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Multiple paternity in Eucalyptus rameliana
(Myrtaceae)
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Estimates of the level of multiple paternity/correlated outcrossing within and between fruits in
a predominantly outbreeding population of the bird-pollinated mallee, Eucalyptus rameliana,
were made using six allozyme loci. The correlation of outcrossed paternity (rp) was positive and
significant within fruits (0.26) and the effective number of mates for a single fruit was esti-
mated to be 3.85. This correlation was attributed to the low number of potential male parents
and pollen-bearing flowers available at any one time in the population. Although consistent
with suggestions that correlation of paternity may be a general feature of animal-pollinated
plants, the level in E. rameliana was remarkably low considering its population size and
phenology. There was no significant correlation of paternity between fruits, probably because
flowers were pollinated at different times during the long season. Individual plants differed
greatly in both male and female contributions to the next generation, with a small proportion
of genotypes located in a small area contributing at least half of the gene pool of the seeds
stored in the canopy. In contrast, the male contribution is probably from a wider area. The
specialization of floral structure and phenology in E. rameliana for bird-pollination has prob-
ably contributed to correlation of paternity within fruits because there are fewer male parents
available at any one time than in mass-flowering species. However, the behaviour of the bird
pollinators also promotes pollen dispersal and multiplicity of paternity, factors which would be
particularly significant when the female contribution to the gene pool is concentrated in a few
plants.

Keywords: bird-pollination, correlated mating, Eucalyptus rameliana, mating system, multiple
paternity, pollen dispersal.

Introduction

The mixed-mating model assumes that successive
outcrossing events within a plant arise from inde-
pendent samples of pollen from the total population
of male plants. This assumption may be more appro-
priate for single-seeded wind-pollinated plants than
for animal-pollinated plants, where deviations from
random mating resulting from pollinator behaviour
are likely (Schoen & Clegg, 1984; Morgan &
Barrett, 1990).

Outcrossed progeny in multiseeded fruit may
share the same male parent (correlation of pater-
nity) if the pollen that gave rise to them, rather than
being a random sample of the entire population,
derives from one source and one pollination event

(Brown et al., 1985), or if there is limited pollen
carry-over (Ritland, 1989). Correlation of outcrossed
paternity may also occur when the number of poten-
tial male parents is low or mating is mainly between
near-neighbours (Surles et al., 1990), or if pollen is
deposited as multiple grains such as pollinia or
polyads (Schoen & Clegg, 1984; Muona et al., 1991).
Alternatively, multiplicity of paternity in a fruit can
arise by deposition of one or more pollen loads from
different male parents by a single pollinator (Marsh-
all & Ellstrand, 1985; Epperson & Clegg, 1987), or
from sequential visits by several pollinators each
carrying pollen from different single sources, or
carrying mixed pollen loads (Dudash & Ritland,
1991).

Significant correlation of outcrossed paternal
parentage has been found in several insect-pollina-
ted species (Schoen & Clegg, 1984; Brown et al.,Correspondence. E-mail: jagwatts@cygnus.uwa.edu.au
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1986; Ritland, 1989; Morgan & Barrett, 1990;
Muona et al., 1991), which led Morgan & Barrett
(1990) to suggest that correlated matings may be a
general feature of animal-pollinated plants. In
Australia many plant species are pollinated
predominantly by birds, and although there are
several estimates of outcrossing for these species
(Hopper & Moran, 1981; Sampson et al., 1989, 1994,
1995, 1996; Coates & Sokolowski, 1992), investiga-
tions of the correlation of mating in bird-pollinated
species have not been made.

This study estimates the level of multiple pater-
nity/correlated outcrossing within and between fruits
in a predominantly outbreeding population of Euca-
lyptus rameliana F. Muell. This species is pollinated
by nomadic nectarivorous birds and correlated
mating might arise in it because the flowers are
multiovulate, populations are small and flower
numbers are low. The estimates allow retrospective
inference about pollen dispersal and the impact of
bird-pollination on the mating system of this species.

Materials and methods

Eucalyptus rameliana is a long-lived eucalypt found
in scattered populations of a few to several hundred
individuals on the slopes and swales of red sand
dunes in a restricted area of the Little Sandy Desert
in Western Australia (Sampson et al., 1995). It has
an open to bushy multistemmed growth form known
as mallee, where stems are derived from an under-
ground organ, the lignotuber. The lignotuber
provides a source of dormant buds and food
reserves so that plants may regenerate after fire
(Pryor, 1976). Unlike most eucalypts, which have
thousands of small flowers, E. rameliana plants have
a few large, usually solitary, flowers that are borne
on long peduncles, produce copious nectar and are
pollinated primarily by nomadic nectarivorous birds.

Plants used in this study were from a single popu-
lation of 2200 plants spread along about 0.6 km in
the swale of a sand dune at lat. 24°12pS long.
120°26pE. This population was known from a
previous study to be highly outcrossed (tma0.90),
whereas other populations had outcrossing rates as
low as 0.54 (Sampson et al., 1995).

Plants within 50 m of two transects were mapped
and the numbers of buds and fruits per plant
counted. The distribution of plants in the swale was
not continuous, so the beginning of transect 2 was
2100 m north-east of transect 1. Fruits for mating-
system analyses were collected in separate envelopes
from all plants with more than two fruits. For each
of 31 plants, progeny arrays of 33–39 seedlings from

three to four fruits were assayed for six polymorphic
loci from five enzyme systems by the procedures
described in Sampson et al. (1995). These loci were
known to have allele frequencies suitable for
mating-system analyses.

Most models of mixed-mating systems assume that
the progeny of a mother are a constant mix of half-
sibs and selfs (Brown & Allard, 1970; Clegg et al.,
1978; Ritland, 1986) but this is not always the case.
Ritland (1988, 1989) described mating events of the
correlated selfing and paternity model using ‘sibling
pairs’. According to this model, if one samples two
progeny from the same mother they can either be
both selfs, one self and one outcross or both
outcrosses. If outcrossing is not random then both
outcrossed sibs can have either the same or different
male parents. The proportion of full-sibs among
outcrossed sibs is termed rp, the correlation of
outcrossed paternity. There may also be an excess of
both-selfed sibs over random expectations. This is
termed rs, the correlation of selfing between two
sibs.

Maximum likelihood estimates of parameters of
the correlated selfing and paternity model were
made using the method of Ritland (1989, 1990). The
parameter rs was constrained to zero as the selfing
rate in the sampled population was known to be low
(tma0.90) and practically no information on the
correlation of selfing is obtained in such
circumstances.

Correlated mating-system parameters were
calculated for pairs of sibs sampled within and
between fruits of E. rameliana. These parameters
have high statistical variances when compared to
estimates based on the mixed-mating model, but
these can be reduced by obtaining minimum vari-
ance estimates over several independent diallelic or
triallelic loci. Sampson et al. (1995) found no
consistent significant association between the loci
used in this study, using Burrow’s composite
measure of linkage disequilibrium (Dik), as described
in Weir (1990). Standard errors of estimates were
obtained from 500 bootstraps.

Results

Plants in the sample population were just beginning
to flower in May 1992. It was an abundant flowering
season in the Little Sandy Desert but less than half
the E. rameliana plants sampled had buds (41.4%)
and were therefore potential sources of pollen
(Table 1, Fig. 1). There were also large differences
in fecundity. For example, one plant produced
22.4% of the buds in 1992, but had no fruits. Over
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half (53.5%) of the buds were produced by six
plants, and 64.5% of the fruits on the 111 plants
sampled came from five individuals and 81.4% from
10 plants (Fig. 1). Eighteen of the plants with buds
had no fruits.

Plants with buds were distributed throughout the
sample (Fig. 1) so that in some cases nearest-neigh-
bours might both flower during the season although
not necessarily at the same time. Some plants were
up to 40 m from their nearest potential source of
outcross pollen although again, because flowering
may not be synchronous, this is a minimum distance.

The polymorphic loci used for estimation of
mating-system parameters are shown in Table 2. All
were triallelic but none had all three alleles at
appreciable frequencies (a0.1). Chi-squared values

Table 1 Flowering and fecundity measures of Eucalyptus
rameliana plants in the sample

Variable

Number of plants 111
Plants with buds in 1992 46
Total number of buds 1851
Mean number of buds per flowering plant 40.2 (9.5)
Range of number of buds for flowering plants 1–400
Number of plants with fruits 46
Total number of fruits 1272
Mean number of fruits per fecund plant 27.6 (8.0)
Range of number of fruits for fecund plants 1–290

Fig. 1 Map showing the distribution of plants in the two transects used in the study of multiple paternity in Eucalyptus
rameliana, and the number of buds on plants. *, Maternal genotype is Sdh 34; +, Sdh 4 allele found in progeny array;
^,a50 fruit.
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of frequency tests based on fitting each locus separa-
tely to the model are also given in Table 2. The tests
are for progeny proportions (Ho: observed = expec-
ted for each parental genotypic class). There are
four d.f. for diallelic data but d.f. for triallelic data
are difficult to determine (Ritland, 1989) and the
chi-squareds are problematic. Ritland (pers. comm.)
advises rank ordering the values and omitting ‘outli-
ers’. Although significant at 4 d.f., there were no
outlying x2 values and therefore none of the loci was
excluded from the analyses.

The estimate of t based on the correlated selfing
and paternity model was 0.89 (SE 0.03) indicating
predominant outcrossing (Table 3). It was slightly
lower than the multilocus rate estimated for the
same sample using the mixed-mating model
(t = 0.93, SE 0.03) but this is to be expected as the
former is a mean of single-locus estimates and less
likely to identify all outcrossing events. There was no
significant difference between single-locus and multi-
locus estimates of t based on the mixed-mating
model, indicating that most inbreeding was probably
the result of self-pollination.

When sib-pairs were sampled from the same fruit,
the correlation of outcrossed paternity was positive
and significant (rp = 0.26), but when sampled from
different fruits on the same plant, rp dropped to 0.09

and was not significantly different from zero
(Table 3).

Discussion

Estimates of the proportion of outcrossed full-sibs
within fruits (rp) have been made for only a few taxa,
but cover a wide range of life forms and include
85% in the herbaceous legume Glycine argyrea
(Brown, 1989), 37–44% in the herbaceous annual/
perennial Mimulus guttatus (Ritland, 1989), 32% in
the emergent aquatic Eichhornia paniculata (Morgan
& Barrett, 1990), 35% within a cluster in Acacia
melanoxylon, where pollen is deposited as polyads
(Muona et al., 1991), and in this study, 26% in the
arid zone mallee Eucalyptus rameliana. The estimate
for E. rameliana is therefore the lowest made so far,
using this method, but is consistent with the sugges-
tion of Morgan & Barrett (1990) that correlated
matings may be a general feature of animal-polli-
nated plants.

The correlation of paternity within E. rameliana
fruits could have arisen from a single deposit or by
multiple deposits of pollen from a few sources, as
large-flowered eucalypts are receptive for several
days. In E. rhodantha, a closely related species with
similar flowers, McNee (1995) observed that an indi-
vidual pollinator might revisit a particular flower
over several days. It seems likely that E. rameliana
flowers would also be visited several times, as they
secrete copious nectar over several days (S. D.
Hopper, pers. comm.). In such circumstances, corre-
lation of outcrossed paternity could arise because of
limited pollen carry-over, mating mainly between
near-neighbours or if the number of potential male
parents was low.

It seems unlikely that pollen carry-over in E.
rameliana would be low and the main source of the
correlation of paternity found. Honeyeater bird

Table 2 Gene frequencies at allozyme loci and
chi-squared goodness-of-fit tests between observed
progeny segregation ratios and those expected under the
assumptions of the correlated mating model for the
sampled populations of Eucalyptus rameliana

Locus N Allele Frequency x2

Aat-1 1194 2 0.76 49.8
3 0.18
4 0.06

Aat-3 1194 1 0.08 78.1
2 0.78
3 0.14

Gpi-2 1154 2 0.07 45.5
3 0.82
4 0.11

Mdh-2 1207 1 0.09 84.5
2 0.76
3 0.15

Pgd-1 1211 2 0.81 41.9
4 0.15
5 0.04

Sdh 1219 2 0.09 34.01
3 0.89
4 0.02

N, number of progeny surveyed.

Table 3 Estimates of outcrossing rate and the proportion
of outcrossed full-sib progeny, rp, averaged over loci, for
pairs of progeny sampled within and between fruits on the
same plant in a population of Eucalyptus rameliana.
Standard errors are based on 500 bootstraps and are given
in parentheses

Variable

Outcrossing rate, t 0.89 (0.03)
Correlated paternity, rp

Within fruits 0.26 (0.05)*
Between fruits 0.09 (0.05)

*Significantly different from zero, Ps0.01.
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pollinators of eucalypts tend to visit several flowers
on a feeding bout before preening, and outcross
pollination probably occurs on several flowers
following an interplant movement (Hopper &
Moran, 1981).

Mating between near-neighbours could occur only
if they had synchronized flowering which, because of
its long, staggered flowering season, may not always
be the case in E. rameliana. The distribution of a
rare marker allele in the progeny arrays of sampled
plants also suggests pollen is more widely dispersed
than to nearest-neighbours (Fig. 1). Furthermore,
honeyeaters usually move greater distances than
between nearest-neighbours in other large-flowered
eucalypts (Hopper & Moran, 1981).

However, when one considers the low numbers of
potential male parents and of pollen-bearing flowers
in the population at any one time, it is not surprising
that some seeds within E. rameliana fruit are full-
sibs. Eighty-three plants (41.4%) are estimated to
have been capable of flowering in the entire popula-
tion during the 1992 flowering season, but the
number releasing pollen at any one time would be
considerably less, because large-flowered eucalypts
have staggered flowering over long seasons. In E.
rhodantha for example, although most plants had
buds, no more than 50% of plants were flowering at
the peak of the season (Sampson et al., 1990).
Indeed, some plants may finish flowering before
others begin. The estimated size of this paternity
pool is therefore at the low end of estimates summa-
rized for trees by Levin (1988). With such a
restricted effective population size, the correlation
of paternity found within E. rameliana fruit seems
remarkably low. In comparison, a higher level of
correlation was found in Eichhornia paniculata,
where the sampled population comprised 54 plants
with many inflorescences per plant and 75–100
flowers per inflorescence (Morgan & Barrett, 1990).

The likelihood of correlation of paternity within
E. rameliana fruit would be reduced by the
behaviour of bird pollinators, which promotes
dispersal and multiplicity of paternity. Bird pollina-
tors of large-flowered eucalypts may carry thousands
of pollen grains on their bills and heads; they tend
to visit fewer flowers per plant than are available,
and on foraging bouts they tend to move greater
distances than those between neighbouring trees.
They also are involved in continuous aggressive
interspecific and conspecific interactions (Paton &
Ford, 1977; Ford et al., 1979; Hopper & Moran,
1981; McNee, 1995).

In contrast to the correlation of paternity within
fruits, an insignificant proportion of sibs from

different fruits shared the same pollen parent.
Assuming that some of the correlation within fruits
arose from multiple visits, one would expect some
correlation between fruits if they were pollinated
over the same period. Thus these flowers were prob-
ably pollinated at different times of the season or
perhaps even different seasons, as eucalypts retain
their fruit over several years. The latter possibility is
less likely in this arid-zone species, where flowering
is not annual, than in similar taxa from the more
temperate south-west of Western Australia, where
flowering occurs more regularly. The presence of
several plants with fruit but no buds shows that
plants do not flower consistently in every season.
Staggered flowering within a season and differences
between seasons would promote diversity of pollen
parents represented in the seed stored in the plant’s
canopy.

The difference in the levels of correlation of
paternity within and between fruits in E. rameliana
represents an hierarchy of kinship and a situation
where selective abortion of fruits rather than ovules
within fruits would be a more effective mode of
selection (Schoen, 1985; Ritland, 1989). Such a
pattern would be consistent with the suggestion of
James & Kennington (1993) and Sampson et al.
(1995) that postzygotic seed selection mechanisms
operating within fruits of mass-flowering eucalypts
would not be found in large-fruited, low-flowering
intensity species.

Individual plants differed greatly in their contribu-
tions to the next generation in both male and female
fertility, with a small proportion of genotypes
located in a small area contributing at least half of
the gene pool of the seeds stored in the canopy. In
contrast, the male contribution is probably from a
wider area, as flowering plants are distributed
throughout the population and birds can move over
great distances. Brown et al. (1985) pointed out that
if one or a few plants provide most of the ovules or
pollen in seed production, the progeny generation is
subject to biased gene frequencies and elevated
levels of inbreeding. In such cases, the degree of
inbreeding arising from such biases may be greater
than that caused by the self-fertilized component of
predominately outcrossed species such as E. rameli-
ana and needs to be taken into account in seed-
collection strategies for conservation.

The differences in fecundity and concentration of
the most fecund plants in a small area probably has
an ecological rather than a genetic basis, as there
was no evidence of clustering of genetically similar
plants in this population. However, water availability
would differ throughout the population because of
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differences in the levels of subsurface sandstone,
and it seems likely that the most fecund plants are
concentrated where the water table is nearer the
surface.

Ritland (1989) showed how if certain assumptions
were made, estimates of correlated mating could be
used to make retrospective inferences about the
mating pool of plants. For example, if there are n
mates and each has an equal probability of being the
male parent, and if consecutive matings are indepen-
dent (involve separate visits by pollinators), then the
probability of outcrossing twice to the same mate is
1/n. Thus the effective number of mates is 1/rp. From
Table 3, the effective number of mates for a single
fruit in E. rameliana is 3.85. The specialization of
floral structure and phenology in E. rameliana for
bird-pollination has probably contributed to correla-
tion of paternity within fruits, because there are
fewer male parents available at any one time than in
mass-flowering species. However, although 26% of
outcrossed seeds within a fruit share the same male
parent, 74% do not. As the outcrossing rate is 0.89,
this represents 66% of the total seeds within fruit.
When more than one fruit is considered, almost all
the outcrossed seeds have different male parents.
The diversity of pollen parents represented in the
canopy of E. rameliana is thus surprisingly high,
considering the limitations of its population size.

The pollination and flowering strategy of E.
rameliana promotes pollen dispersal, which increases
the effective population size and reduces inbreeding,
factors which could be particularly significant when
the female contribution to the gene pool is concen-
trated in a few plants in a small area. Pollen disper-
sal retards the subdivision of populations caused by
selection and drift. This, together with gene flow,
acts as a cohesive force in the genetic system of the
small, dissected populations of this species, which
are characterized by low differentiation of modera-
tely diverse populations (Sampson et al., 1995).
Thus, this study illustrates how retrospective investi-
gation of the mating system can be used to infer how
the pollination system affects gene dispersal and the
genetic structure of populations.
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