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Abstract

Low and variable capsule and seed set is a major fac-
tor limiting seed production in Eucalyptus globulus seed
orchards. This study identified the relative contribution
of the maternal and paternal parent to reproductive suc-
cess in E. globulus, and examined the genetic basis to
the observed variation. Reproductive success was mea-
sured in terms of the number of viable seeds obtained
per flower crossed. Data on the reproductive success of
numerous genotypes from the Furneaux, Strzelecki
Ranges and Otways races were obtained from: (i) 12
years of operational full-sib crossing; (ii) a designed full-
sib diallel mating scheme; and (iii) capsule retention tri-
als conducted over three seasons at two Tasmanian seed
orchards on the same ramets of different genotypes.
Analysis of the sparse operational data revealed that
both male and female factors significantly affected
reproductive success, accounting for 5.0% and 7.9% of
the variation respectively. The more precise diallel
crossing revealed that a large, and significant, propor-
tion 55%, of the variation in reproductive success
between crosses at a single site was explained by the
female parent. The male parent explained only 6.7 %,
but this effect was not statistically significant and was
related to variation in in vitro pollen germination. The
significant female effect was found to be consistent at
the genotype level across seasons, sites and pollination
techniques suggesting a genetic basis to the variation. It
is argued that selection of genetically fecund females is
a key consideration in reducing costs of manual pollina-
tion for breeding and deployment purposes.

Key words: Eucalyptus globulus, capsule set, seed set, capsule
abortion, reproductive success, mating system, parental contri-
bution.

Introduction

Eucalyptus globulus Labill. (Tasmanian Blue Gum) is
endemic to south-eastern Australia but is widely grown
in plantations in temperate regions of the world for
pulpwood production (COTTERILL et al., 1999; ELDRIDGE
et al., 1993; Ports, 2004). It is one of four taxa in the
E. globulus complex (BROOKER, 2000) that are differenti-
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ated on reproductive traits, including the size and num-
ber of flower buds per umbel (JORDAN et al., 1993). Euca-
lyptus globulus is genetically variable across its geo-
graphic range and the broad-scale, quantitative genetic
variation in numerous traits has been summarised by
classifying the native gene pool into a hierarchy of 13
races (DUTKOWSKI and PoTTs, 1999).

Eucalyptus globulus has a mixed mating system
(Ports et al., 2008) with trees being able to set seed
after self- or outcross-pollination (HARDNER et al., 1996).
Self pollinated offspring are subject to severe inbreeding
depression, with a 48 % reduction in the volume growth
of trees from selfed progeny compared with fully out-
crossed progeny reported (HARDNER and PoTTs, 1995).
Outcrossing rates in native stands range from 38
to 100% (FOSTER et al., 2007; HARDNER et al., 1996;
MCGOWEN et al., 2004b; PATTERSON et al., 2001) and,
therefore, seed may be subject to inbreeding depression
and, thus, suboptimal for deployment (HODGE et al.,
1996; VOLKER, 2002). Self incompatibility is believed to
be a major factor determining the level of outcrossing
(PATTERSON et al., 2004b) and has been shown to be vari-
able in E. globulus and wunder genetic control
(McGoOWwEN, 2007). Currently most improved E. globulus
plantations are established from seedlings derived from
seedling (GRIFFIN, 2001; MCGOWEN et al., 2004a; TIBBITS
et al., 1997) or grafted (PATTERSON et al., 2004b) open-
pollinated (OP) seed orchards, or through large-scale
manual pollination systems (HARBARD et al., 1999; PAT-
TERSON et al., 2004a; WILLIAMS et al., 1999). Manual pol-
lination systems have been developed in this species to
minimise the effects of inbreeding depression and conta-
mination from unimproved pollen sources (JONES et al.,
2006) as well as allow both additive and non-additive
genetic effects to be exploited by controlling the female
and male parent and deploying elite full-sib families
(DuTKOWSKI, 2004; POTTS et al., 2007).

The traditional controlled-pollination (CP) technique
used in eucalypts involved three visits (TVP) emascula-
tion and isolation at operculum shed, pollination at stig-
ma receptivity and then removal of isolation bags sever-
al weeks later (ELDRIDGE et al., 1993). However, refine-
ments have brought about the single-visit (SVP)
(WiLLIAMS et al., 1999) or one-stop (OSP) (HARBARD et
al., 1999) pollination techniques whereby cutting of the
non-receptive style, coupled with style or flower isola-
tion, has allowed pollination with no contamination
from undesirable pollen to be undertaken in one visit.
Further refinements have brought about the MSP tech-
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nique, which involves no emasculation or isolation,
merely cutting 1 mm off the tip of the style and applying
pollen to the cut surface (PATTERSON et al., 2004a). MSP
is now routinely used for the mass production of full-sib
E. globulus seed for the forestry industry in Australia
(CALLISTER and CoLLINS, 2007; Ports et al., 2007).
Although the level of contamination with MSP is esti-
mated to be about 13%, most of this is expected to be
from outcross pollen of high genetic quality (PATTERSON
et al., 2004a) and the level of self pollination in
OSP/SVP has been reported to be low (PATTERSON et al.,
2004a).

A major problem identified in manual pollination is
that a significant proportion of flowers do not set fruit
(SUITOR et al., 2008b). This is often confounded with low
numbers of seed per capsule, and together these factors
may result in poor seed set per flower pollinated (a mea-
sure of reproductive success), which substantially
increases the cost of commercial seed production (CAL-
LISTER and CoLLINS, 2007; McGOWEN, 2007). The seed
output of a tree may be affected by environmental and
genetic factors (MCGOWEN et al., 2004a). Variation in
whole tree seed output has been reported in several
studies of eucalypts growing in native stands (DRAKE,
1981; Ports, 1986; PorTs and REID, 1983) and in a seed
orchard system (MCGOWEN, 2007; SASSE et al., 2003b).
LeAL and COTTERILL (1997) noted that seed production
varies markedly between E. globulus trees, and the
choice of female could strongly influence the profitability
of seed production. McGOWEN (2007) found a genetic
basis to the variation in number of seeds per capsule for
E. globulus. However, all studies to date suggesting both
a difference in whole tree seed output and a genetic
basis to the variation in reproductive output, have been
based on OP systems. As OP confounds the effects of
selfing, differences in reproductive output may not be
correlated between OP and hand pollination (CP and
MSP) systems.

The present study aims to identify the relative contri-
bution and stability of the female and male parent to
reproductive success (as measured by seed per flower
crossed) in E. globulus. We compare these effects (i)
across 12 years of operational CP crossing across multi-
ple sites and (ii) in a designed full-sib diallel mating
scheme undertaken at a single site. We then use specific

Table 1. — Breeding arboreta locations and details.
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crossing experiments (designed to analyse capsule
retention rates) undertaken on ramets of different geno-
types, over different seasons, sites and pollination types
to test the stability of reproductive success in the face of
different conditions and to provide an insight into the
genetic basis of variation in female reproductive success.
We examine overall reproductive success as well as the
specific components of capsule set and seed per capsule.

Materials and Methods
Seed orchards and trees

The majority of trees used in this study were grafted
selections that were grown in E. globulus arboreta
(Table 1). The arboreta were located across Australia,
they ranged in altitude from 40 m to 340 m, the annual
rainfalls ranged from 500 mm to 1200 mm, the average
maximum temperatures ranged from 17.4°C to 22.2°C
and the average minimum from 7.6°C to 9.6°C. All trees
in the arboreta were selected from the base population
of the Australian National E. globulus Breeding Pro-
gram run by the Southern Tree Breeding Association
(STBA) (PiLBEAM and DUTKOWSKI, 2004). Trees chosen
for study had abundant flowers, and were first genera-
tion selections from the Furneaux Group, Otways and
Strzelecki Range as defined by Durkowskl and PoTTs
(1999). In most cases the ramets were unrelated except
in the operational crossing, where crossing guidelines
allow for up to three selections from the better-ranked
base population families. Crossing in all cases was done
between unrelated individuals.

Experiments

This study involved the analysis of three datasets,
which were derived from a (i) collection of STBA opera-
tional crossing data (ii), a diallel crossing scheme, and
(ii1) various capsule retention trials specifically studying
stability in female reproductive success (SUITOR et al.,
2007). Trials were designed as detailed below.

Operational crossing data

Operational capsule set, seed per capsules and seed
per flower data were obtained from the Southern Tree
Breeding Association (STBA). This included capsule and
seed set values for crosses made over 12 seasons from

Average Average

Elevation Rainfall maximum minimum
Site Latitude Longitude (m) (mm)  temperature (°C) temperature (°C) Trials included
Cambridge 42°48°S 147°25'E 40 500 17,4 8 Capsule retention trials, diallel crossing
Ridgley 41°08’ 145°48° 275 1200 16,1 7,7 Capsule retention trials, operational crossing
€S04 34°18° 116°07° 276 1010 20,3 9,6 Operational crossing
CS0s 34°18° 116°07° 276 1010 20,3 9,6 Operational crossing
CS06 34°14° 116°03° 290 940 22,5 8,4 Operational crossing
CS08 34°14° 116°03° 290 940 22,5 8,4 Operational crossing
EGO07 33°33° 116°04° 158 970 18,5 8,9 Operational crossing
EGO09 34°33° 116°04° 235 1040 17,9 8,8 Operational crossing
EGl6 34°33° 116°04° 235 1040 17,9 8,8 Operational crossing
Kingsclere 41°10° 145°51° 339 1200 16 7,6 Operational crossing
Massy Greene 41°50° 145°54° 132 1200 16,2 79 Operational crossing
Silver Creek 38°19° 146°14° 200 1040 17,9 8,8 Operational crossing
130

DOI:10.1515/sg-2009-0017

edited by Thiinen Institute of Forest Genetics



Suitor et. al.-Silvae Genetica (2009) 58-3, 129-138

Table 2. — Summary table for the operational crossing data.

Average number of Number of
Pollination Number of males crossed per flowers

Female race type females female pollinated
Furncaux TVP 30 43 1023
Strzelecki Ranges TVP 29 4,6 1341
Otways TVP 21 4 513
Furneaux SVP 44 3,4 5757
Strzelecki Ranges SVP 33 3,9 3978
Otways SVP 37 4 4142

1995-2006 at 11 arboreta across Australia (Table 1), as
well as a small component from crosses undertaken on
ortets growing in field trials (treated as a single ‘site’
category in analyses). With the exception of the selected
ortets, all females were grafted selections. In total, the
data represented crossing among 192 genotypes, 140 of
which were represented as females and 152 as males,
100 were represented as males and females, 40 as just
females and 52 as just males. The crossing was relative-
ly sparse and the average number of males crossed per
female varied between 3.4 and 4.6 (Table 2). Genotypes
analysed were from three different races of E. globulus
(Table 2), which included Strzelecki Ranges, Otways
[Eastern and Western Otways races of DUTKOWSKI and
Ports (1999) were combined due to their molecular simi-
larity — see STEANE et al. (2006)] and Furneaux races.
The data analysed were mainly from inter-race crosses,
although some research crosses were included which
involved intra-race crossing. Earlier pollinations were
made with the three visit technique (TVP), (MONCUR,
1995; VENTER and SILVLAL, 2007), but with the develop-
ment of the single visit pollination technique (SVP) in
the late 1990’s (HARBARD et al., 1999; WILLIAMS et al.,
1999), most of the later crosses were undertaken with
SVP.

The variation in log,, transformed seed per flower
crossed for the operational data was analysed by fitting
a mixed model where pollination technique was treated
as fixed and the season, site, male, female and their two
and three way interactions were treated as random
effects. The fixed effect of female and male race and
their interaction was included in a subsequent analysis
where the random female and male and their interac-
tion terms were nested within the relevant fixed effect
(i.e. female race, male race and their interaction respec-
tively). Analyses were undertaken using PROC MIXED
of SAS version 9.1 (SAS Institute Inc, 2003) using the
REML option to fit the model, the Wald Z test to esti-
mate the significance of random effects, and an F-test
based on the Type 3 sum of squares to test the signifi-
cance of the fixed effects when included in the model.

Diallel crosses

A 30x30 diallel crossing scheme (same genotypes
used as both males and females, to make all crosses pos-
sible combinations) involving ten females from each of
three races of E. globulus (Strzelecki Ranges, Otways
and Furneaux Group) was undertaken at the Cambridge
orchard across seasons 2004/2005 and 2005/2006 as part
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of a University of Tasmania/STBA joint research project
(Table 2). Some self-pollinations were undertaken but
not included in this data set. In the 2004/2005 season,
27 female genotypes were crossed with up to 26 male
genotypes using four flowers per pollen genotype per
tree for a total of 459 combinations. In the following
2005/2006 season, 26 females were each pollinated with
up to 29 males for a total of 443 combinations in an
attempt to complete the full diallel, 162 combinations
were repeated between seasons. In 2004/2005, pollen
was collected and stored at —20°C for approximately one
month and used for CP, with in vitro percentage germi-
nation averaging 12%. In 2005/2006, while some pollen
collected in the same flowering season was used, most
pollen was collected during the 2004/2005 crossing sea-
son and had been stored at —20°C for 6 to 12 months.
The percentage in vitro germination of all pollens used
for CP crossing in 2005/2006 averaged 4.9 %. Three flow-
ers were pollinated for each male-female combination.
Flower physical measurements were also made at the
time of pollination on each tree in the diallel.

Only those crosses undertaken in either 2004/2005
and 2005/2006 that used pollen collected in the same
season were used in the analysis. Normality of the seed
per flower crossed residuals was optimised in this data
by the use of square root transformed data. The varia-
tion in reproductive success (square root of viable seed
per flower crossed) data was analysed in several stages
by fitting mixed models [PROC MIXED, SAS version
9.1; (SAS Institute Inc, 2003)], where a) male and
female were treated as random effects and season a
fixed effect, b) as (a) but fitting in vitro pollen germina-
tion percentage as a co-variate, c) as (a) but fitting cap-
sule width as a covariate, and d) fitting male race,
female race, their interaction and season as fixed effects
and random female and male terms nested within their
relevant race. PROC REG in SAS was used to regress
reproductive success against pollen viability and PROC
CORR was used to correlate viable seed per capsule,
capsule set and viable seeds per flower.

Specific tests of the stability of the female effect

Some female genotypes were repeated across the oper-
ational crossing and the diallel crossing. To test the sta-
bility of the female effect the best linear unbiased pre-
dictions (BLUPs) of the random female effects (ignoring
race of origin) obtained from analysis of the number of
viable seed per flower crossed were correlated between
the two data sets.
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Table 3. — Summary table for the females crossed with fresh pollen collected in the same season
as crossing in the diallel at Cambridge in seasons 2004/2005 and 2005/2006. Capsule set, viable
seed per capsule and flower were calculated on data summed across all crosses involving the

female.
Number of
Number of flowers Capsules Viable seed Viable seed
Genotype Female race males pollinated  set (%) per capsule per flower

5642 Furneaux 13 47 55,3 22,1 12,2
4489 Furneaux 9 36 61,1 40,3 24,6
5927 Furneaux 13 55 54,5 65,7 35,8
6891 Furneaux 13 51 66,7 47,4 31,6
6029 Furneaux 13 51 96,1 43,1 41,4
5856 Furneaux 14 55 81,8 53,1 43,4
7066 Furneaux 12 48 87,5 64 56
7910 Furneaux 14 54 90,7 81,2 73,7
5617 Furncaux 14 55 96,4 105,9 102
6071 Furneaux 14 55 85,5 137,8 117,7
7537 Otways 28 109 20,2 282 5,7
7335 Otways 21 78 64,1 11,3 7,3
4928 Otways 27 101 62,4 17,1 10,7
5032 Otways 13 52 73,1 19,6 14,3
4886 Otways 26 99 76,8 24,6 18,9
4862 Otways 14 54 85,2 27,7 23,6
7479 Otways 2 6 100 18,3 18,3
5508 Strzelecki Ranges 27 106 23,6 18,3 4,3
5433 Strzelecki Ranges 27 103 46,6 19,7 9,2
5449 Strzelecki Ranges 26 102 63,7 16 10,2
5476 Strzelecki Ranges 12 45 62,2 24 14,9
5411 Strzelecki Ranges 21 81 64,2 25,7 16,5
5427 Strzelecki Ranges 14 52 75 23,1 17,3
5474 Strzelecki Ranges 26 103 91,3 27,8 253
5296 Strzelecki Ranges 15 58 70,7 40,8 28,8
5592 Strzelecki Ranges 10 40 71,5 35,1 27,2
5407 Strzelecki Ranges 14 55 85,5 52,7 45,1

Mean 16,7 64,9 71 40,4 31

In addition to the operational and diallel crossing, var-
ious trials were completed at two sites over three sea-
sons, with three different pollination techniques as part
of other studies (SUITOR et al., 2007) which involved
common female genotypes and allowed the stability of
female effects to be examined. The trials assessed the
capsule set and seed per capsule values of different ram-
ets of the same genotype, thus comparisons could be
made assessing the consistency of genotype reproductive
output in terms of viable seed per flower crossed. The
data cross correlated was derived from several sources
(termed trials A to D):

Trial A. CP, MSP and OP reproductive success
assessed for seven genotypes in the 2004/2005 season at
Cambridge, as a part of the diallel crossing trial and a
trial studying the effects of pollination type on female
success.

Trail B. OP reproductive success assessed on the same

seven genotypes as Trial A but different ramets, as a
part of a trial analysing the impact of flower density.

Trail C. CP and OP reproductive success assessed in
2005/2006 on the same seven genotypes as Trial A but
different ramets, as a part of a trial analysing the
impact of flower density.
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Trail D. MSP reproductive success assessed in
2005/2006 at the Ridgley site from six genotypes which
were also assessed at Cambridge in the previous season
(Trial A) as a part of a trial assessing the impact of site
on female success.

The data on OP reproductive success obtained from
the same genotypes but different ramets from Trails A
and B were correlated to test whether the OP reproduc-
tive performance of different ramets of the same geno-
type at the same site in the same season is correlated.
To test the stability of genotype cross-pollinated perfor-
mance, the reproductive success of (i) different ramets of
the same seven genotypes under CP was correlated
across the 2004/2005 and 2005/2006 seasons (Trial A vs
Trial C), and (ii) different ramets of the same six geno-
types under MSP was correlated across different
orchards and seasons (Trial A vs Trial D). As a robust
test of whether OP performance can predict MSP perfor-
mance, the reproductive success of the same six geno-
types under OP (Trial A, Cambridge, 2004/2005) and
MSP (Trial D, Ridgley, 2005/2006, MSP) were correlated
across different seasons and sites.

Pearson’s product moment correlation (r), calculated
with PROC CORR in SAS version 9.1 (SAS Institute



Inc, 2003), was used for all correlations of reproductive
success for different ramets of the same genotypes
across the two sites and seasons and three pollination
types. Spearman’s rank correlation coefficient (p) was
also used in conjunction with Pearson’s for the correla-
tion between the operational and the diallel crossing.

Pollinations and data collection

All pollen were collected, stored, germinated and
scored as outlined by Porrs and MARSDEN-SMEDLEY
(1989). For testing viability, pollen was streaked across
the surface of an agar medium (30% sucrose and
150 ppm of boric acid) in 4 x4 celled repli-dishes, and
incubated at 25°C for 24 hours with a 12 hr/12 hr photo
period. Each pollen source was replicated in at least two
cells of the repli-dish. Percentage germination was
scored with a light microscope at 100x magnification.

All CP and MSP pollinations undertaken in the three
Tasmanian seed orchards were conducted according
SUITOR et al. (2008b). The STBA controlled pollinations
were undertaken with both the SVP technique and the
three-visit technique (TVP).

Approximately 12 months after pollination all CP,
MSP and OP (20 capsules per tree) capsules were
mature (BOLAND et al., 1980; SASSE et al., 2003a), at
which stage they were harvested, placed into individual
paper envelopes and air dried. Once dried, the seeds
were extracted and counted as viable (filled) following
HARDNER and PotTs (1995), to calculate seed set. For OP
trees studied capsule set was estimated by placing two
litter traps each measuring 1000 x 400 x 50 mm under-
neath each tree, one on the northern and the other on
the southern side of the trunk. The number of opercula
collected from the traps gave an indication of flower
number, and the number of aborted capsules collected
was divided by the number of opercula to give an esti-
mate of the percentage capsule abortion. Reproductive
success was then determined by multiplying seed set by
capsule set.
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Results

Operational crossing data

The STBA operational crossing data, which spans 12
years and 11 locations, showed a significant difference
in the fixed effect of pollination technique (Log,, trans-
formed,; F1,347 =9.23; P < 0.01). SVP resulted in a higher
least-squared mean seed per flower (6.9) than TVP (4.8).
When the random effects were tested, there was a sig-
nificant male (P = 0.008) as well as female (P = 0.032)
effect on seed per flower crossed (Table 4). The female
explained 7.9% and the male 5.0% of the variation in
reproductive success between crosses (Table 4). When
the fixed female and male race terms, and their interac-
tion, were fitted into the model the male race (Fz, g =
0.50; P = 0.61) was insignificant and the male by female

Table 4. — Sources of variation in reproductive success for the
three races (Furneaux, Otways and Strzelecki Ranges) in the
operational crossing program. The table shows the proportion
(%) of variation in reproductive success (logl0 transformed
seed per flower crossed) explained by year, location, male and
female genotypes and their interactions treated as random
effects.

Percentage of

Viable seed per flower pollinated

F*F F*O  F*S

Figure 1. — Seed per flower obtained following single visit pollination (SVP) of each of the
nine female by male race interactions within the diallel crossing scheme, Furneaux (F),
Otways (O) and Strzelecki Ranges (S). Common letters within female interaction cate-
gories represent V back transformed least squared means which were not significantly
(P > 0.05) different with Tukey Kremer multiple range test.
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variation
Source of variation explained Probability
Season 6,7 0,209
Location 5,8 0,228
Female 7,9 0,032
Male 5 0,008
Season*location 8,4 0,082
Location*male 2 0,161
Location*female 52 0,1
Season*male 2,8 0,173
Scason*fcmale 6,5 0,098
Season*location*female 4.3 0,215
Season*location*male 1,4 0,332
Location*female*male 4,1 0,058
Residual 39,8
O*F 0*0 O*S S*F  S*O  S*S
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race interaction (F, ,, = 2.10; P = 0.059) effects and the
female race (F, ;;, = 2.94; P < 0.056) effect were on the
borderline of significance. When all sources of variation
(Table 4) were combined including interaction terms,
28% of the variation in reproductive success was
explained by those including the female as a source of
variance and 15% was explained by those involving the
male. By comparison, the main effect and interaction
terms involving season and location accounted for 30%
and 31% of the total variation respectively.

Diallel crosses

Analysis of the diallel crossing scheme data, which
included only crosses that used fresh pollen collected in
the same season, revealed that there was no difference
in reproductive success between seasons (V transformed;
F,| 395 = 2.00; P < 0.200). The variation between females
was shown to account for 55% of the variation in repro-
ductive success between crosses (Z = 3.44; P < 0.001)
compared to only 6.7% for the male parent (Z = 2.62;
P = 0.005). Both the number of viable seeds per capsule
(Z = 3.46; P < 0.001) and capsule set (Z = 3.19;
P < 0.001) (which are positively inter-correlated;
re3 = 0.26; P < 0.001) significantly contributed to the
variation in reproductive success between females.

When the fixed female and male race terms and their
interaction were fitted into the model, the male race
(V transformed F, ,, = 1.25; P = 0.291) and male by
female race 1nteract10n (Fy 4, = 0.11; P = 0.925) effects
were insignificant and the female race effect was signifi-
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cant (F, ,, = 5.09; P = 0.008). The significant female race
effect was drlven by the Furneaux race, which had a
significantly higher reproductive success than both
Otways and Strzelecki Ranges races (Figure 1). The
Furneaux race had significantly (Fy o = 1652,
P < 0.001) larger capsules than the other two races and
over all when fitted as a covariate it was found that
variation between females in reproductive success was
positively related (Fy, ,;; = 2.6; P = 0.005) to flower mor-
phological features with capsule width being the only

significant (Fy, g3 = 2.37; P = 0.018) feature measured.

Pollen germination did not have a significant effect
on reproductive success when crosses were done with
pollen collected in the same season (V transformed
Fl, 391 = 0.64, P = 0.425). When the full data set, includ-
ing crosses which had been undertaken with fresh
pollen and pollen that had been collected in the previous
season was analysed, the small male effect experienced
in the diallel crossing scheme is partly explained by in
vitro pollen viability (Y = 0.6X +17.2; r?2 = 0.2; P < 0.01).
Significantly higher reproductive success was observed
between the pollinations made with pollen collected in
the same season (16 = 2.1 seeds per flower, based on
untransformed data) than that from pollinations made
from stored pollen collected the previous season
(2.4 + 0.3) (V transformed; F, ,,; = 39.28; P < 0.001).
Average viability for the pollen that was collected and
used in the same season was 12% and the average via-

bility for the pollen collected in the previous season was
2.4%.
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Figure 2. — Each of the points within the four graphs represent the mean seed obtained per
flower pollinated for different ramets of the same genotype used for two different trials, for (A)
two open pollinated trials (trial A and B) at Cambridge 2004/2005, (B) two cross pollinated
(SVP) trials (trial A and trial C) in Cambridge 2004/2005, (C) Two mass supplementary polli-
nated trials in Cambridge 2004/2005 (trial A) and in Ridgley 2005/2006 (trial D) and (D) an
open pollinated trial in Cambridge 2005/2006 (trial A) and a mass supplementary pollinated

trial in Ridgley 2005/2006.
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Specific tests of the stability of female effect

While the operational crossing data was clearly noisy
and females poorly differentiated in reproductive suc-
cess compared to the results obtained from the diallel
crossing scheme, there was some level of repeatability in
female success in these independent crossing schemes.
The Pearson’s correlation coefficient between the best
linear unbiased predictions (BLUPs) of the random
female effects (ignoring race of origin) obtained from
analysis of the number of viable seed per flower crossed
in the operational crossing and the diallel crossing was
(rys = 0.40; P = 0.043) and the Spearman rank correla-
tion was even higher (p,, = 0.48; P = 0.013).

In a separate series of experiments there were signifi-
cant positive correlations in reproductive success of
female genotypes when different ramets were pollinated
with different pollination techniques, at different sites
and within different seasons (Figure 2). This occurred (i)
when different ramets of the same genotype were polli-
nated (OP) at the same site (Cambridge) and in the
same season (2004/2005) (rg = 0.83; P < 0.01) (ii) when
the site (Cambridge) and technique (SVP) were kept
constant but the seasons and ramets differed (2004/2005
and 2005/2006) (r, = 0.98; P < 0.001), (iii) when the polli-
nation technique (MSP) was kept constant but the sites
(CAMBRIDGE and RIDGLEY) and seasons differed
(2004/2005 and 2005/2006) (r, = 0.98; P < 0.001), and
(iv) when site (CAMBRIDGE and RIDGLEY), season
(2004/2005 and 2005/2006) and pollination technique
(OP and MSP) differed (r, = 0.99; P < 0.001).

Discussion

Reproductive success was found to be highly variable
under operational conditions across 12 seasons and 11
sites. Pollination technique was found to clearly affect
the success of crossing, with the current single visit pol-
lination (SVP) technique (HARBARD et al., 1999;
WILLIAMS et al., 1999) resulting in a higher level of
reproductive success than the original three visit tech-
nique (TVP) (ELDRIDGE et al., 1993; MONCUR, 1995). This
was consistent with previous studies which have shown
that fertilisation and seed set were successful, if not
improved with the SVP technique (HARBARD et al., 1999;
WILLIAMS et al., 1999). The only other significant factors
detected in the operational crossing, were the random
female and male effects, however the percentage of vari-
ation explained by them was low. Although the female
race effect was bordering on significance there was no
consistent trend regarding female/male contribution of
parental race which could be detected from this data. In
the operational data the male and female effects were
confounded by numerous factors due to the sparse
nature and spread of the data over sites and seasons
and the general absence of replication of the pollen col-
lections and ramets used. These factors include differing
graft ages, flowering times (GORE and Ports, 1995),
operators, environmental conditions and silvicultural
treatments such as pruning and paclobutrazol applica-
tion. For example, application of the flowering promoter,
paclobutrazol, has been shown to negatively affect cap-
sule set (CALLISTER and COLLINS, 2007). Due to the
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absence of replication at a ramet level in most cases and
of a significant race effect, and the potential confounded
factors it was not possible to determine whether the
observed variation between males and female had a
genetic basis.

When a more targeted study was undertaken at a sin-
gle site, with a uniform pollination technique (SVP) on
similarly aged and treated grafts with much better
replication in terms of crosses performed, the female
effect reported was very large and significant, the male
effect was small, and there was a significant female race
effect. This result, whereby females of multiple races
were effectively randomly distributed throughout the
orchard is evidence for a genetic basis to the variation in
female reproductive success. Previous research (SUITOR
et al., 2008a) has reported numerous flower physical
associations with reproductive success and it appeared
that larger floral features resulted in higher reproduc-
tive success. Fruit size has been shown to vary consider-
ably in eucalypts (GILL et al., 1992). Morphological stud-
ies (JORDAN et al., 1993; KIRKPATRICK, 1975) have shown
that there are significant differences between popula-
tions of E. globulus both between and within races for
capsule size characteristics such as capsule diameter
and height, and a genetic basis to the variation has been
demonstrated (McGOWEN, 2007).

The lack of a significant interaction between parents
in the diallel from different races is evidence that post-
mating reproductive barriers between races are absent,
at least with the stigma removed and up to the stage of
seed set. Reproductive barriers do exist between races of
E. globulus, as studies in a common environment field
trials indicated large genetic based differences in flower-
ing time (APIOLAZA et al., 2001; PoTTs and GORE, 1995).
Flowering therefore constitutes a significant pre-mating
barrier to natural crossing. Races in this study also dif-
fer significantly in flower size (McCGOWEN, 2007), with
those of Strzelecki Ranges having smaller flowers than
Furneaux and Otways races. Differences in flower size
have been shown to be a significant post-mating barrier
to hybridisation in eucalypts (GORE et al., 1990).

Previous studies at a broader taxonomic level in Euca-
lyptus have also indicated a reduction in seed set occurs
with increasing taxonomic difference between hybridis-
ing species, possibly through physiological incompatibil-
ity (ELLIS et al., 1991). In the present case, while the
Strzelecki Ranges and Otways races belong to the same
molecular lineage of E. globulus, the Furneaux Group
race is more divergent and belongs to an Eastern Tas-
manian molecular lineage (STEANE et al., 2006). How-
ever, the absence of any male x female race interaction
in the diallel crossing scheme, indicating no significant
difference in reproductive success between inter- and
intra-race crosses, would argue against the existence of
either physical or physiological post mating reproduc-
tive barriers to seed set in crosses amongst the races
studied.

The male effect was found to be significant at both the
operational scale and within the diallel crossing scheme.
Non-optimal storage conditions reduced viability and
differences in storage times resulted in some pollen in
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the diallel crossing scheme having low viability. Subse-
quently a positive correlation between reproductive suc-
cess and pollen viability was identified, when the full
data set including the use of the fresh and stored pollen
was used. The use of pollen that had been collected and
stored for a year, resulted in a markedly lower level of
seeds per flower than pollinations made with pollen col-
lected that season. Therefore the significant male effect
in the diallel crossing scheme and most likely in the
operation scale data, when conditions were less con-
trolled, was likely to be a consequence of pollen manage-
ment and the time of pollen collection. The absence of a
male race effect in reproductive success in either opera-
tional crossing or the diallel would argue against a
genetic basis to the variation in male fecundity.

The genetic basis to female reproductive success allud-
ed to in the operational crossing (with the female race
effect on the borderline of significance) and detected at
the race level in the diallel crossing trials was confirmed
in a subsequent correlation of female genotypes that
were common to both datasets. Subsequent studies of
repeated crosses of different ramets of the same geno-
types at different sites and seasons also clearly indicate
the stability of female effects, despite the expected vari-
ation due to the exogenous factors of site, pollination
type (SUITOR et al., 2008b) and season (LEAL and CoOT-
TERILL, 1997). The fact that these female genotype
effects were stable when different ramets were used pro-
vides good evidence for a genetic basis to the female
variation in reproductive success.

Forest tree breeding has evolved to mostly focus on
the importance of growth and wood quality (RAYMOND
and APIOLAZA, 2004) and breeders rarely consider repro-
ductive traits in breeding programs (HAINES and
WOOLASTON, 1991; RAYMOND and APIOLAZA, 2004; SEDG-
LEY and GRIFFIN, 1989). According to RIDLEY (1996) the
selective value of a trait is directly related to its genetic
co-variation with reproductive output. Understanding of
the genetic basis of variation in reproductive traits, par-
ticularly reproductive success, is important for predict-
ing evolutionary responses to natural selection (FALCON-
ER and MACKAY, 1996) as well as managing breeding and
deployment populations. Genetic co-variation between
reproductive output and a selection trait may have a
negative impact on the timing of the onset of reproduc-
tion and hence generation time as well as the cost of
seed production. For example, selection for fast growth
may result in reduced reproductive output due to
changes in resource allocation (BONNIN et al., 1997,
CHALUPKA and CEcicH, 1997; SEDGLEY and GRIFFIN,
1989; STRAUSS et al., 1995). No significant adverse
genetic correlations between sexual reproductive traits
and pulpwood selection traits have as yet been reported
within populations of E. globulus (CHAMBERS et al.,
1997; McGoweN, 2007). However at the race level the
marked differences in reproductive output are evident
for sexual reproduction under both open pollination
(McGowegN, 2007) and controlled pollination (present
study) as well as for success of vegetative propagation
(CANAS et al., 2004). Such genetic based differences will
no doubt add significantly to the costs of propagation of
germplasm from specific races in E. globulus breeding
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and the prediction of breeding or deployment values for
propagation traits, such as female reproductive success,
is suggested as a means of better modelling the econom-
ic worth of germplasm and guiding deployment deci-
sions. Consequently reproductive traits could be sum-
marised as a selection trait (cost of seed) and incorporat-
ed into index calculations.
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