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e Background and Aims Many previous studies conclude that pre-zygotic barriers such as mechanical isolation
account for most reproductive isolation between pairs of taxa. However, the inheritance and persistence of barriers
such as these after the first generation of hybridization is rarely quantified, even though it is a vital consideration in
understanding gene flow potential. There is an asymmetrical pre-zygotic mechanical barrier to hybridization be-
tween Eucalyptus nitens and Eucalyptus globulus, which completely prevents small-flowered E. nitens pollen from
mating with large E. globulus flowers, while the reverse cross is possible. We aimed to determine the relative im-
portance of pre- and post-zygotic barriers in preventing gene flow following secondary contact between E. nitens
and E. globulus, including the inheritance of barriers in advanced-generation hybrids.

e Methods Experimental crossing was used to produce outcrossed E. nitens, E. globulus and their Fy, F,, BC, and
BC, hybrids. The strength and inheritance of a suite of pre- and post-zygotic barriers were assessed, including
20-year survival, growth and reproductive capacity.

e Key Results The mechanical barrier to hybridization was lost or greatly reduced in the F; hybrid. In contrast, in-
trinsic post-zygotic barriers were strong and persistent. Line-cross analysis indicated that the outbreeding depression
in the hybrids was best explained by epistatic loss.

e Conclusions The removal of strong mechanical barriers between E. nitens and E. globulus allows F'| hybrids to
act as a bridge for bi-directional gene flow between these species. However, strong and persistent post-zygotic bar-
riers exist, meaning that wherever F'; hybridization does occur, intrinsic post-zygotic barriers will be responsible for
most reproductive isolation in this system. This potential transient nature of mechanical barriers to zygote formation
due to additive inheritance in hybrids appears under-appreciated, and highlights the often important role that intrin-
sic post-mating barriers play in maintaining species boundaries at zones of secondary contact.

Key words: Reproductive isolation, speciation, hybridization, pre-zygotic barriers, post-zygotic barriers, exotic
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INTRODUCTION

Understanding reproductive barriers is central to unravelling
the processes that cause speciation (Levin, 1978a; Noor and
Feder, 2006; Abbott et al., 2013; Baack et al., 2015). These bar-
riers control the potential for hybridization between diverging
populations or taxa. Hybridization is common in nature and has
wide-ranging effects on speciation (Abbott et al., 2013). For ex-
ample, hybridization can facilitate gene flow so as to homogen-
ize diverging populations and constrain speciation (Ellstrand
and Elam, 1993; Coyne and Orr, 2004) or, conversely, it can
generate unique adaptive phenotypes that drive species diver-
gence (Rieseberg et al., 2003). Hybridization has also probably
been historically important. Phylogeographic studies show that
palaeoclimatic oscillations have led to repeated episodes of
population divergence and isolation followed by secondary con-
tact in numerous lineages (Hewitt, 2000), meaning that hybrid-
ization may have influenced the evolution of many extant

species (Hewitt, 2001; Guo et al., 2015). The consequences of
such hybridization largely depend on the degree of genetic di-
vergence between taxa and the strength of intrinsic and extrin-
sic reproductive barriers that have developed in allopatry
(Abbott et al., 2013; Seehausen et al., 2014). Therefore, in in-
stances of secondary contact a key question is whether or not
hybridization will facilitate gene flow and introgression be-
tween diverging taxa (Hewitt, 2001; Arnold and Martin, 2010).
The specific barriers preventing gene flow in such situations
are likely to be important for understanding speciation.

The combined effects of pre-zygotic and post-zygotic bar-
riers, as well as the strength and inheritance of these barriers in
first- and later-generation hybrids, will determine patterns of
gene flow and speciation following secondary contact (Grant,
1993; Hewitt, 2001; Arnold and Martin, 2010). Within this con-
text, one of the most widely debated aspects of the evolution of
reproductive isolation is the relative importance of pre- versus
post-zygotic barriers (Rice and Hostert, 1993; Schemske, 2000;
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Sobel et al., 2010). Some authors argue that once complete iso-
lation is achieved through intrinsic post-zygotic barriers, speci-
ation is likely to be permanent, whereas ‘complete’ pre-zygotic
isolation can be quite easily lost, e.g. through range expansion
(Hendry et al., 2009; Nosil et al., 2009; Moyle and Nakazato,
2010). Conversely, others point out that barriers act sequentially,
so that pre-zygotic barriers are likely to cause the majority of
isolation, and most empirical studies support this expectation
(Ramsey et al., 2003; Lowry et al., 2008a; Schemske, 2000;
Sobel et al., 2010; Sobel and Streisfeld, 2015). This debate is
ongoing (Sobel and Streisfeld, 2015) and has so far focused
largely on a few herbaceous groups, including Mimulus
(Ramsey et al., 2003) and Aquilegia (Grant, 1992). These stud-
ies have been vital and often ground-breaking (Ramsey et al.,
2003), but in their recent review of the topic Baack et al. (2015)
called for an expansion of the organisms under study to include
trees and other poorly represented groups, in order to ascertain
the generality of the patterns that are emerging.

Eucalyptus is a large (~800 species), taxonomically complex
genus native to Australia and the islands to its north (Centre for
Plant Biodiversity Research, 2006). Eucalypts are mainly trees
that dominate Australian forests and woodlands, making them
one of the most ecologically important plant groups in the
southern hemisphere (Pryor and Johnson, 1981). Taxonomic
complexity in the genus is often attributed to incomplete repro-
ductive isolation between species that have come into second-
ary contact following climatically driven range expansion and
contraction during the group’s ~56-million-year history (Pryor
and Johnson, 1981; Thornhill ef al., 2015). While natural hy-
bridization is frequently reported in the genus, strong barriers to
hybridization do exist (Griffin et al., 1988). For example, hy-
bridization is not possible between the ten major subgenera
(Griffin et al., 1988), and even within subgenera phylogenetic
relationships govern compatibility, with the likelihood of hy-
bridization decreasing rapidly with increasing genetic distance
between species (Larcombe et al., 2015).

Studies using manipulated hybridization have shown that
both pre-zygotic and post-zygotic barriers are responsible for
reproductive isolation between eucalypt species (Gore et al.,
1990; Ellis et al., 1991; Lopez et al., 2000b; Barbour et al.,
2006b; Dickinson et al., 2012a, b). In terms of post-zygotic
mechanisms, karyotype number is consistent across the genus
(n=11; Grattapaglia et al., 2012) and there is no indication to
date of major chromosomal rearrangements (e.g. large inver-
sions or translocations; Rieseberg, 2001; Myburg et al., 2004;
Hudson et al., 2012). However, there is evidence consistent
with Dobzhansky—Muller type intrinsic incompatibilities
(Dobzhansky and Dobzhansky, 1937; Muller, 1942), which are
often expressed as reduced hybrid fitness at later ages, e.g.
4-14 years (Lopez et al., 2000b; Barbour et al., 2006a; Costa e
Silva et al., 2012; Larcombe et al., 2014). Conversely, pre-
zygotic barriers such as flowering time (Barbour ez al., 2006D)
and physical isolation (Barbour et al., 2005b) often represent
strong isolating mechanisms in closely related species in the
wild (Potts et al., 2003).

The importance of pre-zygotic barriers in eucalypt species is
well illustrated by the case of unilateral (one-way) incompati-
bility between Eucalyptus globulus and E. nitens (Gore et al.,
1990). While taxonomically these species have been considered
closely related and grouped in the same series [Globulares
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(subgenus Symphyomyrtus, section Maidenaria); Nicolle,
2015], this is being increasingly questioned by phylogenetic
analysis (McKinnon et al., 2008; Steane et al., 2011). Despite
similarities in juvenile and adult foliage, the two species are
morphologically distinct, with E. globulus having large single
flowers and E. nitens having small flowers in umbels of seven
(Fig. 1). There is overlap in flowering time where these species
are grown together (Lopez et al., 2000a; Barbour et al., 2006b),
and the flower size differences are likely to produce two pre-
zygotic barriers. Firstly, the size differences are likely to result
in distinct (although not completely independent) pollinator
guilds in each species (Hingston ef al., 2004a, b), causing a
pre-mating barrier. Secondly, differences in style length lead
to a unilateral post-mating barrier to F; hybridization, where
pollen—pistil size incompatibility prevents small-flowered E.
nitens pollen from pollinating large E. globulus flowers, while
the reverse cross is possible (Gore et al., 1990). It is also
thought that reduced seed set in the reverse cross may be due to
E. globulus pollen tubes overshooting the ovaries of E. nitens
(Gore et al., 1990).

Eucalyptus nitens and E. globulus are today naturally allopat-
ric species. However, E. nitens is the plantation species of
choice on the island of Tasmania, where it is exotic and often
grown within the range of native E. globulus (Barbour et al.,
2006b). It has previously been suggested that the unilateral
cross-incompatibility between the species removes the risk of
exotic gene flow from E. nitens plantations to native E. globu-
lus populations (Potts et al., 2003; Barbour et al., 2005a). Here
we investigate this system in more detail to better understand
the inheritance of reproductive barriers in hybrids and the likeli-
hood of exotic gene flow from E. nitens plantations to native
E. globulus populations. Firstly, using manipulated crossing,
we assess the inheritance and strength of the unilateral barrier
between E. globulus and E. nitens in first-generation (F,) hy-
brids. Secondly, we then measure germination, nursery per-
formance and 20-year-old fitness (survival, growth and
reproductive capacity) of the F; and advanced-generation hy-
brids [F, and backcross (BC) hybrids] in comparison with the
pure species. Significant outbreeding depression has been re-
ported in this hybrid system, which is likely to act as a post-
zygotic barrier to hybridization (Volker ez al., 2008; Costa e
Silva et al., 2012). The overarching aim of this study was to as-
sess the relative strengths of pre- and post-zygotic barriers in hy-
brids between these naturally allopatric species. This information
should contribute to understanding the processes that maintain
boundaries between sympatric/parapatric species in nature.

MATERIALS AND METHODS
A note on barrier terminology

In the speciation literature, the term ‘pre-zygotic’ is reserved
for any barrier that prevents initial ' hybridization between
species (Campbell and Aldridge, 2006). However, this becomes
somewhat restrictive when tracking inheritance and the effect
of mechanical barriers to gene flow in later generation hybrids,
as we do here. For example, style length is a pre-zygotic barrier
between Eucalyptus globulus and Eucalyptus nitens, but when
we quantify the strength of this same barrier/trait in the F; it be-
comes a post-zygotic barrier, even though we measure barrier
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FiG. 1. Flower and fruit morphology of E. nitens and E. globulus, showing: (A)
a single umbel with seven small buds in E. nitens and one large bud in E. globu-
lus; (B) a single open flower; (C) mature fruit, known as capsules (note that one
flower has aborted in the E. nitens umbel, leaving six rather than seven cap-
sules); (D) dissected single flowers showing the large differences in style length
(red arrows) and ovary depth (yellow arrows); (E) flower morphology measure-
ments including style length (blue), receptacle width (red) and disk depth (yel-
low). Note the change of scale in (E). Photographs by Robert Wiltshire.
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strength in terms of its ability to prevent hybrid zygote forma-
tion in the second generation. Therefore, we avoid the term
‘pre-zygotic’ and refer to such barriers as ‘mechanical barriers
to zygote formation’, and refer to other post-zygotic barriers as
‘intrinsic post-zygotic barriers’ to distinguish them from post-
zygotic mechanical barriers to zygote formation.

Flower morphology

Flower morphology was assessed on 20 individuals each of
E. globulus, E. nitens and their F; hybrid. From each tree, one
to three flowers were dissected and measurements were made
of the style length, receptacle width and disk depth, as shown in
Fig. 1E.

Pollen viability and growth

Pollen was extracted and in vitro viability and growth were
assessed on agar growth medium using the methods outlined in
Gore et al. (1990). Pollen from 16 trees each of E. nitens,
E. globulus and their F; hybrid were tested in four replicates. In
each replicate, pollen from each of the 48 trees was applied ran-
domly to individual cells in 5x5 replidishes (two dishes per
replicate). Incubation was undertaken at 25°C for 24 h, after
which the number of pollen grains that germinated and the
number that failed to germinate were counted to determine rela-
tive viability, and the longest pollen tube in every cell was
measured to quantify relative pollen tube length (Potts and
Marsden-Smedley, 1989).

Crossing

A detailed explanation of the crossing and trial establishment
is given by Costa e Silva et al. (2012) and is summarized here
to make clear the design and scale of the experiment. Crossing
was undertaken to produce fully outcrossed pure E. nitens and
pure E. globulus, as well as four different interspecific cross
types, including the F; (E. nitens @ x E. globulus 3), out-
crossed F,s (unrelated F x F;), backcrosses to E. nitens (BC,)
and backcrosses to E. globulus (BC,). The E. globulus grand-
parents were from the King Island (in Bass Strait) or Taranna
provenances, which represent different races (Dutkowski and
Potts, 1999), whereas all the E. nitens grandparents were from
the Toorongo provenance on mainland Australia (Hamilton
et al., 2011). Production of the Fs used as parents is described
in Volker et al. (2008) and included a range of combinations
from the same E. globulus and E. nitens provenances as those
noted above. Parents were selected on the basis of the presence
of flowers at age 3 years, accessibility and maximizing the di-
versity of grandparental and parental representation in each
cross type from the available population. Within each cross
type, crossing was random, except that related matings were
avoided. For each tree used as a female, one single pair mating
was generally undertaken with a single pollen parent from each
of E. nitens, E. globulus and their F'; hybrid. The exception was
the E. globulus trees, which were not crossed with E. nitens pol-
len due to the known unilateral barrier to hybridization (see
Introduction). Following Hardner and Potts (1995), capsules
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were harvested ~1 year after crossing and air-dried, and the
number of viable (filled) seeds was counted. Seed set was
measured in terms of the proportions of capsules set and viable
seeds per capsule. These data were collected for each female x
male cross combination (cross-level data) for assessing seed
set, and the subsequent seedlots (family-level data) were used
to assess post-dispersal fitness.

Fitness trials

In the first week of May 1995, germination was undertaken
in the glasshouse with seedlots sown into individual trays that
were randomly allocated to 20 blocks by cross type, with each
cross type being evenly represented in each block. Seedlings
were pricked out into individual pots ~14 d after germination
and maintained in their original family-level block design in the
glasshouse until early September 1995. In September they were
moved outside for hardening for 1 month. The number of days
to first germination, germination success (number of germin-
ates/number of seed sown) and nursery survival from pricking
out to 6 months were recorded for every seedling to detect any
evidence of early age barriers to hybrid success. Families from
the successful crosses were planted in a field trial at Tyenna
(42°43'22" S, 146°39’43" E) in southern Tasmania. The trial
site was a wet ex-native-forest site with a relatively poor
mudstone-derived soil type, and was located at an altitude of
~300 m. The site was chosen on the basis of being as close as
possible to intermediate between the two pure species and is
just below the transitional altitude above which E. nitens nor-
mally replaces E. globulus in commercial plantings in
Tasmania (Wardlaw, 2011). The site preparation included rip
mounding, and the trial was established in October 1995.

The experimental layout was a randomized block design
with seven replicates. Individual seedlings within a family from
a given cross type were randomly allocated to replicates, and
then planted as single-tree plots randomized within each repli-
cate. For some families, the number of plants was insufficient
to allow a complete distribution across the available number of
replicates, and thus the missing positions within replicates were
filled with individuals from other seedlots of the same cross
type. The number of families at planting was 125, with a total
of 919 individuals (ranging from 84 to 202 per cross type). Tree
spacing was 2-5x3-0 m.

The field trial was assessed at 2, 3, 4, 6, 10, 14 and 20 years
of age. Over-bark diameter at breast height (DBH) and survival
data up to 14 years have been reported in Costa e Silva et al.
(2012). We report the results from the 20-year-old assessment
of survival (dead/alive) from planting, DBH on surviving trees
and the reproductive output [flower buds and capsules (woody
fruit)] of surviving trees. The numbers of flower buds and
capsules were quantified separately using a logarithmic
categorical scale, where 0=0, 1=1-10, 2=11-100;
3 =101-1000 and 4 >1000 umbels (of flower buds or capsules)
per tree. These reproductive and survival data were used to cal-
culate, for each cross type in each replicate (1) the proportion
of surviving trees from planting and (2) the proportion of sur-
vivors that were reproductive (trees with either flower buds or
capsules).
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Data analysis

A series of generalized linear models were used to analyse
the variation between cross types in the following dependent
variables: capsule set, number of seeds per capsule, time to first
germination, germination success (first germination and propor-
tion of seeds germinated) and nursery survival. These raw data
were at the cross or family levels, as described above. For all
these models, the linear predictor incorporated a single inde-
pendent variable, i.e. a factor for cross type fitted as a fixed ef-
fect. Variation in capsule set between the cross types was
assessed by assuming a Poisson distribution for the dependent
variable and using a log link function to relate it to the linear
predictor. The average number of viable seeds per capsule was
used to determine variation in cross success; however, because
these data were highly overdispersed, the analysis assumed a
negative binomial distribution and applied a log link function.
The number of days to first germination was fitted by assuming
a Gaussian distribution and using an identity link function,
while the proportions of seed germination and nursery survival
were both analysed under the assumption of a binomial distri-
bution and applying a logit link function.

Variation in flower morphology and pollen traits between
E. globulus, E. nitens and their F'; hybrid was also compared by
using general linear models. Separate models were fitted for
pollen viability, pollen tube length, style length, receptacle
width and disk depth. Single-factor models fitting cross type as
a fixed effect were used for style length, receptacle width and
disk depth. In addition, a random term for individual pollen
nested within cross type was fitted for pollen viability and pol-
len tube length only. In order to optimize the homogeneity of
variance and normality of the residuals, style length and recep-
tacle width were transformed using a log base 10, and pollen
viability was arcsin-transformed. For the remaining dependent
variables, no significant deviations from normality were
detected.

For all of the above analyses, the Tukey—Kramer post hoc
test was used to adjust for multiple comparisons and extract sig-
nificant differences between cross-type means. Contrasts be-
tween hybrids and mid-parent values were also estimated and
tested. These models and tests were implemented using the
PROC GLIMMIX of SAS (version 9.3; SAS Institute).

For the field trial measurements at 20 years from planting,
the analysis of cross-type differences and the estimation of
composite genetic effects followed the methodology described
by Costa e Silva et al. (2012). The analyses used trait observa-
tions at the individual tree level (for DBH) or at the replicate
level (for capsule score, as well as for the percentages of sur-
vival and of alive trees that were reproductive). The Shapiro
and Wilk (1965) test and the examination of quantile—quantile
plots indicated no important deviations from normality for the
residuals obtained under preliminary analyses of the trait
observations.

For the estimation of cross-type means and testing the sig-
nificance of mean comparisons, a linear mixed model was fitted
to the data, by using the cross-type factor as a fixed effect and
replicates as a random effect (a random term for an interaction
involving replicates and cross types could be fitted for DBH but
was not statistically significant, and thus it was dropped from
the model). In addition, under the individual tree model applied
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for DBH, a numerator relationship matrix (constructed from a
pedigree file linking the progenies in the trial to their parents
and grandparents; e.g. Henderson, 1984) could be used to ac-
count for the genetic covariance between the trial trees, thus
(by creating ties among cross types) helping to increase the ac-
curacy of their means and associated standard errors. Least-
squares means (LSMs) were estimated for each cross type (in
accordance with the linear mixed modelling procedure) and
specific contrasts were undertaken to compare the F; and F»
LSMs to the LSMs of the parental species populations (here-
after termed ‘mid-parent value’). Statistical tests (- or Wald
F-tests) were carried out to test the significance of pairwise dif-
ferences between cross-type LSMs or the significance of the
observed deviations (i.e. heterosis or outbreeding depression) in
the F'| and F,, with the computation of the denominator degrees
of freedom being based on the approximation proposed by
Kenward and Roger (1997).

Composite genetic effects were estimated on the basis of the
two-locus genetic model proposed by Hill (1982) to evaluate
the genetic architecture underlying phenotypic differentiation
among populations for a trait. Under Hill’s model for line-cross
analysis (Hill, 1982), the F, is used as the reference popula-
tion relative to which the following composite genetic effects
are derived (from contrasts made between source genes): an
additive effect o; (i.e. the net difference between the additive
effects of the genes in the two source populations); a domin-
ance effect 0, (i.e. the extent to which the genes in one source
population tend on average to be dominant over those in the
other source population); and epistatic effects (i.e. the net direc-
tional epistasis due to interactions between genes from the two
source populations), which include additive x additive (o),
additive x dominance (¢;d;) and dominance x dominance (J,)
interaction terms [see also Lynch and Walsh, 1998 (Chapter 9);
Fenster et al., 1997]. Under the linear mixed model defined by
Costa e Silva er al. (2012), the vector of fixed effects
included additive and non-additive composite genetic effects
fitted as covariates, followed by a cross-type class variable that
represented a lack-of-fit term used for testing hypotheses
about the adequacy of the genetic model via a Wald-type F stat-
istic. In this context, an additive-dominance model (i.e. fitting
the o and 0, parameters only) was found to be suitable as a
base model in order to test for more complex genetic models
involving epistatic terms. Two-locus (i.e. digenic) epistatic
interaction parameters were then added sequentially to the base
model, and genetic models involving different combinations of
composite effects were compared for their adequacy on the
basis of the significance of the lack-of-fit term. The sequence
of the genetic models fitted is given in Supplementary Data
Table S1. In addition, calculated values and associated signifi-
cance probabilities for a y*-test statistic, computed under the
joint-scaling test procedure described by Lynch and Walsh
(1998, pages 216-217), are also given for comparison, with
both of these testing approaches resulting in similar conclusions
in terms of model adequacy to explain the data (Table S1).

For all the analyses involving field trial measurements, the
heterogeneity of residual variances amongst cross types was ex-
plicitly incorporated in the linear mixed model (Costa e Silva
et al., 2012) and variance parameters were estimated by re-
stricted maximum likelihood. All of the model parameters and
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their associated approximate standard errors were estimated by
using the ASReml software (Gilmour et al., 2014).

Reproductive isolation (RI) between E. nitens and E. globu-
lus was calculated following Sobel and Chen (2014) using the
formula RIs = 1 — relative fitness (where relative fitness is ab-
solute fitness of hybrids/absolute fitness of pure crosses). This
produces a metric of barrier strength, which ranges from —1
(complete heterospecific mating) to 1 (complete reproductive
isolation), with the intermediate value O corresponding to ran-
dom mating. We calculated RIs for: (1) the post-mating
pre-dispersal barrier seed set, which assesses reproductive bar-
riers operating between pollination and seed maturity, and so
includes a pre-zygotic component; and (2) all significant post-
mating post-dispersal barriers, including 6-month nursery sur-
vival, 20-year field survival and reproductive capacity. Total
post-mating isolation was calculated using the formula Rl
= 1 — (total pre-dispersal fitness X total post-dispersal fitness),
with all total estimates generated by multiplicatively combining
individual barrier estimates. All RI calculations were under-
taken in both directions for both first- and second-generation
(backcross) hybrids. An estimate of the total strength of post-
mating barriers to the production of reproductively fit backcross
hybrids was calculated for each species by using the formula
Rlipmsc = 1 — [(likelihood of F; formation) x (total pre-
dispersal BC fitness x total post-dispersal BC fitness)], where
the likelihood of F; formation = 1 — total post-mating isola-
tion for the F; generation.

RESULTS

Inheritance of F; hybrid floral morphology and
pollen viability and growth

Floral characters that differentiate and contribute to repro-
ductive isolation between E. globulus and E. nitens were in-
herited in a more or less intermediate manner in the F;
hybrids (Fig. 2). Intermediate inheritance was clearly evi-
dent in terms of receptacle width and disk depth (Fig. 2A,
B). Despite marginal evidence for values above mid-parent
values in style length and in vitro pollen tube growth in the
F1 on the transformed scale, the traits were generally inter-
mediate (Fig. 2C, E). In vitro pollen viability in the F; was
also more similar to E. globulus on the transformed scale,
but did not differ significantly from the mid-parent value
(Fig. 2D). Receptacle width and disk depth are both likely
to be positively correlated with nectar production and there-
fore influence the class of pollinator (i.e. bird or insect) at-
tracted to the flowers, whereas pollen viability, style length
and pollen tube growth will affect post-mating cross suc-
cess. Importantly we found no evidence of trait values
below the mid-parent value in terms of floral morphology
and pollen viability and growth, which could act as a mech-
anical barrier to hybridization in the F,. Additionally, bud
number in the F; hybrid inflorescence was more or less
intermediate, with a modal number of 3 (for 20 observed
trees), whereas in E. globulus and E. nitens the modal num-
ber of buds was 1 and 7, respectively (each with 20
observed trees).
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Barriers to seed set

The more or less intermediate inheritance of style length and
pollen tube length in the F; hybrids was sufficient to result in
the loss of the unilateral mechanical barrier that prevents cross-
ing between E. globulus (female parent) and E. nitens (pollen
parent). The F pollen successfully pollinated E. globulus and
E. nitens flowers, and E. globulus and E. nitens pollen success-
fully pollinated flowers of the F (Fig. 3A). There was no sig-
nificant difference in capsule set among cross types
[F(7,181) =0-52, P =0-815], but a highly significant difference
in the number of viable seeds per capsule [F(7,76) =421,
P < 0-001]. This difference was mainly a female effect, reflect-
ing the greater number of seeds per capsule in the larger
E. globulus than the smaller E. nitens capsule. Seed set from
the F; hybrid females was intermediate and, whether tested as
the mother or the pollen parent, the ;s were not significantly
different from the mid-parent value on the transformed scales
(P < 0-05). While there was no significant difference detected
within the female cross types, the previously observed trend for
reduced seed set following pollination of E. nitens flowers with
E. globulus pollen was still evident (Fig. 3A).

Early post-dispersal barriers: 0-6 months of age

We found no evidence for barriers to hybridization in the
early life-history stages. In terms of the time to first germin-
ation (days), germination success (number of germinates/num-
ber of seeds sown) and nursery survival after 6 months, the F,
F> and BC hybrids showed no signs of lower than mid-parent
fitness (Fig. 3B-D). In fact, there was possible evidence of het-
erosis. In the F'; mother, the BC, and the F, were both signifi-
cantly higher than the mid-parent value for germination success
[F(1,132)=40-28, P<0-001 and F(1,132) =14-66,
P < 0-001, respectively; Fig. 3C], and the BC, germinated
more quickly than the mid-parent rate [F(1,128) =7-65,
P =0-007; Fig. 3B]. There was also one example of possible
heterosis arising from the hybrid pollen, which was a margin-
ally significant decrease in seed germination time in the F, in
comparison with the average of BC, and BC,, in the F; mother
[F(1,128) =4-65, P =0-033; Fig. 3B]. However, it is not clear
whether faster seed germination would have fitness benefits.
Interestingly though, the earlier germination of E. globulus seed
compared with E. nitens seed in the females was also evident
when their pollen was crossed with the F; female (Fig. 3B).
This suggests that the difference in germination rate is not
driven by a maternal effect, but probably has a nuclear genetic
basis.

viability (D) and in vitro pollen tube length (E). The dashed line shows the
mean mid-parent (Mid-P) value for comparison with the F;. The significance of
specific contrasts comparing the /', with the mid-parent value is shown: *#**P <
0-001; **P < 0-01; *P < 0-05; ns (not significant) P > 0-05. Letters above the
bars show Tukey contrasts, where different letters represent significant differ-
ences at the P < 0-001 level for receptacle width, style length and pollen tube
length, and the P < 0-01 level for disk depth and pollen viability. Note that the
statistical tests for style length and receptacle width were calculated on log (base
10)-transformed data, while pollen viability was arcsin-transformed, but the
cross-type means and mid-parent values are presented for the back-transformed
data. The other variables did not require transformation.
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Later post-dispersal barriers: 1-20 years of age

Hybrid fitness. In contrast to the nursery results, at 20 years
post-planting there was clear evidence for reduced fitness in the
hybrid classes. Survival, growth (DBH) and reproductive cap-
acity were all significantly reduced in the F';, F, and BC gener-
ations when compared with the pure E. globulus and E. nitens
(Fig. 4). In all cases, F and F, performance was significantly
(P < 0-01) below the mid-parent value, with deviations ranging
from 27-0 to 69-1 % of the mid-parent value (Table 1). Thus,
not only was the poor hybrid fitness evident in survival, but the
surviving hybrids had poorer growth, suggesting ongoing selec-
tion against the hybrid genotypes, as well as reduced reproduct-
ive capacity. Fewer than 30 % of the hybrids planted were
reproductive at 20 years of age (Fy, 16 %; F», 10 %; BC,,
20 %; BC,, 29 %) compared with > 60 % of the pure species
(E. globulus, 61 %; E. nitens, 60 %). This equates to the inte-
grated relative fitness of the hybrid cross types being between
0-1 and 0-6 of E. globulus (F, 0-22; F», 0-10; BC,, 0-46; BC,,
0-49) and E. nitens (F1, 0-27; F», 0-11; BC,, 0-55; BC,,, 0-59).

Composite genetic effects Composite genetic effects contribu-
ting to species divergence were adequately predicted with the
two-locus genetic models for growth and reproductive traits
(Table 2) but not for survival (Table S1). Epistatic effects were
the most important composite genetic effects for the DBH
growth and reproduction of survivors (Table 2). This was par-
ticularly the case for the estimated additive x additive effects
(o) for all of these measured components of fitness, although
the estimated additive x dominance (%;0;) component ap-
peared to be also important for both of the reproduction traits.
The estimation of &, reflects differences between parental and
non-parental (hybrid) combinations of non-allelic gene pairs.
Therefore, if %, is positive there is a net detrimental effect on
hybrid fitness for the measured trait due to additive x additive
epistatic interactions among genes from different parental popu-
lations (for a detailed explanation see Costa e Silva et al., 2012,
page 254). The significant estimated additive effects (a;) re-
flected the greater composite contribution of E. nitens genes to
the DBH growth and reproduction of survivors. An adequate
model could not be achieved for percentage of tree survival, as
there was still a statistically significant lack of fit regardless
of which digenic epistatic combinations were fitted (Table S1).
This indicates that there was a significant discrepancy between
the observed cross-type means and the corresponding estimates
obtained under the fitted genetic model, which suggests that
species differentiation for survival may involve significant con-
tributions from higher-order epistatic interactions (i.e. involving
more than pairs of loci). Although the results for composite
genetic effects are not reported for survival, the estimates we
have obtained at age 20 years showed a similar trend to previ-
ous results reported for this trait up to age 6 years (the age until
which the genetic model seemed to fit the data) by Costa e

were significantly different at P < 0-05 based on the Tukey—Kramer adjustment

for multiple comparisons. Note that the unilateral mechanical barrier to zygote

formation between E. nitens (pollen) and E. globulus (flowers) was lost in the

Fy, i.e. crosses in both directions involving the F; were successful. There was

also no evidence of reduced intrinsic post-zygotic fitness in seed produced from
hybrid mothers or fathers in these early life history stages.
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Silva et al. (2012). Specifically, the magnitude (in absolute
value) of unfavourable %, effects we have obtained at
age 20 years was substantially (6-fold) higher than the benefi-
cial 0, effects (data not shown), which is in line with the
observed tendency in previous results indicating that the differ-
ence between these two composite genetic parameters increased
over time (Costa e Silva et al., 2012).

Overall strength of reproductive barriers

The strength of reproductive isolation showed the clear loss
of the strong pre-zygotic barrier in E. globulus, with the barrier
to seed set being 1 for the F; generation and —0-17 for the BC
generation. In fact, there was effective random mating in terms
of post-mating pre-dispersal barriers in the BC generation, with
E. nitens showing a barrier of just 0-01. The post-mating post-
dispersal barriers were generally stronger, with reproductive
capacity being the strongest single barrier in both the F; and
BC generations (Table 3). With the exception of E. globulus in
the Fy, total post-dispersal barriers were much stronger than
total pre-dispersal barriers. When assessing the total cumulative
effect of all isolation stages, the barrier to the production of re-
productively fit BC individuals (our integrated estimate of gene
flow potential across both F; and BC generations) was 0-98 for
E. globulus and 0-99 for E. nitens.

DISCUSSION

Speciation can be thought of as a continuum between panmictic
populations and reproductively isolated, irreversibly diverged
taxa (species) (Seehausen et al., 2014). Consequently, the tim-
ing and importance of reproductive barriers along this con-
tinuum are central to understanding how speciation advances
(Seehausen et al., 2014). The most recent dated molecular phyl-
ogeny puts the divergence of E. globulus and E. nitens at be-
tween 5 and 6 million years (Thornhill ez al., 2015). Therefore,
the present study illustrates a point along the speciation con-
tinuum between two well-diverged taxa, which have yet to
achieve complete reproductive isolation. We made three major

TaBLE 1. Observed outbreeding depression (= estimated standard errors) and corresponding significance probability in the F; (Hf,)

and F, (Hp,) generations of E. globulus x E. nitens hybrids. Measured traits in the Tyenna trial at age 20 years from planting include

percentage of tree survival, diameter at breast height (DBH) growth, percentage of alive trees that are reproductive, and capsule score
for the survivors

Percentage of tree survival (%) DBH growth (cm)

Percentage of alive trees that are reproductive Capsule score (score)

Hp, —42.7 + 74 86+ 26
P <0-001 P =0017
(—529) (—27:0)
Hp, —55-8 £ 4.1 144 %22
P <0001 P < 0-001
(—69-1) (—45-1)

311+ 78 ~13+01
P = 0-004 P <0001
(—41-1) (—63-4)
—34.9+ 9.9 —14 %02
P = 0-009 P <0-001
(—46-2) (—68-3)

In parentheses, the H values are also expressed as a percentage of the mean of the parental populations (mid-parent value) to facilitate comparison
of outbreeding depression across different traits [as well as for comparison with results at previous ages reported for DBH and tree survival by Costa e
Silva er al. (2012)]. For all traits, both of the F; and the F, hybrid generation differed significantly (at the 5 % level) from either of the two parental populations

(Fig. 4).
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TaBLE 2. Estimates of composite genetic effects and their statis-
tical significance for the percentage of survival and, for sur-
vivors, growth in diameter at breast height (DBH), percentage
reproductive and capsule score, measured at age 20 years from

planting

Genetic DBH growth (cm) Percentage of alive trees Capsule score
effects that are reproductive (%) (04 scale)
o —1-65 £ 0-70 —30-56 £ 5-67 —0-72 £ 012
R (P =0-036) (P <0-001) (P <0-001)
o1 5-81 =313 3.38 = 10-46 024 = 0-14

(P =0-094) (P =0-753) (P=0-116)
o 20-45 = 4.52 37-64 = 15-88 1.73 = 0-27
R (P <0-001) (P =0-029) (P <0-001)
52 & £ Ed
%10, * —28.05 £ 6:37 —0-66 = 0-15

(P <0-001) (P <0-001)

Estimates of composite genetic effects pertain to: additive (a;) and domin-
ance (1) effects, and additive x additive (&), dominance x dominance (J,)
and additive x dominance (a191) epistatic effects.

Composite parameter estimates were based on the genetic model that was
considered to be the most adequate to explain population differentiation (i.e.
the most parsimonious genetic model that led to the largest reduction in statis-
tical significance of the lack of fit, to a value not significant at the 10 % level;
see Table S1). *Composite effect not included in the model selected to explain
the genetic basis of population divergence (as indicated in Table S1).

Estimates of composite effects, their standard errors and significance tests
using a Wald-type F statistic were obtained after removing the non-significant
lack-of-fit term from the mixed model. Note that o, reflects the change in
genotypic value associated with differences between the parental and non-par-
ental combinations of non-allelic gene pairs. Therefore, a positive value for o
indicates reduced hybrid fitness [for a detailed explanation see Costa e Silva
etal. (2012), 254 ].

findings regarding the persistence, action and relative import-
ance of reproductive barriers in this system. Firstly, we found
that intermediate inheritance of floral traits means that strong
mechanical barriers to zygote formation between E. nitens (pol-
len) and E. globulus (flowers) are lost after the first generation
of hybridization. Secondly, there was no obvious gamete or
early-acting post-zygotic barriers to hybridization between the
species in terms of pollen viability, seed set, germination or
nursery survival at 67 months of age. Thirdly, there were clear
later age barriers to hybrid fitness in terms of survival, growth
and reproductive capacity at 20 years of age, consistent with a
model of epistatic loss [i.e. detrimental effects caused by epi-
static incompatibilities and/or disruption of co-adapted com-
plexes (Lynch and Walsh, 1998; Fenster et al., 1997)] in the
hybrid classes.

Loss of mechanical barriers to zygote formation

Pre-zygotic barriers are often found to be responsible for
most reproductive isolation between pairs of taxa. For example,
in a meta-analysis, Lowry et al. (2008a) found that in 19 pairs
of angiosperm species, pre-zygotic barriers were twice as strong
on average as post-zygotic barriers. Nevertheless, these barriers
are notoriously ‘leaky’ (Widmer et al., 2009) and Fs are regu-
larly found in wild populations where congeneric species co-
occur (Mallet, 2007). This is certainly the case in Eucalyptus
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TaBLE 3. Estimates of total post-mating reproductive isolation
(RIs; Sobel and Chen, 2014) between E. globulus and E. nitens
for both first- and second-generation hybrids relative to the pure
species. Estimates are given for: post-mating pre-dispersal,
which assesses mechanical barriers to zygote formation and early
intrinsic post-zygotic barriers between pollination and seed ma-
turity, post-mating post-dispersal, which assess early- and late-
acting intrinsic post-zygotic barriers, from seed germination
through reproductive capacity at 20 years of age (the proportion
of survivors that are reproductive); total post-dispersal; and total
post-mating isolation

F, generation BC generation

Isolation stage and
barriers assessed

E. globulus E. nitens E. globulus E. nitens

Post-mating, pre-dispersal

Seed set (total pre-dispersal) 1 0-39 —0-17 0-01
Post-mating, post-dispersal

6-month nursery survival 0-04 0-07 0-08 0-28

20-year field survival 0-56 0-53 0-30 0-43

Reproductive capacity 0-74 0-74 0-67 0-52

Total post-dispersal 0-89 0-88 0-79 0-81
Total post-mating isolation 1 0-93 0-75 0-81

(Pryor and Johnson, 1981), where F'| hybrids are often found in
open-pollinated seed and established along species boundaries
(Griffin et al., 1988; Potts et al., 2003). The key issue for speci-
ation is the extent to which species integrity is maintained in
the presence of low-level F; hybridization (Lindtke et al.,
2014; Christe et al., 2016). This will in part depend on whether
these hybrids facilitate backcrossing and act as conduits for
gene flow and introgression between the species. The current
study shows that multiple mechanical barriers to zygote forma-
tion are weakened in F'; hybrids through the more or less addi-
tive inheritance of reproductive traits, providing a potential
pathway for an escalation in gene flow. We show that the F
phenotype increases the likelihood of pollen transfer, post-
mating pollination success, and thus backcross hybridization
(see discussion below), forming a ‘bridge’ for gene flow be-
tween the otherwise well-isolated parents (Grant, 1993).
Although the concept of hybrids providing a bridge for gene
flow is well established (Levin, 1978a; Rieseberg et al., 1993),
as far as we can see the issue has received surprisingly little em-
pirical attention (but see Grant, 1993; Broyles, 2002 Stoepler
et al., 2012; Lindtke et al., 2014), despite the fact that this could
at least partly explain introgression in the face of strong barriers
to gene flow (Arnold, 1992; Yatabe et al., 2007; Christe et al.,
2016), as is predicted by theory (Chan and Levin, 2005).
Pre-zygotic barriers between E. globulus and E. nitens are
strong, and appear to be operating at both pre- and post-mating
stages. The species often have overlapping flowering times
where they co-occur (Lopez et al., 2000a; Barbour et al., 2006b).
However, different pollinator guilds are likely to be a key pre-
mating barrier limiting interspecific pollination. It is estimated
that the large E. globulus flowers produce around 100 times
more nectar per day than the small E. nitens flowers (Hingston
et al., 2004b). Consequently, outcrossing in E. globulus appears
to be mostly due to birds rather than insects (Hingston ez al.,
2004b), while E. nitens is exclusively insect-pollinated (Hingston
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et al., 2004a). Therefore, the intermediate inheritance of traits
associated with nectar production in the F'| (receptacle width and
disk depth) is likely to reduce this barrier. Studies in wild sys-
tems have shown overlap between parental pollinator commun-
ities and hybrids leading to effective backcrossing (Campbell
et al., 1998; Broyles, 2002; Stoepler et al., 2012). However, in
the current study barriers may still be asymmetrical. Insect pol-
linators are likely to facilitate backcrossing with both species,
whereas bird pollination would be biased toward backcrossing
with E. globulus (Hingston et al., 2004a). It is unlikely that birds
would discriminate against the hybrids as one of the principal
bird pollinators of E. globulus, the endangered swift parrot
(Hingston et al., 2004b), is also know to feed on E. ovata
(Brereton et al., 2005), which has flowers of similar size and di-
mensions to the F here (Centre for Plant Biodiversity Research,
2006). This hypothesized pollinator-mediated breakdown of pre-
mating barriers in the F; would see a transfer of the defence
against introgression to post-mating mechanisms.

Mechanical size incompatibility between the pollen of one
species and the style of another has long been recognized as a
strong post-mating reproductive barrier in plants (Levin, 1978b;
Grant, 1994), which in the present case is clearly asymmetrical
(Gore et al., 1990). However, there are surprisingly few studies
that quantify the potential loss of this barrier due to the inherit-
ance of floral characteristics in F'; hybrids (Grant, 1993). Floral
morphology can be inherited in a dominant manner (Rieseberg
et al., 1993; Bradshaw et al., 1995), which would favour asym-
metrical backcrossing. However, as in the present study, inter-
mediate inheritance of floral traits is often reported (Grant,
1993; Bradshaw et al., 1995). Here we have found that very
strong (asymmetrical) mechanical barriers to zygote formation
between the pure species appear to have been lost due to the
more or less intermediate inheritance in the F';, and this is likely
to allow backcrossing in both directions. It is possible that com-
petition between the shorter F'; and the longer E. globulus pol-
len tubes may still constitute some barrier to backcrossing
towards E. globulus in the wild (Campbell et al., 2003).
However, we suspect that any such barrier will be of minor im-
portance in preventing gene flow. There is no evidence for pol-
len completion (between self and outcrossed pollen) in E.
globulus or E. nitens (Pound et al., 2003a, b), and we found
that F; viability and pollen tube length both actually tended to-
wards E. globulus values (Fig. 2D, E). Furthermore, there are
likely to be few barriers in the reverse cross, where E. globulus
pollinates the F'; flower. The demographic rarity of Fs (Mallet,
2005) also means that this cross (where the F; acts as the
mother) will probably be the most important for generating ini-
tial backcrosses to E. globulus. Thus, the intermediate inherit-
ance of floral morphology is likely to result in a major
reduction in the strength of asymmetrical mechanical isolation
in the F';, allowing gene flow to occur in both directions.

In eucalypts, the mechanical style length barrier is not re-
stricted to the E. nitens x E. globulus cross, but has been shown
to extend to a range of other eucalypt species native to
Tasmania (Larcombe et al., 2016). Such flower size variation is
also thought to have contributed to patterns of reticulate evolu-
tion, whereby small-flowered Tasmanian eucalypt species ap-
pear to have been sinks for introgression from larger-flowered
species (McKinnon et al., 2004a, b). Therefore, by revealing
the ephemeral nature of this asymmetrical flower size barrier,
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our study provides a new perspective on the hybridization dy-
namics of this system, as well as an empirical example of the
loss of mechanical barriers to zygote formation due to
hybridization.

Absence of pollen inviability and early-acting
post-zygotic barriers

We found no evidence of reduced viability of the F; pollen.
Post-mating hybrid incompatibilities are often detected as a re-
duction in F pollen viability (Ramsey et al., 2003; Archibald
et al., 2005; Scopece et al., 2008). This is likely to be associ-
ated with differences in chromosomal architecture (chromo-
somal translocations, fusions, fissions and inversions) between
the parental species that disrupt normal chromosome pairing in
the Fy, resulting in the production of F; gametes that lack genes
needed for normal functioning (King, 1995; Rieseberg, 2001).
Such rearrangements have a more pronounced effect on F fer-
tility in plants than in animals because more genes are ex-
pressed in pollen than in sperm, and seem to be more evident in
male than female gametes due to complex interactions between
the pollen and maternal tissues (Rieseberg, 2001; Scopece
et al., 2008). Therefore, in the present study, the high fitness of
F pollen argues against the existence of major chromosomal
rearrangements in E. globulus and E. nitens. This is consistent
with E. globulus and E. nitens having the same chromosome
count (n = 11; Grattapaglia et al., 2012) and with mapping and
genomic studies that indicate high genome synteny and co-
linearity in Eucalyptus, even in phylogenetically wider crosses
between E. grandis and E. globulus, which occur in different
taxonomic sections (Myburg et al., 2004; Hudson et al., 2012).

We found no evidence of early-age intrinsic post-zygotic bar-
riers operating from seed germination up to 6 months of age in
the nursery. This is consistent with results from a previous
study of F; hybridization involving E. globulus (crossed with
E. ovata), which found no evidence of early age reduction in
hybrid survival or growth (Lopez et al., 2000b). However,
early-acting post-zygotic barriers have been reported in other
eucalypts (Potts and Dungey, 2004), including at the embryonic
stage (Sedgley and Granger, 1996; Dickinson et al., 2012b),
and it is possible that we have underestimated these barriers in
the current study. We assessed early-age hybrid fitness in the
benign nursery environment, and this probably underestimates
early age selection, which has been shown to act against euca-
lypt hybrids in nature (Barbour er al., 2006a). Additionally,
while not scored in the present study, previous work has shown
that E. nitens x E. globulus F1s have higher frequencies of ab-
normal phenotypes than the parental species (Potts and
Dungey, 2004). The frequency of such abnormal F'; phenotypes
is higher still in phylogenetically wider eucalypt crosses (Potts
and Dungey, 2004), and they are probably the first signal of the
severe hybrid breakdown evident in later stages of the life cycle
and later generations.

Strong later-acting post-zygotic barriers

There is little doubt that strong post-zygotic barriers to gene
flow operate in F; hybrids in this system, which will to some
extent counteract the more ephemeral mechanical barriers to
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zygote formation between the species. These post-zygotic bar-
riers appear to be endogenous, because previous studies have
shown that the reduced hybrid vigour occurs across multiple
sites (Tibbits, 2000; Volker et al., 2008; Costa e Silva et al.,
2012), which is in stark contrast to the heterosis observed in
inter-provenance crosses in E. globulus (Costa e Silva et al.,
2014). While some F; hybrids did survive in the current study,
reproductive fitness was significantly reduced in subsequent
generations, meaning that the combined effect of multiple post-
zygotic barriers results in a marked reduction in Darwinian fit-
ness of the hybrids. As with previous results obtained for sur-
vival and growth (Costa e Silva et al., 2012), our line-cross
analysis argues that this reduction of reproductive capacity in
the survivors is a reflection of epistatic loss, and thus outbreed-
ing depression. This model implies a mode of evolution that is
consistent with Dobzhansky—Muller incompatibilities (Lynch
and Walsh, 1998). In fact, if ecological differences alone were
operating on hybrid fitness (i.e. genetic incompatibilities were
not affecting fitness), then the F; hybrids might be expected to
perform better than the parents in an intermediate habitat
(Abbott et al., 2013). Therefore, the poor F; performance found
here on an intermediate trial site may be further evidence of
Dobzhansky—Muller-type incompatibilities (see also the discus-
sion in Costa e Silva et al., 2012, page 261). However, it is ex-
tremely difficult to distinguish between the effects of
chromosomal rearrangements on hybrid inviability from those
of genes/Dobzhansky—Muller-type processors (Rieseberg,
2001). Indeed, in Eucalyptus a dynamic picture of genome evo-
lution is emerging, particularly with respect to gene duplica-
tions and transposable elements (Myburg ef al., 2014).

Although we cannot dismiss the possibility that small
chromosomal rearrangements contributed to the outbreeding
depression observed in this study [including differences in gene
duplication, and position (Myburg et al., 2014)], we believe it
is unlikely that large karyotype differences are driving the ef-
fect. Firstly, as discussed above, we found no evidence of F;
pollen inviability, as would be expected if large chromosomal
rearrangements existed (Rieseberg, 2001). Secondly, a related
expectation is that reduced hybrid vigour (growth and survival)
associated with large chromosomal rearrangements is unlikely
to be expressed until the F, generation (King, 1995). This is be-
cause underdominance caused by differences in chromosome
arrangement in the F; are masked by heterozygosity (King,
1995). Contrary to this, we found a large reduction in the fitness
of both the F| and the F, generation, which is more consistent
with a model of epistatic loss due to many small genetic
changes (Seehausen et al., 2014). Thirdly, this is the latest in a
series of studies — using both modelling of hybrid compatibility
(Costa e Silva et al., 2012; Larcombe et al., 2015) and genomic
mapping approaches (Hudson ez al., 2012; Myburg et al., 2004)
— that suggest that post-zygotic reproductive isolation in
Eucalyptus results from the build-up of co-adapted complexes
within species and small genetic changes between the genomes
of diverging taxa. The significant lack of fit in models for
survival in the current study indicates that the disruption of co-
adapted complexes may extend beyond pairwise epistatic inter-
actions, and, in line with previous studies (see Fig. 1 in Costa e
Silva et al. 2012), the magnitude and complexity of these dele-
terious effects appear to increase with age.
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Persistence and relative importance of reproductive barriers

There is no doubt that in many systems pre-zygotic barriers
account for more reproductive isolation than post-zygotic bar-
riers in the first generation. For example, in sympatric situations
pollinator fidelity accounted for 97 % of the total reproductive
isolation between Mimulus lewisii and Mimulus cardinalis
(Ramsey et al., 2003). Similar findings have been reported
from other Mimulus species (Martin and Willis, 2007; Lowry
et al., 2008b) and a range of other taxa (Grant, 1994; Grant and
Grant, 1964; Kay, 2006). Indeed, there is a strong mechanical
pre-zygotic barrier between E. globulus (flowers) and E. nitens
(pollen) in the first generation. However, the persistence of
such mechanical barriers in later generations is rarely quanti-
fied, and if such barriers are easily lost in Fis, as we have
shown here, then their contribution to reproductive isolation is
greatly diminished wherever F'; hybridization can occur. There
are a small number of observational (Grant, 1993) and empir-
ical (Broyles, 2002; Stoepler et al., 2012) studies that investi-
gate the effect of pollinator overlap between hybrids and pure
species as a pathway to gene flow. Additionally, Field er al.
(2010) discuss the potential effect of intermediate style length
in F; hybrids creating a bridge for gene flow between
Eucalyptus aggregata and Eucalyptus rubida, but do not quan-
tify the existence or loss of the barrier. Here we clearly docu-
mented the loss of mechanical barriers to zygote formation in
E. globulus x E. nitens Fy hybrids. Consequently, intrinsic
post-zygotic barriers become more important for preventing
gene flow in this system. This underappreciated process high-
lights the probable importance of persistent post-zygotic bar-
riers in maintaining species boundaries in zones of secondary
contact. Interestingly, recent genomic analyses of naturally
occurring hybrid zones in Populus came to the same conclusion
about the importance of intrinsic post-zygotic barriers in main-
taining species boundaries (Lindtke et al., 2014; Christe et al.,
2016). Given the opposite trends found in many herbaceous
systems (Lowry et al., 2008a), these early but consistent results
coming from trees (including the current work) highlight the
importance of studying organisms with diverse life history
strategies.

Exotic gene flow from E. nitens in Tasmania

The loss of the strong mechanical barriers to zygote forma-
tion in E. globulus has practical implications for minimizing
unwanted gene flow from E. nitens plantations in Tasmania.
Because post-zygotic barriers are incomplete in this system,
wherever F'; hybrids occur (from E. globulus pollen) between
E. nitens plantations and native E. globulus populations there is
a possibility of gene flow. In fact, because E. globulus is polli-
nated by both insects and birds, backcrossing towards E. globu-
lus may be favoured, essentially reversing the asymmetry
observed in compatibility from the first generation.
Furthermore, style length has been used in management proto-
cols to estimate the genetic risk posed by E. nitens to all other
compatible Tasmanian eucalypt species (Roberts et al., 2009).
Therefore, these protocols should recognize the transient nature
of the style length barrier after the first generation.
Nevertheless, style length is only one component of genetic risk
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assessment, which requires a detailed understanding of a range
of other barriers (Potts ez al., 2003).

CONCLUSION

We have presented a 20-year study that assesses reproductive
isolation across multiple hybrid generations in a forest tree sys-
tem. One salient feature of the study was strongly contrasting
results in the 6-month compared with the 20-year assessments
of hybrid fitness, demonstrating the value of such long-term
datasets. We found that intermediate inheritance of floral
morphology results in the loss of strong asymmetrical barriers
to gene flow between E. globulus and E. nitens following the
first generation of hybridization. This enables the F; to act as a
bridge for pollen/gene flow between the taxa. The bridging of
mechanical barriers to zygote formation by F; hybrids in mod-
els of reproductive isolation appears to be an underappreciated
phenomenon. Although there were few early-acting post-
zygotic barriers to hybrid fitness, 20-year-old survival, growth
and reproductive capacity were strongly reduced in the hybrid
classes including the F, and BC generations, suggesting that in-
trinsic post-zygotic barriers are more persistent than mechanical
barriers to zygote formation in this system. Our line-cross ana-
lysis indicated that this post-zygotic effect is likely to be a re-
sult of outbreeding depression due to epistatic loss in the
hybrids. Therefore, where F; hybridization is possible in areas
of secondary contact between these species, it will be intrinsic
post-zygotic barriers that contribute most meaningfully to the
maintenance of species boundaries. This is in line with other re-
cent studies in forest trees, but in contrast to most previous evi-
dence from herbaceous systems.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxfordjour
nal.org and consist of Table S1: results of testing hypothesis
about the adequacy of alternative genetic models fitted sequen-
tially to breast-height diameter (DBH) growth, percentage of
tree survival, percentage of alive trees that are reproductive and
capsule score, measured in the Tyenna trial at age 20 years
from field planting
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