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Abstract

The mating system of Western Australian sandalwood
(Santalum spicatum) was investigated in seed collec-
tions from a family trial. The mean outcrossing rate was
high (95.2%) although there was variation among fami-
lies and one family showed particularly low outcrossing,
high bi-parental inbreeding and high correlated paterni-
ty. Variation in flowering time between this family and
others in the trial was the most likely cause of the high
inbreeding and low number of fathers contributing to
the seed crop in trees from this family. The high level of
outcrossing in the rest of the families indicated that
S. spicatum has a preferentially outcrossed mating sys-
tem, but that it is capable of selfing when conditions are
unsuitable for outcrossing. The seedling progeny showed
no influence of inbreeding on seedling height at 4
months. Analysis of genetic diversity revealed high lev-
els of genetic diversity have been captured in the seed
crop from the trial, and this diversity is comparable to
that identified in a previous study of natural popula-
tions from throughout the range of the species. These
results indicated that production of seed through seed
orchards will be a successful means of deployment of
breeding gains in the species, however it is essential to
ensure overlap in flowering times among different fami-
lies planted in a seed orchard.

Key words: Sandalwood, mating system, outcrossing, pollen
dispersal.

Introduction

Sandalwood is the fragrant heartwood of the stem and
roots of some species of Santalum, a genus belonging to
Santalaceae. The aromatic timber of sandalwood has
been highly prized for many centuries, particularly in
China, India and the Middle East, as it contains a
sesquiterpene essential oil (ADAMS et al., 1975) that is
mainly used in the perfume industry, but is also used for
incense and joss stick manufacture and for carving (RAI,
1990). The majority of commercial sandalwood is
obtained from Indian sandalwood (Santalum album)
that is harvested from natural populations and planta-
tions in India and Asia (SRINIVASAN et al., 1992). West-

ern Australian sandalwood (Santalum spicatum (R.Br.)
A.DC.) produces aromatic wood similar to Indian san-
dalwood (ADAMS et al., 1975), and Western Australia is
also a producer and exporter of sandalwood timber to
several Asian countries where it is used mainly in the
manufacture of joss sticks (JONES, 2001). Several other
species of Santalum occur in Australia but they do not
produce sufficient quantities of the sesquiterpenes that
make up the sandalwood fragrance to be of commercial-
ly significance (SHEA et al., 1998). Santalum spicatum
has been harvested commercially in Western Australia
since 1845 and was a primary industry in the early
years of European settlement (LONERAGAN, 1990).

Santalum spicatum occurs naturally throughout the
semi-arid and arid regions of Western Australia, which
are characterized by low rainfall, typically averaging
between 150–500 mm annually (BOLAND et al., 1984). It
is a slow growing root hemi-parasite tree (HEWSON and
GEORGE, 1984) that commonly occurs with nitrogen fix-
ing plants such as Acacia or Allocasuarina that it uses
as hosts (LONERAGAN, 1990). Western Australian sandal-
wood is sourced from natural populations but the abun-
dance of the species has been reduced due to extensive
harvesting combined with poor recruitment and slow
growth. The use of this natural resource requires sus-
tainable management including control of harvesting,
successful regeneration through seed burial, and the
reduction of feral grazing. The feasibility of commercial
production of sandalwood from plantations in the agri-
cultural areas of Western Australia is being investigated
(SHEA et al., 1998) and research into silviculture, para-
site-host relationships, oil production and breeding is
being carried out (BRAND et al., 1999).

Santalum spicatum is found across a wide range of
environmental conditions and exhibits a degree of mor-
phological variation that suggests the presence of two
ecotypes within the species (FOX and BRAND, 1993). In
the higher rainfall, semi-arid areas in the south the
species has larger leaves and nuts, higher chlorophyll
content and tends to have thicker stems than those in
the arid areas in the north of the distribution (FOX and
BRAND, 1993). Trees in the arid areas have a higher con-
centration of oil in the wood than trees from the semi-
arid areas (LONERAGAN, 1990). The morphological varia-
tion probably reflects some adaptation to environmental
conditions but also reflects a genetic component, as
genetic differentiation occurs between populations in
the arid and semi-arid regions (BYRNE et al., 2003). Vari-
ation in growth rates among families from both regions
has also been observed in a field trial (BRAND et al.,
1999) indicating some genetic influence on growth char-
acteristics.
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Domestication and development of improvement pro-
grams are enhanced by knowledge of the genetic struc-
ture of species, which enables a broad representation of
genetic diversity to be introduced to breeding popula-
tions and seed orchards (MORAN et al., 2000). Genetic
analysis of the species has shown moderate levels of
diversity and genetic differentiation between popula-
tions in the semi-arid versus arid regions (BYRNE et al.,
2003) suggesting that collections of germplasm for plan-
tations in the semi-arid region should be made from
populations within this region and not from populations
in the arid zone. Some populations within the semi-arid
region exhibit significant genetic differences, and there-
fore collection strategies should include a range of popu-
lations to capture a broad representation of the genetic
diversity present in the region.

The design, establishment and monitoring of seed
orchards are assisted by knowledge of a range of factors
involved in the breeding system of a species. Pollination
biology, outcrossing rate, pollen dispersal and pollina-
tion neighbourhood size all influence the functioning of
a seed orchard. These factors are being investigated as
part of the breeding program of S. spicatum, to assist in
the development and optimal performance of seed
orchards. Like other Santalum species, S. spicatum
exhibits mass flowering, has small, insect-pollinated
flowers and low seed set (BARRETT, 1987).

Examination of pollen tube development in S. spica-
tum and S. album has shown the presence of pollen
tubes in the style and ovary but a lack of penetration of
embryo sacs following self-pollination (RUGKHLA et al.,
1997). Also, crossing experiments on S. spicatum and
S. album resulted in no seed set or the development of
seed without embryos following self-pollination, while
cross-pollination resulted in the formation of viable seed
(RUGKHLA et al., 1997; MCCOMB and JONES, 1998). Simi-
lar studies on S. album also documented seed set follow-
ing cross-pollination but not following self-pollination
(BADAMI and VENKATA RAO, 1930; MUNIYAPPA et al., 1980;
KULKARNI and MUNIYAMMA, 1997). However, SINDHU

VEERENDRA and SUJATHA (1989) and SINDHU VEERENDRA

and ANANTHA PADMANABHA (1996) reported seed set fol-
lowing self-pollination in S. album. 

In this study, the mating system of S. spicatum was
investigated in an establishment trial using co-domi-
nant genetic markers to determine outcrossing rate.
Nuclear restriction fragment length polymorphism
(RFLP) markers have been developed and shown to be
informative in assessing diversity (BYRNE et al., 2003). A
previous study (BRAND, 1993) showed isozyme markers
to be inadequate for analysis of genetic variation in
S. spicatum and, as microsatellite markers were not
available at the time of this study (although they have
been developed subsequently in S. austrocaledonicum
(BOTTIN et al., 2005)), RFLP markers were used.

Methods

Sampling strategy

This study was conducted using trees in a S. spicatum
trial at Narrogin, Western Australia. The trial was

planted in 1998 as an establishment trial with S. spica-
tum seed from six trees, one tree from each of six geo-
graphically dispersed provenances, and with Acacia
acuminata as the host species (planted in 1997). Trees
in the trial flowered in 2001 and at the time of sampling
for this study in late 2003 it was the only trial of flower-
ing age where the family identity and source of the trees
was known. Although the genetic base of the trial is lim-
ited to progeny from only one tree per provenance, it
does provide for investigation of the effects of mating
between close relatives (mother trees from the same
family are half sibs) verses mating between unrelated
plants (mother trees from different provenances), such
as might be encountered in a seed orchard situation.
The trial has 360 trees in total in six replicate block
plantings. For this study, 20 seeds were collected from
three trees of each family from one replicate. Seed was
germinated in individual pots following a 16-hour pre-
treatment with gibberellic acid (GA3). The height of
each seedling was measured four months after sowing,
and at the same time approximately 10 g of leaf materi-
al was collected from the seedlings for DNA extraction.
Leaf material was also collected from the mother plants
in the trial and used to determine the maternal geno-
type.

RFLP procedure

DNA was extracted from approximately 9 g of fresh
leaf material using a modified CTAB procedure (BYRNE,
1999), except that yellow globules that formed in the
aqueous phase after chloroform extraction were
removed. The removal of these globules resulted in
greater yield and purity than had previously been
obtained. For each sample 3 µg of DNA was digested
with the restriction enzyme EcoR V, subjected to elec-
trophoresis, Southern-blotted and hybridized with seven
probes (S38, S47, S51, S62, S77, S83 and S93). These
had been developed previously from a genomic library of
S. spicatum and were known to detect single loci (BYRNE

et al., 2003). Hybridization and restriction digestion con-
ditions were as described in BYRNE and MORAN (1994).
Probe plasmids were labeled with 32P using the random
priming method. 

Data analysis

Bands on the autoradiographs were scored according
to their molecular weight and interpreted as co-domi-
nant alleles at loci. Genotypes of the maternal tree and
the seedling progeny were scored and direct determina-
tion of selfed and outcrossed progeny was made by com-
parison of the progeny genotype to the maternal geno-
type. Progeny with a non-maternal allele were identified
as resulting from an outcrossed mating event. The mul-
tilocus mating system program, MLTR V2.4 (RITLAND,
2002), was utilized to identify the rate of out-crossing,
level of biparental inbreeding and correlated paternity,
female and male gene frequencies and the correlation of
out-crossed paternity within progeny arrays. Differenti-
ation between the pollen pools of each mother tree was
investigated using the TWOGENER analysis of SMOUSE

et al. (2001) based on the AMOVA approach of EXCOFFI-
ER et al. (1992) as implemented in the GENER program

Muir et. al.·Silvae Genetica (2007) 56-5, 222-230

DOI:10.1515/sg-2007-0033 
edited by Thünen Institute of Forest Genetics



224

(DYER, 2005). Seedling height data were analysed using
a one-way ANOVA and treatment means for significant
values were compared using Tukey’s multiple compari-
son test conducted using SPSS version 11.

Genetic diversity parameters, polymorphic loci,
observed heterozygosity, expected heterozygosity, and
the partitioning of variation were analyzed using the
population genetics software program GenAlEx V5
(PEAKALL and SMOUSE, 2001). The relationship between
individuals was evaluated using a Principal Co-ordi-
nates Analysis (PCA) based on calculation of genetic dis-
tance between individuals as described by PEAKALL et al.
(1995). The data were analysed at both the individual
mother tree and family level. The genetic diversity para-
meters of the progeny were compared with genetic
diversity parameters obtained in a previous study of 23
natural populations across the range (BYRNE et al.,
2003). The diversity parameters of the natural popula-
tions were recalculated for the seven loci used in this
study. The partitioning of variation (AMOVA) between

the planted trial and the natural populations was deter-
mined using GenAlEx V5.

Results

Mating system analysis

Data was derived from 210 progeny individuals from
the 18 mother trees (3 mother trees x 6 families) as
some seeds failed to germinate or didn’t survive to 4
months. Progeny arrays ranged from 9 to 20 seedlings
but most had between 10 and 15 progeny per family.
The direct determination of outcrossing rate ranged
from 30% (Mother tree 9) to 100% (Mother tree 13) with
a mean of 73.9% (Table 1). Outcrossing rates were gen-
erally similar among mother trees within families but
there was large variance among families where mean
outcrossing rates ranged from 37.5 (Family 3) to 94.2%
(Family 5).

Mating system parameters of the S. spicatum progeny
at the family level calculated using the mixed mating

Table 1. – Mating system parameters for Santalum spicatum trees in the Narrogin
trial. tm, multi-locus out-crossing rate; tm-ts, biparental inbreeding; rp, correlated
paternity; standard error in parentheses.
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model of RITLAND (2002), are given in Table 1. The mean
multi-locus out-crossing rate (tm) for the families was
high with a mean value of 0.885. Family 3 had the low-
est out-crossing rate (0.409) while Family 5 had the
highest (1.200). The outcrossing rates were high and
similar among Families 1, 2, 5 and 6, but Families 3 and
4 both had much lower values. All mother trees within
Family 3 exhibited low outcrossing rates, whereas in
Family 4 only one mother tree had a particularly low
outcrossing rate. The biparental inbreeding rate (tm-ts)
varied across families with a mean of 0.197 and a range
of 0.010 (Family 2) to 0.396 (Family 5). Biparental
inbreeding was low to moderate in Families 1, 2, 3 and 4
but high in Families 5 and 6. The mean correlated
paternity (rp) was also generally low to moderate with a
mean of 0.225 and a range of –0.003 (Family 6) to 0.585
(Family 3). Low correlated paternity values were
observed in Families 5 and 6, moderate values in Fami-
lies 1 and 2 and high values in Families 3 and 4.

Pollen pool differentiation

The level of pollen pool differentiation across all sam-
pled mother trees was high as the global Φft was 0.193
(0.142). However, there was a large variation in the
pairwise differentiation among mothers, ranging from
–0.078 (–0.032) to 0.489 (0.429). Analysis of pairwise dif-
ferentiation between mothers allowed further refine-
ment of the patterns of pollination among mothers and
families. The pairwise pollen pool differentiation
between all pairs of mothers in combinations of families
is shown in Table 2. The pollen pool differentiation
between mothers within Families 1, 2, 5 and 6 was low
(average 0.067) compared to those of Families 3 and 4
(average pairwise ΦFT = 0.368 and 0.255 respectively).

The average pairwise pollen pool differentiation
between all mothers in Families 1, 2, 5 and 6 was 0.101
which was much lower than the differentiation between
mothers in Families 3 and 4 with all other mothers
(average pairwise ΦFT = 0.289 and 0.245 respectively).

Selfing leads to increased pollen pool heterogeneity
(AUSTERLITZ and SMOUSE, 2001a), and this may be influ-
encing the high heterogeneity in Families 3 and 4,
therefore the selfed progeny were removed from the
data set and the pollen pool differentiation recalculated.
As expected, removal of selfed progeny reduced pollen
pool heterogeneity within Families 3 (0.249) and 4
(0.151), and reduced the pairwise differentiation
between mother trees in Families 3 and 4 and all other
mother trees (0.193 and 0.175 respectively). However,
the level of pollen pool differentiation was still high indi-
cating dissimilarity in pollen pools of mother trees from
Families 3 and 4 compared to those of the other fami-
lies. Removal of selfed progeny had little effect on the
pollen pool differentiation within and between Families
1, 2, 5 and 6 (average within families 0.069, average
pairwise differentiation among all mother trees 0.101). 

Seedling height

Seedling heights 4 months after sowing are presented
in Table 3. The mean height of seedlings from different
families ranged from 92 to 121 mm. There was a signifi-
cant difference (p = 0.036) between the mean height for
Family 2 (the largest) and Family 6 (the smallest) but
not between the mean heights of the other families. The
mean heights of seedlings from the two families that
displayed inbreeding within the progeny (Families 3 and
4) did not differ from those families displaying outcross-
ing within the progeny. 

Table 2. – Differentiation in sampled pollen pools among mother trees from families
of Santalum spicatum in the Narrogin trial. Values represent average pairwise ΦFT
between all mother trees in each family combination.

Table 3. – Mean height of seedlings of Santalum spicatum grown from seed collect-
ed from different families in the Narrogin trial. Height measured at 4 months
after sowing. N, number of seedlings. Standard error in parentheses. Letters
indicate significant differences among families (p < 0.05). Mating system based on
outcrossing rate determined in this study.
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Genetic diversity measures 

Genetic diversity parameters were calculated based on
the genotypes of the 18 mother trees used in the study.
Polymorphism was high across all loci with a total of 89
alleles. The mean proportion of polymorphic loci was
78.6%. The number of alleles identified at a locus
ranged from 1 to 4 with an average of 2.11. This sample
of 18 trees displayed a moderate number of alleles per
locus (na = 2.33) but high observed heterozygosity (Ho =
0.56).

Genetic diversity parameters for the progeny of each
mother tree were calculated based on the progeny geno-
types. Polymorphism was high across all loci with a
total of 53 alleles and only progeny from one mother tree
was monomorphic (Mother tree 8, Family 3). Among
progeny from the 18 mother trees the mean proportion
of polymorphic loci was 90.5% and the number of alleles
identified at a locus ranged from 3 to 6 with a mean of
4.7. The maximum number of alleles at a locus in any
one progeny set was 6. The values for the mean number
of alleles per locus (na), observed heterozygosity (Ho) and
the Hardy-Weinberg expected panmictic heterozygosity

(He) were moderate for each mother tree progeny (Table
4). The number of alleles ranged from 1.86 (Mother trees
8 and 9) to 3.86 (Mother tree 13). Observed heterozygos-
ity ranged from 0.27 (Mother tree 4) to 0.55 (Mother tree
13) while expected heterozygosity ranged from 0.23
(Mother tree 4) to 0.48 (Mother tree 16). 

Analysis of the partitioning of variation showed the
majority of variation within families (75%) with 25% of
variation maintained among families, indicating some
level of differentiation among the progeny from different
families. The PCA of relationships among the progeny
showed some spatial separation of progeny from some
families (Figure 1). The majority of progeny from mother
trees within families occupied the same ordination
space, however, progeny from mother trees in Family 3
were separated along co-ordinate 1. 

The genetic diversity values of the progeny obtained
from the Narrogin trial were compared with results
from a study of genetic diversity in natural populations
across the range of S. spicatum (BYRNE et al., 2003). The
genetic diversity of the natural populations was recalcu-
lated for the seven loci used in this study and the diver-

Table 4. – Genetic diversity parameters for mother trees of Santalum spicatum
sampled from the Narrogin trial. na, mean number of alleles per locus; 
Ho, observed heterozygosity; He, expected heterozygosity; standard error in paren-
thesis.
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sity values were similar to those observed in the Narro-
gin trial (Table 5). The mean number of alleles (na) for
the Narrogin trial progeny was lower than that for the
natural populations, but the number of alleles with fre-
quency > 0.05 was higher. The progeny from the Narro-
gin trial had higher mean observed heterozygosity and
gene diversity than the natural populations. An analysis
of variance between the trial progeny and the natural
populations gave ΦFT of 0.181 with a significance value
of 0.01.

Discussion

Results of the mating system analysis of S. spicatum
revealed a high outcrossing rate, with most individual
mother trees showing preferential outcrossing. However,
particular mother trees from Family 3 (Mother trees 7, 8
and 9) and Family 4 (Mother tree 10) exhibited low
levels of outcrossing, indicating that selfing is possible
in S. spicatum. The mother trees from Family 3 all
demonstrated a very low proportion of outcrossing,
potentially indicating a high level of inbreeding in prog-
eny originating from trees of this family. In contrast,
while Family 4 displayed a low overall outcrossing rate,
some variation in the rate was observed between mother
trees (e.g. 76.9% of Mother tree 12 progeny were out-
crossed).

Investigations of biparental inbreeding across the
families revealed variable results. Families 5 and 6 dis-
played high biparental inbreeding and Families 3 and 4
displayed a moderate level. This indicates that a large
proportion of the observed outcrossing in these families

was breeding between related individuals. The propor-
tion of correlated paternity was also found to be variable
among the families. Low levels of correlated paternity
were displayed by Families 5 and 6, signifying multiple
paternities within these families. In contrast, Families 3
and 4 exhibited a high correlated paternity, indicating
that the number of trees contributing to effective polli-
nation in these families was small.

The variation in mating system parameters was also
evident in pollen flow among the mother trees as
demonstrated by the high level of pollen pool hetero-
geneity that indicates individual mother trees sampled
different pollen pools. Mother trees from Families 1, 2,
5, and 6 had relatively low pollen pool differentiation
compared to mother trees in Families 3 and 4 indicating
a common pollen pool for mother trees from Families 1,
2, 5 and 6, whereas mother trees from Families 3 and 4
sampled different pollen pools.

These results indicate that the pattern of pollen dis-
persal in the trial was not random and mother trees
from different families showed differing mating system
and pollen dispersal patterns even though they are
growing in the same environment and subject to the
same conditions. Families 1 and 2 had high outcrossing,
low to moderate biparental inbreeding and moderate
correlated paternity, indicating some level of crossing
between relatives and some limitation in the number of
fathers per seed crop. Families 5 and 6 also had high
outcrossing with some crossing between relatives but a
high number of fathers per seed crop. Some level of
crossing between relatives would be expected in this

Figure 1. – Principal Co-ordinates Analysis of genetic diversity in Santalum spicatum progeny
from the Narrogin trial. Symbols denote families.

Table 5. – Allelic diversity parameters for Santalum spicatum progeny from 
the Narrogin trial and for S. spicatum populations from natural stands (values for
the natural populations from BYRNE et al., 2003a recalculated for the 7 loci used 
in this study). na, mean number of alleles per locus; na, > 0.05 mean number of
alleles per locus with frequency > 0.05; Ho, observed heterozygosity; He, expected
heterozygosity.
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trial as mother trees within families are half-sibs. How-
ever, although crossing between relatives occurred, as
expected from the trial design, the mother trees from
these families shared a common pollen pool indicating
effective pollen dispersal among these trees.

In contrast to the other families, Families 3 and 4 had
lower outcrossing rates, crossing between relatives, a
high correlation of paternity in the seed crops and sam-
pled different pollen pools. The low outcrossing rates
observed in Families 3 and 4 could result from a number
of factors. Location of trees on the edge of the trial could
limit opportunities for outcrossing, and low outcrossing
rates could also be attributed to trees being surrounded
by related individuals. However, the trial was laid out in
a replicate block design with randomization of mother
trees within blocks. Families 3 and 4 had internal posi-
tions within the sampled block and their position does
not explain the level of inbreeding observed in these
families. Variability in outcrossing rate between mother
trees reflecting inherent variation in the expression of
the mating system is often noted in mating studies, and
this may also be an explanation for the variation in out-
crossing rate observed here. However, in this study the
variation is not simply an increase in selfing in these
trees as other parameters of mating system also indi-
cate restricted pollination patterns in these families
compared to the others.

The most probable cause of the low outcrossing rates
and restricted mating in Families 3 and 4 is a variation
in flowering time compared with the other families.
High inbreeding, with the addition of high crossing
between relatives and correlated paternity, indicates
that individuals from Families 3 and 4 were mating
with only a few trees that were relatives. The similarity
of progeny in mother trees from Family 3 and their spa-
tial differentiation from other progeny in the ordination
analysis also support this inference. Breeding with few
related trees could occur if the flowering times of these
trees were asynchronous with those of other trees in the
orchard, resulting in fewer trees being available for mat-
ing and the available trees being from the same family
and, consequently, related. Other observations of flower-
ing on a few trees of S. spicatum in a small trial have
shown variation in flowering across several months
(BARRETT, 1987). Similarly, in a study of Eucalyptus
marginata high correlated paternity values were
explained by sporadic flowering (MILLAR et al., 2000). It
has generally been found in mass flowering eucalypt
species, that large variation in floral phenology among
individuals appears to inhibit cross-pollination between
early and late flowering trees (BURCZYK et al., 2004).
This theory could also explain the moderate levels of
correlated paternity in some trees of other families in
this S. spicatum trial. In addition, even though mass
flowering should allow multiple paternity, insect pollina-
tors may have repetitive movements between neighbor-
ing trees that could result in a high level of correlated
paternity. 

This investigation indicates that S. spicatum is, gen-
erally, preferentially outcrossed, but is capable of self-
pollination if conditions are not suitable for cross-polli-
nation. The mean multi locus estimate (0.885) is at the

upper end of the range of outcrossing rates found in
mass flowering species (e.g. Eucalyptus spp.), which
generally have a mixed mating system of both outcross-
ing and selfing (MORAN and BROWN, 1980; MORAN and
BELL, 1987; HOUSE and BELL, 1996). Previous studies
investigating aspects of the breeding system in San-
talum spp. have generally concluded that they are out-
crossed. ROGKHLA et al. (1997) and MCCOMB and JONES

(1998) concluded that S. spicatum was only capable of
outcrossing, due to the presence of pre-and post-fertili-
sation incompatibilities that prevent selfing. Other stud-
ies (BADAMI and VENKATA RAO, 1930; MUNIYAPPA et al.,
1980) have reported similar results for S. album, and
self-incompatibility, due to pollen-pistil interactions, has
been observed in S. lanceolatum (WARBURTON et al.,
2000). In contrast, successful self-pollination has been
reported in other studies of S. album (SINDHU VEEREN-
DRA and SUJATHA, 1989; SINDHU VEERENDRA and ADAN-
THA PADMANABHA, 1996), and self-compatibility was
observed in S. acuminatum (SEDGELY, 1982).

The current study indicates that S. spicatum has a
flexible reproductive strategy, including both cross- and
self-pollination that is probably responsive to environ-
mental factors such as flowering density. The lack of fer-
tilization and seed development following self-pollina-
tion documented in other studies indicates the presence
of incompatibility systems. Such systems would prevent
inbreeding and should lead to very high outcrossing
rates. This study supports this hypothesis, as self-
incompatibility may well contribute to the complete out-
crossing observed in some families where multi locus
estimates of outcrossing greater than 1.00 indicated no
selfing. However, trees from other families with lower
outcrossing rates clearly show the capacity for selfing.
The selfing identified in this study could indicate some
heterogeneity in self-incompatibility systems within the
species, or the breakdown of these systems in some fam-
ilies. Alternatively, the selfing identified here may be
the result of crossing between very closely related indi-
viduals, such that the progeny produced cannot be
genetically distinguished from those resulting from self-
ing. However this explanation is unlikely, as the loci
used to genotype the progeny were highly polymorphic
and all parent trees sampled had unique genotypes for
these loci. 

The lack of significant difference in the height of
seedlings from different families indicates that there
was no effect of inbreeding on seedling growth. This
would be consistent with deleterious genetic interac-
tions occurring through early incompatibility preventing
fertilization and seed formation rather than through
later interactions involving seedling lethal systems.
Thus, while seed crops in S. spicatum generally result
from outcrossing, when seed is produced following self-
pollination the quality of the seed is likely to be as good
as that resulting from cross pollination, at least in terms
of early growth.

A previous study of genetic diversity in natural popu-
lations of S. spicatum (BYRNE et al., 2003) found moder-
ate levels of diversity compared to other long-lived
woody perennials. The levels of diversity displayed in
the progeny from the Narrogin trial were similar to
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those in natural populations. The number of alleles in
the natural populations was higher than that in Narro-
gin trial progeny but this was due to the presence of
rare alleles in the natural populations. The greater
effective number of alleles in the Narrogin trial progeny
resulted in higher gene diversity than in the natural
populations. There was a moderate level of variation
between the Narrogin trial progeny and the natural pop-
ulations as would be expected due to differences in allele
frequencies through sampling effects. Therefore, the
diversity captured in the seedlings is representative of
the diversity in the semi-arid region, and the seeds pro-
duced from the trial capture the genetic diversity of the
region. This diversity is also evidence that re-combina-
tions of different alleles are occurring through cross-pol-
lination in the trial. 

A primary objective of seed orchard design is to maxi-
mize genetic diversity and outcrossing. The quality,
including vigor and health, of the seed crop harvested in
orchards is dependant on several factors of which the
genotypic structure of the orchard and the determined
mating system are the most significant (HOSIUS et al.,
2000). Preservation of genetic diversity in forest tree
seed orchards may be crucial due to the heterogenous
environmental pressures trees experience over space
and time (MULLER-STARCK, 1985). A primary objective for
forest tree breeders is to combine maximal breeding
progress in a high diversity genetic background (HOSIUS

et al., 2000). 

The results of both the mating system and genetic
diversity investigations reveal that trees in the family
trial generally had high levels of outcrossing and pos-
sessed a high level of diversity that is representative of
the species; despite the limited representation of fami-
lies in the trial. Whilst the preferential outcrossing iden-
tified in the species indicates that seed orchards will be
a successful breeding strategy for S. spicatum, it is
important to ensure overlap in the flowering time of the
chosen families. Potential variation in flowering pat-
terns of different families is a significant factor in the
design of seed orchards. The assumption of panmixis is
unrealistic as flowering phenology may vary consider-
ably. Asynchronous flowering within an orchard is
potentially highly problematic since random fertilization
would not occur, and this could lead to altered gene fre-
quencies for selected traits in the seed gene pool. In
addition, the effective genetic diversity of the orchard
would be reduced.

Family seed orchard studies have revealed that allelic
structures of progeny significantly can deviate from
those of the parental generation due to desynchronized
phenological flowering times. Consequently, the efficien-
cy and viability of these seed orchards has been ques-
tioned (GOMORY et al., 2003). Further investigations of
flowering patterns in different families of S. spicatum
are essential in order to overcome the potential prob-
lems identified in this current study, and to ensure that
the overall genetic composition of the seed crop is main-
tained. Seed orchard design should include a large num-
ber of families covering the full range of flowering times
to prevent the high inbreeding rates observed in one of
the families studied in this trial.
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