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The mating system and patterns of genetic
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The mating system and patterns of genetic variation were studied in the rare and geographically
restricted species Banksia cuneata. Nine out of 20 allozyme loci analysed were polymorphic and six
were considered suitable for estimating mating system parameters. Estimates of the outcrossing rate
ranged from t = 0.67 to t= 0.95 and the effective selfing rate from E =0.14 to E = 0.25, and showed
significantly lower levels of outcrossing in two populations than reported for other Banksia species.
This appeared to be due to increased biparental inbreeding associated with high plant density and
reduced or altered pollinator activity associated with habitat disturbance. The six populations were
clearly divided into two population groups (D, between groups = 0.088) with significant gene flow
estimated among populations within groups but not amoung groups. Although B. cuneata has an
extremely restricted geographical range and is largely bird-pollinated, significant differentiation
has occurred between some populations over relatively small geographical distances. The
differentiation correlates with certain ecological features of the region and is a likely result of the
dissected population structure and relatively small sized populations found in this species.
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Introduction

The mating system is clearly a critical factor in deter-
mining patterns of genetic variation both within and
among plant populations (Brown, 1989; Brown et al.,
1989; Hamrick & Godt, 1989). Polymorphic allozyme
loci have proven to be extremely useful in developing
quantitative estimates of plant mating system para-
meters (Brown, 1989; Hamrick, 1989) as demon-
strated in a number of recent studies (Moran et at.,
1989; Sampson et at., 1989; Warwick & Thompson,
1989; Morgan & Barrett, 1990; Watkins & Levin,
1990) and have also provided a rapid and effective
means for studying patterns of genetic variation in
plant populations (see Soltis & Soltis, 1989).

The mixed mating model (Fyfe & Bailey, 1951;
Brown et a!., 1985) gives a robust and frequently used
procedure for estimating mating system parameters.
Recently, however, several new approaches have been
developed (Brown, 1989) which enable further invest-
igations of demographic and genetic causes of mating
patterns. For example the effective selfing model
(Ritland, 1984, 1986) calculates mating system para-
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meters in spatially structured populations and consid-
ers mating among relatives and selfing in the estimate
of 'effective selfing'. However, as with the mixed mating
model, it is limited by certain assumptions, in this case
that the maternal plants are a random sample from the
population producing pollen.

Estimates of outcrossing rates for species in the
genus Banksia are typically very high (Scott, 1981;
Carthew et a!., 1988). The Banksia genus consists of
largely bird and mammal pollinated species and
apparently these pollinators move considerable dis-
tances and visit large numbers of plants when foraging
(Carthew et at., 1988, Ayre & Whelan, 1989). This
suggests that pollen movement within populations may
be extensive with little spatial genetic structure
although even in wind-pollinated plants, where gene
flow is expected to be higher (Hamrick & Godt, 1989),
genetic structure has been detected (Hamrick et at.,
1989; Perry & Knowles, 1990).

With high outcrossing rates and bird pollination one
might expect most genetic variation to occur within
rather than among Banksia populations (Brown, 1979;
Hamrick & Godt, 1989). However, many have quite
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dissected population structures and under these condi-
tions both drift and selection may lead to localized or
regional population differentiation even if bird-
mediated gene flow occurs.

Banksia cuneata is a rare species known from only
six populations. It is characterized by a dissected popu-
lation structure which has become even more frag-
mented following recent land clearing and habitat
disturbance. It is closely related to B. ilicifolia and
another rare species B. oligantha. All three species
have a unique evolutionary status, with features inter-
mediate between Banksia and a related genus Dryandra.
Like B. ilicifolia (Lamont & Collins, 1988), B. cuneata
is considered to be largely bird pollinated. As in the
case of many Proteaceae, flowers are protandrous and
geitonogamous pollination is likely to be common
(Ayre & Whelan, 1989).

This study was carried out to investigate the mating
system of B. cuneata and how it relates to population
structure and patterns of genetic variation among
populations. Because of its rarity and threatened status

the effects of recently reduced population size and
ecological disturbance on factors associated with the
maintenance of genetic variation were also investi-
gated. It was anticipated that information from this
study would enable the development of appropriate
conservation strategies for this species.

Materials and methods

Population sampling and site descriptions

Banksia cuneata is known from six populations
covering a range of some 60 km in the central cereal
growing areas of south west Australia (Fig. 1). Much of
this area was cleared for agriculture some 50—60 years
ago although around 7 per cent still exists as remnants,
of various sizes, of the original native vegetation. Prior
to land clearing B. cuneata would have had a dissected
population structure restricted to the patches of deep-
yellow sandy soils which cover 10—15 per cent of this
area. Associated with these soils is a rich vegetation
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Fig. 1 Distribution of Bank-
sia cuneata in south-west
Australia and the number of
plants (in brackets) per popu-
lation. Apart from the road-
side populations 1 and 6, each
population covers an area of
between 1 and 3 hectares.
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system dominated by species of the families Proteacae,
Myrtaceae and Leguminosae a number of which are
important in maintaining the permanent populations of
honeyeaters, the major pollinators of this species.

The six populations show marked differences in the
extent of undisturbed native vegetation. Populations 2
and 5 have virtually undisturbed vegetation systems,
populations 3 and 4 low levels of disturbance and
populations 1 and 6 occur in highly disturbed roadside
vegetation. All populations, apart from the road verge
populations, cover an area of between one and three
hectares and in populations 2, 4 and 5 mature plants
are well spaced 2—5 m apart. In contrast, plants in pop-
ulation 1, and to a lesser extent population 2, are more
densely packed and sometimes intertwined.

Seed material for allozyme electrophoresis was
collected from all known populations (Fig. 1). More
extensive collections were made from populations 1—4
to ensure sufficient numbers of maternal plants for
mating system studies, however, because of relatively
low numbers of plants within populations, and in some
cases low seedset per plant, sampling was not always
optimal. In most cases at least 10 follicles were
collected per plant with an average of one seed per
follicle.

Electrophoresis

Up to 20 seeds per plant were germinated on
moistened filter paper with the number of seeds used
depending upon sample size requirements for mating
system studies. Seedlings with recently emerged radi-
cals, minus the bulk of the large endosperm, provided
the best material. Preparation of this material and the
isozyme methods, using the Helena Laboratory cellu-
lose acetate plate electrophoresis system, were as
described previously (Coates, 1988).

Fourteen enzyme systems were assayed: aspartate
aminotransferase (AAT, E.C.2.6.1 .1), acid phosphatase
(ACP, E.C.3.1.3.2), aconitase (AC, EC.4.2.1.3) alcohol
dehydrogenase (ADH, E.C.1.1.1.1), esterase EST,
E.C.3 .1.1.-), glutamate dehydrogenase (GDH,
E.C. 1.4.1.2), isocitrate dehydrogenase (IDH, 1.1.1.42),
leucine aminopeptidase (LAP, 3.4.17.1) malic enzyme
(ME, E.C.1.1.1.40), malate dehydrogenase (MDH,
1.1.1.37), menadione reductase (MDR, E.C. 1.6.99.22)
phosphoglucose isomerase (PGI, E.C.5.3. 1.9),
phosphoglucomutase (PGM, E.C.2.7.5.1) shikimate
dehydrogenase (SDH, E.C.1.1.I.25). In total 20 zones
of activity were scored and each zone was assumed to
represent a single locus. Nine polymorphic loci were
detected and their genetic interpretation was based on
segregation patterns of progeny arrays from open
pollinated families. Of the polymorphic loci six had

allele frequencies suitable for mating system estimation
procedures.

Mating system analysis

Six loci Acp-1, Mdh-3, Pgi-1, Pgi-2, Pgm-1 and Pgrn-2
were used to estimate mating system parameters. Esti-
mates were based on 23 families with a mean of 14.6
progeny per family for population 1, 21 families with a
mean of 15.0 progeny per family for population 2, 20
families with a mean of 14.9 progeny per family for
population 3, and 10 families with a mean of 17.2
progeny per family for population 4. Estimates of the
mixed mating model and the effective selfing model
parameters and their variances were obtained using the
computer programs developed by Ritland (Ritland &
Jam, 1981;Ritland 1984, 1986).

Estimates of maternal genotypes were inferred from
progeny arrays by the method of Brown & Allard

(1970) and allele frequency differences between the

maternal parents and pollen pool were investigated at
the six loci within the four populations (Table 1). Based
on the mixed-mating model, outcrossing rates (1) and
their standard errors were calculated for a single locus
and as multilocus estimates using the joint maximum-
likelihood methods of Ritland & Jam (1981) and Rit-
land (1986).

In contrast to the mixed mating model the effective
selfing model assumes equality of gene frequencies
among pollen and ovules. This assumption appears to
be upheld in at least populations 1 and 2 (Table 1).
Because estimates are based on maternal parameters a
sufficient number of maternal genotypes (>24) are
needed to avoid unreliable estimates. Population 4 was
thus excluded from the analysis and it is apparent that
family numbers from the other three populations are a
little low. The program developed by Ritland estimates
the total amount of apparent selfing at a single locus
caused by either self fertilization or mating to relatives.
This Ritland terms 'effective selfing'. Joint maximum-
likelihood estimates of gene frequency, F, the inbreed-
ing coefficient of parents, s1, the selfing rate of parents
with fixed alleles and s0, the selfing rate of parents with
alleles not fixed, were calculated (see Ritland, 1986).
These self ing rates were calculated as a minimum
variance average of single-locus selfing rates averaged
over all loci.

Three further estimates were subsequently ob-
tained based on the effective selfing model (Ritland
1986; Ritland & Ganders, 1985, 1987). E 'the effective
self ing rate', where

E=Fs1+(1 —F)s0.
With no mating to non-self relatives E equals the self
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Table 1 Allele frequencies for maternal parents and pollen gene pools for the four populations on which mating system studies
were carried out

Population

1 2 3 4

Maternal Maternal Maternal Maternal
Locus Allele parent Pollen parent Pollen parent Pollen parent Pollen

Acp-1 1 0.46 (0.06) 0.46 (0.06) 0.97 (0.02) 0.93 (0.03)
2 0.05 (0.03) 0.14 (0.05)
3 0.52 (0.06) 0.51 (0.06) 0.85 (0.05) 0.79 (0.06)

Mdh-3 2 0.87 (0.03) 0.91 (0.03) 0.79(0.04) 0.78 (0.04) 0.85 (0.05) 0.84(0.05)
3 0.19(0.04) 0.09(0.03)*

Pgi-1 2 0.92(0.03) 0.94(0.03) 0.85(0.05) 0.99(0.01)*
Pgi-2 2 0.76 (0.05) 0.85 (0.04)
Pgm-1 2 0.92 (0.03) 0.86 (0.04)
Pgm-2 1 0.15 (0.04) 0.15 (0.04)

2 0.80 (0.05) 0.78 (0.05) 0.87 (0.03) 0.94(0.03) 0.69 (0.05) 0.56 (0.05) 0.85 (0.05) 0.96 (0.02)*

The most common allele for diallelic loci and the two most common alleles for triallec loci are given. Frequencies of greater than
0.99 at a locus for both maternal parents and pollen are not included. Standard errors are in parentheses. *Significant differences
(P> 0.05) between maternal parents and pollen pooi allele frequencies within populations.

fertilization rate. D the inbreeding assortative selfing'
or covariance of selfing with gene fixation, where

D=F(1—f)(s—s0).

When D =0 the effective selfing and mixed mating
models are mathematically the same but there may still
be mating to relatives (Ritland 1986). The third esti-
mate was F, the change in the fixation index from
parents to progeny.

Estimates of outcros sing rate (1) and the effective
selling rate (E), based on different loci, may be correl-
ated if those loci show linkage disequilibrium. To test
for associations between loci the digenic disequilibrium
coefficient iAB was calculated for all pairwise combin-
ations of loci in the four populations (see Weir, 1990).
If is equal to zero the loci assort independently.

Genetic variation within and among populations and
gene flow

Single locus diversity measures [the average number of
alleles per locus (A ), percentage polymorphic loci (P),
observed heterozygosity (H0) and the expected pan-
mictic heterozygosity (He)] were calculated as described
by Brown & Weir (1983). The partitioning of genetic
variation within and among populations, and among
two distinct population groups, east (populations 1, 4
and 5) and west (populations 2, 3, and 6) was analysed
by using measures proposed by Nei & Chesser (1983)
using the computer program GENESTAT (Whitkus,
1985). Nei's (1978) genetic distance (l) was calculated

for each pairwise combination of taxa using all 20 and
a UPGMA phenograrn constructed. Single locus diver-
sity measures, Nei's D and the UPGMA phenogram,
were determined using the computer program BIOSYS- 1
(Swofford & Selander, 1989).

Two indirect estimates of gene flow (Nm) were cal-
culated between populations and between the two
population groups. The first was based on the rela-
tionship FST= 1/[4Nm + 1] (Wright, 1951). The second
is based on the frequency distributions of private
alleles p(l) (alleles found in only a single population)
using the relationship:

log1[p(l)]= alog10(Nm)+ b

where a and b depend on the number of individuals
sampled from each population (Slatkin, 1985; Barton
& Slatkin, 1986; Slatkin & Barton, 1989).

Results

Parent and pollen allele frequencies

Allele frequencies for the maternal parents and pollen
pool at loci used in the mating system studies are pre-
sented in Table 1. Where allele frequencies are not
indicated the frequency of the common allele was
> 0.98 in the maternal parents. Comparisons between
populations 1—4 indicate clear differences in allele fre-
quencies between all populations and all six loci appear
to be associated in this differentiation. In particular
Acp- 1 differentiated between populations 2 and 3, and



MATING SYSTEM AND GENETIC VARIATION IN B. CUNEA TA 15

1 and 4 with allele 3 occurring at a frequency of <0.04
in populations 2 and 3 while at a frequency > 0.50 in
populations 1 and 4.

Significant differences between allele frequencies in
the maternal parents and pollen pool loci were
detected in only 3 out of 19 comparisons covering all
four populations (Table 1). In populations 1 and 2
there were no significant differences, in populations 3
one significant difference at the locus Mdh-3 and in
population 4 two, at the loci Pgi-1 and Pgm-2. These
data indicate that, with the possible exception of popu-
lation 4, the maternal parents contribute equally to the
pollen pooi at most loci. This is clearly important when
considering the assumptions of the effective selfing
model.

Outcrossing

Single locus and multilocus estimates of outcros sing
rates, based on the mixed mating model, are given in
Table 2. In populations 1 and 3 all estimates differed
significantly from random mating (1 = 1). In population
2 only one estimate, for the Mdh-3 locus, indicated a
significant deviation from random mating while in
population 4 all estimates indicated random out-
crossing. The mean single locus and multilocus
estimates of I were not significantly different from each
other which suggests that there may be little biparental
inbreeding due to sub-population structure in the four
populations studied.

Effective se/fing and population structure

Genefixation and mating system estimates, based on the
effective selfing' model, are presented in Table 3.
There is considerable heterogeneity in these estimates
between the three populations studied. The fixation
indices ranged from no significant gene fixation in the
parents in populations 2 and 3 to significant fixation in
population 1. Effective selfing rates (E) ranged from

0.25 in population 3 to 0.14 in population 2. The
covariance of selfing with parental gene fixation (D)
was significantly greater than zero in population I
although it was positive in population 3. A significant
increase in gene fixation from parents to progeny F
was observed in population 2 and 3 but not in popula-
tion 1.

Linkage disequilibrium

The estimates of composite linkage disequilibrium AAB
are given in Table 4. Significant disequilibrium was
detected between some combinations of loci in popula-
tions 1, 3 and 4. In population 1, in particular, three of
the six combinations of loci showed significant dis-
equilibrium. The only significant occurrence of dis-
equilibrium consistent between populations was for the
Pgm-2/Pgi-1 combination for populations 2 and 4.
Generally these data indicated that little association
between loci was present and, with the possible excep-
tion of population 1, single locus estimates of outcross-
ing and effective selfing were likely to be independent.

Patterns of genetic variation and gene flow

Values for the average number of alleles per locus (A),
percentage polymorphic loci (P), average observed
heterozygosity (H0) and expected panmictic heterozy-
gosity (He) are presented in Table 5. Population 1 has
the highest values for A (1.6), P (45.0), and He (0.10)
while population 2 has the lowest values for A (1.3),
h0 (0.04) and He (0.04). With the exception of
population 6, H0 is marginally less than or equal to
He and in population 1 the difference is the greatest, a
result expected given the mating system studies. If one
considers the percentage of polymorphic loci, popula-
tion 6 is unusual because the small population (Fig. 1)
has on average nearly four times the heterozygosity per
locus when compared with population 1.

Table 2 Single locus and multilocus estimates of outcrossing (I) based on the mixed mating model and calculated from progeny
genotype arrays for four populations

Locus

Mean MultilocusPopulation Acp-1 Pgm-1 Pgm-2 Pgi-1 Pgi-2 Mdh-3

1 0.61 (0.06)* 0.84 (0.08)* 0.50 (0.08)* 0.65 (0.04)* 0.67 (0.04)*
2 0.93(0.14) 1.16(0.10) 1.07(0.11) 0.84(0.14) 0.70(0.12)* 0.94(0.06) 0.95(0.05)
3 0.65 (0.06)* 0.78 (0.08)* 0.72 (0.05)* 0.76 (0.05)
4 1.12(0.09) 0.76(0.18) 0.89(0.13) 0.92(0.08) 0.88(0.07)

*significantly less than 1 (P< 0.05).
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Table 3 Gene fixation and mating system estimates for three populations based on
the effective selfing model. Fm is the fixation index of parents, F is the effective
selfing rate, D is the covariance of effective selfing with gene fixation, and LF is the
change in F from parents to progeny

Population Fm E D AF

1 0.18 (0.07)* 0.23 (O.05)* 0.10 (O.03)* 0.01 (0.05)
2 0.00 (0.06) 0.14 (0.06) 0.00 (0.05) 0.07 (0.02)*
3 0.02 (0.04) 0.25 (0.06)* 0.02 (0.03) 0.11 (0.03)*

*significantly different from 0 (I'<0.05).

Table 4 Estimates of composite linkage disequilibrium AAH between allozyme loci in progeny from the four populations on
which mating system studies were carried out

Loci

Population

1 2 3 4

Mdh-3/Pgm-1 — 0.004 (0.009)
Mdh-3/Pgm-2 —0.019(0.010) — 0.020(0.021) 0.039 (0.018)*
Mdh-3/Pgi-1 — 0.006 (0.007) — 0.019(0.012)
Mdh-3/Acp-1 0.008 (0.010) 0.009(0.016)
Pgm-1/Pgm-2 — 0.022 (0.007)* — 0.015 (0.009)
Pgm-1/Pgi-1 — 0.003 (0.007)
Pgm-1/Pgi-2 —0.026 (0.011)*
Pgm-1/Acp-1 — 0.019(0.015) 0.004 (0.007)
Pgm-2/Pgi-1 — 0.013 (0.006)* — 0.034 (0.013)*
Pgm-2/Pgi-2 —0.0 10 (0.0 19)
Pgm-2/Acp-1 — 0.014 (0.022) 0.024 (0.013) 0.010(0.015)
Pgi-1/Pgi-2
Pgi-1/Acp-l — 0.001 (0.005) — 0.000 (0.015)
Pgi-2/Acp-1 —0.05 7 (0.027)*

*significantly different from 0 (P< 0.05).

Table 5 Single locus diversity measures for all populations
of Banksia cuneata

Population NL A P H0 H
1 104.2 1.6 45.0 0.07(0.02) 0.10(0.04)
2 68.3 1.3 25.0 0.04(0.02) 0.04(0.02)
3 88.2 1.4 20.0 0.05 (0.03) 0.06 (0.03)
4 51.3 1.5 35.0 0.06(0.02) 0.08(0.03)
5 15.0 1.4 25.0 0.06 (0.03) 0.08(0.04)
6 9.0 1.4 25.0 0.11 (0.05) 0.09(0.04)

NL = mean sample size per locus; A = mean number of alleles
per locus; P =% polymorphic loci; H0 =observed

heterozygosity; He = expected panmictic heterozygosity.

Nei's diversity measures for studying the partitioning
of genetic variation within and among populations are
presented in Table 6. Two distinct population groups

were apparent from the allele frequency data and the
UPGMA based on Nei's D (Fig. 2). The partitioning of
genetic variation was thus based on the east and west
population groups and then all populations. The
easterly populations (1, 4 and 5) appear to be a rela-
tively homogeneous group, as indicated by the quite
low level of genetic differentiation between populations
(GST = 0.083). The westerly populations are somewhat
less homogeneous (GST=0.145) which might be
expected given the greater distance between popula-
tions (Fig. 1). If we consider all populations equally
there is a dramatic increase in the level of differentia-
tion between populations (GST =0.227). This clearly
supports the notion of two distinct population groups.

Overall the total genetic diversity (HT) is substan-
tially lower than the average for plant taxa as are H
and GST (Hamrick & Godt, 1989). This also applies to
HT and H when considering the mating system and
the geographic range of B. cuneata.
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Table 6 Gene diversity statistics and gene flow estimates for the east and west
population groups

Population HT H5 GST p(l)

Nm

Slatkin Wright

East 0.211 0.193 0.083 0.025 4.56 2.76
West 0.163 0.140 0.145 0.081 0.67 1.47
Total 0.216 0.167 0.227 0.080 0.68 0.85

H1 = total genetic diversity; H5 = genetic diversity within populations;
GST = proportionof the total genetic diversity among populations; p( 1) =frequency
of private alleles; Nm =estimate of gene flow.

010
D

Fig. 2 UPGMA clustering of Banksia cuneata populations
based on Nei's genetic distance (D).

Extensive gene flow (Nm) is apparent among the
easterly populations 1, 4 and 5 (Table 6) at levels con-
siderably higher than the average for outcrossed wind
pollinated taxa (Hamrick, 1989). In contrast estimates
of gene flow among the westerly populations are
noticeably lower no doubt due to the geographical iso-
lation of population 2. Overall the estimates of gene
flow are comparable to estimates for other plant taxa
with similar mating systems (Hamrick, 1989) although
this does not take into account the presence of the two
distinct population groups.

Discussion

The mating system

Banksia species studied to date are considered to be
both bird and mammal pollinated and have outcrossing
rates among the highest recorded for plants (Scott,
1981; Carthew eta!., 1988). Although high outcrossing
rates appear to be typical of some populations of B.
cuneata, the data from this study indicate substantial
differences in the mating system between populations.
Populations 1 and 3 show a significant reduction in the

estimated level of outcrossing and significant levels of
5 effective selfing when compared to populations 2 and 4

(Tables 2 and 3).

2 Variation in outcrossing rates between populations
appears to be a common phenomenon in mixed mating
species (Schoen, 1982). Although Lande & Schemske

6 (1985) predict that equilibrium populations should be
characterized by predominant selfing or predominant
outcrossing they point out that at least in some species
environmental and demographic factors may maintain
non-equilibrium conditions characteristic of species
with variable levels of outcrossing. This is perhaps not
unexpected given the range of ecological and genetic
factors which could affect the mating system and which
may vary between populations (see Brown eta!.,1989).
These factors may include mode of pollination,
pollinator availability, floral structure, population size
and density and the genetic control of self incompat-
ibility and post zygotic effects.

In B. cuneata field observations suggest that both
plant density and population structure, and pollinator
availability and activity will have a significant influence
on interpopulation variation in the mating system. If we
first consider plant density it seems likely that high
density populations will be characterized by greater
relatedness between neighbouring plants, higher levels
of crossing between relatives and a high degree of
genetic structure (see Watkins & Levin, 1990).

The influence of population structure on the mating
system has been the subject of a number of recent
studies particularly in relationship to the estimation of
outcrossing or selfing rates and violations of the mixed
mating model (Ritland, 1986; Brown, 1989). It has
been shown that single-locus estimates of outcrossing,
based on the mixed mating model, are biased down-
wards because they include both true self ing and
biparental inbreeding whereas multilocus estimates
are, in theory, less affected by consanguineous matings
and are considered to give a better estimate of true self-

008 006 004 002
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ing. in this study, however, comparisons of multilocus
estimates with the mean single locus estimates gave
little indication of any biparental inbreeding.

In structured populations, where outcrossing is non-
random, it has been proposed that the mating system
may be more generally described by components of the
effective selfing model which extends the mixed mating
model to non-random mating (Ritland, 1984, 1986). If
we look further at the consequences of population
structure in terms of the effective selfing model, we
need to consider the fixation index of parents (Fm) and
the two mating system parameters average effective
selfing rate (E) and the covariation of effective selfing
with parental gene fixation (D) (Ritland & Ganders,
1987).

Although positive in all three populations studied,
significant levels of Fm were detected only in popula-
tion 1. In this population significant numbers of
progeny resulting from self-fertilization and/or bipar-
ental inbreeding appear to have survived to maturity. In
contrast, in populations 2 and 3 gene fixation increased
significantly from parents to offspring (Table 3). This
suggests that in populations 2 and 3, but not in popula-
tion 1, selection favouring heterozygotes, or outcrossed
individuals, has occurred during the life cycle from
seedlings to adults. It is not clear why heterozygote
selection is apparently absent from population 1
although it is possible that selection regimes may have
been substantially altered in this now highly disturbed
population. Increased fitness associated with increased
heterozygosity has been clearly demonstrated in a
number of plant species (Ledig, 1986) and it is signifi-
cant to note that selection favouring outcrossed zygotes
operating between fertilization and the point at which
seedlings are assayed is also likely to occur in Banksia
(Ayres & Whelan, 1989), and indeed in many other
plant groups (see Ledig, 1986; Weins eta!., 1987; Bur-
bidge & James, 1991).

In the two species where the effective selfing model
has been used to study the mating system, Bidens
menzeisii (Ritland & Ganders, 1985) and Mimulus
guttatus (Ritland & Ganders, 1987), the covariance of
selfing with parental gene fixation (D) was positive
within most populations and could be attributed to
sub-population structure and mating between relatives.
It was concluded that this covariance was common in
inbreeding populations. Unlike M, guttatus and M.
bidens, B. cuneata is a largely bird-pollinated woody
shrub or small tree and is relatively long lived (30—50
years). Only in population 1 was D significant, which
suggests that the increased inbreeding observed in this
population was at least partly due to increased mating
between relatives. This can be attributed to sub-
population structure in association with the high plant
density previously observed in this population (B. B.

Lamont unpublished data). Similarly the increased
inbreeding observed in population 3 is also associated
with increased plant density, although in this popula-
tion density is somewhat intermediate between
population 1 and the low density observed in popula-
tion 2. Similar density-dependent effects occur in the
insect-pollinated species Phlox drummondii (Watkins
& Levin, 1990) and Helianthus annuus (Ellestrand et
al., 1978) where selfing rates are higher in more dense
populations presumably due to the closer proximity of
related plants.

As mentioned previously, pollinator availability and
activity are also likely to have a significant influence on
mating system differences between populations, partic-
ularly in a largely bird-pollinated species such as B.
cuneata. Schemske & Lande (1985) indicate that in
some insect-pollinated plants the extremely high levels
of interpopulation variation in outcrossing rates can be
largely attributed to pollinator behaviour. Population
disturbance, which in the case of B. cuneata results in
the loss of understorey species and thus a food
resource for the honeyeaters, is likely to have a
dramatic effect on pollinator behaviour. The increased
levels of inbreeding observed in the highly disturbed
population 1 is probably in some part due to a reduced
and transient pollinator activity. In contrast the higher
levels of outcrossing found in population 2 can be
partly attributed to increased pollinator activity asso-
ciated with a more permanent population of honey-
eaters. This relationship between habitat disturbance,
pollinator activity and inbreeding is also apparent in
population 3 where a moderate level of habitat dis-
turbance is again associated with reduced outcrossing
(Table 2).

Population differentiation and gene flow

The dissected population structure and extremely
restricted range of B. cuneata would be expected to
have a major influence on the patterns of genetic varia-
tion within and among populations (Karron, 1987;
Hamrick & Godt, 1989). Relative to other plant taxa
(Hamrick & Godt, 1989) B. cuneata has low levels of
allozyme diversity (Table 5). This is even more
apparent when considering species with similar mating
systems or restricted geographical ranges.

As B. cuneata is outcrossing and largely bird-
pollinated, initial expectations would be little differen-
tiation between populations. Overall population
differentiation in B. cuneata (GST = 0.227) (Table 6) is
somewhat higher than other animal-pollinated out-
crossing taxa (GST= 0.187) although gene flow
estimates (Nm = 0.67 and 1.47) are similar (Hamrick,
1989). It is apparent, however, that B. cuneata consists
of two distinct population groups (Fig. 2) which corre-
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lates with the dissection of its range by a major salt river
system (Fig. 1). The ecosystem associated with this
ephemeral salt river would provide no suitable habitat
for either B. cuneata or its pollinators.

The effectiveness of the salt river system as a barrier
is reflected in the low level of differentiation observed
between populations 1, 5 and the isolated population 4
(GST east=0.083) when compared to that between
populations 1, 5 and the geographically much closer
population 2 (Fig. 2). The westerly group of popula-
tions (2, 3 and 6) form a far more heterogeneous group
[GST west=O.145, Nm (Slatkin, 1985)= 0.67] although
they still show closer affinity with each other than to
any of the eastern populations (Fig. 2, Table 6). This is
unexpected given the substantial isolation of popula-
tion 2. In B. cuneata, in comparison with some other
plant species with a dissected population structure
(Moran & Hopper, 1983; Wendal & Parkes, 1985;
Sampson eta!., 1988), geographical proximity does not
always coincide with high estimated levels of gene flow.
Even over an extremely restricted geographical range
significant differentiation has occurred between some
populations apparently in association with certain ceo-
geographical features of the area.

Alternatively within-population groups estimates of
gene flow, particularly in the eastern population group,
are relatively high for an animal—pollinated species
(Hamrick, 1989). This suggests that bird-mediated
gene flow within population systems may be very effec-
tive in maintaining genetic cohesion between popula-
tions and allelic diversity within populations. Similarly
in E. rhodantha, another bird-pollinated species with a
dissected population structure, a high level of gene flow
was found between populations and was considered
part of a genetic system which maintained high allo-
zyme diversity within populations (Sampson et a!.,
1989).

Given the limited management resources available
there are certain strategies which could be pursued to
ensure the adequate in situ conservation of genetic
resources in B. cuneata. One approach involves the
selection of priority populations for genetic conserva-
tion which could be based on the presence of rare but
locally common alleles (Brown, 1978), genetic differ-
entiation between populations and the level of genetic
diversity within populations (Hopper & Coates, 1990).
Thus at least one population from each population
group would need to be selected and based on single
locus diversity measures (Table 5) population 1 would
have a high priority for conservation even though mat-
ing system studies indicate it has high levels of inbreed-
ing (Tables 2 and 3).

In conclusion the fragmented populations of B.
cuneata show significant interpopulation differences in

the level of inbreeding and significant differentiation
over a restricted geographical range. Although this
species is largely bird-pollinated, limited gene flow
between some adjacent populations, apparently due to
habitat barriers to pollinator movement, has resulted in
two divergent population groups. In contrast gene flow
within population groups is relatively high and is likely
to be important in maintaining genetic diversity in the
small isolated populations found in this dissected
population system.
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