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High outcrossing and random pollen dispersal in a planted
stand of Acacia saligna subsp. saligna revealed by paternity
analysis using microsatellites
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Abstract The mating system, patterns of pollen mediated
gene flow and levels of genetic contamination were
investigated in a planted stand of Acacia saligna subsp.
saligna via paternity analysis using microsatellite markers.
High levels of outcrossing were detected within the stand
(tm=0.98), and the average pollen dispersal distance was
37 m with the majority of progeny sired by paternal trees
within a 50-m neighbourhood of the maternal tree. Genetic
contamination from the natural background population of
A. saligna subsp. lindleyi was detected in 14% of the
progeny of A. saligna subsp. saligna and varied among
maternal trees. Long distance inter-subspecific pollen
dispersal was detected for distances of over 1,500 m. The
results provide information for use in the breeding and
domestication programme aimed at developing A. saligna
as an agroforestry crop for the low rainfall areas of southern
Australia.
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Introduction

Tree species tend to be highly outcrossing and exhibit
extensive levels of pollen mediated gene flow over large
distances especially when populations are fragmented
(Bacles et al. 2005; Byrne et al. 2007; Dick 2001; Nason
and Hamrick 1997; White et al. 2002). Understanding the
mating system and patterns of pollen dispersal in tree
species is important for achieving conservation and natural
resource management aims as well as for success in
breeding programmes for improvement and domestication.

In the context of breeding and domestication pro-
grammes, knowledge of mating systems, patterns of pollen
mediated gene flow and levels of genetic contamination are
vital for the efficient management of production popula-
tions such as seed orchards (El-Kassaby 2000). Seed
orchards are cultivated for the abundant production of
easily harvestable seed from superior trees and are
established by setting out clones or seedling progeny of
trees selected for desired characteristics. Most tree seed
orchards are open pollinated and aim to produce seed crops
of high genetic value capturing an adequate amount of
genetic diversity (Kang et al. 2001).

The genetic efficiency of seed orchards can be adversely
affected by a number of factors including a high proportion
of selfing events, departures from random mating because
of factors such as unequal contribution of individuals to
seed crops and genetic contamination with pollen from
trees located outside the orchard (Friedman and Adams
1985). To implement suitable orchard design and management
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options and achieve predicted genetic gains, it is useful to have
knowledge of outcrossing rates, patterns of pollen dispersal and
maternal and paternal reproductive contributions. It is also
important to determine the levels of long distance gene flow
that may lead to genetic contamination from outside the orchard
(Adams and Burczyk 2000).

Acacia saligna is native to southwestern Australia and
has a long history of utilisation across Australia and
worldwide. It is planted in many temperate and semi-arid
countries for erosion control and sand dune stabilization
and as a source of firewood and fodder for sheep and goats
(Crompton 1992; Midgley and Turnbull 2003). The species
is now a priority for further development as a short-rotation
phase or coppice agroforestry crop for the low rainfall
agricultural areas of southern Australia (Hobbs et al. 2006;
Olsen et al. 2004). A breeding and domestication
programme for A. saligna commenced in 2004 when
extensive germplasm collections were made and intensive
field performance and progeny testing will select for
improved growth rate, form, biomass production and
feedstock characteristics (Olsen et al. 2004).

While the ecological characteristics of the A. saligna
species complex are well described (Fox 1995), little is
known about the mating system and patterns of gene flow
via pollen dispersal that can be expected within and between
populations. Mating systems and pollen dispersal parameters
can be directly estimated through paternity analysis using
genetic markers. Microsatellite markers or short sequence
repeats are suitable for studies of pollen dispersal as they are
highly polymorphic, co-dominant, considered to be selec-
tively neutral and can be amplified from small amounts of
genomic deoxyribonucleic acid (DNA). As part of a larger
effort in the breeding and domestication programme, we
developed and screened microsatellite markers in A. saligna
and used them to investigate the mating system and pollen
dispersal via paternity analysis for a planted stand of
A. saligna subsp. saligna. The specific aims of the study
were to determine (1) the level of outcrossing, (2) patterns of
pollen dispersal, (3) relative paternal contributions to seed
crops within the stand and (4) the extent of genetic
contamination via pollen dispersal from the background
population of A. saligna subsp. lindleyi. Seed production
areas have not been established for A. saligna, and these data
will be used to design efficient seed orchards as part of the
breeding and domestication programme.

Materials and methods

Study species

A. saligna is a bushy shrub or tree that grows to 2–10 m at
maturity and lives for up to 20 years under favourable

conditions (Fox 1995). It is a leguminous species that is
allogamous and insect pollinated. Its natural distribution in
southwestern Australia has a Mediterranean climate with
annual rainfall of between 300 and 1,200 mm mainly in the
winter months. Trees bear hermaphroditic, many-flowered,
globular inflorescences in late winter to early spring
(Maslin 2001). A. saligna has a widespread native range
where it occupies a variety of habitats. Morphological and
genetic studies have revealed that A. saligna is a species
complex that exhibits a large degree of variation (Byrne and
Millar 2004; George 2005) and consists of four main
variants to be formally described as subspecies (McDonald
and Maslin, unpublished). A. saligna subsp. saligna is
native to the coastal areas around Perth and on the south
coast and shows the greatest biomass and floral fecundity of
the four subspecies. This subspecies has been commonly
used as an ornamental and in re-vegetation programmes and
is likely to be the subspecies most commonly utilised for
agroforestry. A. saligna subsp. lindleyi is the most wide-
spread of the subspecies and occurs across the inland
‘wheat and sheep belt’ area of Western Australia, which is
the target area for re-vegetation.

Study site and sample collection

The study site consists of a planted stand of A. saligna
subsp. saligna within the natural distribution of subsp.
lindleyi and is located south east of Toodyay, Western
Australia. The planted stand occupies an area of approxi-
mately 0.55 ha (Fig. 1) and occurs on a grassed paddock at

Fig. 1 Map of the study site near Toodyay, Western Australia,
showing the planted stand comprised of 107 Acacia saligna subsp.
saligna trees (open circles) and individual locations of sampled
maternal trees (closed circles). Broken grey lines are roadways, and
the dark grey line is the Avon River
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a corner of the intersection of two roads. Tree spacing is
uneven probably because of variable planting and survival.
Remnant roadside trees of subsp. lindleyi occur at varying
distances from the planted stand. The largest patch of
remnant subsp. lindleyi trees occurs directly across a road at
distances of up to 130 m away from the A. saligna stand,
and other trees occur in two patches roughly 900 m and
1,500 m away. All trees within the planted stand and 29
selected trees of subsp. lindleyi were mapped using a
differential global-positioning satellite system.

Mature phyllode material was collected from all 107
trees within the stand of subsp. saligna and from 29
selected trees of subsp. lindleyi in December 2004. Open-
pollinated seed was sampled from ten trees of A. saligna
subsp. saligna chosen at random from within the stand in
December 2005. The seed was sterilised in 1.0% sodium
hypochlorite solution for 1 h and rinsed thoroughly in
sterile water. Boiling water was poured over the seeds, and
they were left to imbibe overnight. No seed germinated for
one of the maternal trees so seed crops were analysed for
nine maternal trees.

Microsatellite marker development

A microsatellite library was developed using a hybrid-
isation selection method. Genomic DNA was extracted
from adult phyllodes using a modified cetyltrimethyl
ammonium bromide extraction method (Byrne et al. 1993)
with the addition of 0.1 M sodium sulphite to the extraction
and wash buffers (Byrne et al. 2001). Genomic DNA
(10 μg) was digested with Sau3A and ligated into 2 μg of
pUC18 plasmid vector then transformed into competent
Escherichia coli DH5α cells (Gibco) according to the
manufacturer’s protocol. The resultant colonies were
screened by colony lift hybridisation onto Hybond-N+
membranes using γ-32P–deoxyadenosine triphosphate

(PerkinElmer Life Sciences) end-labelled dinucleotides
(AC/AG). Hybridisation was carried out with equal
concentration (100 ng/30 ml) of the nucleotide probes in
6× sodium chloride–sodium phosphate–ethylenediamine
tetraacetic acid buffer, 5×Denhardts and 1% sodium
dodecyl sulphate (SDS) at 65°C overnight. After three
post-hybridisation washes in 0.5× sodium chloride–sodium
citrate and 0.1% SDS, the membranes were exposed to
radiography film. Positive colonies were picked and
gridded onto new membranes then re-screened by hybrid-
isation with the probes.

Positive colonies were grown in Luria–Bertani media
overnight at 37°C. Plasmid preparations were carried out with
UltraClean Mini Plasmid Prep Kit (MoBio Laboratories)
following the manufacturer’s instructions. Plasmid inserts
were sequenced using BigDye Terminator chemistry, and
12 of 16 clones (75%) contained a microsatellite sequence of
eight or more repeats. Sequences flanking the microsatellite
repeat motifs were analysed, and compatible primer sequen-
ces were identified for nine sequences using PRIMER 3
(Rozen and Skaletsky 2000). Primer pairs were tested
for mispriming and primer dimers with AMPLIFY 1.2
(Engels 1993).

Microsatellite loci were amplified in a total volume of
15 μl per reaction, containing 30 ng template DNA, 50 mM
KCl, 20 mM Tris–HCl pH 8.4, 0.2 mM each deoxyribonu-
cleotide phosphate, 0.3 μM of each primer, 0.5 U of Taq
DNA polymerase and variable MgCl2 concentration
depending on the locus (see Table 1). Amplification
conditions used either protocol 1: 96°C for 2 min,
30 cycles of 30 s at 95°C, 30 s at 56°C, 30 s at 72°C
followed by 5 min at 72°C, or protocol 2: 94°C for 2 min,
30 cycles of 30 s at 94°C, 30 s at 65°C with a step down of
0.3°C per cycle to 56.3°C, 5 s at 72°C, three cycles of 30 s
at 94°C, 30 s at 55°C, 5 s at 72°C followed by 5 min at
72°C. All reactions were completed in a Touchdown

Table 1 Details of five microsatellite loci used to genotype individuals in Acacia saligna

Locus Genbank accession
number

Primer sequence (5′–3′) a Repeat motifa PCR
protocol

MgCl2 concentration
(mM)

As029 EF194131 F: CTTCCTTTGCCACCCTTTTG (AC)11 2 1.5
R: GGTTTGGAACATTGTGAAGTCG

As137 EF194132 F: GAGGTAATATTTTGAATTCCTTGAAC (AT)9(GT)15 1 1.5
R: GGTGTATACCTCTTTCCTGTGG

Am012 NA F: CCAGGAAACCACATAAACAACC (AC)8 1 2.0
R: AGGAATTGGGGTTTCTCAGG

Am030 NA F: TGAGTCGATCGCTTAGCTTG (TC)15(AC)7-(AC)10AG 1 1.5
R: TCCCGTTATTATGCCAAAGTG

Am367 NA F: CGCAACTCCATCTGATTTACTG (A)7G(A)6GG(A)14(CA)14 1 1.5
R: TTATGTTGGGTTAATACGCTAACTG

As Primers developed for A. saligna, Am primers developed for A. mangium
a Repeat motif and primer sequence for A. mangium primers taken from Butcher et al. (2000).
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Thermal Cycler (Hybaid). The amplification products were
subjected to electrophoresis on 8% polyacrylamide gels and
stained with ethidium bromide. Suitable primers were
selected based on the production of amplification products
that could be interpreted as single locus.

In addition, microsatellite markers developed for A.
mangium (Butcher et al. 2000) and the hybrid A.
mangium×A. auriculiformis (Ng et al. 2005) were tested
for cross amplification in A. saligna. A range of
amplification conditions was tested, and loci were consid-
ered suitable for use in A. saligna when sharp bands were
produced that showed polymorphism that could be
interpreted as a single locus.

DNA extraction and genotyping

Genomic DNA was extracted from phyllodes of the adult
trees as described above. DNA was extracted from planted
seedlings that had grown to a height of approximately 5 cm,
using a modified Doyle and Doyle procedure (Doyle and
Doyle 1990). Genotypes of all A. saligna subsp. saligna
trees in the planted stand, progeny arrays for nine families
consisting of 11–22 seedlings (186 in total), and 29
A. saligna subspecies lindleyi trees were determined for
five microsatellite loci as described above except that the
size of PCR products was determined by automated
fluorescent scanning detection using an Applied Biosystems
3730 DNA Analyser (Applied Biosystems, Foster City, CA).
Random sets of samples were re-run to check for repeatabil-
ity of genotyping, and segregation of maternal alleles in the
progeny was checked.

Data analysis

Genetic diversity parameters

Genetic diversity parameters were computed for the adult
trees in the study stand, for the progeny alone and for the
adults and progeny combined using the CERVUS 2.0
programme (Marshall et al. 1998). Differences between
observed and expected heterozygosity of adults and
progenies combined and as separate cohorts were assessed
using the chi-squared (χ2) test.

To quantify the genetic heterogeneity of pollen pools
among maternal trees of A. saligna subsp. saligna, analysis
of molecular variance (Excoffier et al. 1992) based on
pollen haplotypes was performed using TWOGENER
(Smouse et al. 2001). This provides a ‘global’ estimate of
spatial genetic variation of pollen pools over all maternal
trees, Φft. Pollen haplotypes were derived by subtracting
maternal haplotype components from the progeny geno-
types. Homogeneity of gene frequencies in the progeny of

maternal trees was tested using chi-squared and likelihood
ratio (G2) tests implemented in POPGENE (Yeh and Boyle
1997).

Mating system

Estimates of mating system parameters were produced
using the multi-locus estimator programme MLTR version
3.0 (Ritland 2002). Analysis used the expectation–
maximisation (EM) method for determining maternal and
pollen allele frequencies and the Newton Raphson method
for joint maximum likelihood estimation of the multi-locus
outcrossing rate (tm) and single-locus outcrossing estimate
averaged over all loci (ts). Estimates of bi-parental
inbreeding (tm− ts), correlation of paternity (rp) and the
correlation of t among loci (rs) were also obtained. Standard
errors were computed based on 500 bootstraps. The
correlation of paternity was translated to provide estimates
of the effective number of pollen donors using the equation
Nep=1/rp (Ritland 1989). Standard error was used to
determine whether mating parameters were significantly
lower than one or greater than zero. Pollen and ovule
frequencies were estimated for each locus using the EM
method.

Paternity assignment

Maximum likelihood-based paternity assignment was con-
ducted using CERVUS 2.0 (Marshall et al. 1998). The total
size of the candidate male breeding population used in
paternity assignment included the 107 trees of A. saligna
subsp. saligna in the study stand and an estimated 50
candidate male parents from the nearby patch of A. saligna
subsp. lindleyi. Cryptic gene flow (Devlin and Ellstrand
1990) was estimated using FAMOZ software (Gerber et al.
2003) for a simulated population developed using data for
the mother trees and progenies of A. saligna subsp. saligna.
Parameters for estimates of type I (α) and type II (β) errors
included 500 simulated progenies, 20 mothers and an error
rate of 0.008.

Spatial analysis

Pollen dispersal patterns within the planted stand were
assessed by spatial analysis. The geographic distribution
patterns of pollen donors were plotted for nine maternal
trees to visually assess any bias in direction for pollen
dispersal. Average pollen dispersal distances were assessed
using the Kruskall–Wallace test for non-normal data to
determine whether pollination distances varied between
maternal trees. Paternal contributions of trees in the
A. saligna subsp. saligna stand were plotted as a function
of the number of progeny fathered. Male mating success as
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a function of distance from maternal trees was analysed by
sub-dividing the neighbourhood of each mother tree into
increasing classes of 10-m increments and plotting the
frequency distribution of all successful pollination events
for paternal trees in each distance class.

A dispersal curve was fitted to the observed pollen
dispersal distances over all maternal trees within the stand
where f(x) is the contribution (in relative frequency) of
paternal trees as a function of distance to maternal trees. A
number of models suitable for describing the pollen
dispersal kernel were tested including normal, exponential,
exponential power, Weibull, geometric and 2D t curves.

To take into account the differing number of potential
male parents in each distance class for each maternal tree,
the proportion of observed male parents (ratio of the
number of observed successful male parents located in the
distance class over the total number of observed successful
male parents over all classes within the stand) was
compared with the proportion of potential male parents in
each distance class (ratio of the number of possible male
parents in the class over the total number of possible male
parents over all classes within the stand). In this analysis,
observed successful male parents were counted no more
than once (even when male parents were assigned to
multiple progenies of a single maternal tree) because the
probability of siring multiple progenies was considered
equal among pollen donors of subsp. saligna. All trees of
subsp. saligna were fecund showing high levels of floral
production. Significant deviation between the number of
potential and observed male parents for near (<50 m) and
far (>50 m) distances, averaged over all maternal trees, was
tested using a chi-squared contingency test.

Results

Microsatellite marker development and utility

Only two of the nine primers developed from the
constructed microsatellite library produced amplifiable

products interpretable as single locus. The remaining
primers appeared to amplify multiple loci, which could
not be resolved even under high stringency conditions. Of
the 25 loci tested for cross-species amplification, three from
A. mangium, Am012 Am030 and Am367, showed clear
amplification in A. saligna. No primers developed for the
A. mangium×A. auriculiformis hybrid produced suitable
amplification that could be interpreted as single locus in
A. saligna.

The five microsatellite loci were highly variable in
A. saligna. The total number of alleles for the five loci
was 47, and the number of alleles per locus (A) ranged from
6 to 16 and averaged 9.40 (Table 2). Observed heterozy-
gosity (Ho) ranged from 0.323 to 0.783 and averaged 0.518.
No significant differences were found in observed or
expected heterozygosity for parents and progenies
combined (χ2=7.65, df=4, p value=0.105) or for parents
(χ2=0.0105, df=4, p value=0.99) and progeny (χ2=0.054,
df=4, p value=0.99) analysed as separate cohorts. Null
allele frequency averaged 0.0263 for trees of subsp.
saligna. As mismatches generated by null alleles are treated
as typing errors in paternity assignment, null alleles with
low frequencies do not have a significant effect. The
polymorphic information content of the loci was high, and
the total exclusion probability over the five loci was 0.953
for the second parent.

Mating system

Multi-locus outcrossing within the study stand was high
(tm=0.98) and showed little variation among maternal trees
(from 0.90 to 1.0, Table 3). This indicates a mixed mating
system with small amounts of inbreeding. Correlation of
selfing within progeny arrays, an indication of the fraction
of inbreeding because of uniparental inbreeding or true
selfing, was low (rs=0.125). The correlation of paternity is
a measure of the probability that pollination events
produced full sib relatives and was high (rp=0.234). This
estimate then provided a low value for the effective number
of pollen donors (Nep=4.27 donors per maternal tree).

Table 2 Utility of five microsatellite loci for Acacia saligna subsp. saligna at the study site

Locus A Ho He PIC Excl (2) Null

As029 6 0.392 0.388 0.358 0.208 −0.0192
As137 6 0.323 0.308 0.294 0.170 −0.0365
Am012 10 0.747 0.779 0.401 0.581 0.0221
Am030 9 0.345 0.416 0.391 0.238 0.1027
Am367 16 0.783 0.890 0.878 0.775 0.0626
All loci 9.4 0.518 0.556 0.534 0.953 0.0263

Results are presented for parental and progeny cohorts combined.
A Number of alleles, Ho observed heterozygosity, He expected heterozygosity, PIC polymorphic information content, Excl (2) power of exclusion
for the second parent, Null estimated frequency of null alleles
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Paternity assignment

Using the five loci, 93.5% of analysed progeny were
assigned a most likely father from either within the subsp.
saligna stand or from the sampled trees in the background
population of subsp. lindleyi. The majority of progeny
(86%) were sired by pollen from within the stand of subsp.
saligna. Fourteen progenies (7.5%) were assigned a father
from the sampled subsp. lindleyi trees. The paternity of 12
progenies (6.5%) was unassigned, and they were assumed
to be sired by unsampled trees of the background
population of subsp. lindleyi. The rate of pollen contami-
nation into the subsp. saligna stand is the percentage of
progeny whose paternity was not assigned to subsp. saligna
trees and was 14%. Three selfing events were detected, one
each for maternal trees TC062, TC088 and TC100.
Outcrossing rates determined by paternity assignment
ranged from 0.90 to 1.0 for maternal trees and averaged

0.98. The estimate of outcrossing obtained via direct paternity
assignment was the same as that determined by the mating
system assessment using the mixed mating model.

Over half (59.8%) of the subsp. saligna trees within the
study stand contributed to the pollen pool, siring at least
one offspring (Fig. 2). One paternal tree (TC050) sired nine
offspring, representing 5.2% of the progeny analysed.
There were 25 instances of correlated paternity detected
within the stand with up to six progenies of a single
maternal tree sired by the same father. The average number
of progeny sired by paternal trees within the stand was 2.3.
Half of the paternal trees that contributed to the effective
pollen pool sired only one progeny.

Spatial analysis

Analysis of patterns of pollination within the planted stand
showed individual observed pollen dispersal distances

Fig. 2 Male mating success
of the 64 trees in the planted
stand of A. saligna subsp.
saligna that sired progeny
assayed from nine
maternal trees

Table 3 Details of outcrossing rate, pollen dispersal and gene flow estimates obtained via paternity analysis for nine maternal trees of Acacia
saligna subsp. saligna

Maternal Tree n np t Ne δ <50 m >50 m Genetic
contamination

TC001 22 20 1.0 12 31 (15.6) 18 2 9
TC040 22 18 1.0 17 37 (15.6) 13 5 27
TC046 22 22 1.0 15 29 (9.9) 22 0 0
TC053 22 19 1.0 13 24 (19.6) 13 6 32
TC062 22 21 0.95 17 36 (24.4) 14 7 22
TC079 22 22 1.0 14 40 (25.1) 13 9 14
TC082 21 20 1.0 19 38 (18.7) 14 6 5
TC088 11 10 0.90 9 50 (31.5) 4 6 20
TC100 22 22 0.95 12 44 (35.0) 11 11 0
All Mothers 20.66 19.33 0.93 (0.03) 14.22 37 (2.3) 122 52 14

Values in parenthesis are standard errors
N Number of progeny analysed, np number of progeny assigned a father, t outcrossing rate, Ne number of paternal trees contributing to progeny,
δ average observed dispersal distance within the saligna stand, <50 m number of progeny for which pollen dispersal distance was less than 50 m,
>50 m number of progeny for which pollen dispersal distance was greater than 50 m, Genetic contamination percentage of progeny sired by trees
outside the stand
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ranging from 5 to 96 m. The average pollination distance
for each individual mother tree ranged from 24 to 50 m and
was not significantly different among mother trees (χ2=
12.50, df=8, p=0.130). The average dispersal distance was
37 m and was similar to the average geographic distance
between the maternal trees and all other trees of 40 m. Two
pollination events were detected where pollen travelled a
distance of 96 m. This is the maximum distance possible at
this site and was observed for mother tree TC100, which is
situated at the northeastern edge of the stand and hence had
the opportunity for such long-distance pollination events.

Analysis of pollination events within the stand plotted
over dispersal distance classes showed that for most
maternal trees, the majority of pollination events were due
to pollen from paternal trees within a 50-m neighbourhood
(Fig. 3). For maternal tree TC100, pollination events from
near (<50 m) and far (>50 m) paternal trees were equal, and
for one maternal tree, TC088, the majority of pollen came
from paternal trees greater than 50 m away. Of the dispersal
curves tested, the negative exponential model gave the best

fit and explained the highest percentage of observed mating
events (R2=0.746).

Analysis of dispersal distance class in Fig. 3 does not
take into account the variable number of potential pollen
donors in each distance class because of unequal spacing
and the position of the maternal trees. To determine any
bias in pollination distances the distribution of the potential
and observed male parents was plotted as a function of
distance to maternal trees (Fig. 4). The deviation between
the potential and observed parents depicts the departure
from random mating caused by the effect of distance
between parental trees on male mating success. The number
of observed compared to potential male parents shows
a significant excess of near (<50 m) matings (χ2=10.47,
df=1, p=0.001) when averaged over the nine maternal
trees, and the majority of successful paternal trees (74%)
were located at distances of less than 50 m from maternal
trees.

Although it was not empirically tested, pollination
events detected by parentage assignment within the stand

Fig. 3 Distribution of pollen
dispersal distance classes in
progeny assayed from nine
maternal trees of a stand of
A. saligna subsp. saligna. The
line is the exponential curve
fitted to the mating
frequencies averaged over
maternal trees

Fig. 4 Comparison of the po-
tential (light bars) and observed
(dark bars) pollinating male
parent distribution as a function
of distance to the female parent.
The potential distribution
comprised all 107 trees within
the planted stand assuming
random pollen dispersal
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indicate a random dispersal pattern. No strong bias in
direction of pollen travel because of prevailing winds was
observed, and the distribution of pollen donors for each
maternal tree was independent of their position in the stand
(data not shown). However, a moderate level of genetic
heterogeneity among pollen pools of maternal trees was
evident in a global Φft of 0.1108. Heterogeneity in pollen
clouds across maternal trees was also detected at each
locus using tests for homogeneity (p<0.01; Table 4). G2

values are reported as they have a more accurate
approximation to the log likelihood ratios of the theoret-
ical χ2 distribution.

Genetic contamination

Genetic contamination via pollen from A. saligna subsp.
lindleyi trees into the planted stand of subsp. saligna was
14%. The level of genetic contamination can be adjusted
for type I errors or the failure to assign a father to a progeny
when the true father has been genotyped and for type II
errors that occur when a progeny is assigned a father from
the sampled trees when its true father lies in the unsampled
background population. Allowing for these errors the

number of progeny assigned an A. saligna subsp. saligna
father that was actually sired by ungenotyped subsp.
lindleyi trees may have been underestimated by 11.5%.

Genetic contamination rates varied among maternal trees
within the stand and ranged from 0 to 32% (Table 3). Of the
29 trees of A. saligna subsp. lindleyi that were sampled, ten
were assigned as fathers of one or more progeny in the
sampled seed crops from the planted stand. Inter-subspecific
pollination events because of pollen sources from the
background population of subsp. lindleyi occurred over a
range of distances from 5 to 1,566 m with an average pollen
dispersal distance of 666 m. The level of pollen contamina-
tion (57%) from trees of subsp. lindleyi that were close to the
planted stand (<130 m away) was similar to the genetic
contamination (43%) that occurred via pollen from the two
outlying patches of trees of subsp. lindleyi (located 930 and
1,566 m away, respectively).

Discussion

The design and genetic efficiency of seed orchards are
affected by biological aspects of taxa including patterns of

Table 4 Pollen allele frequencies (only two most common alleles are shown) and significance for G2 tests of homogeneity between pollen clouds
for nine maternal trees of A. saligna subsp. saligna

Maternal tree Locus

As029 As137 Am012 Am030 Am367

Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency

TC001 D 0.8363 E 0.7500 D 0.2500 A 0.0526 D 0.3000
E 0.0455 F 0.1500 E 0.3000 B 0.9474 M 0.3000

TC040 A 0.02727 E 0.8182 C 0.4211 B 0.8571 D 0.1818
D 0.5455 F 0.0909 D 0.2105 C 0.0952 J 0.1818

TC046 D 0.4091 A 0.1818 D 0.3810 A 0.2857 C 0.6364
E 0.5455 F 0.8182 E 0.2381 D 0.4286 M 0.1818

TC053 A 0.2273 D 0.1364 D 0.5000 B 0.8095 C 0.1111
D 0.5909 E 0.7727 E 0.3000 E 0.0952 D 0.3889

TC062 A 0.1364 B 0.1818 B 0.2105 A 0.2381 E 0.2500
D 0.7273 E 0.5909 D 0.4211 B 0.6190 I 0.2500

TC079 D 0.5000 B 0.2273 D 0.3810 A 0.1364 I 0.1818
E 0.2727 E 0.6818 F 0.2857 B 0.6364 L 0.4091

TC082 D 0.6190 A 0.1429 D 0.4500 A 0.0952 L 0.3333
E 0.3810 E 0.8571 H 0.2000 B 0.8095 N 0.2381

TC088 A 0.4545 A 0.0909 B 0.2222 B 1.0 D 0.1818
D 0.5455 E 0.9091 C 0.3333 – – M 0.4545

TC100 B 0.0455 B 0.0455 C 0.4286 B 1.0 J 0.1429
D 0.9091 E 0.9545 E 0.3333 – – L 0.5238

G2 64.54 64.68 108.28 92.85 264.98
df 32 40 56 48 104
p value 0.00057 0.00802 0.00003 0.00011 0.00000

df Degrees of freedom
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pollen mediated gene flow, levels of outcrossing and
random mating and genetic contamination from outside
the orchard. This study assessed these factors for a planted
stand of A. saligna subsp. saligna and found high out-
crossing with generally random mating and pollen dispersal
within the stand and a low level of genetic contamination
from nearby natural remnant populations of subsp. lindleyi.

The multi-locus outcrossing rate within the study stand
was high and varied little for maternal trees. The high level
of outcrossing is similar to levels found in a previous study
using allozyme markers for several natural and one planted
population of A. saligna (George 2005).

High outcrossing rates (tm>0.9) have also been found for
other Acacia species including A. auriculiformis A. Cunn.
Ex Benth. A. crassicarpa A. Cunn. Ex Benth. (Moran et al.
1989), plantations of the important tannin-producing species
A. mearnsii (Kenrick and Knox 1989) and some populations
of A. mangium Willd. (Butcher et al. 2000). The outcrossing
rate for A. saligna is much higher than that found in two
other species that are native to Western Australia,
A. sciophanes and A. anfractuosa (Coates et al. 2006).

The pattern of mating within the stand was essentially
random. Although a significant excess of matings was
detected at distances of less than 50 m, the average distance
of pollen dispersal was very similar to the average distance
between maternal trees and all potential pollen donors, and
pollen dispersal was observed across the maximum distance
of the stand. There was no evidence of directionality in
pollen dispersal and no evidence of a majority of nearest-
neighbour mating. There was evidence of heterogeneity in
the genetic composition of pollen clouds experienced by
maternal trees indicating that they were not sampling a
single pollen cloud. However, this may be due to the high
genetic diversity of the stand and high heterozygosity in the
trees because of a diverse source of germplasm. Such high
heterozygosity would lead to patchy distributions of
localised allele frequencies in the pollen pool and would
be expected to result in heterogeneity in paternal contribu-
tions when assessed for a sub-set of progeny. The levels of
heterogeneity in pollen clouds found for the study stand
therefore also do not necessarily imply that maternal trees
are sampling only highly localised or restricted pollen
pools.

Although there was essentially a pattern of random
mating within the stand, there was some evidence of
correlated paternity. Correlated paternity is generally
indicative of genetic structuring within natural populations,
but the values found here are more likely to be due to the
nature of Acacia floral biology. In A. saligna, flowers are
grouped into complex inflorescences, and pollen from the
same paternal tree may regularly fertilise more than one
flower within a cluster. In addition, pollen grains are
compound in nature occurring as polyads of 16 grains,

and there is correlation between the number of ovules
within a flower and the number of pollen grains per polyad
across Acacia species (Kenrick and Knox 1982). Hence,
one polyad may be sufficient to sire all progeny within a
pod. These aspects of floral biology have been shown to
produce high levels of correlated paternity in another
Acacia species (Muona et al. 1991). Correlated paternity
because of this aspect of the floral morphology is not
related to variable fecundity in trees of subsp. saligna, and
all trees have equal probability of contributing to the
correlated paternity of the seed crop; thus, the potential for
random mating is maintained.

Random mating within seed orchards will be promoted
by random pollen dispersal patterns, synchronised floral
phenologies, equal compatibility of individuals and equality
in individual reproductive success. The observations of
high outcrossing and random pollen dispersal found here
for the subsp. saligna stand indicate that conditions
approaching panmixia may be expected for seed orchards
established in this species. Thus, seed orchards are an
effective means of producing high-value seed for deploy-
ment of A. saligna in agroforestry plantings.

One factor that may require active management in seed
orchards of A. saligna subsp. saligna is the level of genetic
contamination from outside the orchards. Inter-subspecific
pollen dispersal from subsp. lindleyi trees in the nearby
natural population was detected over large dispersal
distances of up to 1,566 m. In the case of seed orchards,
pollen dispersal from divergent populations should be
minimised to maintain genetic diversity in subsequent seed
crops and prevent the dilution of advanced breeding
genotypes (Adams and Burczyk 2000; Friedman and
Adams 1985). The magnitude of genetic contamination is
difficult to predict for given taxa, but even low levels may
be detrimental to the efficiency of seed orchards. Levels of
genetic contamination are affected by the relative amounts
of pollen produced in pollen source and sink populations
and the distance between populations (Ellstrand 1992). The
planted stand of subsp. saligna studied here (sink) is
smaller than most commercial seed orchards, and large
numbers of subsp. lindleyi trees (source) are located nearby.
However, the majority of subsp. lindleyi trees were not at
reproductive maturity at the time of sampling, and floral
fecundity of subsp. lindleyi was much lower than that of
subsp. saligna. Hence, the total amount of pollen produced
by subsp. lindleyi trees was probably less than that of the
subsp. saligna stand. Disparity in overall pollen production
may be responsible for the relatively low level of genetic
contamination found here despite the proximity of subsp.
lindleyi trees to the subsp. saligna stand. However, the large
distance over which contamination occurred indicates that
distance itself is not a strong barrier to pollen dispersal in
this species.
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The level of genetic contamination found for A. saligna
indicates that management options that reduce the amount
of genetic contamination into seed orchards will be
required. The long-distance intra-specific gene flow found
in this study gives an indication that minimum isolation
distances required would be greater than 1,500 m. In
addition, subsp. lindleyi flowers slightly later than the peak
flowering time of subsp. saligna; therefore, selective
thinning of late flowering individuals may reduce the
amount of genetic contamination within seed orchards, as
these trees would be more susceptible to pollination from
subsp. lindleyi.
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