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Abstract Pollen dispersal was investigated in five
remnant populations of Eucalyptus wandoo, a dominant
insect-pollinated tree in the fragmented agricultural region
of southern Western Australia. Paternity analysis using six
microsatellite loci identified a pollen source for 45% of
seedlings, and the remainder were assumed to have arisen
from pollen sources outside the stands. Outcrossing was
variable, ranging from 52 to 89%, and long distance pollen
dispersal was observed in all populations with up to 65% of
pollen sourced from outside the populations over distances
of at least 1 km. Modelling dispersal functions for polli-
nation events within the two larger populations showed
little difference between the four two-parameter models
tested and indicated a fat-tailed dispersal curve. Similarity
of direct and indirect historical estimates of gene flow
indicates maintenance of gene flow at levels experienced
prior to fragmentation. The study revealed extensive long
distance pollen dispersal in remnant patches of trees within
a fragmented agricultural landscape in the southern tem-
perate region and highlighted the role of remnant patches in
maintaining genetic connectivity at the landscape scale.
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Introduction

Scattered single trees and small patches of trees (<1 ha) left
after land clearing are common features of agricultural
landscapes throughout the world, and a growing literature
shows that they provide ecological resources and services
important for regional conservation and sustainable land-
use (Hobbs and Yates 2000; Gibbons and Boak 2002).
Single and small patches of trees provide food, such as
nectar, pollen and seeds, and nesting sites for many species
of small mammals, birds and invertebrates (Lumsden and
Bennett 2005; Oliver et al. 2006; Gibbons and Boak 2002).
They act as ‘‘stepping stones’’ for many animals, facili-
tating movement and dispersal between larger fragments
thereby contributing to meta-population viability (Gibbons
and Boak 2002). Scattered trees and small patches of trees
also have a significant influence on soil condition and
hydrology (Bird et al. 1991; George et al. 1995; Reid and
Landsberg 2000; Jackson and Ash 2001). More recently the
role that single scattered trees and small patches might play
in facilitating pollen dispersal among larger fragments
across the landscape has been recognized (White et al.
2002; Lowe et al. 2005). Extensive pollen dispersal among
fragments increases effective population size beyond the
boundary of the fragment and will maintain genetic vari-
ability by reducing the effects of inbreeding and drift
associated with small population size (Lowe et al. 2005).
Pollen dispersal is idiosyncratic and greatly influenced
by landscape context and ecological variables (Sork et al.
1999). For animal pollinated species, pollen dispersal fol-
lowing fragmentation will be largely influenced by changes
in pollinator behaviour due to the spatial distribution of
populations, particularly plant density and population size
(Ellstrand 1992; Stacey et al. 1996; Kunin 1997), or by
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change in the composition of pollinator communities in
altered landscapes. The interaction between mating, spatial
and ecological factors makes predictions of the level of
pollen dispersal in any particular landscape difficult. Pop-
ulation genetic theory predicts that fragmentation of land-
scapes through anthropogenic disturbance will lead to
reduced gene flow, and, in association with decreased
population size, reduced genetic diversity and increased
genetic structure due to random genetic drift and elevated
inbreeding (Young et al. 1996; Hamrick 2004). In contrast
to expectations, most tree species in which pollen dispersal
has been investigated in fragmented landscapes have
shown extensive gene flow that may well have increased
due to physical isolation of populations (Nason and Ham-
rick 1997; Aldrich and Hamrick 1998; White et al. 2002;
Dick et al. 2003; Bacles et al 2005). This extensive gene
flow has been attributed to a reduction in near-neighbour
mating events, either by changes in pollinator behaviour
and/or changes in the composition of the pollinator com-
munity (Stacy et al. 1996, White et al. 2002, Dick et al.
2003). In addition, reduced size will lead to an increase in
the relative level of pollen dispersal into a population since
there will be fewer trees within the population to contribute
to the pollen pool (Ellstrand 1992).

Thus empirical evidence indicates that pollen dispersal
among the scattered trees and remnant populations that are
common in many fragmented landscapes provides signifi-
cant connectivity that increases effective population sizes
and thus maintains genetic variability and weakens the
diversifying effects of genetic drift. To date these studies
have been confined to tropical and northern temperate spe-
cies, that are generally dioecious, self-incompatible or wind
pollinated. The relevance of these studies to the insect pol-
linated, mixed mating systems of eucalypts that dominate
Australian woodland and forest ecosystems is untested. In
this study we assessed direct evidence of pollen dispersal in
Eucalyptus wandoo, a woodland and forest tree that is
characteristic of many eucalypts in fragmented landscapes
across southern Australia. It is widely distributed through the
agricultural region of Western Australia, and prior to Euro-
pean settlement occurred in relatively large populations in
woodlands in a natural heath-woodland mosaic. Widespread
land clearing has led to reduced size and increased isolation
and fragmentation of populations with many scattered trees
in paddocks or on road verges.

Our aim was to measure the level of pollen flow among
scattered trees and small patches of E. wandoo by deter-
mining (1) the amount of pollen immigration into popula-
tions, (2) the minimum distances over which pollen
dispersal occurs, and (3) the pattern of localised pollen
dispersal within small populations. This was achieved
using paternity assignment methods. In addition, the level
of current gene flow from direct estimates of pollen
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dispersal was compared with indirect estimates of histori-
cal gene flow based on genetic differentiation between
populations. We compare our results with levels of gene
flow reported for tree species from other biomes.

Materials and methods
Study species and site details

The study was undertaken in the Dongolocking catchment
approximately 250 km south east of Perth in the south-west
of Western Australia, an area that has been extensively
cleared for intensive cropping and grazing. Approximately
18% of the original vegetation remains as fragments
ranging in size from 0.26 to 1,261 ha with a mean area of
24 ha (Wallace 1998). Eucalyptus wandoo is a key com-
ponent of the woodlands in this region, which, prior to land
clearing, were extensive but patchily distributed, forming
complex landscape mosaics with heath and shrublands.
Extant populations of E. wandoo vary in size and occur
across a variety of landscape contexts, ranging from iso-
lated paddock trees to linear strips of trees on road verges
to larger woodlands of varying size on private land and in
nature reserves. Eucalyptus wandoo is a primarily insect
pollinated tree of the Myrtaceae family. It produces masses
of small, white to cream-coloured flowers over an extended
period of several months from December to March. The
flowers are protandrous but geitenogamous pollination is
possible because trees are self-compatible and have a large
number of flowers occurring simultaneously at various
developmental stages.

Pollen dispersal was investigated in five patches of trees,
two larger populations of 40 and 46 individuals, and three
patches with less than ten individuals. The characteristics
of the populations are given in Table 1 and the location of
trees in the two larger populations is shown in Fig. 1. The
size of each population was determined by direct count and
isolation was estimated by measuring the percentage area
of remnant vegetation within a 3 km radius of the

Table 1 Details of size, density and isolation of populations of
Eucalyptus wandoo in the Dongolocking area sampled for assessment
of pollen dispersal

Pop.  Status No. Density Distance to % Remnant
Code Plants (m™) nearest plant® Vegetation
J road verge 2 0.050 290 (1080) 12.5

S road verge 5 0.006 300 (580) 15.1

K road verge 9 0.008 180 14.8

R patch 40 0.009 350 1.2

F road verge 46 0.005 350 8.6

# distance to nearest ungenotyped plant for populations J and S given
in parentheses
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Fig. 1 Location of trees
samples for seed crops in two
populations of Eucalyptus
wandoo (a) Population R and
(b) Population F. e, unsampled
tree; %, tree sampled for seed;
numbers identify mother trees;
lines represent roads

(b) Population F

population using a remnant vegetation overlay in ArcView
v3.2. Two of the small populations (J and S) had few
neighbouring trees to act as pollen source within a 1 km
radius, which allowed estimates of pollen dispersal over
this distance. For Population J, there were only 15 trees
within a 1 km radius of the population, all located along a
track ranging from 290 to 550 m to the north and north-
west of the population. The next nearest trees, approxi-
mately 50, were along a road verge 1.08 km to the east of
the population. All the trees within the 1 km radius were
genotyped to assign paternity. For Population S, five
scattered trees occurred 300-500 m to the east and the next
nearest trees occurred in two patches, 15 trees 640 m to the
south-east and five trees 580 m to the south. The five
nearest trees were genotyped to allow paternity assignment.

(a) Population R
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4:'*?:: o Koo
10 .*11 *.43
44?'*. b SR
41 o
6*

100 m

Plant material and genotype analysis

Leaf samples were collected from all trees within each of
the five populations (102 trees in total). Extraction of DNA
from the leaves was carried out as in Byrne et al. (1998)
with 0.1 M sodium sulphite added to the extraction buffer
(Byrne et al. 2001). Seed was collected from each tree that
produced seed in the small populations and 11-12 trees in
the larger populations (33 seed crops in total). Seed was
germinated in vermiculite until the cotyledons emerged.
DNA was extracted from whole two week old seedlings
using a small scale version of the CTAB method of Doyle
and Doyle (1990).

DNA samples from the adult trees in the populations and
20 seedlings from each mother tree were assayed for six
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microsatellite loci using eucalypt primers developed by
Brondani et al. (1998) and Steane et al. (2001). Amplifi-
cation reactions were carried out by polymerase chain
reaction with 20 ng of E. wandoo DNA in a 15 pl reaction
volume containing 50 mM KCI, 20 mM Tris—HCI pH 8.4,
0.2 mM dNTP’s, 0.3 uM of each primer, 0.5 unit of Tag
DNA polymerase and either 1.0 mM (EMBRA 7, EMCRC
12, EMBRA 6), 1.25 mM (EMBRA 10) or 1.5 mM (EM-
CRC 6, EMBRA 18) MgCl,. Cycling conditions for PCR
amplification were 96°C for 2 min; 29 cycles of 30 s at
95°C, 30 s at 56°C, 30 s at 72°C; 5 min at 72°C except for
EMCRC 12 which required a touch down reaction of 96°C
for 2 min; 20 cycles of 30 s at 94°C, 30 s at 69.5°C with a
step down of 0.5°C per cycle, 30 s at 72°C; 10 cycles of
30 s at 94°C, 30 s at 60°C, 30 s at 72°C; 2 min at 72°C.
Amplification products from the adults and progeny of the
small populations were loaded into 8% non-denaturing
polyacrylamide gels and subjected to electrophoresis at
300 V for 4 h. The gels were stained with ethidium bro-
mide and photographed under UV light. Amplification
products from the adults and progeny of the larger popu-
lations were separated on an Amersham Megabase capil-
lary sequencer using the Genetic Analysis Facility at James
Cook University, Queensland. Random sets of samples
were rerun to check for repeatability of genotyping and
segregation of maternal alleles in the progeny was checked.

Data analysis

The genotype of each sample was scored and alleles were
aligned across all families within each population. Diver-
sity parameters for the loci were determined using CER-
VUS (Marshall et al. 1998). Paternity assignment was
undertaken using the maximum likelihood approach in
CERVUS using 95% criterion for assignment and allowing
mismatch at one locus. Since geitonogamous pollination is
possible, assignment of paternity to the mother plant was
assumed to be due to selfing. Outcrossing rate was deter-
mined as 1-s where s is the proportion of selfed progeny.
The level of pollen immigration, #,, was determined as
1-(#; + s) where t; is the proportion of outcross events
originating from pollen sources within the population.
Assignment based on likelihood may result in cryptic
pollinations where paternity is assigned to a most-likely
parent that is not the true parent. Cryptic pollination was
assessed in FAMOZ (Gerber et al. 2003) using simulations
to estimate the number of times paternity was assigned to a
genotyped parent when it was not the true parent.
Indirect estimates of historical gene flow were made
using differentiation between populations based on the
genotypes of adult trees. Due to long generation times and
recent land clearing in the last 50 years, these trees were
present in the populations prior to fragmentation and
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therefore differentiation among populations represents
pre-fragmentation patterns of genetic structure. Population
differentiation was calculated using the Rgr estimate of
Rousset (1996) implemented in FSTAT (Goudet 2001).
Calculation of indirect gene flow was made using Rgr in
place of Fst in Wright’s (1951) relationship, Nm =
(1-Fst)/4Fsr. Differences in selfing and outcrossing
between the two large populations were assessed using an
unpaired two-tailed 7-test assuming unequal variance.

The pattern of pollen dispersal within the two larger
populations was evaluated by determining the distance
between mother and pollen source for each of the seed
sired by trees within the population. The number of actual
pollen dispersal events within the two larger populations, R
and F, were plotted as a function of distance between
parental trees. Four dispersal curves (exponential power,
Weibull, geometric and 2Dt functions, see Austerlitz et al.
2004) were fitted using ordinary least squares and the
procedure NLIN in the SAS statistical package, version
9.1. As numbers of pollen events were modelled rather than
probability values, an additional scaling parameter, z, was
added where necessary.

Results
Microsatellite variation

The six microsatellite markers were highly variable within
these populations of E. wandoo. We detected a total of 164
alleles in 652 genotyped seeds, with an average of 27.3
alleles per locus. Observed heterozygosity ranged from
0.474 (EMCRC 12) to 0.829 (EMBRA 18) and was gen-
erally lower than expected heterozygosity (Table 2). The
polymorphic information content of all loci was high with a
mean of 0.855. The exclusion probability for paternal
assignment for individual loci ranged from 0.584 (EMCRC

Table 2 Heterozygosity for Eucalyptus wandoo populations F and R

Locus A H, H, PIC Excl Null
EMCRC 6 30 0.668 0.752 0.735 0.584 0.053
EMBRA 6 28 0.633 0.806 0.783 0.683 0.120
EMCRC 12 35 0474 0934 0928 0.865 0.326
EMBRA 7 26 0.730 0901 0.892 0.801 0.105
EMBRA 18 22 0.829 0.896 0.886 0.789 0.039
EMBRA 10 23 0.618 0915 0908 0.826 0.195
Mean 2733  0.659 0.867 0.855 0.14
Total 164 0.9998

A, number of alleles per locus; H,, observed heterozygosity; H,,
expected heterozygosity; PIC, polymorphic information content;
Excl, exclusion probability; Null, estimated frequency of null alleles
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Table 3 Mean selfing,

¢ . d voll Population ~ No. mothers  No. progeny per  Selfing rate ~ Within population ~ Pollen
outerossing anc potien mother (%) outcross rate (%) immigration (%)
immigration rates for seed crops
from populations of Eucalyptus J 1 18 39 17 44
wandoo assessed using paternity
assignment S 3 20.0 (0.0 48.3 (18.8) 18.3 (13.6) 33.3 (12.0)
K 6 20.0 (0.0 11.7 (5.9) 24.2 (1.7) 64.2 (7.1)
F 12 19.6 (0.2) 30.8 (7.9) 20.7 (4.3) 48.7 (5.1)
R 11 19.9 (0.1) 11.0 (5.1) 24.2 (3.5) 64.8 (3.3)
All 33 19.7 (0.1) 22.6 (4.2) 22.1 (2.5) 553 (3.2)

Standard error in parentheses

6) to 0.865 (EMCRC 12) and the total paternity exclusion
probability over the six loci was 0.999.

Paternity assignment

Paternity assignment identified a pollen source within the
populations, including self-pollination, for 45% of all
seedlings. Paternity of the remaining seedlings was not
assigned to any tree within the stands and they were
assumed to have originated from pollen sources outside the
populations. The level of selfing, pollination from plants
within the population, and pollen immigration from outside
the population are given in Table 3. Estimates of cryptic
pollination for the two larger populations were very low,
0% for population R and 0.13% for population F, indicat-
ing that identification of pollination category (i.e. selfing,
pollination from plants within the population, and pollen
immigration) was highly reliable.

The mean level of outcrossing in the populations varied
between 52% (Population S) and 89% (Population R)
(Table 3). The mean pollen immigration rates in the pop-
ulations varied between 33% (Population S) and 65%
(Population R). Comparison of the two larger populations,
which were of similar size but different density, showed
similar levels of cross pollination within the populations,
but the level of selfing and the level of pollen immigration
were significantly different between the populations (sel-
fing t =2.11, P = 0.049; external outcrossing t = —2.68,
P = 0.015), with less selfing and greater pollen immigra-
tion in the denser, patch Population R than in the less
dense, linear Population F.

Pollen dispersal

Paternity assignment to neighbouring trees was made for
Populations J and S. None of the trees within the 1 km
radius of Population J contributed pollen to the seed crops
analysed, indicating that pollen dispersal occurred over at
least 1 km. For Population S none of five nearest trees
contributed pollen to the seed crops analysed, indicating
that pollen dispersal occurred over at least 580 m into this
population. Pollen dispersal distance into the two larger

populations occurred over at least 350 m as these popula-
tions were isolated from other trees by this distance, and
pollen immigration of 48.7-64.8% was identified for these
populations.

The level of population differentiation (Rgt) between
the two larger populations was 0.018, and this gives an
indirect estimate of gene flow (Nm) of 13.5. For compar-
ison, direct estimates of gene flow can be obtained from the
level of pollen immigration detected in the two larger
populations and the current population size, and gave
Nm = 13 and 11.5 for Population R and F respectively.

The average pollen dispersal distance within Population
R was 30.5 m, which is 63% of the average distance
between all trees in the population, and within Population F
was 49 m or 57% of the average distance between all trees
in the population (Table 4). While the size of the two
populations was similar the shape and area they covered
differed (Fig. 1). The pattern of pollen dispersal for dis-
tance classes in the two populations differed (Fig. 2).
Pollen dispersal among trees in the denser, patch shaped
Population R showed a steep decay curve with frequent
short distance matings and fewer longer distance matings.
Pollen dispersal in the linear less dense Population F
showed a flatter distribution with fewer short distance
matings and a relatively a fat tail. Dispersal curves for the
exponential power, geometric, Weibull and 2Dt families

Table 4 Number of fathers and pollen dispersal distances for seed
sired from pollen sources within the two larger populations of
Eucalyptus wandoo. Some fathers fertilised progeny from more than
one mother tree

Population Number seed Number of Average
with internal different distance
fathers fathers (m)
F Total for all 49 21
mothers
Mean per mother 4.4 (0.8) 48.8 (8.4)
R Total for all 53 22
mothers
Mean per mother 5.3 (0.6) 30.5 (7.7)

Standard errors in parentheses
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Fig. 2 Distribution of actual
pollen dispersal events as a 18 |
function of distance between
pollen parent and mother tree
within the two larger
populations of Eucalyptus
wandoo. Predicted best fit

Pollen dispersal events
=

Population R

X actual R —x— predicted R

dispersal curve, 2Dt function, is 6
shown for each population. (a) 49
Population R; (b) Population F i |
0 20 40 60 80 100 120 140 160
Distance (m)
(b) 10 Population F
% ‘ X actual F —x—predicted F

Pollen dispersal events
o = N W H OO N ©

were fitted to the observed dispersal events within the
populations, and for both populations the 2Dt dispersal
curve provided the best fit (Table 5, Fig. 2), although all
four dispersal functions were similar in each population.

Discussion
Pollen dispersal

This study has shown maintenance of high gene flow
through pollen dispersal in E. wandoo despite occurring in
a landscape fragmented by agricultural production. Over
30%, and up to 65%, of pollination occurred from outside
the stands, and where the minimum distances could be
determined, this pollination occurred from pollen sources
0.6-1.08 km away. This high level of pollen dispersal
across the landscape was consistent for all five populations
regardless of size or isolation and most of the 33 trees
assessed. Thus, pollen dispersal is providing genetic con-
nectivity between trees in these small remnant patches of
E. wandoo. The level of pollen dispersal in this southern
temperate eucalypt species is similar to that observed in
trees from other biomes, particularly insect pollinated
tropical species where extensive dispersal occurred over
kilometres (Nason and Hamrick 1997; Aldrich and Ham-
rick 1998; White et al. 2002; Dick et al. 2003). Low den-
sity spatial distribution of trees affects pollinator behaviour
leading to reduction in near neighbour mating (Chase et al.
1996; Stacy et al. 1996; Dick et al. 2003) and it appears
that this is also influencing pollen dispersal patterns in
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fragmented patches of E. wandoo. It is not unexpected that
density would have a strong influence on pollen dispersal
since it has been demonstrated that density influences rates
of outcrossing in tree species (e.g. Murawski and Hamrick
1991; Aldrich and Hamrich 1998) through affects on
pollinator behaviour (Levin and Kerster 1974).

The pattern of pollen dispersal within the two larger
populations (R and F) also showed differences that were
consistent with differences in the density of trees in the
populations. The relatively denser population (R) showed
more frequent short distance pollination events than the
less dense population (F) where pollen dispersal was more
uniform throughout the population. This is consistent with
density-dependant foraging of bees where a decrease in
plant density was accompanied by an increase in flight
distance (Levin and Kerster 1974).

The high level of pollen dispersal across relatively large
distances observed in this study is similar to other empir-
ical studies of realised pollen dispersal into sink popula-
tions that tend to show a more normal distribution with
higher levels of long distance pollen dispersal (Fenster
1991; Dick et al. 2003). This is in contrast to the highly
leptokurtic distributions that have been observed in studies
of pollinator flight distances (Fenster 1991) and studies of
pollen dispersal from a source, where most dispersal
occurred at short distances with a long tail of low level
pollen dispersal over larger distances (Levin and Kerster
1974; Handel 1983). Estimation of dispersal from the
source underestimates pollen dispersal into the sink, since
the sink will sample the tails of dispersal curves from many
trees (Ellstrand 1992).
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Table 5 Parameters for modelled dispersal curves for Population R and F of Eucalyptus wandoo for the exponential power, Weibull, geometric

and 2Dt families of dispersal curves

Population Dispersal curve n Model Estimated parameters MSE R? AIC
df. a b z

R Exponential power 9 3 27.10 1.11 1803.8 8.35 0.841 21.45
Weibull 9 3 43.06 1.71 548.6 8.42 0.842 21.52
Geometric 9 3 8536.8 348.3 0.23 8.36 0.840 21.47
2Dt 9 3 -35.04 1.61 2347.2 8.23 0.843 21.32

F Exponential power 11 3 85.41 1.24 5816.0 4.08 0.606 17.96
Weibull 11 3 105.10 1.89 2779.6 4.30 0.589 18.54
Geometric 11 3 40.42 1.00 3.75E + 06 4.00 0.570 19.04
2Dt 11 3 —64.99 1.00 1.79E + 08 3.42 0.628 17.32

n, number of data points; d.f., degrees of freedom of model; a, scale parameter; b, shape parameter; z, additional scaling parameter; MSE, mean

squared error; R?, coefficient of determination; AIC, Akaike Information Criterion

Estimation of the dispersal curve at the landscape scale
is not possible from this data but the shape of the dispersal
curve at the population level may be used as a surrogate.
The known dispersal events within the two large popula-
tions allowed determination of the best fitting dispersal
curves at the population level. For both the larger popu-
lations the 2Dt distribution provided the best fit although
there was little difference between all of the two-parameter
dispersal functions. The 2Dt distribution is less leptokurtic
than the Weibull, geometric and exponential distributions
and shows a fat tail whatever the value of the shape
parameter (Austerlitz et al. 2004). Extrapolation to the
landscape level would suggest a fat-tailed dispersal curve
with significant levels of pollen dispersal over long dis-
tances, which is consistent with the high level of pollen
immigration detected over 1 km.

Pollen dispersal in eucalypts

No specific molecular studies of pollen dispersal among
natural populations of eucalypts have been undertaken.
Most evidence for pollen dispersal in natural populations
has come from morphological detection of hybrids in seed
crops (see examples in Potts et al. 2003). Recently a more
comprehensive study of the pollen dispersal curve from a
planted E. nitens population into a natural E. ovata popu-
lation showed an average of 7% hybrid seed within 100 m
of the E. nitens plantation boundary, dropping to 0.7% by
200-300 m, although occasional hybrids were still detected
at 1.6 km from the plantation boundary (Barbour et al.
2005). This data has been interpreted as indicating low
levels of pollen dispersal in eucalypts and a highly lep-
tokurtic distribution where most dispersal occurs at short
distances with a long tail of low level pollen dispersal over
larger distances (Levin and Kerster 1974). However, in
contrast to the limited data on pollen dispersal in natural

populations, estimates of pollen immigration into exotic
seed orchards in Brazil and Malagasy have been made. In
E. grandis/E. urophylla orchards in Brazil, 14% pollen
immigration was detected over 400 m (Campinhos et al.
1998) and 2.8% over 800 m (Jungans et al. 1998), and in a
E. grandis orchard in Malagasy 40% pollen immigration
was observed over 100 m (Chaix et al. 2003). These
studies suggest greater pollen dispersal than the evidence
from hybrid detection in natural populations, although
dispersal appeared to decay to relatively low levels over
larger distances (e.g. 800 m) in comparison to the large
amount of pollen immigration still detected over 1 km in
this study. Pollen dispersal in seed orchards outside Aus-
tralia may not be comparable to that in natural eucalypt
populations since they occur in quite a different ecological
context.

Fragmentation

The extensive pollen dispersal found in this study of patches
of E. wandoo is similar to that found in studies of low
density tree species in tropical regions, where it was con-
cluded that fragmentation, and associated change in polli-
nator behaviour, may be increasing pollen dispersal across
the landscape (Nason and Hamrick 1997; Aldrich and
Hamrick 1998; White et al. 2002; Dick et al. 2003). In this
study it is not known what level of pollen dispersal distance
is due to the fragmented landscape itself as we do not have
estimates of pre-fragmentation dispersal, nor have direct
comparison with non-fragmented areas due to the difficulty
in determining direct pollen dispersal in larger populations
(i.e. having to genotype all plants). However, a measure of
indirect gene flow obtained from the level of differentiation
between the two larger populations (Nm = 13.6) indicated
high historical gene flow that is similar to the direct
estimates of current gene flow derived from pollen
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immigration (Nm = 13 and 11.5 for Population R and F
respectively). Pollen dispersal would be the major contrib-
utor to historical gene flow because seed dispersal is very
limited in eucalypts, and determination of the ratio of gene
flow by pollen to seed was high in E. nitens (Byrne et al.
1998). Therefore long distance pollen dispersal may have
always been common for woodland eucalypts in this land-
scape, since the region had a natural level of historical
fragmentation as woodlands were interspersed with a
mosaic of heath and shrublands. The similarity between
direct and indirect estimates of gene flow imply that frag-
mentation has not led to reduced gene flow in this landscape.

Insects are considered the most common pollinators of
E. wandoo although birds (honeyeaters) have been ob-
served visiting E. wandoo flowers (Brown et al. 1997) and
would certainly provide a means of long distance pollen
dispersal as honeyeaters have been tracked moving up to
12.5 km while foraging (Saunders and Rebeira 1991). Al-
though pollen dispersal may have been historically high, it
is also possible that any impact of fragmentation through
reduced dispersal has been compensated for by the intro-
duction of honeybees (Apis mellifera) to Western Australia
in the nineteenth century. Honeybees are known to forage
on many native plants, including eucalypts (Paton 1996;
Brown et al. 1997; Horskins and Turner 1999), and are
likely to have different foraging behaviour to native bees.
Although studies of honeybees show they forage on den-
sely flowering plants and limit interplant movement (Levin
and Kerster 1974; Celebrezze and Paton 2004), they are
also known to forage over large distances from nests
(Goulson 2003). In comparison to social honeybees, most
native bees in Australia are solitary and forage over short
distances (Mitchener 1970; Schwarz and Hurst 1997).
Observations on African honeybees introduced into tropi-
cal ecosystems showed long distance pollination in Dinizia
excelsa leading to an increase in pollen dispersal in frag-
mented tropical trees (Dick et al. 2003).

Conservation management

This study has demonstrated extensive pollen dispersal in
E. wandoo remnants in a landscape fragmented by agri-
cultural production. While this study is only over one
flowering season in one region it suggests that high levels
of pollen dispersal are occurring in eucalypts in this
fragmented landscape, and that this genetic connectivity
between populations may mitigate against inbreeding and
loss of genetic diversity in small patches of trees. Similar
observations of genetic connectivity were made in two
tropical tree species, Swietenia humilis (White et al.
2002) and Dinizia excelsa (Dick et al. 2003), and this
genetic connectivity highlights the integral contribution
of isolated trees to population dynamics in these

@ Springer

fragmented landscapes and challenges the low conserva-
tion value previously attributed to such trees (Jansen
1986). Paddock trees and trees on road verges are a
significant component of the agricultural landscape in
Western Australia, and their contribution to population
connectivity through pollen dispersal raises their conser-
vation value. Regeneration through recruitment is very
limited in agricultural landscapes, therefore remnant trees
are likely to die out due to lack of replacement (Hobbs
and Yates 2000; Gibbons and Boak 2002; Dorrough and
Moxham 2005) unless active conservation management,
such as planting of trees around the edge of paddocks or
promotion of natural regeneration through manipulation
of grazing regimes or fire treatments, are undertaken to
maintain this component of the population system. The
high pollen dispersal identified in this study implies that
seed quality should not be a limiting factor in the success
of natural regeneration in these remnants. Further inves-
tigation is required to determine whether this level of
pollen dispersal is restricted to tree species or also occurs
in other insect-pollinated woody shrubs that are common
components of the vegetation.
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