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ABSTRACT 

A study was undertaken to determine the patterns of genetic variation and mating system in Acacia aulncocarpa. 
The study of genetic variation analysed seedlings from 22 populations of A. ndacocarpa at 30 isozyme loci 
representing 19 enzyme systems. Cluster analysis revealed a subdivision of populations into five genetically 
distinct groups. Genetic distances between the tive groups were high. The overall diversity (H,.= 0.298) \\as 
high compared to other Australian tree species with similar distributions. An exceptionally high proportion of 
this diversity (62.6%) was distributed between populations. However 86% of this interpopulation genetic 
diversity could be apportioned between the population groups which were largely geographically based. The 
study ofthe mating system in four populations of A. alk~cocarpa at 10 isozyme loci revealed a very high level 
of outcrossing (mean multilocus outcrossing rate = 0.94) with little variation between populations. 
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INTRODUCTION 

A l l o q m e  variation has been widely studied in Austra- 
lian tree species to  provide information for domestica- 
tion and breeding programs and for conservation o f  
genetic resources (MORAN 1992). Three of  these 
studies have involved acacia species which co-occur in 
northern Australia and New Guinea, namely A. 
atrriczrliformis (WICKNESWARI & NORWATI 1993), A. 
crassicarpa (MORAN et al. 1989a) and A. mungizrm 
(MORAN et al. 1989b). Levels o f  genetic diversity in 
these three tropical Acacia species were generally 
lower than in the few temperate acacias studied (Mo-  
RAN 1992) o r  other tree groups (HAMRICK et al. 1992). 
In particular, A. nlcingim is genetically depauperate at 
least for allozyme variation. Despite the low diversity, 
the degree o f  genetic differentiation was generally 
higher in these acacias than other tree species. Of 
particular note in A.a~iriczrliformi is the division o f  
populations into three genetic groups which corre- 
sponded to broad geographic regions within the distri- 
bution, namely Queensland and Northern Territory 
(Australia) and Papua Ne\v Guinea. 

Acacia a~llricocarpa Cunn. e s  Benth. has a wide- 
spread but disjunct distribution in tropical and subtropi- 
cal northern and north-eastern Australia, southern 
Papua N e w  Guinea and south-eastern Indonesia, 
ranging between 6 "-3 1 "S (BOLAND et al. 1984). This 

species also co-occurs with the above three species 
across parts o f  its natural range. These four acacias 
belong to what is considered the most primitive sub- 
group o f  the primitive section, Jdrflorae of the Austra- 
lian acacias (BOLAND et 01. 1990). The  four species 
have disjunct distributions; all occurring in southern 
New Guinea and north-eastern Queensland, with A 
c~ulrrcocaipcr and '4 a~o~icidformis also occurring in the 
Northern Territory. It seems likely that these species, or 
their progenitors, occupied a wide range across the 
Australian geological plate (AUDLEY-CHARLES 1987) 
since the Tertiary period. Major marine transgressions 
and cycles of  aridity in the Quaternary have probably 
contributed substantially to the current disjunct distri- 
butions of  these species. A. azrlacocarpa occurs in dry 
woodlands, open forest, and rainforests. Given the 
commonality o f  the evolutionary, historical and envi- 
ronmental factors for these species it might be expected 
that A. aulacocarpa would have a similar population 
genetic structure to the other species. 

Inbreeding in plants is one o f  the major determi- 
nants o f  the extent of genetic differentiation within and 
between populations. Australian acacias are primarily 
insect pollinated and have hermaphroditic flowers 
(SEDGELY 1986). The few available estimates of  
outcrossing rates in natural populations of acacias 
(MOWN et al. 1989a, MUONA et a1 199 1) are high and 
range between 0.89 and 0.96 indicating a predomi- 
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nantly outcrossing system. The presence of only low 
amounts of  inbreeding in a number of acacia species 
has been attributed to a strong self-incompatibility 
system (BERNHARDT et al. 1984). However, KENRICK 
and KNOX (1989) have reported a range in levels of 
self-incornpatability across a number of acacia species 
with some species of  temperate distribution such as A. 
paradoxa and A. ulicifolia found to be self-compatible. 

This study investigates the level and distribution of 
genetic diversity in, and the mating system of Acacia 
atrlacocarpa using allozyme markers and compares its 
population genetic structure to that of three acacia 
species that co-occur with it across its intercontinental 
distribution. 

MATERIALS AND METHODS 

Seed collections 

Acacia aulacocur-pa mostly occurs as a shrub or small 
tree, 5-1 5 m tall, in open forest associations. However 
it also grows as a large tree, up to 35 m with a diameter 
of one metre, in rainforests in Queensland and also in 
Papua New Guinea and Indonesia (THOMSON 1994). 
Twenty-two populations of Acacia azdacocar-pa were 
selected to represent the natural range of the species. 
Where possible, populations consisting of ten mother 
trees were selected. Populations 10, 1 1, 13, 16, and 20 

Table 1 Details of sampled populations ofAcncia nrrlncocnrpa 

are bulk seed collections, with each being made from 
five or more mother trees in the population. Details of 
the selected populations are given in Table 1 and their 
location shown in Figure 1. 

Allozyme analysis 

Seeds were germinated on moist filter paper and 
vermiculite in Petri dishes at 30°C for five to seven 
days. Fifty seedlings per population were assayed for 
enzyme systems using starch gel electrophoresis, 
following standard procedures described by MORAN 
and BELL (1 983). An equal number of seedlings from 
each tree were assayed so that each population was 
represented by 50 seedlings. For populations 10,11, 13, 
16 and 20 fifty seedlings were selected at random from 
the bulked seedlots. Each seedling was crushed in a 
0.05 M borate extraction buffer (pH 9.0) containing 1 
mgd-'dithiothreitol and 20mg.mL-' polyvinylpyrroli- 
done (MW = 40,000). Nineteen enzyme systems were 
assayed. These were aconitate hydratase (AC), alanine 
aminotransferase (ALT), alcohol dehydrogenase , 

(ADH), aspartate aminotransferase (AAT), catalase 
(CAT), esterase (EST), glucosephosphate isomerase 
(GPI), glutamate dehydrogenase (GDH), glycerate 
dehydrogenase (GLY), isocitrate dehydrogenase (IDH), 
malate dehydrogenase (MDH), malic enzyme (ME), 
peptidase (PEP), peroxidase (PER), phosphoglucose 

Population No. & location Latitude (S) Longitude (E) Altitude (m) No. of parents CSIRO seedlot 

Erambu-Bupul, Ind. 
Makapa, PNG * 
Wasua Pedcya, PNG 
Dirnisisi, PNG 
Pongaki, PNG 
Bensbach-Balamuk, PNG 
Oriomo Sawmill, PNG 
I4krn S of Maningrida. N?' 
Blackmore River, NT * 
Doongan, WA 
Kununurra, WA 
West Salt Creek, N?' 
N of  Dorroloola, NT 
Old Lockhart Airstrip. Qld 
26km NNW of Kuranda, Qltl 
I3ucklcy I,.A., Qld 
1Okni N W  of Mt Molloy, Qld 
Garioch, Qld * 
183km S of Mt Larconi, Qld * 
70km NW of  Bilocla. Qld 
Sarnford, Qld 
Pacific Hwy, MacLcan, NSW 

* denotes population which were analyscd for their mating s\.steni; B denotes a bulk collection 



125" 130" 135" 140" 145" 150" 
1 I u [ 5" 

-8. Irian Jnya 
@'- . O, . 

INDONESIA 
6 5 4  

- 15" 

Northern Tcrri tory 

Western AUSTRALIA 
Australia 

Sou t1-1 Australia 

Ncw South Wales 
Figure 1 The distribution of Acacia ardacocarpa and location of 22 sampled populations. Details of' populations are given 

mutase (PGM), phosphogluconate dehydrogenase 
(PGD), shikimate dehydrogenase (SDH), superoxide 
dismutase (SOD) and uridine diphosphogluconic 
pyrophosphatase (UGP). Details of each enzyme 
system, including the buffer systems on which they 
were run are outlined in BREWER and SING (1970), 
PLAYFORD et a/ .  (1993) and W~CKNESWARI and 
NORWATI (1993). Recipes for enzyme systems are 
given in WENDEL and WEEDEN (1989) and STRAUSS 
and CONKLE (1986) and buffer systems in MORAN et 
al. (1 989c) 

Electrophoretic variants were genetically inter- 
preted based on segregation patterns of progeny arrays 
of open-pollinated families. The loci within each 
enzyme system and the alleles within each locus were 
numbered according to their migration rates. The fastest 
migrating locuslallele was designated one, the next 
fastest two, and so on. Any bands which did not 
conform to Mendelian segregation patterns were 
omitted from the analysis. 

The four populations selected for analysis of their 
mating systems were Makapa, Blackmore River, 

Garioch and hlt Larcom. For each population two 
hundred seedlings were assayed for isozyme genotypes 
at 10 loci. These seedlings came from ten mother trees 
for the Makapa and Larcom populations and from nine 
and six mother trees for the Blackmore and Garioch 
populations respectively. The seedlings were assayed 
for the ten most variable loci as determined from the 
rangewide population survey. The loci were Ac, Aat-2, 
Ant-3, Est-1, Gpi-2, hM-3, Me, Per-1, Pgd-3, and 
Ugp-1.   ow ever the number of loci that were variable 
in any one population ranged from three to five. 

DATA ANALYSIS 

Genotype arraqs for each population were analysed 
using the BIOSYS-1 package (SWOFFORD & SELAN- 
DER 1951). Allelic frequencies were calculated and 
used to cornput- (1) the mean number of alleles per 
locus ( A ) ,  (2) the proportion of polymorphic loci (P, 
0.99 criterion), ( 3 )  observed heterozygosity (H,,), (4) 
expected panmictic heterozygosity (H,), and ( 5 )  
Wright's Fixation Index (0. Nei's (1978) genetic 
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distances were calculated and used to perform an 
hierarchical cluster analysis (unweighted pair group 
method with arithmetic averaging, UPGMA) of popula- 
tions. Standard errors for genetic distances were calcu- 
lated according to the method of RITLAND (1989). 

The hierarchical gene statistics of NEI (1973) were 
used to examine the partitioning of gene diversity 
within and between populations and zones (groups). 
H,, the total gene diversity of sampled populations can 
be partitioned into H, the mean diversity within popu- 
lations, and D,,, the mean gene diversity between 
populations. The proportion of genetic diversity be- 
tween populations (G,,) can be estimated from D,, / 
H,. On the basis of the cluster analysis five biological 
groups were evident. The relative degree of differentia- 
tion between these groups (or zones) was calculated by 
H, = H, + D,, + D,,, where D,, is the mean gene 
diversity between populations within groups, and D,, 
is the mean gene diversity between groups. 

The mean frequency of  alleles found in only one 
population (private alleles (p(1))) was used to calculate 
the mean number of migrants exchanged between 
populations per generation (Nm) (SLATKIN & BARTON 
1989). This method assumes genetic and demographic 
equilibrium, neutral migration and that electroniorphs 
are allelic. These results were compared with estimates 
of gene flow using the method by SLATKIN (1987) 
which uses Wright's F,, and is defined as (Nm)est = 

(]IF,, -1)/4. F,, was equated with G,, in the calcula- 
tions. This method assumes an island model of migra- 
tion and that the actual value of F,, is the same for 
every allele. 

Single locus estimates of outcrossing rates were 
made using the maximum likelihood procedure of 
BROWN et al. (1975). The heterogeneity of single locus 
outcrossing rates was tested with x2 tests ( h o  1973). 
Multilocus estimates of outcrossing rates ( t )  and their 
variances were calculated for the four pop~llations 
using the method of RITLAND and JAIN (1981). 

RESULTS 

Genetic Diversity 

Allelic frequencies were estimated from 30 loci for 
each of 22 populations. The allelic frequencies for 15 
of the more variable and distinctive loci are listed in 
Table 2 (in Appendix). All loci were polymorphic 
except Gdh and GI?;-I. Most of the loci had at least 
three alleles, with a masinium of eight alleles scored in 
Sclli. For half of the loci, there were marked differences 
in allelic frequencies between some populations and 
many corresponded to geographic clustering of popula- 
tions. Thus the populations from New Guinea (NG) 

had different common alleles from Australian popula- 
tions at the loci Ac, Gpi-2, MdI7-2, Sod and Ugp-4. 
The Northern Territory @IT) and Western Australian 
(WA) populations had very different allele frequencies 
at the loci Aat-3, Aat-4 and Per-1 compared to the 
other Australian populations. At the Aat-1 locus the 
most common allele in populations from Queensland 
and New South Wales (NSW) was allele 3 whereas in 
the NT and NG populations it was allele 2. 

Two north Queensland populations, Mt Molloy and 
Garioch, had very distinct allelic profiles. The common 
allele at the Ac, Pep-2, Per-I, Ugp-1 and Ugp-3 loci 
for these two populations differed not only from the 
other northern Queensland populations, but from all of 
the populations studied. The other three north Queens- 
land populations were distinctly different in allelic 
frequencies from the four southern populations at 
Idh-2,Ugp-1 and Per-1 loci. On the basis of these 
differences in allelic frequencies five groups of popula- 
tions were evident. These groups were termed "biolog- 
ical groups" since their separation was not completely 
geographical. 

The genetic diversity measures for each population 
of A. aulacocarpa are listed in Table 3. A plot of 
expected heterozygosity and the number of parents 
sampled per population showed no apparent relation- 
ship between the number of parents and the level of 
expected heterozygosity. However pop~~lation one had 
only seedlings from one tree and the data from this 
population should be interpreted with considerable 
caution. This pop~~lation was include for completeness 
since it is the only seed collection made from Irian 
Jaya. Considerable variation between populations was 
apparent in each of the genetic diversity measures. The 
range for the mean number of alleles in each population 
(A) was between 1.37 and 2.23 (mean 1.85) and for the 
percentage of polymorphic loci (P) was between 20 to 
73.3 (mean 53.1). Among populations there was a 
three-fold range in observed heterozygosities (0.055 
-0.179) and expected heterozygosities (0.056-0.185). 
Fixation indices, except in two populations, were 
positive but not significantly departing from Hardy- 
Weinberg equilibrium. 

The mean genetic diversity estimates in Table 3 
were averaged for each biological group and pairwise 
comparisons made between groups. The estimates of 
mean number of alleles per locus (A), polynlorphic loci 
(P), observed and expected heterozygosities (H, ,  and 
H,) for the NG group were all lower than the Australian 
groups. Differences in genetic diversity between 
biological groups within Australia were quite small. 

Genetic distances between populations were high. 
The mean genetic distance between populations was 
0.260 (SD = 0.086). The UPGMA cluster analysis 
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Table 3 Genetic diversity estimates and fixation indices for Acncin nulncocnrpn populations 

Group Population A Pa H0 H,b F 

NG 

NTIWA 

North 
Qld 

Cairns 

South 
Qld 
/North 
NSW 

1 Erambu-Bupul 
2 Makapa 
3 Wasua Pedeya 
4 Dimisisi 
5 Pongaki 
6 Bensbach-Balamuk 
7 Oriomo Sawmill 
Mean 

3 Maningrida 
9 Blackmore River 
10 Doongan 
1 1  Kununurra 
12 West Salt Creek 
13 Boroloola 
Mean 

14 Lockhart 
I5 Kuranda 
16 Buckley LA 
Mean 

17 Mt Molloy 
18 Garioch 
Mean 

19 Mt. Larcom 
20 Biloela 
21 Samford 
22 MacLean 
Mean 

Total mean 
SE 

"0.9 critzrion 
unbiased estimate (NEI 1978) 

A mean number of alleles per locus 
P mean percentage of polymorphic loci 

(Figure 2) divided populations into five distinct groups 
which correspond to the biological groups. N G  popula- 
tions were significantly separated from the Australian 
populations (mean genetic distance = 0.365), with the 
geographically close populations in NG being geneti- 
cally similar. Within Australia the N T  and WA popula- 
tions separate fiom those of  Queenslandl NSW. Within 
Queensland/NSW, there was a significant split into two 
distinct areas, with the four southern populations, Mt 
Larcom, Biloela, Samford and MacLean (northern 
NSW) separate from the northern populations, Lock- 
hart, Buckley L.A. and Kuranda. Two northern Queens- 
land populations, Mt Molloy and Garioch were signifi- 
cantly separated from both Queensland and the NT. 

11, observed heterozqgosity 
I f c  expected heterozygosity 
F Wright's fixation index 

Estimates o f  total genetic diversity (H,) and the 
distribution o f  genetic diversity within (H,) and be- 
tween (D,,) populations of A. aulacocarpa are pre- 
sented in Table 4. At  each of  eighteen of the loci the 
genetic differentiation among populations is more than 
40%. The total genetic diversity for A. orrlncocarp-pn is 
0.298, with 37.4?b o f  this residing kvithin populations 
and a very large portion (62.6%) apportioned between 
populations. Hon.ever when this very high level o f  
62.6% of genetic diversity apportioned between the 22 
populations is partitioned into within and between 
biological groups, 57.2% can be apportioned to differ- 
ences bet\\.een biological groups and only 5.4% to 
differences bet\veen populations within biological 
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Figurc 2 Dc~iilropan of thc UPGR1.A clustcr analysis based on Nei's (1978) unbiased genetic distances bctwccn 22 populations 
of . lcaci~r  c:1rl~7coc~i,po. Clustcr analysis is statistically sipilicant if thc standard error bar is less than half tho branch Icnpth. 

groups. 
'I'he diversity within each biological group was also 

c%.nr:~i!it:d by 2nalyc;ing the groups separately (Table 5). 
Eac l~  biological group showed low levels o f  differentia- 
tion between populations, indicating that the popula- 
tions ~vitliin groups are genetically similar to each 
other. This was particularly apparent in the NG and 
Cairns biological groups which had only 7.3% and 
S . l % ,  respectively, o f  the diversity apportioned be- 
t\>2ci? p ~ ~ ~ ; ~ l ~ ' l l ~ o t i 5 .  

I l i c  overall mean estimate of ~nigrants  per genera- 
tion (N,,.) for the species  sing the private alleles 
~ i~c l l lod  ( 1.67) is ten fold greater than the estimate using 
W:-ight's &-,. (0.15) (Table 6). The large differentiation 
beiwccn biological groups may be confounding the 
results obtair~ed us i l~g  FST. The number of  migrants was 
highest in t l x  FIG biological group and lowest in the 

northern Queensland and southern Queensland /north- 
ern NSW biological groups using both methods. 
Further, gene flow for the Cairns biological group is 
the second highest estimate using the I;,, method but 
quite low using the private alleles method but only two 
populations were sampled in this group. 

Mating System 

Most single-locus estinintes of  outcrossing for the four 
populations of  A. c~lrlococcr~.pc~ byere verl. high \\.it11 
little evidence of inbreeding (Table 7). Chi square tests 
revealed that there was no signiljcant heterogeneity 
between single locus estimates for each pop~~la t ion .  The 
average outcrossirlg rates for Maliapa, I3lackmore Rib s r  



Table 4 Distribution of genetic diversity within and between populations and zones of Acacia aulacocarpa 

A c 
Alt 
A dl? 
Ant-1 
Aat-2 
.4 at-3 
Ant-4 
Cat 
Est-1 
Gpi-2 
Gly-2 
Idh-1 
Idh-2 
hfd11-2 
htd12-3 
Me 
Pep- 1 
P e p 2  
Per-1 
Pgm- 1 
Pgm-2 
Pgd-3 
Sd l  
Sod 
U ~ P -  1 
Ugp-2 
U ~ P - 3  
Ugp-4 

Mean 0.298 0.136 0.1 1 1  0.542 0.081 0.626 
S E 0.040 0.024 0.0 18 0.060 0.020 0.046 

- 

HT - total gene diversity 
Hz - mean gene diversity within zones 
[Ir - mean gene diversity within populations 

Table 5 Distribution of genetic diversity within and 
between five biological groups of Acacia nulncoctlrpn 

Biological group z DPZ Grz 

NG 0.109 0.008 0.073 
NTIWA 0.152 0.023 0.149 
North Qld 0.221 0.034 0.154 
South Qld I North NSW 0.188 0.027 0.143 
Cairns 0.180 0.015 0.08 1 

and Garioch did not differ significantly from loo%, 
indicating very strong outcrossing as measured at the 
viable seedling stage. However a statistically significant 
level of inbreeding (p  = 0.05) was detected in the Mt 
Larconi population with a reduced outcrossing rate of 
0.802. Multilocus estimates of outcrossing rates were 

Table 6 Estimates of gene flow (Nm) between 22 
populations and 5 biological groups of Acacia arclacocarpa 
using private alleles (p(1)) and Wright's F,, 

Species 1 Biological group 

NG 
NTIWA 
North Queensland 
South Queensland ! North KS\V 
Cairns 

hr(m) est 

also very high (Table 7) and only the outcrossing rate 
for Mt Larconi \!.as si,nnificnntl! less than 100%. There 
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Table 7 Single locus (SL) and multilocus (ML) estimates of outcrossing rate (I) and inbreeding coefficients for four 
populations of Acacia aulacocarpa (standard errors in parentheses). 

-- ~ 

Population 
Locus 

Makapa Blackmore R. Garioch Mt. Larcom 

Mean SL 0.90 (0.09) 0.94 (0.07) 1.05 (0.12) 0.80* (0.08) 
ML 0.94 (0.03) 0.93 (0.03) 0.99 (0.07) 0.89* (0.04) 

F, 0.03 0.04 0.0 1 0.06 

Fs 0.02 0.06 0.12 0.22 

a Dash indicates locus not variable in population 
F, = (I-t) l (I+[), the inbreeding coefficient 

were no significant differences between the multilocus 
outcrossing rates for the four populations. When the 
mean single locus and multilocus estimates are com- 
pared, there was no significant difference between 
estimates for each of the four populations. All four 
populations had small but statistically nonsignificant, 
positive average fixation indices indicating no signifi- 
cant departure from Hardy-Weinberg equilibrium. 

DISCUSSION 
The genetic diversity at the species level for A. azila- 
cocal-pa (H, = 0.298, A, = 4.40, P ,  = 93%) was high 
compared not only to estimates available for other 
tropical acacia species which co-occur in northern 
Australia and New Guinea but plants generally. In 
addition the mean genetic diversity in populations for 
A .  az~lrcocal-pa (0.1 11) is generally higher than most 
intercontinental Australian acacia species. However 
this value is lower than the mean estimates for tropical 
trees (0.160, Loveless 1992), animaliinsect pollinated 
eucalypts (0.174, MORAN 1992) and wind-pollinated 
conifers (0.173, HAMRICK gi GODI- 1990). The pattern 
of genetic differentiation in A. aulacocarpci is very 
unusual in that most of the variation (62.6%) is distrib- 
uted between rather than within populations. In fact the 
proportion of genetic diversity between populations is 
the highest reported for a tree species. Generally woody 
plants have most of their genetic diversity within 
populations (HAMRICK & GODT 1990). For instance, 
mean estimates of genetic differentiation are 26.4% for 

Fc = means fixation index among seedlings 
* rejection of the null hypothesis that t = 1 

eucalypts (MORAN 1992), 6.8% for wind-pollinated 
conifers (HAMRICE: & GODT 1990), 7.5% for northern 
hemisphere wind-pollinated angiosperms (MUONA 
1990) and 9.6% for tropical tree species (LOVELESS 
1992). 

A. azrlacocarpa could be divided into five biologi- 
cal groups with differing genetic composition( Figure 
2) and these groups largely correspond to geographic 
zones of the distribution. Two of the three Queensland 
(QLD) groups correspond to the northern and southern 
sections of its range. Field surveys will be required to 
determine whether the third QLD group (Cairns group, 
Mt Molloy (17) and Garioch (1 8)) is sympatric with the 
NQLD group or whether they occupy different ecologi- 
cal niches. Both populations have a distinct allozyme 
profile compared to the other QLD populations. They 
may correspond to narrow-phylloded forms which 
PEDLEY (1978) suggested could be an intraspecific 
taxon. Seed collections were not available from any of 
the disjunct populations of central Queensland and 
analysis of these populations may clarify the extent of 
differentiation between populations in Queensland. A 
variety, A. adacocm.pa var. fi-z~licosa occurs on moun- 
tain tops in the Glasshouse Mountains in south-eastern 
Queensland (WI-IITE 1946) and was not studied. 

Most of the variation between the 22 populations 
can be ascribed to differences between the five biologi- 
cal groups, and genetic distances between these biolog- 
ical groups were very large. In particular that between 
the NG group and all the Australian groups was escep- 



tionally high (0.365). This is comparable to the distance 
between northern and southern populations in A. 
melano.uylon (0.344) suggested as indicative of subspe- 
cies status by PLAYFORD et a!. (1993), and to that of 
congeneric species (0.4, GOTTL~EB 1977). Tc ro~soN 
(1994) from a taxonomic examination of seed charac- 
teristics, seedling morphology and botanical specimens 
proposed that five groups occurred within the species 
closely corresponding to the major geographic groups. 
These groups are essentially the same as found in this 
study. He further suggested A. azrlncocarpa could be 
separated into five subspecies and the isozyme data are 
consistent with this proposal. 

There has probably been an underestimation of 
numbers of rare alleles especially in populations 
sampled from small numbers of maternal parents. At 
only a limited number of loci in some populations 
could pollen gene frequencies be estimated with any 
certainty. These frequencies could give population 
estimates more independent of the number of maternal 
trees sampled but previous studies indicate that results 
in terms of genetic structure of populations do not 
change from that based on total progeny data (BROWN 
er al. 1975, MORAN & BELL 1983, MORAN 1992). 
The high rates of outcrossing in A. azrlacocarpa are 
similar to estimates reported for other Australian 
Acacia species (MORAN 1992). These high estimates 
suggest that environmental factors may cause only 
minor variation in outcrossing rates in Acacia species, 
unlike other animal-pollinated species such as eucalypts 
(MORAN Et BELL 1983). It also suggests a strong self- 
incornpatability system operating in the life cycle of 
these species between pollination and the viable seed- 
ling stage. All four populations ofA. nzrlacocarpa were 
highly outcrossing despite the fact that each population 
came from a different biological group and are repre- 
sentative of the wide range of environmental conditions 
in which A. aulacoca/-pa grows (BOLAND et a/. 1984). 
It would therefore appear that the levels of outcrossing 
are under strong genetic control. 

I t  is clear that there is genetic differentiation into 
five biological groups allied with con~paratively low 
variation within groups. Outcrossing mating systems 
promote the flow of genes thereby causing less intra- 
and inter-population differentiation than inbreeders 
(BROLYN 1979). The high outcrossing rates in A. 
cmlacocnrpa contribute to the low levels of genetic 
differentiation between populations at least within 
geographic zones (groups). The large genetic distances 
between the groups indicate that long term geographic 
isolation and genetic drift could be significant factors 
causing genetic differentiation over the species distri- 
bution. The distribution of genetic diversity in three 
intercontinental acacias, A. mangizmi, A. ci~rriclrlifbrn~is, 

and A. cra.rsicnrpa, has been suggested by MORAN et 
al. (1 989b) to be due to bottlenecks during the Pleisto- 
cene glaciations. Similarly the present range of A. 
aulacocarpa could be a reflection of the wider distribu- 
tion of it or its progenitor on the Australian geological 
plate in the Tertiary. The low genetic diversity and high 
similarities between populations in NG apparent from 
this study, could be attributed to geographic separation 
of these populations from the main part of the distribu- 
tion in the Quaternary period and subsequent contrac- 
tions of populations during cycles of aridity. 

ACKNOWLEDGEMENTS 

We \\is11 to thank the r\ustralnn Tree Seed Centre, CSIRO 
Forestry and Forest Products for making available seed 
collections, and to Drs A. Young. C. E. Harwood and three 
anonymous referees for comments on the manuscript. 

REFERENCES 

AUDLEY-CHARLES. kI. G. 1987: Dispersal of Gondwanaland: 
relevance to evolution of the angiosperms. In: 
Biogeographical Evolution of the Malay Archipelago. 
(Ed. T.C. LVhitmore) pp. 5-25, Clarendon Press, Oxford. 

BERNEIARDT, P., KENRICK, J., Rr KUOX, R.B. 1984: Pollination 
ecology and the breeding sp t em o f  Acacia retinodes 
(Leguminosae: hlimisoideae). Annals of the ~Clissoziri 
Botanical Gardens 71: 17-29. 

BOLAND, D. J., BROOKER, hl .  I. IH., C H I P P E ~ A L E ,  G. M., 
HALL, N., HXAND, B. P. hl.? JOHNSTON, R. D., KLEINIG, 
D. A. & TURNER, J. D. 198-1: Forest Trees of Australia. 
Thomas Nelson, CSIRO, Xlrlbourne. 687 pp. 

ROLAND. D.J., PINYOPUSAREK. K., MCDONALD, M.W., 
JOVANOVIC, T., & BOOTH. T.H. 1990: The habitat of 
Acacia a~rriclll~fornzis and probable factors associated 
with its distribution. J. Tropical Forest Science 3 : l j 9  
-1 so. 

BREWER, G. J. Rr SING, C. F. 1970: An Introduction to Isozy- 
me Techniques. Academic Press Inc, New York. pp. 187. 

BROW. A. H. D. 1979: Enzyme polymorphisms in plant po- 
pulations. Theor: Pop. Biol. 15 :142 .  

BROLVN, A. H. D., M A ~ I E S O N .  .4. C. & ELDRIDGE, K. G. 1975: 
Estimation of the mating s s t r m  in Eucalyptlis obliqua 
L. Herit. using allozyrnc polymorphisms. Amtralinn 
Jownal ofBotat1.v 23:93 1-9-19. 

GOTTLIEB, L. D. 1977: EIectropt.orctic evidence and system- 
atics. Annals of the Alissorit~i Botnnicol Garden 64: 
161-180. 

~ I A M R I C K ,  J .  L.?  GODT. M. J .  U'. ~ S F I E R M A N - B R O Y L E S ,  S. I,. 
1992. Factors influencing Is\cls of genetic diversity in 
\voody plant species. Forests 6:95-124. 

IHAMRICK. J .  I,. Rr GODT, M. J.  \\'. 1990: Allozyme diversity in 
plant spccies. In: Plant Population Genetics. Breeding 
and Genetic Resources. (eds. A. 1-1. D. Brown, M. 1.. 
Clegs. A. I Kahler & 13. S. Weir) pp 43-63. Sinauer 
Associates Inc., h~iassachusstts 

KENRICK, J .  & K h ' o ~ .  R. B. 19S9: Quantitative analysis of 
self-incornpatability in trrcs of seven species ofAcacia. 

O A R B O R A  P U B L I S H E R S  



Journal of H e r e t l i ~  SO:2JO-245. 
LOVELESS, hl. D. 1992: Isozynic variation in tropical trces: 

pattci-ns of genetic organisation. h'eiv Fbrests 6:67-94. 
~ I O I Z A N ,  G. F. 1992: Patterns of genetic diversity in Austra- 

lian tree species. New Forests 6: 49-66. 
MOKAN. G. F. Bc BELL, J.C. 1983: Ezlcalyp~ils. In: Isozynics in 

Plailt Genetics and Brceding (cds. S. D. Tanksley and T. 
J .  Orton) pp. 423-441. Elszvier, Amsterdani. 

MOIUN, G. F., BELL, J .  C. & TURNBULL, J. LV, 1 9 8 9 ~ :  A cline 
in genctic diversity in river she-oak, C a s l m i t ~ a  
cllntzitzghtmzia/lti. Australian Jolirr~al of Botnny 37: 
169-1 80. 

;\IOI;;,,N. 6. I:., h l i lox. .~ 0. LPI. BELL, J. C. 19SC)a: I3~ecdiiig 
systenis and genctic diversity in Acacia auric~dijor~~ris 
and ..lcnci~~ crrissicarpa. Biotropica 2 1 :23 1-235. 

M o i ~ a v ,  G .  F., r\?tiONA, 0. 81 BELL, J. C. 198%: .-lcacia 
~iliiiigiiliir: a tropical Sorest trec of the coastal lowlantls 
\\it11 low gcnctic diversity. Evol~lfion 43:250-256. 

b l u o x ~ .  0. 1990: Population genetics in forest trec imprcve- 
mcnt. In: Plant population gcn,:tics, breeding and genetic 
resources. (cds. A. H.  D. Bro\vn, hl. T. Clcgg, A. I. 
liahlrr L !  B. S. Weir) pp 287-298. Sinnusr Associates 
Inc., A~lassuchusttts. 

MUONA, O., ~ I O K A N ,  G.F.. Bc BELL, J.C. 1991: Hierarchical 
patterns of correlatcd niating in Acacia nzelarzo.~ylot~. 
Genztics 127:6 19-636. 

NEI, ill .  1973: iinalysis of genetic divcrsit). in subdivided 
populations. IJiweediiigs oftlzc A'afioi~nl .-lcarienry of 
Sciei:ces Ci.S.4. 7O:332 1-3323. 

NEI,  h'l. 1978: Estimation of average heterozygosity and 
gcnctic distance from a small number of individilals. 
Genetics 89:583-590. 

ITULEY, 1,. 1978: .A revision of /Iciicia X I i l l  in Queensland. 
/ I  ustrobailqu 1(2):75-234. 

PLAYFORD, J., BELL, J. C. Bc ~ I O R A N .  G. F. 1993: A major 
disjuric~ion in  g+:nc:ic diversity over the gtographic 
range of  /lcacicz tizelorzoqvlu~ R. Br. Austrnirar~ Jaw-11il1 
ofllottz!1;; 41 :79-95. 

12no. C. I<. 1973: Linear Statistical Inference and Its Applicn- 

tions. Wiley, Ncw York. pp 625. 
RITLAND, K. 1999: Genetic differentiation, divcrsity and 

inbreeding in the mountain monkeyflower (hfinlzdzls 
caespitoosus) of the Washington Cascades. Cntzrrdiatz 
J o ~ ~ r n a l  of Botany 67:2017-2024. 

RITLAND, K & JAIN, S. K. I98 1 : A model for estiniation of 
outcrossing and gene frequencies using n independent 
loci. Herediw 47: 35-52. 

SEDGELY, M. 3986: Reproductive biology of acacias. 111: 
Australian Acacias in Developing Countries: proceed- 
ings of an international workshop held at thc Forestry 
Training Centre, Gympic, Qld. 4-7 August 1956. (ed. J. 
\\'. Turnbull) pp. 5-i-56. AClARl'rocecdings No. 16. 
ACIAR, Canberra. 

SLATKIN, bl. 1987: Gene flow and the geographic structure of 
natural populations. Science 236:787-792. 

SLATKIN, M. Bc BARTON, N. 1-1. 1999: A comparison of three 
indirect mcthods for estimating averngc levels of gene 
flolv. Evollrtion 43: 1349-1 368. 

STk\ii\uss, S. 1-1. Bc CONKLE, M. T. 1996: Segregation, linkage 
and diversity of allozymes of knobcone pine. '17leoreticnl 
and ,4ppliecl Getletics 72:483-493. 

SWOFFORD, D. C. Bc SELANDER, R. B. 198 1 : BIOSYS-I: a 
FORTRAN program for the conlprehensive analysis of 
electrophoretic data in population gcnctics and systcniat- 
ics. Jorrrrznl of Heredity 72~28  1-283. 

TNOMSON, L.A.J. 1994: Acacia nirlacoca~po, .d l ,  cincinnatn, 
A. crassicaipa and A. wetarensis: an annotated bibliog- 
raphy. CSIKO, Canberra. pp. 13 1 .  

WENDEL. J. I:. & WEEDEN, N. F. 1989: Visualisation and 
interpretation of plant isozymes. In: Isozymes in Plant 
Biology (eds. D. E. Soltis LP~ I? A. Soltis). pp. 5-45. 
Chapman Bc I-Iall. London. 

WHITE, C.T. 1946: Contributions to the Quecnsland Flora, No 
9. Proc. Royal Soc. Qld -572 1-36. 

\L'ICKNES\\.;2RI, It. & NORW4T1, b1. 1993: Genetic divcrsity of 
natural populations of ilcnsrn n~ri~ic~rliJo~.iilis. :lz~slrniiaiz 
Journal o f  Bolni7~' 41 :65-77 



w - o m  
990 '9  
0000 

- 'r, V, m  m  m 
99UC999 
O O C O O O  

d' 'Ci - 
q ,rl o 
O O C  

-- - 0 m - - 00 - w -  
m 9 o! z g  - 0 9  - w O  

0 0 0 0 

- 0\ 0 - C 
r~ C19 0 c rn 

7 7 C I  C - '5 c 1 q 
0 C 0 0 0 0 XO,, - 

- 0 0 0 0 C? P 0"' C? P 

- c rr y - 0 0 0 0 C 0 0  
9 

1 

er - - PI r 7  7 ln - PI rc. v - I 7 - r~ rc. v 1 - N r+ v lr, a r- - r~ C? 9 #r8 
J - - 
< 

Y1 --. 
3 

-1 -7- "I 
U 

I - . - - 
0 U C C - - -1 T P 3 



M. MCGRANAHAN ETAL. : GENETIC DIVERGENCE IN ACACIA AULACOCARP.4 

durn  - Cf. 7 
0 0 0 

m 3n 

0. C! 
0 0 

t-ar- 
9 CC 9  
0 0 0 

r - m  b m -  
C?c! 9r?9 
0 0  0 0 0  

- r - N  
0. 0' 9  
0 0 0 

om- 
-. ? 9  
0 0 0 

r - m  2 2 

ffi Nor-,t- 2 - * y o  
0 0 0 0  



O A R B O R A  P U B L I S H E R S  




