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* Background and Aims Many plants exhibit a mixed mating system. Published models suggest that this might
be an evolutionarily stable rather than a transitional state despite the presence of inbreeding depression, but
there is little empirical evidence. Through field experimentation, we studied the role of inbreeding depression in
eliminating inbred progeny from the reproductive cohort of the forest tree Eucalyptus regnans, and demonstrate a
stable mixed primary mating system over two successive generations.

* Methods Two field experiments were conducted using seed from natural populations. We sowed open-
pollinated seeds to simulate a natural regeneration event and determined isozyme genotypes of dominant and
suppressed individuals over 10 years. We also planted a mixture of open-pollinated, outcross and selfed families
with common maternal parentage; monitored survival of cross types over 29 years; and determined the percentage
of outcrosses in open-pollinated seed from a sample of reproductively mature trees using microsatellite analysis.

* Key Results Both experiments demonstrated progressive competitive elimination of inbred plants. By 29 years,
the reproductive cohort in the planted experiment consisted only of outcrosses which produced seed which aver-
aged 66 % outcrosses, similar to the estimate for the parental natural population (74 %).

* Conclusions Selective elimination of inbred genotypes during the intense intra-specific competition character-
istic of the pre-reproductive phase of the life cycle of E. regnans results in a fully outcrossed reproductive popu-
lation, in which self-fertility is comparable with that of its parental generation. The mixed mating system may be
viewed as an unavoidable consequence of the species’ reproductive ecology, which includes the demonstrated
effects of inbreeding depression, rather than a strategy which is actively favoured by natural selection.
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INTRODUCTION

The mating system is a major influence on the population gen-
etic structure of plants. Selfing directly affects inbreeding coef-
ficients of individuals within populations and reduces gene flow
through pollen, in turn increasing genetic drift and thus popu-
lation structure and differentiation (reviewed by Duminil et al.,
2009). Plant mating systems vary from complete selfing to
complete outcrossing, but mixed mating systems are relatively
common (Goodwillie et al., 2005; Duminil et al., 2009; Winn
et al.,2011). Many long-lived perennials, including trees of the
genus Eucalyptus (Byrne, 2008), have a mixed mating system
(meaning an intermediate outcrossing rate at the germination
stage of the life cycle; this outcrossing rate is often called the
primary rate). However, in such species, inbreeding depres-
sion (ID) may result in a large difference between the primary
mating system and the effective or secondary mating system es-
timated from the population of reproductive individuals (Lande
et al., 1994). Inbreeding levels therefore do not necessarily
increase every generation (Duminil et al., 2009). ID appears
to be most severe in specific life cycle stages (Husband and
Schemske 1996), but few empirical studies of long-lived peren-
nials cover the life cycle from seed production to reproductive

maturity of the regenerating population (Koelewijn et al.,
1999). Such data are important for evaluating the numerous
models which attempt to define conditions under which mixed
mating systems may or not be stable (Schemske and Lande,
1985; Charlesworth and Charlesworth, 1987; Morgan et al.,
1997; Cheptou and Dieckmann, 2002; Cheptou and Schoen,
2003; Winn et al., 2011).

Our long-term research has focused on Eucalyptus regnans
F.Muell, the tallest flowering plant species on Earth (Tng
et al., 2012). This long-lived species is a dominant of many
wet sclerophyll forests of Victoria and the island of Tasmania,
south-eastern Australia (Turner et al., 2009; Nevill et al., 2010;
Wood et al., 2010; Tng et al., 2012; Sillett et al., 2015). It is
a mass flowering species, with small hermaphrodite flowers
with white filaments attracting a diversity of insect pollin-
ators (Griffin et al., 2009). Individual flowers are protandrous,
but there is no temporal barrier to geitonogamous pollination
(Griffin, 1980). The species has a mixed primary mating system
(Moran et al., 1989) and, while trees are generally self-compat-
ible, post-zygotic ID influences the proportion of selfed and out-
crossed seed which successfully mature (Griffin et al., 1987).
The crown of a mature tree may exceed 35 m in diameter and
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carry >1.5 million flowers, 50 % of which may set, with each
capsule containing an average of 1.5 full seed (Griffin et al.,
1987; unpubl. res.). The capsules are woody and are retained
unopened on the tree for an average of 3 years (Cremer, 19650),
so a large tree may carry >3 million seeds at any one time.
There is usually mass shedding of this canopy-stored seed after
trees are damaged by wild fire (Cremer, 1965a). Since the seeds
are small and not long lived once shed, there is no build-up of
a seed bank within the soil and retention on the tree is critical
for regeneration. Catastrophic disturbance by fire is required to
produce the site conditions under which seed can germinate,
often at extremely high density (Cunningham, 1960; Evans,
1976; Ashton, 1981). The timing of regeneration events fol-
lowing tree-killing fires is highly unpredictable, occurring on
average at between 75 and 150 year intervals in the E. regnans
forests of Victoria (McCarthy et al, 1999). However, the
regular flowering and persistence of resulting capsule crops
within the tree crown ensures a seed rain far exceeding the
carrying capacity of the site whenever such an event does occur.
Since E. regnans is an important forestry species, the reduc-
tion in population density with age in natural forests is well
documented; its life cycle is characterized by very high density
regeneration followed by severe, competition-driven, thinning
with age (Fig. 1).

The experiments described herein are aimed at under-
standing the process of genetic structuring which occurs
within an E. regnans population from germination onwards,
as ID is expressed and inbred individuals fail to compete and
die. Earlier publications (Griffin and Cotterill, 1988; Hardner
and Potts, 1997) reported ID for growth and mortality to age
15 years in a planted experiment of selfed and outcrossed pro-
geny. At that age, none of the trees was reproductively ma-
ture. Here we extend the observation period to 29 years, when
seed production had started. We also determine the proportion
of self and outcross progeny following open-pollinated (OP)
mating within the experiment, to compare the primary mating
system over two successive generations. We also studied the
development of genetic structure over 10 years in a hand-sown
field experiment which more closely mimics the regeneration
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FiG. 1. Competition-driven thinning curves for E. regnans for two studies of

natural populations in Victoria and one in Tasmania, together with a plot of

data from Experiment 2 reported herein showing convergence to the natural
curve over time.
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scenario under natural conditions. These data provide a basis
for discussion of implications for the maintenance of mixed
mating systems.

MATERIALS AND METHODS

Parental populations and their genetic structure

Two field experiments were established, both based on seed
from trees in two remnant natural populations of E. regnans on
farmland in Gippsland, Victoria, Australia — Narracan (N) and
Thorpdale (T). We designate these below as Generation (Gen)
n. The Narracan population is described in Griffin (1980) and
Fripp et al. (1987). The population at Thorpdale has a similar
structure and history but is more extensive. A previous study
(Moran et al., 1989) collected OP seed samples (Gen n +
1) from 41 Narracan trees; estimated outcrossing rates, 7 _, by
multilocus isozyme genotyping using the method of Ritland
and Jain (1981); and estimated the inbreeding coefficient (F)
for the parental and progeny populations from observed (H,)
and expected (H) heterozygosities. For the Thorpdale stand,
Gen n parameters were determined from isozyme genotyping
of foliage samples from 113 trees, and samples of OP seed from
the trees used in Experiment 2 were also assayed (J. C. Bell,
unpubl. res.). Based on the combined Gen (n + 1) data, we col-
lected OP seed from trees containing varying proportions of
outcrosses and a high probability of outcross detection, for use
in a hand sowing study (Experiment 1). Thirteen trees with ac-
cessible flowers (six from Narracan and seven from Thorpdale
including three of the four for Experiment 1) were mated to
derive the selfs and outcrosses planted in another field experi-
ment together with their OP siblings (Experiment 2) (Griffin
and Cotterill, 1988).

Experiment 1: hand sowing to mimic a natural regeneration event

A recently harvested natural E. regnans forest site near
Jeeralang in the Strzelecki Ranges of Victoria (38°24°S,
146°28E) was chosen for the experimental sowing in October
1979. All branch debris was removed by hand and the soil raked
clear but not cultivated. Sixteen contiguous 9 x 9 ft square plots
(7.52 m?) were marked out with spacing of at least 1 m between
plots to allow access. Each plot was treated with methyl bromide
1 month before sowing to reduce pest and disease levels. The
four OP seedlots (N5, T9, T11 and T13) were allocated to plots
in a randomized block layout with four replicates. Seeds were
cold stratified for 1 month before sowing to encourage rapid
uniform germination, mixed with fine sand and hand sown at
approx. 600 000 viable seed ha™. Access paths were also sown
to avoid edge effects. The site was fenced to exclude browsing
animals. No further action was taken to control insects or fungal
pathogens, but the plots were weeded throughout the first year
to ensure that the major source of competition would be intra-
specific. Each plot was pegged with a string grid at 1 ft (0.3 m)
intervals so that the location of every seedling could be defined
by row—column co-ordinates. After 26 months, each surviving
plant was tagged with a number which was maintained for the
remainder of the experiment.



Griffin et al. — Inbreeding depression and mating system stability in Eucalyptus regnans

Demographic information. The number of surviving plants per
plot was counted regularly (at 3, 5, 13, 26 36, 43, 54, 68 and
126 months after sowing). Heights of the largest (dominant)
and three smallest (suppressed) trees in each row of each plot
were measured at 43 months (3.6 years) and again for the dom-
inants only at 54 (4.5 years) and 68 (5.7 years) months. Because
of mortality, it was not possible to obtain an entire set of meas-
urements from all rows. We followed the survival and relative
dominance of individual trees between 3.6 and 10.5 years after
sowing. At 3.6 years, plant density across the experiment aver-
aged 131 000 trees ha™! and the dominant cohort averaged 0.72
m in height. By 10.5 years, the plots had naturally thinned to 26
000 trees ha™! and dominant height was 9.2 m. This growth rate
is comparable with that reported for a series of natural regener-
ation studies of E. regnans elsewhere in Victoria (Van Der Meer
and Dignan, 2007).

Determination of genetic structure with stand development. We
expected inbreeding depression for growth in the self pro-
genies (Eldridge and Griffin, 1983) and postulated that, as size
class structure developed with age, competition would result
in the plots becoming genetically structured, with outcrosses
dominating and proportionately more selfs in the suppressed
stratum. To test this hypothesis, foliage samples were collected
from nine dominant trees and 27 suppressed trees per plot after
3.6 years. [sozyme genotypes were determined for the same set
of seven loci (MDH-2, GPI-2, SDH-1, LAP-2, GDH-2, AAT-2
and AAT-4) which were assayed to determine the maternal
genotypes, permitting the proportion of detectable outcrosses
in each progeny sample to be determined based on the presence
of non-maternal alleles as well as the observed heterozygosity
for each individual (H ). A total of 135 dominants and 386 sup-
pressed plants were assayed, and the proportion of detectable
outcrosses among the survivors of each cohort was recalculated
at 54, 68 and 126 months after sowing.

Experiment 2: planted comparison of selfed, outcrossed and
open-pollinated progenies

Genetic structure of the experiment. The origin of the seed and
establishment of the field experiment on an ex-E. regnans site
near Mount Worth Victoria (38°16”S, 145°58”E) are described in
Griffin and Cotterill (1988). In brief, six trees from Narracan and
seven from Thorpdale were mated in two disconnected within-
population factorials to produce 21 controlled outcross families.
Controlled self- and OP progeny were also obtained from all
parents. Seed were germinated and plants grown for 7 months
in the nursery. The experiment was laid out with 12 complete
randomized blocks of all families irrespective of mating type,
with each family represented in each replicate as a three-tree
non-contiguous plot (Griffin and Cotterill, 1988). All families
were well represented in the experiment, but in a few cases the
full requirement of seedlings was unavailable and those planting
spots were filled from another family. The entire experiment was
surrounded by one row of unpedigreed E. regnans seedlings as a
buffer. The spacing between trees was 2 x 3 m (1667 plants ha
1. In total, there were 425 selfed, 468 OP and 694 outcross trees
planted. The outcrosses thus accounted for 0.62 of the combined
selfed and outcrossed population, roughly approximating the
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ratio expected directly after seed germination for OP seed ac-
cording to the outcrossing estimates for seed from the parental
native stands (Hardner and Potts, 1997).

Assessment. Measurements of height, diameter at breast height
(DBH) and survival to age 4 years are reported in Griffin and
Cotterill (1988) with additional information to age 15 years in
Hardner and Potts (1997). At age 10 years, dominant height
was 24.2 m, nearly three times greater than for Experiment 1
which was sown at high density into uncultivated ground. At
age 27 years, diameter and survival were again recorded. At
age 29, prior to commercial harvest of the trees, a final sur-
vival and diameter assessment was made and all surviving trees
were scored for the presence or absence of capsules. The mean
height of a sample of 12 dominant trees was 51.2 m at this time.

To examine the importance to reproductive success of at-
taining early dominance in the stand, the significance of the
growth differences between reproductive and non-reproductive
survivors was tested at age 4, 10, 15 and 29 years, using diameter
and height data for just the open-pollinated and outcross popula-
tions. This was done by fitting a repeated measures linear model
with the presence or absence of capsules at age 29, age and their
interaction as fixed effects. Trees were the subject, and the model
was parameterized to fit the full residual variance/covariance
structure. Only the sub-set of trees surviving 29 years was used,
and diameter and height were tested in separate analyses. The
analyses were done using PROC GLIMMIX of SAS (version
9.4) with Type III sum of squares, assuming a Gaussian distri-
bution of residuals. The significance of model terms was based
on Walds F test. Least-squares means and their standard errors
were estimated, and the difference between reproductive and
non-reproductive trees tested at each age using the ‘slice’ option.
Cross type was not included in the model as preliminary analyses
indicated that it was not significant as a main or interactive effect.

Determination of mating system in the seed crop. At age
29 years, 22 of the 26 OP and outcross families in the experi-
ment contained at least one capsule-bearing tree. Seventeen
dominant trees representing 13 different families were climbed
at this stage, and an average of approx. 1800 capsules were
collected from each tree. A total of 11 of the 13 original par-
ental trees were represented in the pedigrees of the sampled set.
Capsules were dried to extract the seed and a 0.5 g sample of
seed + chaff per tree was stratified on moist filter paper for 25
d at 4 °C to promote uniform germination. After germination,
100 seedlings per family were pricked out into containers and
grown on in a glasshouse for 7 weeks when these Gen (n +
2) seedlings had between one and three expanded leaf pairs.
Leaves were collected and DNA extracted from 32 seedlings
per family selected at random. The DNA was assayed with five
nuclear microsatellite loci (CRC6, EL13, ES140, ES211 and
ES255) as detailed in Bloomfield er al. (2011). Maternal geno-
types were determined from the progeny arrays, and outcrosses
were detected by exclusion based on the presence of non-
maternal alleles at one or more loci. The population of mother
trees averaged 6.2 alleles per locus across all loci. Based on
the maternal allelic frequencies, we calculated that the average
probability of misclassifying an outcross as a self was 2.2 %,
comparable with (1) the proportion of outcrosses which were
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poorly identified in that they had only one minor (2 bp) micro-
satellite allelic difference from a maternal allele (2.3 %) and (2)
our error rate in microsatellite repeatability scoring of 2.4 %.

RESULTS

Experiment 1: hand sown

Survival of the dominant and suppressed cohorts of seedlings
and related estimates of the percentage of outcrosses in the
survivors of each cohort to 10.5 years for individual families
are shown in Supplementary Data Table S1, and pooled data
treating the experiment as a single population, approximating
the reality when seed rain from multiple parents falls in a nat-
ural regeneration, are illustrated in Fig. 2. Of the estimated 600
000 viable seed ha™! sown, the mean density at 5 months was
215000 ha™!, areduction of 64 %. Thereafter, the stand suffered
ongoing mortality from unspecified environmental factors and
from natural, competition-driven, thinning. By 3.6 years, each
plot had developed a clear size class structure, and samples
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Fi1G. 2. The percentage of outcrosses in the survivors and survival over time for
samples of the dominant (A) and suppressed (B) cohorts of E. regnans seed-
lings in Experiment 1 alive 3.6 years after sowing. Both cohorts developed from
a common population of seedlings containing an estimated 48 % outcrosses at
sowing. Data are from four families pooled (see Supplementary Data Table S1).
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from both dominant and suppressed cohorts were genotyped.
For the dominant cohort, there was 27 % mortality between
3.6 and 10.5 years, but 94 % mortality for the suppressed co-
hort. For the total experiment, only 4 % of the estimated seeds
sown and 12 % of the seedlings observed at 5 months survived
to 10.5 years, so there was clearly also very high mortality of
intermediate sized trees.

In freshly germinated seed, the weighted mean propor-
tion of detectable outcrosses (¢ ) averaged 49 % over the four
selected OP families (range from 0.19 to 0.84) (Supplementary
Data Table S1). By age 3.6 years, the dominant cohort of seed-
lings contained 70 % outcrosses compared with 51 % in the
suppressed cohort (Fig. 2). Between 3.6 and 10.5 years, the
percentage of detectable outcrosses in the survivors of the dom-
inant cohort was little changed at 71 %, reflecting the small
reduction in survival, but, for the surviving sub-set of the sup-
pressed cohort, outcrosses increased to 68 %. Corresponding
changes occurred in H (data not shown) from a mean of 0.26
in the original OP seed to 0.27 in the dominant cohort and 0.23
in the suppressed cohort at 3.6 years. By 10.5 years, H_ was un-
changed at 0.27 in the dominant cohort but there was a tendency
for the more heterozygous plants in the suppressed cohort pref-
erentially to survive to that age as inferred from the increase in
the H_ estimate to 0.25. At the family level, there was a direct
positive relationship between the primary outcrossing rate and
the survivorship in the family plots from the first direct count at
5 months and the final assessment at 10.5 years (n = 4; Pearsons
r=1.0, P =0.003; data in Supplementary Data Table S1). This
trend was evident (but not significant) as early as age 3.6 years
(r=0.83, P=0.172).

Experiment 2: planted pedigreed field experiment

In the long-term pedigreed field experiment, the differential
survival of the three mating types (selfing, outcrossing and OP)
to age 15 years was reported by Hardner and Potts (1997). Here
we extend the observation period to 29 years, at which time
only 3 % of the selfs planted were still alive (Fig. 3). Survival
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FiG. 3. Percentage of planted seedlings surviving over time for progeny from

self (n planted = 425), open-pollinated (OP, n = 468) and outcrossed (n = 694)

progeny (Gen n + 1) derived from 13 E. regnans parents (Gen n) and grown in a

common environment field experiment (Experiment 2). The initial assessment
was at 3 months after planting.
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of the OP population was intermediate and significantly less
than that of the outcross population (27 % OP and 45 % out-
crossed trees planted survived; contingency x> P < 0.001).
However, the proportion of the surviving trees which were re-
productive did not differ significantly (19.5 % OP and 21.2 %
outcrosses — Fig. 4; contingency y?> P = 0.73). This is consistent
with the surviving OPs being predominantly outcrosses (Fig.
5). When comparing just the OP and outcross populations in
a two-way fixed effects model for age 29 year DBH, the re-
productive status (with vs. without capsules) was highly sig-
nificant (F' ,,, = 39.5, P <0.001) and the cross type effect (OP
vs. outcrosses; F, ., = 0.03, P = 0.853) and interaction term
(F| 43,=0.09,P= 0.770) were non- 51gn1ﬁcant The reproductive
trees were significantly larger than surviving non-reproductive
trees in both the outcrossed and OP populations (Fig. 4B), ar-
guing that in a competitive stand exemplified by this 29-year-
old experiment, reproductive success is related to tree size. The
few surviving selfs not only failed to reproduce at this age but
were significantly smaller than even the non-reproductive OP
and outcrossed trees, and were presumably doomed to be out-
competed and die if the experiment had not been stopped at this
age (refer to Fig. 1). Retrospective analyses indicated that by
4 years of age trees that subsequently flowered had greater stem
diameter, but not height, than non-reproductive trees. However,
by year 10, the larger trees in terms of both diameter and height
clearly had a higher probability of bearing capsules (Table 1).

Molecular estimates of F and outcrossing rate

The dominance of the mature forest by outcrosses is con-
firmed by our previous isozyme-based estimates of the
inbreeding coefficient (F) and surviving outcrosses in the ori-
ginal native populations (Gen n in Fig. 5). The fully outcrossed
status of the mature stands was inferred from F estimates
(F=1-H/H) derived from analysis of the isozyme geno-
typic arrays for the two stands. Based on sample size weighted
estimates of H_ and H_ averaged across loci, we predicted /" to
be ~0.11 + 0.058 in the Narracan population (41 mother trees

H_ =0.31and H_ = 0.28 across five variable loci) and 0.10 +
0.050 in Thorpdale (113 mother trees H =0.31 H, = 0.35 across
seven variable loci). Two-tailed #-tests using the F estimates for
each locus as replication indicated that neither of these average
F estimates was significantly different from zero (P > 0.05).
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Following Duminil et al. (2015), these values equate to ef-
fective outcrossing rate estimates of 1.2 and 0.8, respectively
(i.e. t = 1-2 x F assuming the adult population is in Hardy—
Wemberg equilibrium as selfing is countered by inbreeding
depression), which average 1.0, consistent with expectations
from Experiment 2. These estimates contrast with the isozyme-
based estimate of 0.74 = 0.025 in the OP seed (Gen n +1) from
the Narracan stand (Moran et al., 1989) which aligns with the
microsatellite estimates of outcrossing rate in the OP (Gen n
+ 2) seed collected from the reproductively mature cohort in
Experiment 2. This averaged 0.66 + 0.041, with an individual
tree range of 0.41-0.93 (Supplementary Data Table S2). Allelic
frequencies in the parental (Gen n + 1) population from which
this Gen n + 2 estimate was derived are given in Supplementary
Data Table S3.

DISCUSSION

Outcrossing taxa generally show stronger expression of ID
than selfers during the seed production, germination and pre-
reproductive growth phases of the life cycle (Husband and
Schemske, 1996), and Winn et al. (2011) concluded that taxa
with mixed mating systems, such as E. regnans, have similar
ID to outcrossers at each life cycle stage. Our study accords
with this general conclusion, since we have shown that ID ef-
fectively eliminated inbred progeny over the germination and
juvenile growth stages (the first 29 years of the life cycle of
this long-lived woody perennial) (Fig. 5). A previous study
showed that expression of the relative competitive advantage of
outcrosses had already begun during seed maturation (Griffin
etal., 1987).

Winn et al. (2011) observed that most studies of ID reviewed
involved laboratory germination of seed and subsequent pro-
geny growth under environmental conditions likely to be less
variable and more benign than natural field conditions. Our
hand sowing experiment (Experiment 1) was specifically de-
signed to mimic regeneration conditions at a germination
density approximating that reported from the natural forest
(Cunningham, 1960; Evans, 1976; Ashton, 1981). Convergence
of the stand density curve for the planted Experiment 2 with
that observed in the natural forest (Fig. 1) gives confidence that
our experimental results reflect the dynamics of natural popu-
lations. For example, by interpolation in Fig. 1, survival in the

TABLE 1. Least-square means (Lsmean) and standard errors (s.e.) for diameter and height for reproductive (with capsules) and
non-reproductive (no capsules) Eucalyptus regnans trees at age 29 years pooled across the open-pollinated and outcross cross types in

the field experiment
Age (years) Trait Non-reproductive Reproductive
Lsmean s.e. Lsmean s.e. Fl s Pr>F % difference

4 Diameter (cm) 12.8 0.11 13.3 0.21 43 0.039 3.9

4 Height (m) 10.9 0.07 10.9 0.14 0.2 0.669 0
10 Diameter (cm) 25.2 0.21 27.3 0.41 21.6 0 8.3
15 Height (m) 315 0.21 329 0.41 9.8 0.002 4.4
15 Diameter (cm) 30.0 0.28 33.6 0.55 349 0 12.0
29 Diameter (cm) 37.7 0.51 45.7 1.01 49.6 0 21.2

Also shown are the Walds F statistic and its probability for the difference between the two groups, and the percentage difference in the means relative to the

non-reproductive mean. The reproductive partition was based on the presence of capsules at age 29 years.
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Experiment 2. (A) Percentage of trees bearing capsules by cross type at age
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trees of each cross type at age 29 years. *** indicates that contrasts between
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a two-factor fixed effect model.

three natural data sets ranged from 714 to 1145 stems ha™' at
age 29 compared with 677 ha™! in the planted experiment. The
competitive thinning of E. regnans stands (Fig. 1) is far from
unique. In dense even-aged populations of a wide variety of
plant species, the relationship between log number of survivors
and time is nearly linear (Harper and White, 1974), as was
shown by Barber (1965) for the Gilbert (1958) data in Fig. 1.
In Experiment 1, selfed and outcrossed progeny were not
identified until age 3.6 years, by which time the average sur-
vival had reduced to 22 % of the estimated viable seed sown
(Supplementary Data Table S1). However, we were able to infer
that differential elimination of selfs had started earlier since (1)
the proportion of detectable outcrosses increased from 0.49
in the seed to 0.56 in the extant seedling population and (2)
the family outcrossing rate correlated with survivorship from
5 months to 3.6 years. Furthermore, the greater proportion of de-
tectable outcrosses in the sample of the dominant cohort (0.70)
than the suppressed cohort (0.51) by 3.6 years also suggests
that the surviving outcrosses were on average more vigorous
than surviving selfs. Competitive interactions established early
in stand development have been shown to persist to later ages
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FiG. 5. Multigenerational variation in estimated percentage of outcrossed
genotypes alive at different stages of the life cycle of E. regnans. The figure
shows the estimate for the wild parental trees, generation n (see text); open-
pollinated (OP) seed from those trees representing the start of generation n + 1
(Narracan stand only; see Moran et al., 1989); the change over time in the pro-
portion of surviving outcrosses in an experimental n + 1 population comprising
a known mix of self and outcross progeny (Experiment 2); and the estimate
derived from microsatellite assay of seed from that population, forming the
basis of the n + 2 population. The complete outcrossed status of the population
of wild parental trees at generation 7 is derived from estimated inbreeding coef-
ficients from allozyme studies presented in Moran et al. (1989) (Narracan) and
the present study (Thorpdale). The estimates over time for generation n + 1 are
derived from Hardner and Potts (1997, fig. 3) and extended to 29 years in the
present study. The seed estimates for generation n + 2 are derived from the OP
seed assayed in the present study that were harvested from reproductive Gen n
+ 1 trees at age 29 years (see Supplementary Data Table S2).

(Costa e Silva et al., 2017) and, consistent with size-dependent
mortality (Koelewijn et al., 1999; Costa e Silva e al., 2011), 94
% of the tagged suppressed plants in the sowing experiment had
died by 10.5 years, compared with only 27 % of the dominants.

The four E. regnans families sown were selected to cover
the full range of outcrossing rates observed in the natural par-
ental populations. All showed similar self-thinning patterns
(Supplementary Data Table S1), but the density of surviving
plants within family plots was strongly dependent on the pri-
mary outcrossing rate, consistent with expected higher mor-
tality of selfed than outcrossed progeny. Multiple factors may
affect the timing of such differential mortality, including the
competitive environment (Cheptou and Schoen, 2003), site
productivity (Costa e Silva et al., 2011) and environmental
stress (Armbruster and Reed, 2005; Nickolas et al., 2019; but
see Waller et al., 2008). Nevertheless, even plots of our most
inbred family (z = 0.19) contained an estimated 112 200 ha™'
outcrossed seed at sowing and carried an estimated 15 964 ha™!
outcrossed trees after 10.5 years, greatly in excess of the number
which could survive to reproductive age (Fig. 1). Competitive
mortality must mean that many potentially viable genotypes
will be eliminated, dependent upon stochastic effects as well
as density-dependent selection (Barber, 1965). Our finding in
Experiment 2 that stem diameter at age 4 years was positively
associated with seed production at age 29 years shows the crit-
ical advantage of early establishment of dominance and accords
with the general finding that reproductive competence is related
to plant size rather than age per se (Hackett, 1985; Lacey, 1986;
Meinzer et al., 2011). This advantage is likely to persist through
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the life cycle since modelling by Ashton (1976) showed that
trees constituting the mature E. regnans forest at age 200 years
were probably present in the dominant class at 40 years. From
comparison of our two experiments and data presented in Fig. 1,
we suggest that over a wide range of initial population densities
(from 215 000 germinants ha™! in the sowing experiment to
1667 ha™! in the planted experiment), intra-specific competition
will result in similar densities as the trees reach reproductive
maturity. Reproduction is then confined to outcrossed individ-
uals, since selfs have been eliminated by this stage of the life
cycle or even earlier under the most competitive conditions, as
argued by Costa e Silva ef al (2011).

Stability of the mating system

We have shown that the mixed mating system of E. regnans
is repeatable over two successive generations. Because of the
differential elimination of selfs, the reproductive cohort of Gen
n + 1 trees in Experiment 2 included only outcrossed individ-
uals, but their open pollinated Gen n + 2 seed had a similar
mix of selfs and outcrosses to that found in the Gen n popula-
tion (Fig. 5). While this is clearly not sufficient to demonstrate
evolutionary stability of the mating system, the review of 23
eucalypt species by Byrne (2008) strongly suggests that mixed
mating is the norm (with a mean allozyme-derived ¢ of 0.74)
and provides compelling circumstantial evidence of stability.
Eucalyptus is a large genus which radiated rapidly throughout
Australia during the Mid-Cenozoic (25-10 million years ago)
period of climatic change (Crisp et al., 2004) and if mating sys-
tems were evolving we might expect greater diversity among
species.

How can the mixed mating system remain stable?

Given that most plant taxa which have a mixed mating system
also show inbreeding depression for growth rate (Winn et al.,
2011), differential elimination of selfs under intra-specific
competition seems likely to be a common phenomenon. ID
for growth and survival in our experiments is comparable with
those reported for other eucalypt species (E. globulus — Hardner
and Potts, 1995; Lépez et al., 2000; Costa e Silva et al., 2010,
2011; Nickolas et al., 2019; E. nitens — Hardner and Tibbits,
1998). A diversity of other angiosperm families show similar
life cycle dynamics. In experimental mixed populations of
Fuchsia excorticata (Onagraceae) and Sophora microphylla
(Fabaceae), few selfs remained after 11 years and none was
flowering or appeared likely to do so (Robertson et al., 2011),
while ID combined with a mixed mating system is also reported
in different genera of Fabaceae (Kittelson and Maron, 2000;
Harwood et al., 2004; Yuan et al., 2013), Dipterocarpaceae
(Naito et al., 2008) and Ericaceae (Delmas et al., 2014). Of
the gymnosperms, Winn et al. (2011) referenced seven species,
and Sorensen and Miles (1982) reviewed results from field ex-
periments of an additional six species covering four genera in
all. Why is purging of genetic load and a loss of ID not a more
common phenomenon in these woody perennials? As discussed
by Winn et al. (2011), modelling by Lande et al. (1994) showed
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that when the effects of deleterious mutations at multiple loci
combine to prevent any selfs from surviving to reproduce,
there is no opportunity for selection against homozygous dele-
terious mutations and, provided that the rate of selfing is below
a threshold value dependent upon the number of lethal alleles,
purging will not occur. This phenomenon is termed selective
interference. Eucalyptus regnans meets the condition that selfs
are eliminated by reproductive age; the demonstrated level of
selfing and indeed the average of 26 % for all Eucalyptus taxa
reviewed by Byrne (2008) is sufficiently low; and, while the
number of deleterious mutations in E. regnans is unknown, it
is likely to be high since large woody perennials are expected
to accumulate somatic mutations in the many mitotic cell divi-
sions which occur between meiotic events (Klekowski, 1988).
A recent genome-wide study (nearly 10 000 loci) of a selfed
(S)) family of E. grandis found an average of 65.5 % hetero-
zygotes (range 52—-79 %), much higher than the 50 % expected
under random segregation, supporting the occurrence of strong
selection against homozygosity of deleterious alleles and/or
overdominance at many loci (Hedrick et al., 2016). The quanti-
tative genetic architecture of an inbred population of E. globulus
is consistent with ID for growth arising from rare partially re-
cessive deleterious alleles rather than overdominance (Costa e
Silva et al., 2010).

Features of the reproductive ecology of E. regnans help ex-
plain why partial selfing and high ID for survival and growth
may have few direct adverse effects on the fitness of the ma-
ternal genotypes. A mature stand is capable of producing an
annual seed rain in the order of 7.5 million seed ha™', yet no
regeneration occurs until such time as there is a tree-killing
fire event (Cunningham, 1960; Evans, 1976; Ashton and
Martin, 1996; McCarthy et al., 1999). The timing of regen-
eration is highly unpredictable, occurring on average at be-
tween 75 and 150 year intervals in the E. regnans forests of
Victoria (McCarthy et al., 1999). The probability of any one
seed successfully developing into a reproductively mature
plant is extremely small since only around 100 plants ha™! will
survive the competitive thinning process to full maturity (Fig.
1) and, as we have shown, ID ensures that those will be out-
crosses in spite of floral and pollination biology which results
in significant production of selfed seed. The impact of selec-
tion favouring maternal genotypes with high outcrossing rates
is further reduced by the limited seed dispersal of E. regnans
(Cremer, 1966), favouring the establishment of family groups
(Jones et al., 2007) during regeneration which would reduce
the competitive interactions among progeny derived from dif-
ferent maternal trees (potentially differing in their outcrossing
rates) and favour maternal tree replacement by one of its out-
crossed progeny. The selective differential between trees of
varying outcrossing rates may also be overestimated due to
trade-offs between high outcrossing rate and total seed output.
We know that selection against selfs commences during seed
development (Griffin et al., 1987) which means that fitness
differentials based on the primary outcrossing rate assessed
at dispersal may overestimate differences in maternal fitness
through a reduction in total seed production in highly out-
crossed trees. It is therefore not necessary to look for evidence
of direct selection pressure in the mating system per se. Rather,
the primary mating system may simply be a consequence of
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other life cycle traits of a species (Duminil et al., 2009), in this
case the most important is the unavoidable production of large
numbers of selfed seeds by these large mass flowering plants
and the periodic high density regeneration within which intra-
specific competition and ID act to ensure a fully outcrossed
reproductive population. There are possible reasons why par-
tial selfing may have a selective advantage in some conditions.
These include reproductive assurance (Lloyd, 1992; Herlihy
and Eckert, 2002) which might be important at low popula-
tion densities in old or fragmented stands, and also predator
satiation (Ghazoul and Satake, 2009). However, the life cycle-
related explanation offered above best fits the ecological and
genetic traits of the species and helps explain why there is
no apparent selection pressure to diverge from the observed
mixed mating system.

CONCLUSIONS

Our results demonstrate that high ID is combined with a re-
peatable mixed mating system across successive generations
in this long-lived forest tree species. Selective elimination of
inbred genotypes during the intense intra-specific competition
characteristic of the pre-reproductive phase of the life cycle of
E. regnans results in a fully outcrossed reproductive popula-
tion, in which self-fertility is comparable with that of its par-
ental generation. This selective elimination of selfs is shown to
occur over a wide range of initial plant densities, and the early
establishment of dominance is a strong determinant of repro-
ductive success. While two generations is insufficient to dem-
onstrate stability of the mixed primary mating system, the life
cycle biology of E. regnans accords well with the conclusion
of Winn er al. (2011) that ‘strong cumulative inbreeding de-
pression ... and an average inbreeding coefficient for parents
that is close to zero (supports) the potential for selective inter-
ference to contribute to stable mixed mating in self-compatible
taxa that cannot prevent the receipt of self pollen’. Inbreeding
depression is an important component of the suite of life cycle
attributes which are likely to favour a stable mixed primary
mating system.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Table S1: experi-
ment 1 — survival of seedlings from sowing to 10.5 years for
four individual open-pollinated families and changes in propor-
tion of outcrosses in the dominant and suppressed cohorts over
time. Table S2: experiment 2 — percentage of outcrosses in OP
Gen n + 2 seed collected from 17 dominant Gen n + 1 trees at
age 29 years. Table S3: experiment 2 — microsatellite allele fre-
quencies in the sample of 17 Gen n + 1 trees from which Gen n
+ 2 seed was collected for estimation of outcrossing rates.
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