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ARTICLE

Domestication provides the key to conservation of Santalum yasi – a threatened 
Pacific sandalwood
D. Bush a, L. Thomson b, W. Bolatoluc, S. Duttd, S. Hamanie, H. Likiafue, J. Matebotof, J. Tauragac and E. Youngf

aAustralian Tree Seed Centre, Commonwealth Scientific and Industrial Research Organisation (CSIRO), Canberra, Australia; bAustralian Centre for 
Pacific Islands Research, University of the Sunshine Coast, Maroochydore, Australia; cSilviculture Research Division, Ministry of Forests, Suva, Fiji; 
dForestry Division, Ministry of Agriculture and Food, Forests and Fisheries, Nuku’alofa, Tonga; eDivisional Forestry Office, Central Eastern, Ministry 
of Forests, Suva, Fiji; fLand Resources Division, The Pacific Community, Suva, Fiji

ABSTRACT
Santalum yasi is a high-value hemiparasitic tree endemic to Fiji, Niue and Tonga. It has been over-
exploited for its oil-yielding heartwood and is now threatened. Remaining stands lack genetic 
diversity and are likely to be suffering from inbreeding depression, although the species still has 
significant genetic diversity overall. We argue that the best way to conserve this species is through an 
active domestication program that will adequately sample and conserve the genetic base in ex situ 
and circa situm plantings. The approach to S. yasi tree-breeding can be characterised as a low-input 
strategy involving the early use of molecular markers for population parameter determination. Long- 
term success will have strong interdependent links with the conservation of the remaining genetic 
resources. A strategy based on recurrent selection and breeding for key traits—including heartwood 
volume and oil yield per year, oil quality and environmental adaptability related to cyclone resistance 
and the tolerance of pests and diseases—is recommended. The establishment of genetic conserva-
tion stands based on collections of the species throughout its natural range in Fiji and Tonga has 
commenced. Challenges associated with the conservation and domestication of S. yasi are discussed. 
These include the advanced age required before oil characterisation can be undertaken; the need to 
assess genotype–host-plant interactions; and the need for comparatively sophisticated equipment 
and destructive harvesting to carry out oil assessments. Capacity development of professional staff in 
the Pacific Islands is an additional prerequisite for implementing an effective strategy. Research into 
the variation and heritability of heartwood formation and oil characteristics, and a better under-
standing of the breeding biology of S. yasi and geneflow between it and exotic Indian sandalwood 
(S. album), are high priorities. It will be more than a decade—probably around 20 years—before S. yasi 
individuals in planned, well-designed trial plantings have sufficient heartwood development to 
enable oil-trait assessment. Establishment of such trials is an immediate priority. In addition to this 
long-term activity, we recommend a simple interim strategy that promotes high genetic diversity of 
seedling-based planting stock. This can be implemented using a combination of gene conservation 
stands, progeny trials that can be culled to seedling seed orchards, and genetically diverse commu-
nity-based seed stands. The strategy will both provide a safeguard against the further loss of diversity 
and promote wide outcrossing. Releasing fragmented populations from inbreeding depression is 
expected to increase general vigour.
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Introduction

The sandalwood genus and Santalum yasi

The sandalwoods (Santalum spp.) are a genus of hemiparasi-
tic trees that, collectively, have a natural range from southern 
Australia, extending north to Indonesia, Sri Lanka and India 
and east into the Pacific Ocean, from Hawaii in the north to 
the Juan Fernández Islands in the south-east (Santalum fer-
nandezianum Phil., now extinct). Many of the c. 16 surviving 
species have commercially valuable heartwood that can be 
harvested destructively for essential-oil extraction. Of the 
Santalum species, Santalum album L. (Indian sandalwood) is 
generally considered the most commercially valuable. Older 
trees (more than 25–30 years) of S. album typically provide 
a good yield of high-quality, santalol-rich oil that can be used 
in perfumery and incense wood applications. Commercial 
exploitation has been under way for two centuries, with the 
result that Santalum is considered one of the most heavily 

exploited groups of plants across its range (Brennan & Merlin 
1991).

Santalum yasi Seem. is an important cultural and eco-
nomic plant in Fiji, where it is known as yasi, and in Tonga, 
where it is called ‘ahi. The natural range extends from Niue 
and ‘Eua, a southern island in the Tongan group, through 
Tongatapu, Ha’apai, Vava’u and Niuas in Tonga, and west 
and north through parts of Fiji—the Lau Group to Bua and 
Macuata provinces (western Vanua Levu), Udu Peninsula 
(north-east Vanua Levu), Kadavu and the Nausori Highlands 
(western Viti Levu) (Fig. 1). The climate in this range is 
variable, with mean annual temperature (MAT) ranging 
from 23°C to 29°C and mean annual rainfall (MAR) from 
1400 mm to 2500 mm, with either a summer-dominant or 
bimodal distribution and a dry season of 3–5 months. The 
natural distribution is mostly lowland up to 300 m above 
sea level (ASL), but can be as high as 600 m ASL (Elevitch 
2006).
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Santalum yasi is a small-to-medium (often 6–15 m tall 
when mature), long-lived tree that often exhibits 
a multistemmed habit. Thomson et al. (2018) provided 
a detailed description of the tree’s morphological features. 
The lower bole may reach diameters of 50 cm after 
40–50 years, although trees of this size are now very scarce. 
A review of historical accounts of exploitation (Huish et al. 
2015) presents evidence that S. yasi was once abundant in 
both Fiji and Tonga. However, recent surveys in Fiji and Tonga 
(Huish et al. 2015; Bush et al. 2016) have revealed that large 
mature trees are very rare in the wild, with no extensive, 
unfragmented wild populations identified in either country. 
This is clearly attributable to past and ongoing exploitation 
and regenerative stress.

Although S. yasi is naturally fragmented, with populations 
on geographically widespread islands and disjunct areas on 
the larger islands of Vanua Levu and Viti Levu in Fiji, heavy 
exploitation has caused significant further fragmentation. 
Individual populations now often comprise only a few trees 
spread over a wide area of several hectares. Bush and 
Thomson (2018) considered that the species should be desig-
nated as endangered on the International Union for 
Conservation of Nature (IUCN) Red List. Although those 
authors did not give detailed reasons for their assessment, 
the global population would likely meet more than one of the 
relevant criteria (IUCN 2012), any of which, when met, justify 
a listing, including a reduction in individuals of ≥50% over the 
last three generations, and criteria related to fragmentation 
and ongoing exploitation. In Tonga, measures have been 
taken to control the harvest and export of S. yasi (Motuliki 
2020), but illegal cutting from the wild and even from planta-
tions and urban gardens still occurs in both Tonga and Fiji.

The phylogenetic relationships among the 16 species of 
the Santalum genus were resolved by Harbaugh and Baldwin 
(2007) using nuclear ribosomal and strongly conserved chlor-
oplast DNA. Those authors postulated an Australian ancestor, 
with species radiating out into the Pacific (Fig. 2). According 
to this phylogeny, S. yasi is most closely related to S. album. 
Some authors consider that the Tongan population was intro-
duced from Fiji by humans in pre-European times (Brennan & 
Merlin 1991; Harbaugh & Baldwin 2007). A study of DNA and 
morphological characters from a wide range of samples 
showed that the Fijian and Tongan populations are distinct 
and genetically differentiated (Bush et al. 2016).

Cultivation

Santalum yasi grows best in lowland, relatively dry (below about 
2000 mm MAR and with a dry season longer than three months), 
open-forest types in Fiji, Niue and Tonga. It performs well when 
planted with suitable host plants in home gardens and in small-
holder agroforestry and mixed indigenous forest stands. 
Santalum yasi is very adaptable when it comes to host plants 
(Elevitch 2006; Thomson et al. 2018), but the following are parti-
cularly good hosts: nitrogen-fixing trees such as Acacia leptocarpa 
Benth., Acacia richii A.Gray, Cajanus cajan (L.) Millsp., Calliandra 
calothyrsus Meisn. and Casuarina equisetifolia L.; and other small- 
to-medium-sized trees such as Citrus maxima (Burm.) Merr., Citrus 
reticulata Blanco, Citrus × taitensis and Flueggea flexuosa Müll.Arg. 
In suitable growing conditions, S. yasi may attain harvestable size 
in about 25 years (20–25 cm diameter at base with substantial 
heartwood development). It appears that, like Santalum austro-
caledonicum Vieill. (Page et al. 2012), S. yasi grows at a rate of 
around 1 cm of basal diameter per year (on average) throughout 
Fiji and Tonga (Bush, Thomson et al. 2020).

Government departments in both Fiji and Tonga advise 
growers to delay harvesting sandalwood until at least 
20 years. There is often a temptation or necessity to generate 
earlier cash income, however, and trees are commonly har-
vested at around 15 years, at which time only a modest 
amount of heartwood has usually developed. A survey of 
trees in Fiji and Tonga in 2018 indicated that harvesting at 
this age risks losing substantial income, with incomplete 
heartwood defvelopment evident (Bush, Brophy et al. 2020); 
similar findings were made by Doran et al. (2005), who exam-
ined young-aged (10–20-year-old) sandalwood including 
S. album, S. yasi and their hybrid in Fiji and Tonga, and by 
Jones et al. (2006), who studied 14–17-year-old planted 
S. album at Kununurra, Western Australia.

Figure 1. Natural distribution of Santalum yasi in Fiji and Tonga (after Thomson 
et al. 2018)

Figure 2. Simplified phylogenetic relationships among members of the 
Santalum genus. Diagram is based on the more-comprehensive chronogram 
and phylogeny of Harbaugh and Baldwin (2007), which examined multiple 
populations of each species. The figure incorporates later research (Harbaugh 
2007) that differentiated the northern subpopulation of S. lanceolatum as 
S. leptocladum (*)
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Diversity and its importance

The genetic diversity of S. yasi has been assessed throughout 
its range in Fiji and Tonga using microsatellite markers (Bush 
et al. 2016). Due to heavy harvesting, the species is now 
restricted to fragmented stands in the wild. Nevertheless, 
the overall population still has moderate genetic diversity, 
now mainly comprising planted stands and individual trees in 
many villages and even urban areas. There is significant 
population differentiation between the Fijian and Tongan 
populations (overall FST = 11%), with some differences 
between Kadavu, Vanua Levu and Viti Levu, while the popu-
lations of the Tongan Island groups (‘Eua, Ha’apai, Tongatapu 
and Vava’u) appear very similar to each other. Samples taken 
from Fiji’s southern Lau island group indicate that the popu-
lation there has a closer affinity to the Tongan population 
than to those in Fiji.

Although diversity is moderate, it appears that inbreeding 
is a problem in all the sampled populations in Fiji and Tonga 
(Bush et al. 2016). This is probably due to the fragmentation 
of the wild stands and the propagation of planting stock 
using seeds drawn from a narrow genetic base. Although 
the impact of inbreeding has not been studied in Santalum 
species, it has caused strongly deleterious effects, referred to 
as inbreeding depression, in most tree species where it has 
been examined (e.g. Sedgley & Griffin 1989; Williams & 
Savolainen 1996; Griffin et al. 2019). Inbreeding depression 
in trees typically results in poor seed set, high seedling mor-
tality, the ongoing premature mortality of established trees 
and a marked reduction in vigour. If inbreeding depression is 
indeed present, the establishment of broadly based S. yasi 
seed orchards could result in significant productivity gains. 
The assessment of provenance-level growth, adaptation and 
wood properties is also a high priority.

The expression of intraspecific diversity in economically 
important traits has yet to be comprehensively studied in 
S. yasi by means of field trials. This is due in part to the 
difficulty of collecting sufficient quantities of seeds from 
populations that have been severely depleted by two centu-
ries of heavy exploitation and the lack of a coordinated long- 
term research program. Nevertheless, it is evident from the 
species’ natural distribution that different populations have 
become adapted to widely differing environmental condi-
tions, with MAT and MAR ranges of around 6°C and 
1000 mm, respectively. There is considerable variation in 
heartwood development and oil content between individuals 
growing in the wild, but well-designed field trials will be 
required to elucidate the relative importance of genotype, 
age, environment and interactions for heartwood develop-
ment. An existing valuable resource is a gene-bank planting 
at Vunimaqo, Viti Levu, Fiji, which was established by the 
Australian Agency for International Development (AusAID) 
CSIRO Pacific Regional Initiative on Forest Genetic Resources 
(SPRIG) program and the Fiji Ministry of Forestry in 2002; it is 
a good example of a well-executed gene-bank planting on 
a secure site.

Mahesh et al. (2018) published a genome for S. album, 
indicating that this species has the smallest genome of any 
tree species studied to date (221 mega base), with a somatic 
chromosome number 2n = 20. Synteny between S. album and 
other Santalum species is yet to be examined. If S. yasi also has 
a small genome, this will increase the relative ease of its 
marker-assisted breeding (see reviews by White et al. 2007 

and Grattapaglia et al. 2018). Marker-assisted breeding 
involves the association of certain parts of a genome with 
particular traits and the use of DNA-based information to 
make selections; it has been problematic for many forest 
trees because of their large genome sizes and high genetic 
diversity. Marker-assisted breeding is an advanced breeding 
option that requires considerable funding and expertise, and it 
is probably not the most cost-effective or practical short-term 
option for Pacific sandalwoods. The resolution of relatedness 
among trees (i.e. definition of a pedigree) in conservation and 
breeding populations using molecular markers may, however, 
be useful and achievable.

Based on studies of other Santalum species, S. yasi is likely 
to have a mixed mating system; that is, it produces a mix of 
self-pollinated and outcrossed offspring. Some studies (e.g. 
Ma et al. 2006; Tamla et al. 2012) suggest that some Santalum 
species, including S. album, may be facultatively allogamous 
(i.e. most trees are self-incompatible). Other studies, however, 
some including S. album, suggest obligate outcrossing (Jyothi 
et al. 1991; Bhaskar 1992; Rugkhla et al. 1997). If S. yasi is 
facultatively allogamous, the generally elevated subpopula-
tion-level inbreeding observed by Bush et al. (2016) implies 
that the species is tolerant of mating between close relatives 
and/or that it is more than usually tolerant of inbreeding, 
allowing homozygous alleles to accumulate over successive 
generations.

Traditionally, early generations of low-input breeding stra-
tegies have proceeded under the assumption that, if present, 
inbreeding may be reasonably homogeneous among 
families. The application of molecular markers to all 119 open- 
pollinated families in a first-generation (F1) breeding popula-
tion of Eucalyptus cladocalyx F.Muell. demonstrated, however, 
that this assumption can be far from correct, with families 
varying between completely selfed and completely out-
crossed (Bush & Thumma 2013). Like most eucalypts, 
E. cladocalyx has a mixed mating system, but with some self- 
incompatible individuals (Ellis & Sedgley 1992). This situation 
may be analogous to Santalum species, as indicated by 
a marker-based study of six families (210 progeny) of 
Santalum spicatum (R.Br.) A.DC., which were shown to range 
from predominantly outcrossed to mostly selfed (Muir et al. 
2007). As a general approach, molecular-marker-based 
assessments of breeding systems may now be more cost- 
effective than carrying out controlled pollination studies to 
assess a breeding system and may now be affordable, even 
for low-input breeding programs. Although the mechanisms 
of potential breeding barriers cannot necessarily be inferred 
from marker-based studies, it is possible to screen far more 
plants, increasing the likelihood that findings will accurately 
characterise the breeding population. It is important to gain 
a better understanding of the breeding system of S. yasi, both 
for the management of seed production and conservation 
populations and so that quantitative genetic parameter esti-
mates can be calculated using realistic relationships among 
progeny.

Hybrids

Santalum yasi hybridises spontaneously with S. album when 
they are planted together and is likely to hybridise with other 
Santalum species, although formal studies involving recipro-
cal crosses are yet to be conducted. Santalum album × S. yasi 
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hybrids have the reputation for rapid growth relative to pure 
S. yasi, at least at some sites, potentially making their planting 
a more attractive commercial option. The magnitude of this 
growth differential has not been formally assessed. More 
important than mean annual increment of diameter, how-
ever, is heartwood production. The relationship between 
diameter growth and heartwood production at around 
30 cm above ground is weak in S. yasi, S. album and their 
hybrids at ages between about ten and 20 years (Bush, 
Brophy et al. 2020), and a recent study made a similar finding 
for Santalum macgregorii F.Muell. (Page, Jeffrey et al. 2020). 
The quality of essential oil extracted from the heartwood of 
hybrids is unknown. First-generation hybrids are likely to 
produce oil with qualities intermediate to the parents, and 
indications from small samples of younger-aged trees are that 
such oil will likely meet the International Organization for 
Standardization (ISO) standard for East Indian Sandalwood 
oil (Doran et al. 2005; Bush, Brophy et al. 2020). Bush et al. 
(2016) pointed out that inbreeding may be a problem for 
S. yasi throughout its range, but F1 hybrids are outcrossed. 
It is possible that the growth differential between the hybrid 
and S. yasi is at least partly attributable to inbreeding depres-
sion of the pure species. The production of outcrossed seed of 
the pure S. yasi may therefore result in a significant improve-
ment of vigour.

Hybrid breeding is not planned in the next decade, mainly 
because of a desire to maintain the natural S. yasi gene pool 
to the greatest extent possible. Another reason is the devel-
opment of a sandalwood product that is differentiated in the 
market from S. album. This is possible because the S. yasi oil 
profile is subtly different to that of S. album and because 
provenance (i.e. the ‘exotic’ Pacific islands) is important for 
marketing to end users (Thomson et al. 2020).

Propagation

Santalum yasi is commonly propagated by seed, and this is 
the main method of mass deployment. The species can also 
be propagated successfully from cuttings and grafting; these 
methods are likely to be more useful in the development of 
breeding facilities than for mass propagation, although there 
is some evidence that clonal S. album can develop heartwood 
more rapidly than that produced from seed (McComb 2009). 
Cuttings-based propagation may be useful in the future if 
clones with specific beneficial properties can be selected.

Host-plant interactions

Like all other sandalwood species, S. yasi establishes root 
connections with one or more host plants via root haus-
toria (Ouyang et al. 2016; Rocha et al. 2017). The growth 
and survival of individual sandalwood trees is strongly 
dependent on the suitability, arrangement and vigour of 
the host (Radomiljac et al. 1999; Brand 2009; da Silva et al. 
2016). It is important that the size and growth rate of the 
host is appropriate to the life stage of the sandalwood 
tree: hosts that are insufficiently large will not support 
good growth, and hosts that are too vigorous can out-
compete and overshadow the sandalwood. For this reason, 
sandalwood cultivation often involves a series of hosts, 
including a pot host at the seedling stage and a smaller 
host at planting. The pruning of very vigorous hosts is 
another option (see Page et al. 2012). The requirement of 

a host plant presents a special challenge for genetic 
improvement programs because, in addition to the usual 
effect of site–genotype interactions on genetic parameter 
estimation, yasi-genotype–host-genotype interactions 
need to be taken into account. This, in turn, makes it 
more complicated to account for site–genotype interac-
tions, especially if different hosts are used or required at 
different sites.

For the establishment of new trials, it is best to minimise 
genotype–genotype interactions by using a set of hosts that 
is consistent within and between trials. Ideally, hosts should 
be clonal to minimise their genetic diversity, thereby ensuring 
that each S. yasi genotype is interacting with a consistent set 
of host genotypes. The common pot host Alternanthera nana 
R.Br. is ideal because it is easily propagated vegetatively. 
A wide range of intermediate- and long-term hosts that can 
also be vegetatively propagated are suitable for S. yasi (see 
Page et al. 2012; Thomson et al. 2018).

Wood and essential-oil characteristics

As for other sandalwoods, the three major uses of S. yasi are 
carvings, incense production and sandalwood oil, all of which 
are highly valued in Fiji and Tonga for therapeutic and religious 
purposes. In Tonga, the oil is used to scent tapa cloth and 
anoint corpses in royal funerals, and S. yasi is also featured in 
Tongan legends and songs. In Fiji, the oil is used to scent 
coconut oil and for marriage ceremonies (Thomson 2006).

Essential oil extracted from S. yasi heartwood from the lower 
stem and main roots contains a santalol-rich essential oil. The 
largest study of S. yasi to date (Bush, Brophy et al. 2020) focused 
on younger-aged trees, as did the previous study of Doran et al. 
(2005). Both these studies indicated that S. yasi tends to have an 
oil profile that is rich in β-santalol relative to the ISO standard for 
S. album (ISO 2002), with a significant proportion of trees exceed-
ing the upper limit for this compound. β-santalol is a highly 
desirable oil constituent considered chiefly responsible for the 
characteristic sandalwood odour (Baldovini et al. 2011); it is 
argued, therefore, that it would be beneficial to develop a new 
standard for S. yasi, as is being done for S. austrocaledonicum 
(Dowell 2020), rather than trying to alter the ratios of santalols 
through selection and breeding.

The heritability of sandalwood oil characters has not been 
assessed in any species to date due to a lack of suitable com-
mon-garden trials that are old enough for the determination to 
be made. It seems probable that the heritability of oil traits will 
be moderate to high based on studies of genetic variability of 
plant-chemistry traits and heartwood characters in other tree 
species (Bush et al. 2011; Santos et al. 2016; Mazanec et al. 2017). 
It is also likely that genotype–environment interaction is lower 
for wood-chemistry traits than for the lower-heritability growth 
traits (White et al. 2007, p. 140). This means that the rate of gain 
per generation through selection and breeding for increased 
santalols, altered santalol ratios and/or specific minor compo-
nents may be greater than for growth traits.

Marker-assisted breeding may also be effective if the che-
mical pathways associated with oil synthesis are under the 
control of a relatively small number of genes. The biosyn-
thetic pathways of santalols, santalenes and other S. album oil 
components have been investigated and some of the respon-
sible genes identified (Jones et al. 2006; Jones et al. 2008), but 
their genetic control is not yet fully understood.
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Overall objective of the strategy

Securing the future of S. yasi throughout its natural range is 
important for biodiversity conservation and also because it is 
a plant of considerable cultural value and commercial poten-
tial. To underpin a strategy to conserve and develop the 
species, basic information on its genetic structure and diver-
sity is required, as well as an assessment of the impact of its 
hybridisation with introduced species.

To achieve the vision of a sustainable, plantation-based indus-
try, Fiji and Tonga must transition from dependence on wild 
harvesting to an efficient, plantation-based system, with inte-
grated processing and value-adding (Thomson et al. 2020). 
Significant volumes of S. album oil from northern Australian 
plantations will progressively enter the market (Thomson 
2020), so it may be necessary to differentiate S. yasi products. 
To do this, the remaining S. yasi diversity needs to be secured and 
the quality of germplasm and plants improved. Recent research 
(Bush et al. 2016) has identified inbreeding in many of the 
existing stands, which may diminish plantation performance.

The short-term goal for S. yasi is to secure the remaining 
genetic diversity in Fiji and Tonga. This should be done by 
establishing ex situ and circa situm conservation stands that 
collectively have an adequate sample of the remaining diver-
sity of the species. This could be achieved by both collecting 
seeds and vegetatively propagating selections.

A medium-term goal is to establish provenance-progeny 
trials at a range of sites in Fiji and Tonga comprising selec-
tions from across the species’s native range. The purpose of 
the trials would be to make growth-based selections for 
further breeding. In the long term (20+ years), the trials can 
be used to assess mature heartwood and oil characteristics.

A medium- to long-term goal is to produce genetically 
improved trees that will maximise the profitability of planta-
tions and downstream industry through enhanced heart-
wood and heartwood-oil yields and quality.

Breeding strategy overview

SPRIG took initial steps for the breeding of S. yasi with the 
establishment of gene banks in Fiji and Tonga. These were 
established in the early 2000s, but limited further progress 
was made in the following decade, although the popularity 
of cultivating sandalwood increased. The breeding program 

recommenced in 2015 with the widespread sampling of trees 
from wild and planted populations in Fiji and Tonga. The 
genetic diversity of these populations was assessed using sim-
ple sequence repeats (SSR) molecular markers, an unusual early 
step that yielded excellent information on population struc-
ture, diversity and inbreeding that has since guided conserva-
tion and breeding-strategy development. The strategy should 
be low-input sensu Lindgren (2003), with recurrent selection for 
general combining ability (RS-GCA), which is the strategy used 
in most forest tree genetic improvement programs (White et al. 
2007). A low-input strategy is appropriate given the financial 
and human resources likely to be available and given the scale 
of planting, which is expected to increase steadily if it is to 
underpin industry development (Thomson et al. 2020) in the 
next two decades.

As an ongoing recurrent process, a breeding strategy 
accumulates benefits over successive generations of 
a cycle of testing, selection and mating (Fig. 3). In RS- 
GCA strategies, genetic testing follows selection and the 
selections are ranked for the target traits, with poor 
performers excluded from the next generation of mating 
programs (White et al. 2007). Typically, an effective 
breeding strategy involves the maintenance of 
a hierarchy of three major types of population (the 
base, breeding and propagation populations) that can 
continue to meet the demand for genetically improved 
planting stock for a fourth population—that is, wood- 
producing plantations (Harwood et al. 2001). In this strat-
egy for a threatened species, however, we also consider 
a fifth population, the conservation population. The five 
populations are further outlined below.

Base population
The base or gene resource population consists of the natural 
forests of S. yasi in Fiji and Tonga and some plantations in 
which selection can be carried out. These broad-based 
reserves will continue to be the source of a wide range of 
genetic variation to meet future needs.

Conservation population
In the case of S. yasi, it is critically important to take active 
steps to conserve the remaining diversity in the base popula-
tion. Under the strategy, conservation plantings will be 

Figure 3. Diagram representing recurrent selection and breeding for general combining ability (after Harwood et al. 2001)
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established comprising unselected samples of the base popu-
lation sufficient to adequately represent its genetic diversity. 
The main conservation population can be established as ex 
situ gene conservation plantings that include a wide range of 
genotypes comprising an actively managed subpopulation 
within the base population. At least 60 families as well as 
grafted trees will be needed to adequately represent the 
populations present in Fiji and Tonga. This should be 
expanded over time towards a target of 200 families, with 
genetic diversity checked using molecular markers. Selection 
for specific traits will not be practised in this population. In 
addition, circa situm plantings, the primary purpose of which 
is not necessarily conservation (e.g. wood production) but 
which are genetically diverse and situated close enough to 
existing wild plantings to enable geneflow (via pollen) 
(Boshier et al. 2004; Dawson et al. 2013), could be used to 
complement the role of ex situ plantings as a second con-
servation population. These circa situm plantings may be 
genetically improved or include selections for specific traits.

Breeding population
This population comprises selected trees and their progeny in 
a series of progeny trials and possibly clonal archives, in 
which the breeding cycle of selection and mating will be 
repeated over many generations. This is the tree-breeder’s 
main area of work. An appropriate initial size of this popula-
tion is about 60 unrelated, open-pollinated families, but ide-
ally this will be expanded over time to upwards of 100 
families (a target used, for example, in a series of low-input 
breeding strategies for newly domesticated eucalypt species 
in Australia; Harwood et al. 2007).

Propagation population
This population consists of intensively selected trees (in this 
case, initially around 30 selected trees) propagated in seed 
orchards or cuttings multiplication areas, for which the com-
binations of genes selected in the breeding population are 
mass-produced as genetically improved planting stock.

Production population
This population constitutes the major plantation areas estab-
lished using the improved germplasm.

Infusions of additional material are brought into the 
breeding population in the second and later generations 
from the base population to maintain genetic diversity, 
which is narrowed in each generation through the process 
of selection. The infusions counteract the accumulation of 
inbreeding. In the likely case that the initial, F1 breeding 
population is small (significantly fewer than 100 families), 
the active acquisition of infusion material will be important 
to provide adequate diversity for selection and to avoid the 
accumulation of inbreeding effects.

Selection and mating

Selection and mating are major recurring activities in tree 
breeding. Genes that influence yield and adaptation are accu-
mulated over successive generations, allowing the breeder to 
improve desirable traits if they are heritable. The key to an 
effective breeding strategy is to employ efficient methods for 
the selection of superior trees. In a low-input strategy, this 
involves progeny tests at a range of sites in which the 

selection is carried out. Appropriate measurement techniques 
and statistical analysis, and selection technologies such as 
selection indices to integrate the data for several traits (e.g. 
growth rate, oil yield and oil quality), are required. Mating can 
be by open pollination or controlled pollination, with care 
taken to minimise the potential for inbreeding, which may 
lead to inbreeding depression. The risk of inbreeding can be 
minimised by designing orchards to reduce the proximity of 
close relatives, by promoting abundant flowering and by 
observing flowering intensity to ensure that seed is not col-
lected from genotypes that flower asynchronously. Note that 
this recommendation is based on the assumption that S. yasi 
will suffer from inbreeding depression; confirming whether 
this is the case is a high priority. In the first instance, open 
pollination is proposed for S. yasi because it is technically 
easier to manage.

Target planting areas and anticipated scale of planting

The target planting areas may be defined in general terms as 
suitable site types for the species in Fiji and Tonga. Santalum 
yasi is intolerant of cool and/or wet soil conditions, preclud-
ing some wetter, upland and inland areas on the large islands 
of Fiji. The species is well adapted to most smaller islands in 
Fiji and Tonga (Thomson 2006; Thomson et al. 2018).

The current rate of planting is unknown, although planting 
at a small scale is popular among farmers, families and vil-
lages and encouraged by government agencies in both Fiji 
and Tonga. A formal assessment of the extent and rate of 
planting of pure S. yasi and the hybrid in Fiji and Tonga is 
a high priority.

Selection criteria and traits for selection

The ideal S. yasi tree would be well adapted to target planting 
environments (displaying excellent survival and health and 
resistance to attack by pests and diseases); have good vigour, 
as expressed by rapid stem volume growth with a high pro-
portion of heartwood; have a high oil yield per kilogram of 
heartwood of preferred santalol compounds; have a straight 
single bole; and have good resistance to strong winds.

Selection traits for the F1 are usable stem volume; high 
heartwood proportion (measured by non-destructive coring 
of living trees); high oil quality; high oil yield per kilogram of 
heartwood; and resistance to pests and diseases. For selection 
to be effective and lead to genetic gain, these traits must be 
heritable in the breeding population. Based on experience 
with other tree species, tree growth is expected to have low 
to moderate heritability but the wood and oil traits may be 
moderately to highly heritable. However, this has not been 
assessed in any sandalwood species to date.

There are significant challenges for selection in the F1, 
including a lack of information on heartwood formation rela-
tive to growth and a lack of trees of known age. A secondary 
but still major challenge is a lack of information on genotype– 
environment interactions with respect to these traits. For 
example, it is unknown whether climate, soils and cultivation 
practices act singly or together to influence heartwood prop-
erties and oil yield. This challenge is not unique to S. yasi, 
applying to all sandalwood species. The effectiveness of oil 
yield and quality analysis from ‘microsamples’ consisting of 
a few milligrams of wood taken from small-diameter cores 
also needs further investigation (Bush, Brophy et al. 2020). 
Obtaining non-destructive heartwood samples from trees 
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that are representative of their potential yield will be crucial 
for the genetic improvement of heartwood and oil traits.

Genotype–environment and genotype–genotype 
interactions

An initial priority is the establishment of trials across a range 
of environments involving a wide range of S. yasi genotypes. 
As a first stage, trials of unselected individuals from across the 
natural range should be established at as many sites in Fiji 
and Tonga as practical.

A challenge particular to sandalwood species is the geno-
type–genotype interaction between the species and its host. 
To our knowledge, this phenomenon has not previously been 
studied systematically in any other tree species. Genotype– 
host interactions should be studied using a restricted range of 
host genotypes that are not themselves highly genetically 
diverse to minimise trial size and analytical complexity. The 
assessment of optimal hosts for planting sandalwood in dif-
ferent situations should be addressed separately. An appro-
priate model for this research is to use a narrow range of 
sandalwood genotypes to test various hosts, an approach 
that has been attempted with S. album tissue-cultured clones 
and three host species in Western Australia (McComb 2009).

Personnel and funding

The availability of technical expertise and institutional sup-
port, and an appropriate level of long-term funding, are key 
elements in determining the type of breeding strategy 
adopted. Capacity development among technical and 
research staff is a major priority in both Fiji and Tonga. This 
may be the most important prerequisite for achieving a long- 
term vision for sandalwood development. At present, only 
a small number of staff in the two nations has the required 
background and technical competencies to carry out some of 
the more technically challenging aspects of the program. The 
program requires applied skills in areas such as plus-tree 
selection and capture, propagation, seed-orchard manage-
ment, and data management, as well as advanced skills in 
wood processing, wood chemistry and quantitative and 
population genetics. Capacity-development activities to sup-
port tree improvement and associated research and develop-
ment should be high priorities in the short, medium and long 
terms.

Challenges to be addressed

Several challenges need to be addressed to realise the vision 
of a plantation-based S. yasi industry using genetically 
improved material in Fiji and Tonga. The ongoing harvesting 
of wild material and associated loss of genetic diversity is 
a challenge common to a number of commercially valuable 
and overexploited Pacific trees (Bush & Thomson 2018). 
However, there are also examples of successful programs for 
threatened Pacific Island tree species, including 
S. austrocaledonicum in Vanuatu (Page, Doran et al. 2020) 
and Vanuatu whitewood (Doran et al. 2012; Page et al. 
2017) that have captured genetic resources and commenced 
domestication. Crucially, such programs require ongoing 
maintenance and support to ensure success.

A further significant challenge in both Fiji and Tonga is 
locating secure sites with suitable tenure and ownership 

arrangements. This is particularly important for long-term 
gene conservation stands. Initially, plantings are being 
made at government field stations and, in one case, at 
a training centre run by a religious institute. Ideally, sites 
should have stable, long-term tenure so that trees are not 
harvested when ownership changes, and they must be secure 
to ensure that valuable genetic resources are not harvested 
illegally.

Santalum yasi often exhibits sporadic flowering and seed 
set. Although the seed is not recalcitrant, its storage life is 
limited. It may therefore be impossible to collect seed from 
a satisfactory number of genotypes in a single year and, 
because seed cannot be reliably accumulated in storage, 
the establishment of single-age trials may be difficult to 
achieve. Cutting and grafting, although possible, are not 
widely practised, and success rates may be comparatively 
low. The development of cutting and grafting skills, improved 
nursery practice and facilities, and further research into cut-
ting and grafting would be beneficial, especially for the cap-
ture of trees that rarely or never set seed. Captured clones can 
be used to establish clonal seed orchards, the manipulation of 
which, using cultural or chemical flowering stimulants, may 
eventuate in seed crops.

Actions for the next decade

The decade to 2030 will be crucial for the conservation of 
sandalwood in Fiji and Tonga, with the opportunity to both 
secure the genetic resources of the species and advance 
domestication programs. The main emphasis should be on 
ensuring that wild genetic resources are captured and 
secured in gene banks, seed orchards and other plantings. 
In addition to formal conservation and breeding-program 
plantings (gene banks, seed orchards), the production of 
genetically diverse seed crops for deployment to growers 
will form the backbone of the strategy. Genetically diverse, 
outcrossed seed should overcome the potential problems of 
inbreeding and help conserve the S. yasi gene pool.

It will also be important to lay the foundations for more-s 
sophisticated domestication and breeding activities. Because 
of the long lead times associated with sandalwood heart-
wood development, many of the activities associated with 
estimating genetic parameters for growth, heartwood and oil 
traits will occur in the decade after next (i.e. 2031–2040). Key 
activities in the next ten years include the establishment of ex 
situ conservation plantings from seed, the assembly of gene 
banks on secure sites by cutting and grafting, and the estab-
lishment of genetically diverse seed orchards with seedlings 
from multiple seed sources in Fiji and Tonga. To enable the 
future estimation of genetic parameters, trials should be 
established across a range of sites that include provenance 
and family accessions. These should be established using 
a restricted set of genetically uniform, best-bet hosts to mini-
mise sandalwood–host interactions. Separate trials using 
a restricted set of sandalwood genotypes and a range of 
prospective hosts should also be established to determine 
the optimal hosts for particular site types and planting con-
figurations. Further investigation into the effects of inbreed-
ing and inbreeding depression should be made as a high 
priority because this information on the breeding system 
will affect the management of conservation, breeding and 
production populations.
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Germplasm should be exchanged between Fiji and Tonga 
to increase genetic diversity in both countries and provide 
reciprocal ex situ conservation. The significant population 
differentiation between Fijian and Tongan subpopulations 
suggests that this may be worthwhile. Although an argument 
could be made that the populations in each country should 
be kept intact by isolation from one another, the ongoing 
fragmentation and dwindling of wild resources in both coun-
tries probably make this impractical. The introgression of 
genes (or ‘genetic pollution’) into local wild populations is 
likely to be a smaller problem from exogenous S. yasi than 
from S. album, which is a common species in both countries.

Obtaining a better understanding of the variation and 
development of heartwood and oil properties of S. yasi is 
a key objective for the next decade. Given that suitable com-
mon-garden trials are not yet available, other approaches for 
collecting data are required. The analysis of wood and oil 
properties by sampling trees felled for commercial purposes 
would be highly useful, especially if data on their approximate 
age, growing environment and hosts at harvest can be gath-
ered. Further non-destructive sampling of planted trees should 
also be carried out. Gathering such data may provide a better 
understanding of heartwood development and variation 
within trees over time. The calculation of the heritability of oil 
characters is dependent on trial establishment and will prob-
ably not be possible until the following decade (2031–2040).

Further developing human capacity and cooperation 
between Fiji and Tonga will be important in the decade to 
2030. There will also be considerable scope for coordinating 
and harmonising breeding strategy approaches with other 
Pacific sandalwood species. Santalum album is being com-
mercially developed and genetically improved in Australia 
(Robson & Barnes 2020), and S. austrocaledonicum is being 
developed in Vanuatu (Page, Doran et al. 2020). The tree- 
breeding program should focus on traits that optimise the 
development of a viable and equitable value chain that will 
position S. yasi as a high-value segment of the sandalwood 
market (Thomson et al. 2020); for example, it may be advan-
tageous to deliberately aim for a breed that is rich in β- 
santalol.

The breeding strategy should be reviewed after ten years 
(i.e. in 2030). By this time, it is hoped that the S. yasi value 
chain will have developed and economic breeding objectives 
can be better defined. Assuming that trials have been estab-
lished successfully at secure sites, it will be possible to obtain 
growth data in the ensuing decade and, towards the end of 
that decade, the collection of wood and oil data. Clearly, the 
strategy requires a long-term commitment to be successful.

Conclusion

The genetic improvement of S. yasi is a high priority as Fiji and 
Tonga transition from wild-harvesting to plantation-based 
production. The conservation and management of existing 
genetic resources are at least as high a priority as the devel-
opment of a genetically improved breed of the species. 
Genetic improvement of tree species is always a long-term 
undertaking, and this is especially the case for S. yasi due to its 
slow growth rate and the long period taken to develop good- 
quality heartwood. Further challenges include the fact that 
the species is hemiparasitic and the need to take host–geno-
type interactions into account, in addition to considerations 
such as genotype–environment interactions. Capacity 

development among the scientific staff who will manage 
and oversee the conservation and domestication programs 
is also a high priority.
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