Raspe 
2018; Kardos et al. 2021; Willi et al. 2022). The principles 
for assembling individuals for translocation are comparable 
to those for establishing ex-situ plant collections, and the 
rich literature on this topic (e.g., Marshall and Brown 1975; 
Schoen and Brown 1993; Griffith and Husby 2010; Hoban 
and Schlarbaum 2014; Hoban 2019) is of relevance.

An appropriate genetic dataset can be used to estimate 
measures of diversity under different ‘candidate’ translo-
cation scenarios. Here a candidate design might consist of 
picking a specific set of cuttings or seedlings from available 
collections of the target species. Designs that optimize for a 
specific diversity measure or objective can also be generated, 
noting that objectives may vary depending on the target spe-
cies and its management plan. For instance, in circumstances 
where closely related individuals need to be incorporated 
into a population (such as a critically endangered species 
with few individuals left), it might be useful to minimize the 
average extent of relatedness between spatially proximate 
individuals, as measured by mean kinship (e.g., Bragg et al. 
2020). In other circumstances, we might design a population 
using individuals that do not share recent ancestry, obviat-
ing the need to minimize measurable kinship, but it might 
nevertheless be useful to maximize other measures such as 
allelic diversity. For instance, maximizing gene diversity 
was found to be useful for identifying population designs 
that captured high levels of allelic variation (Bragg et al. 
2021) while being potentially less affected by missing data 
or rare genotyping errors.

Genetic or genomic datasets can also be used to guide 
the design of translocated populations with multiple objec-
tives or conflicting priorities. One useful example would 
be choosing individuals that are genetically diverse as well 
as enriched for an important property or trait (Bragg et al. 
2022). Here the trait could be a measured phenotype indi-
cating climate-readiness or disease resistance, or genomic 
markers associated with these desirable traits (Bragg et al. 
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2022). Similar principles have been incorporated into breed-
ing and management of agronomic species (e.g., Schoen and 
Brown 1993; Meuwissen 1997; Kinghorn 2011; Reeves and 
Richards 2018; Mascher et al. 2019; Varshney et al. 2021). 
Another example would be assembling a population that 
preserves genetic diversity in a threatened species or popu-
lation, while also trying to manage risks associated with 
genetic swamping (Bragg et al. 2021). In both examples, 
there is potential for conflict between the two discrete priori-
ties and multi-objective optimization can be used to explic-
itly consider translocation designs that represent different 
points on the trade-off between the objectives. In such cases 
the goal is to quantify the trade-offs so that management 
decisions and monitoring practices can be made based on 
an informed judgement of the importance of the two differ-
ent objectives.

Finally, post-translocation monitoring will enhance out-
comes from translocated populations designed with genetic/
genomic datasets in several strategic ways (Rodríguez–Rod-
ríguez et al. 2018). First, monitoring can facilitate multi-
ple ‘corrective’ iterations of population design, especially 
through vulnerable phases of establishment, where there 
might be elevated levels of attrition of plants. This might 
alter population composition and could result in the loss of 
substantial diversity. In such cases, it is possible to replace 
the lost plants in a way that is optimized according to an 
objective (e.g., to minimize mean kinship or maximise dis-
ease resistance), but that observes constraints that include 
the existing plants in the translocated population, and the 
stocks of replacement plants that are available (e.g., in a 
nursery; Bragg et al. 2020). Second, over longer time scales, 
monitoring of reproductive success and other demographic 
outcomes will help us better identify approaches to popula-
tion design that are most often linked to success (Van Ros-
sum and Hardy 2022). Subsequently, genotyping of offspring 
from the translocated population can also enable a better 
understanding of the heritability of desirable traits, the mon-
itoring of new genetic recombinants or the contribution of 
adults to the next generation.

Species-specific genomic datasets obtained from stand-
ardised workflows can support various conservation actions 
including in-situ management prioritisation, the design of 
multiple translocation strategies, and the establishment of 
germplasm collections. In this paper, we report two new 
genomic-based case studies on threatened species, which 
provide practical guidance towards the development of 
translocation strategies aimed at minimising extinction risk 
and maximising evolutionary resilience. The studies sup-
port different stages of the translocation process (i.e., plan-
ning evolutionary informed translocation scenarios, and 
monitoring translocation success) and follow a standardised 

multipurpose workflow as outlined in Box 1. Critical to the 
workflow are the careful consideration of the sampling strat-
egy (what, why and how many), a standardised process for 
gathering relevant metadata suitable to multiple downstream 
processes (and guiding individual labelling), and a standard 
set of genomic analyses and interpretations.

The Prostanthera densa A.A.Ham. (Villous Mint-Bush, 
Lamiaceae) example focuses on the optimisation of trans-
location designs based on inter- and intra-specific levels 
of genetic differentiation. This species is limited to a few 
highly localised populations distributed across a restricted 
range in central New South Wales (Australia; Fig. S1) and 
is vulnerable to ongoing habitat loss and climate change. 
An additional complication for P. densa is the frequent 
confusion between it and another closely related, sympat-
ric and also endangered taxon (P. marifolia R.Br.; Wilson 
et al. 2012). Prostanthera densa is primarily distinguished 
from P. marifolia by its growth habit, with a preliminary 
phylogenetic study using chloroplast and nuclear markers 
rejecting the interpretation that these differences are due 
to phenotypic plasticity (Conn et al. 2013).

The Fontainea oraria Jessup and Guymer (Coastal 
Fontainea, Euphorbiaceae) example focuses on using post-
translocation monitoring to assess the success of previ-
ously established genetic rescue plantings. This extremely 
rare species is represented by ten remaining adults and a 
small number of seedlings within a single coastal pop-
ulation in northern New South Wales (Australia; NSW 
Department of Planning and Environment 2019). The criti-
cally small population exists at four distinct sites of littoral 
rainforest regrowth within a 600 m radius. An earlier study 
determined that genetic diversity was unevenly distributed 
among adults and seedlings, suggesting the over contribu-
tion of some genotypes to successive generations (Rossetto 
et al. 2000). Consequently, a genetic rescue program was 
initiated to recover viable and self-sustaining Fontainea 
oraria populations (Department of Environment, Climate 
Change and Water NSW, 2011). Propagated cuttings from 
each of the ten adults were planted in a circular design 
across multiple translocated populations (24 at last count) 
in order to maximise crossbreeding opportunities and 
establish new genetic combinations (Brown et al. 2016). 
These plantings were staggered across years to evaluate 
planting success. To date, seed and seedlings have been 
recorded at five translocation sites, and we were able to 
initiate a conservation genomic study to monitor cross-
breeding success.

This study highlights how current genomic tools can 
support a range of translocation scenarios in a simple, 
resource-efficient manner and presents novel case studies 
that are exemplary of this potential.
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BOX 1: A standardised multipurpose workflow for using genomic data in support of translocations

• Representative sampling of material is completed across the distribution of the target threatened species cognisant of the 
management questions being investigated (see Rossetto et al. 2019, 2021 for more details on sampling) and including 
close relatives. Sampling for DNA sequencing (small amounts of leaf tissue) and, if needed, material suitable for living 
ex-situ collections (seed or cuttings) can be accomplished during regular surveys.

• Each sample should be accompanied by quality metadata and samples should be labelled and individuals tagged as 
needed. This will form the backbone of the knowledge infrastructure that will guide cross-referencing and downstream 
applications. Dedicated applications for mobile devices are available, these reduce time spent databasing post field work 
and eliminate transcription errors.

• Sampling is followed by cost effective DNA sequencing that can be outsourced commercially (or via collaborators with 
available facilities and expertise).

• The genetic data is linked with the field metadata to generate the knowledge infrastructure needed to learn about the 
target species’ biology and manage in-situ populations.

• The same knowledge infrastructure can be used to guide the development of ex-situ collections and a range of transloca-
tion scenarios. For example, it can be used to establish translocated populations (or ex-situ collections) that:

 a. Maximise diversity (allelic or other measures),
 b. Minimise kinship where relevant (to minimise inbreeding depression),
 c. Guide genetic rescue of target populations (by mixing differentiated provenances),
 d. Incorporate specific trait-related adaptive targets (e.g., disease resistance, climate resilience, etc.),
 e. Represent dedicated planting arrangements that better achieve any pre-defined targets.

• The same knowledge infrastructure can also be used to develop dedicated monitoring strategies. For example, it can be 
used to:

 a. Assess ex-situ collections or translocation projects developed before the data became available,
 b. Assess the success in retaining the planned genetic targets and in establishing viable, resilient populations,
 c. Guide remedial actions where and when needed.
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Material and methods

Target species and sampling strategy

Prostanthera densa (Lamiaceae) is one of 19 taxa listed as 
Threatened on the Environment Protection and Biodiversity 
Conservation Act for this large (105 species) and economi-
cally valuable genus (Conn et al. 2021). A recovery program 
including recommendations for translocation was developed 
(Department of the Environment, Water, Heritage and the 
Arts 2008), and in its support we conducted a population 
genomics study that sampled populations of P. densa, P. 
marifolia and closely related taxa to phylogenetically test the 
species concept in line with the framework of Rossetto et al. 
(2021). After testing the species concept for P. densa, we 
could use the same dataset to assess the extent of clonality, 
kinship and genetic diversity at the population scale in order 
to inform management strategies including genetic rescue by 
way of translocated populations.

One hundred and three specimens of P. densa were sam-
pled, with 98 representing wild-sourced individuals from 
all known populations plus five ex-situ samples (Table 1). 
To this we added 48 wild-sourced and five ex-situ P. mari-
folia individuals originally sourced from the two extant 
populations. Following the Prostanthera phylogeny of 
Wilson et al. (2012), we chose six representative taxa to 
anchor their placement within the phylogenetic framework 
of the Prostanthera phylogeny (Fig. 1). Within-population 
sampling for P. densa and P. marifolia varied according to 
site, including at least six individuals but with the larger 
sites (Abraham’s Bosom and Manly Dam) sampled more 
intensively to increase the likelihood of observing accurate 
amounts of genetic diversity. Additional ex-situ samples 
were acquired from the Australian Botanic Garden Mount 
Annan (ABGMA) and the Hunter Region Botanic Gardens 
(HRBG) to inform the relative value of their current propa-
gation stocks.

While the current distribution of Fontainea oraria 
(Euphorbiaceae) is no longer subject to clearing, species 

recovery has been slow due to long maturation times, poor 
dispersal and recruitment, and limited habitat availability. Its 
breeding system, mostly unisexual with only rare instances 
of monoecy (Brown et al. 2016), likely also contributes to 
its rarity as proximately distributed male and female plants 
are required for sexual reproduction.

A total of 123 samples were analysed, including the ten 
original adults and eight wild seedlings, 78 surviving propa-
gated stems from nine translocation sites and 26 seedlings 
from five of these sites. All propagated plants at the translo-
cation sites were labelled and, given that seedlings tend to 
germinate under a mother plant, the putative identity of the 
mother of each seedling was recorded as part of the moni-
toring. Putative mothers and all planted individuals at each 
site with seedlings (sites A, C, D, E, J) were genotyped to 
genetically confirm the parentage of each seedling. Repre-
sentative stems from more recently planted sites that are yet 
to produce seedlings (sites B, F, G, N) were analysed to test 
the accuracy of plant labelling systems during propagation 
and planting.

DNA extraction and DArTseq

Approximately 5–10 mg plant material was sampled from 
each individual and sent to DArT Pty Ltd (Canberra, Aus-
tralia) for DNA extraction and DArT genotype-by-sequenc-
ing analyses (referred to as DArTseq). DArTseq is a reduced 
representation sequencing approach that involves performing 
a restriction digest of sample DNA, and then high through-
put sequencing of the resulting digestion products (Sansaloni 
et al. 2011). For each study, the resulting single nucleotide 
polymorphisms (SNPs) dataset was analysed following well-
documented in-house procedures as described below (Ros-
setto et al. 2019; Bragg et al. 2020). The initial raw data was 
checked for quality using the filtering scripts implemented 
by the R package RRtools v1.0. To ensure that only the 
higher quality DArTseq markers were used for analyses, all 
SNPs with a reproducibility of less than 96% and which had 
more than 30% missing data were excluded from the dataset, 
as were linked SNPs.

Table 1  Diversity estimates for 
populations of Prostanthera 
densa. Observed heterozygosity 
 (HO), expected heterozygosity 
 (HE), inbreeding coefficient 
 (FIS) and number of unique 
genets (N) are shown

N individuals 
sampled

N unique 
genets

N genets with 
multiple ramets

HO HE FIS

Gaan Gaan Hill 8 3 1 0.086 0.069 -0.236
Karrara Hill 6 6 0 0.095 0.092 -0.036
Bass Flinders 8 5 1 0.044 0.048 0.053
Royal NP Marley 7 7 0 0.108 0.123 0.092
Helensburgh 14 14 0 0.139 0.264 0.139
Honeymoon Bay 10 9 1 0.123 0.189 0.123
Abrahams Bosom 45 42 3 0.138 0.239 0.138
Total 103 87 0.09 0.105
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Test of species concept for P. densa

A phylogenetic tree attempts to estimate the evolutionary 
history of a set of samples based on inferred common ances-
try rather than by observed genetic or phenetic similarities 
alone. The coalescent-based phylogenetic tool SVDquartets 
package ver. 1 (Chifman and Kubatko 2014) implemented in 
the PAUP software v4.0a (Swofford and Sullivan 2012) was 
used to estimate relationships among populations of P. densa 
and P. marifolia. This program is designed for SNP data and 
can analyse datasets with many specimens and genomic sites 
(Chou et al. 2015), with the multispecies coalescent model 
being set up with the following parameters: 100,000 quartets 
and 1000 bootstrap replicates (as a measure of branch sup-
port). All results were examined using at least three inde-
pendent runs for multispecies coalescent analysis by first 
allocating samples into a group according to their respective 
population, then allocating all samples into a group accord-
ing to their species.

Genetic diversity and structure in P. densa

Understanding the extent and distribution of genetic diver-
sity existing in P. densa supports the prioritisation of indi-
viduals and populations for conservation actions. To assess 
genetic similarity among individuals and populations, we 
performed a Principal Component Analysis (PCA) on the 
SNPs data using Adegenet 2.1.1 package (Jombart 2008) 
on R (version 3.3.0, R Core Development Team). Genetic 
structure was studied by running an admixture analysis using 
LEA 2.4.0 (Frichot and François 2015). This analysis uses 
the function snmf (sparse Non-Negative Matrix Factoriza-
tion algorithms; Frichot et al. 2014) to estimate individual 
admixture coefficients from large genotypic matrices and 
evaluate the optimal number of ancestral populations. A 
measure of fit (i.e., the entropy criterion) is then evaluated 
between the statistical model and the data to choose the 
best number of ancestral populations (K) that explain the 

data. Ten replicates were run for each value of K (up to 
8), wherein optimal K was selected by examining the post-
stabilisation of the steepest decline in cross-entropy values, 
with the best replicate of optimal K selected from the low-
est minimal cross-entropy values among the 10 replicates. 
Relevant population genetic diversity measures for each 
population (i.e., expected heterozygosity  (HE), observed 
heterozygosity  (HO) and the inbreeding coefficient  (FIS)) 
were estimated using diveRsity (Keenan et al. 2013) in R.

Designing ex‑situ propagation populations 
of various sizes for P. densa

Small population size and restricted distribution makes 
species that are threatened by encroaching urbanisation 
highly susceptible to extinction via stochastic processes. As 
seed production has not been recorded for P. densa, quick 
recovery through natural re-establishment or expansion is 
unlikely. Long-term survival therefore requires the imple-
mentation of translocation activities, as suggested in the spe-
cies’ recovery plan. The development of a translocation plan 
required a genetic-based understanding of diversity before 
target plants could be selected from across sites.

To accomplish this, the available SNP dataset was used 
to provide achievable scenarios for establishing new popula-
tions with optimized genomic diversity. As we also identified 
that P. densa is characterised by two highly distinct genetic 
groups that lacked admixture among individuals, we pro-
vided two distinct scenarios: Scenario 1 targeting maximum 
diversity within individual genetic groups (in case the two 
groups are genetically incompatible); Scenario 2 augmenting 
genetic diversity in the optimisations by incorporating both 
genetic groups and maximise overall resilience.

Ex-situ propagation populations to prepare for transloca-
tion were designed using genomic-based optimisation meth-
ods developed by Bragg et al. (2020). Population designs 
were modelled using the simulated annealing optimisation 
algorithm (Kirkpatrick et al. 1983), choosing subsets of 
available plants that maximise genetic distance. The opti-
misation of individuals used in the scenarios, was based 
on simulated predictions of genetic diversity remaining 
after 10 generations of genetic drift, with the Scenario 2 
implementing a two-step optimisation analysis. We simu-
lated genetic drift to account for the absence of gene flow 
between P. densa sites (as these were planned to be disjunct). 
Each optimised translocation design involved considering 
propagation populations of different sizes and selecting the 
appropriate cohort of propagules representing the maximal 
extent of genetic diversity directly sourced from cuttings of 
wild individuals.

Fig. 1  a Splitstree network analysis and b SVDquartets phylogenetic 
coalescent tree generated from single nucleotide polymorphisms 
(SNPs) data for Prostanthera densa, P. marifolia and closely related 
Prostanthera. Both Splitstree and phylogeny included 87 genets 
of P. densa (blue tips labels), 50 non-clonal specimens of P. mari-
folia (green tip labels) and six related Prostanthera species (black 
tip labels) as outgroup. Within the network, red branches and stars 
represent ex-situ individuals from the Hunter Region Botanic Gar-
den (HRBG) and the Australian Botanic Garden Mount Annan 
(ABGMA). Substructure observed from the genetic data of this study 
was incorporated into the figure, with populations deriving from a 
southern clade assigned a “south” label and populations deriving 
from a northern clade assigned a “north” label. The coalescent tree 
(> 80% considered as strong branch support), shows that P. densa and 
P. marifolia form separate well-supported monophyletic clades

◂
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Relatedness in F. oraria and genetic rescue success

Genetic rescue success within translocated sites was moni-
tored by assessing mating success between translocated 
adults. This involved measuring relatedness or kinship 
among all translocated individuals (adults and seedling) via 
an identity-by-descent analysis of the SNP data that esti-
mates pairwise kinship coefficients between all individuals 
(using the R package SNPrelate v1.17.1; Zheng and Zheng 
2013). The pairwise matrix was drawn using ComplexHeat-
map (Gu et al. 2016) in R and was visualised as a network 
drawn using igraph and visNetwork in R (Csardi 2013; 
Almende and Thieurmel 2019).

Pairwise kinship coefficients of 0.4 or greater were used 
to indicate genetic identity (among the propagated individu-
als in relation to the wild adults) and track the reliability of 
labelling during propagation. Kinship less than 0.4 was used 
to study parent–offspring relationships across all individu-
als in the wild and at the translocation sites. Parentage for 
each seedling could be determined by observing the first 
and second highest kinship values between the seedling 
and any adult. The identity of a parent was verified against 
the observed maternal parent, except where the observed 
identity was uncertain (i.e., identity of propagated plant not 
matching its genetically determined identity). Parent com-
binations were tabulated based on the parentage data across 

all seedlings to study the mating patterns between adults in 
the wild and at translocation sites.

The original genetic rescue program developed for F. 
oraria aimed to establish multiple new reproductive popu-
lations producing seedlings that are representative of the 
diversity within the parental generation and include admix-
ture events that are currently unattainable in the wild. As a 
result, we also used the SNP dataset to assess the genetic 
representativeness of the translocated seedlings. To achieve 
this, we estimated the total number of SNPs that were ‘com-
mon’ (minor allele frequency > 3%) and calculated the pro-
portion of these SNPs that were polymorphic for the seed-
ling cohort and adults at the wild and translocation sites.

Results

Prostanthera densa—Translocation scenarios 
to improve the long‑term viability of a threatened 
species

We obtained 46,000 genome-wide markers (SNPs) for 163 
samples representing P. densa, P. marifolia and related spe-
cies of Prostanthera. Coalescent analysis and the Splitstree 
network inferred a topology that consistently indicated 
that P. densa and P. marifolia formed separate clades, sup-
porting their distinction. Although both formed the closest 

Fig. 2  Genomic diversity outputs for Prostanthera densa showing 
two strongly distinct genetic clusters (identified as red and blue) in 
the plots. a Population structure output based on averaged ancestral 
assignment of K = 2 across northern (Gaan Gaan hill, Karrara hill, 
Royal NP and Marley) and southern (Helensburgh, Abrahams Bosom 
and Honeymoon Bay) sites of Prostanthera densa in New South 

Wales. This optimal number of ancestral populations represented the 
termination of the steepest decline in associated cross-entropy values. 
b Principal Component Analysis (PCA) of SNP data from individu-
als of P. densa. Both analyses identified two strongly distinct genetic 
clusters
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relationship with each other respective of the outgroup, the 
two P. marifolia sites formed a clade sister to a clade of all 
seven P. densa sites in the phylogeny (Fig. 1b). Whether 
samples were allocated into seven groups respective of their 
site membership, or within two groups respective of their 
species membership, the coalescent analysis consistently 
provided a high number of compatible quartets, suggesting a 
relatively low amount of incomplete lineage sorting between 
populations as well as between the species. The SDVquartets 
analysis at the population scale retrieved a total weight of 
incompatible quartets = 7,788 (7.79%) and a total weight of 
compatible quartets = 92,212 (92.21%); when populations 
were grouped into their hypothesised species, the analysis 
retrieved a total weight of incompatible quartets = 7.6544 
(21.87%), and total weight of compatible quartets = 27.3456 
(78.13%). Nonetheless, the connection point of the network 
between populations of both species was broader than the 
stems supporting each site, suggesting that reticulation may 
have occurred (Fig. 1a).

The substructure within P. densa corresponded with geo-
graphic separation of sites. In the Splitstree network and 
phylogeny (Fig. 1), sites further north of Helensburgh (i.e., 
Royal NP, Bass Flinders, Karrara hill, and Gaan Gaan hill) 
were recovered as one clade and those in the south (i.e., 
Helensburgh, Abraham's Bosom, Honeymoon) formed 
a second clade (hereafter referred to as the northern and 
southern groups, see Fig. 1). Output from LEA likewise 
showed this partition, returning two ancestral populations 
(K = 2) that, with the exception of the Helensburgh popu-
lation, corresponded to the northern and southern groups 
(Fig. 2). Geographically proximal sites were more geneti-
cally similar (Karrara hill to Gaan Gaan hill, Royal NP Mar-
ley to Bass Flinders, Abrahams Bosom to Honeymoon Bay; 
Fig. 1a, Fig. 2b), with higher pairwise Fst estimates detected 
between more geographically distant sites (Fig. S3). Despite 
a latitudinal distribution of genetic divergence, a compari-
son between genetic and geographic diversity measures did 
not produce a simple isolation by distance trend (Fig. S3). 
Finally, the geographically intermediate Helensburgh site 
displayed a mixture of both ancestral populations (although 
proportionally more similar to the northern group; Fig. 1a). 
However, when additional ancestral populations (> K = 3) 
were requested in the LEA analysis, Helensburgh formed a 
distinct genetic signature from other sites (Fig. S2) alluding 
to a possible hybrid-origin scenario.

Clonality was detected within multiple sites (Fig. S4): 
a genet of seven ramets at Gaan Gaan hill, a genet of four 
ramets at Bass Flinders, three genets consisting of two 
ramets each at Abrahams Bosom and a genet of two ramets 
at Honeymoon Bay. The genet of multiple ramets from 
Gaan Gaan hill shared kin with another genet at the site and 
both are represented ex-situ, respectively at HRBG and the 
ABGMA (Fig. 1a).

With the necessary understanding of the distribution of 
genetic diversity in P. densa, we could provide genomically 
informed solutions for establishing new populations that 
removed clonality, reduced kinship and maximised genetic 
diversity across two scenarios (Fig. 3). For Scenario 1, 
which separately targeted maximum diversity for northern 
and southern groups, the analysis identified 10 plants for 
the northern group and 18 for the southern group as key 
individuals needed to establish a new population represent-
ing 95% of the groups’ genetic diversity. Scenario 2, aimed 
at combining groups to obtain a population representing 
greater than 95% of diversity, required five individuals from 
each of the northern group and the southern groups. While 
optimised populations from Scenario 1 only respectively 
captured 0.51 and 0.55 of the diversity measured across the 
whole species, optimised populations from Scenario 2 cap-
tured between 0.96 and 0.98 of alleles (Fig. 3).

Fig. 3  Modelling the proportion of alleles captured for optimised 
translocated Prostanthera densa sites of various sizes (number of 
genets). Two solutions are provided: one sourcing either of the two 
single genetically distinct groups (northern group as red circles, 
southern group as blue circles), the second (northern group as red 
stars, southern group as blue stars) sourcing the same groups but 
including genetic supplementation from the other (north or south) 
group. The second solution involves first optimising targeted indi-
viduals from the main genetic group to identify the most optimal size 
for propagation (blue and red dots; 10 individuals for north and 18 
individuals for south captures greater than 95% of diversity in each 
group:). Following the preliminary optimisation, a second optimisa-
tion analysis used the second genetic group to assess improvements 
to genetic diversity. This two-step analysis resulted in all propagation 
sites capturing greater than 95% of species’ diversity (dashed line). 
See the Supplementary methods for additional details
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Fontainea oraria—post‑translocation monitoring 
of a genetic rescue project

A high-quality genome scan based on 11,817 genome-wide 
SNPs was generated for 123 F. oraria samples. The kinship 

analysis of the dataset identified relatedness and parentage 
across wild and translocated sites and matched the identity 
of each propagated stem to a wild adult. There were 14 inci-
dences where the labelled identity of a propagated stem was 
a mismatch with the plant’s true identity or where individu-
als labelled as ‘unknown’ could be identified.

The SNP dataset determined the parentage of all seed-
lings and revealed that all translocated F. oraria adults 
contributed to the next generation, with admixture within 
and between sites producing novel parental combinations 
(Fig. 4; Table S1). Parentage of almost all seedlings could 
be traced back to adults within the same translocation site 
with a few exceptions, such as a site A seedling result-
ing from 324 × 401 mating where 324 was absent at the 
site, a site E seedling originating from 404 × 420 where 
404 was absent, and two site J seedlings originating from 
401 × 420 where 401 was absent. In comparison, within 
the wild population only three adults contributed to the 
seedling cohort (mostly 420 × 421 matings).

We did not detect high levels of kinship (> 0.4) between 
parents and seedlings suggesting that self-fertilisation is 
uncommon. Six of the original adults are closely related 
(likely resulting from biparental inbreeding in small rem-
nant sub-populations) yet only five of 26 translocation 
seedlings revealed inbreeding, highlighting the power 
of well-planned genetic rescue strategies even in cases 
of extreme rarity. Overall allelic diversity within the 26 
seedlings at the translocation sites was considerably higher 
(98% of overall diversity) than within eight wild seedlings 
(68%) and comparable to the diversity found in the wild 
adults (Fig. 5).

Discussion

We demonstrated how a standardised genomic workflow 
(Box 1) can address translocation-based questions for 
any target species to inform a range of admixture-based 
translocation scenarios (including the resolution of taxo-
nomic issues, Prostanthera densa), and post-translocation 
monitoring (to assess the success of genetic rescue, Fon-
tainea oraria). We advocate that in addition to supporting 
translocation management, the knowledge gathered by this 
approach is equally valuable for understanding the ecology 
and evolutionary history of the target species.

Finalising a suitable propagation strategy from genetic 
rescue scenarios for Prostanthera densa was dependent on 
a better understanding of taxonomic boundaries and of the 
distribution of diversity within the remaining, geographi-
cally disjunct populations. A single, carefully planned 
sampling and analytical workflow including outgroups 
and co-distributed taxa determined that P. densa and P. 
marifolia are distinct species with separate conservation 

Fig. 4  Network visualising pairwise kinship (> 0.05) between all 
known genets of Fontainea oraria including all adults and seedlings 
(full pairwise kinship is plotted as a heatmap in Fig. S5). Each col-
oured circle (or a node) represents an individual and the colour of the 
node indicates whether an individual is an adult (black) or seedling 
at wild (yellow) or translocation (orange) site. A line that links the 
coloured circle indicates there is kinship (> 0.05) between pairs of 
individuals. The level of kinship is not indicated in the plot hence the 
length of the line is meaningless. However, nodes that are surrounded 
by multiple links indicates shared inheritance

Fig. 5  Proportion of common alleles captured by Fontainea oraria 
across wild and translocation sites and across various cohorts (all 
wild seedlings, all wild adults, and all seedlings that grew at translo-
cation sites). The proportion of common alleles captured at translo-
cated sites are shown as orange circles and the proportion of common 
alleles captured by all wild seedlings is shown as a yellow circle, by 
all wild adults is shown as a black circle and by all translocated seed-
lings orange star
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priorities. Translocation planning could therefore exclude 
P. marifolia and focus on complex between-group patterns 
(i.e., two ancestral populations corresponding to geograph-
ically separate northern and southern groups). Interest-
ingly, phylogenetic and phenotypic appraisal revealed 
that admixture events may have occurred at the P. densa 
Helensburgh site (Fig. 1). Such findings recommend the 
exclusion of Helensburgh from the translocation scenarios 
presented, but also support the development of alternative 
local and all-inclusive translocation options (Scenarios 1 
and 2 respectively).

The same sampling and analytical workflow provided a 
quantification of evolutionary resilience through measures 
of clonality, kinship and genetic diversity at the population 
scale. The presence of higher inbreeding levels within the 
most geographically isolated populations highlights how 
reduced gene flow can impact on population-level diver-
sity, irrespective of size. An additional factor in guiding an 
optimal admixture strategy for translocated populations, 
was the detection of clonality across numerous popula-
tions of P. densa (Fig. S4). This was unexpected as the 
species is incapable of layering due to its typically upright 
habit lacking rhizomes or extended branches. Ascertain-
ing the possible impact of apomixis will require dedicated 
research in the future.

Once the various translocation strategies and scenarios 
are established, post-translocation monitoring can be used 
to assess if the planned genetic rescue objectives have been 
realised and to monitor losses / gains of genotypes through 
time, as exemplified by the Fontainea oraria example. 
The original translocation planting design for F. oraria 
aimed at maximising crossbreeding between genetically 
and geographically distinct individuals that would other-
wise not come into contact in the wild. Post-translocation 
monitoring shows that genetic rescue was effective, with 
most of the resulting seedlings originating from crosses 
between unrelated adults, and with high genetic diversity 
and novel crosses being generated. The fact that none of 
the seedlings resulted from self-fertilisation also suggests 
that the species is a preferential outcrosser. Furthermore, 
while the mode of seed and pollen dispersal in the wild 
is unclear (Brunton et al. 2022) the detection of seedlings 
originating from between-site crosses, suggests that in the 
right conditions, gene flow can occur across physically 
separated areas. The monitoring dataset also provided new 
understanding of the level of relatedness among the wild 
individuals (Fig. 4, Table S1), supporting the previous 
suggestion that some of these originated from a shared 
maternal parent (Rossetto et al. 2000) and validating the 
need for establishing multiple translocated populations 
with a genetic rescue focus.

The F. oraria example also identified some mismatches 
between genetically determined identities and field labels 

on some translocated individuals. This highlights how a 
simple genetic study can improve ex-situ resource manage-
ment, as also demonstrated by the realisation that the ex-
situ P. densa collection at the HRBG is all derived from a 
single genet from Gaan Gaan hill (Supp Fig. 3). Accurate 
record-keeping is vital for ensuring translocation success 
(Commander et al. 2018), and ongoing genetic screening 
is recommended to mitigate mislabelling issues that could 
occur during the propagation and establishment of translo-
cated plants. Finally, the use of genetically unsuitable ‘lefto-
ver’ propagules in additional plantings should be avoided as 
increased biparental inbreeding or selfing can lead to geneti-
cally duplicate siblings (Lu-Irving et al. 2023) and diminish 
the overall evolutionary resilience of restored populations.

Conclusion

Broadly applicable and resource-efficient genetic workflows 
that directly guide on-the-ground activities are now acces-
sible and can lead to a wide spectrum of replicable manage-
ment actions across multiple species (Rossetto et al. 2021; 
Hogg et al. 2022; Shaffer et al. 2022). These workflows, 
the product of many years of accumulated knowledge and 
expertise, are now increasingly accessible and consequently 
conservation managers should consider from inception how 
these tools can vastly improve the long-term viability and 
quality of their translocation projects. However, for these 
workflows to be more widely adopted it is also essential 
that the funding bodies in charge of biodiversity manage-
ment and conservation consistently include them within their 
granting opportunities.

Increased awareness of the potential of genetics and 
genomics in translocation can help the conservation 
community to achieve their goals. The case studies pre-
sented relied on single sampling and sequencing events to 
directly guide suitable translocation strategies, while also 
revealing more about a species’ ecology and evolution-
ary history. Leaf tissue needed to generate genetic data 
for the relevant analyses can often be obtained from one 
broader sampling event which can be co-ordinated with 
regular surveys or monitoring actions (therefore further 
rationalising resources). Sequencing and interpretation of 
genome-wide SNPs scans were valued at approximately 
AUD 15,000 (including labour), and a practical report 
was produced within three months from the completion 
of field sampling. The efficiency of the process can be fur-
ther enhanced by considering the economy of scale aris-
ing from the simultaneous collection of multiple species 
(including pre-emptive actions preceding the finalisation 
of genomic funding). As genomic datasets derived from 
threatened species are steadily growing, the conserva-
tion community will invariably be in a better position to 
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identify threats, interpret patterns, and develop suitable 
management activities with more predictable outcomes.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11258- 023- 01322-4.
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