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Abstract: Climatic changes during the Pleistocene were responsible for dramatic redistributions
of plant species worldwide. On the rugged southern hemisphere island of Tasmania, temperature
increases following the last glaciation saw upslope migration of climatically suitable species from
lowland refugia and the expansion of eucalypt-dominated forests and woodlands in the Central
Highlands. We integrate multiple lines of evidence (chloroplast and nuclear DNA markers, seedling
morphology, and survival in common garden experiments) from a group of closely related endemic
eucalypts (the alpine white gums) to argue that (i) the Central Highlands of the island were colonised
by multiple glacial refugia with hybridisation among species and previously separated populations,
and (ii) natural selection has filtered the admixed populations, resulting in local adaptation to the
harsh sub-alpine environment. Chloroplast haplotype diversity decreased and nuclear microsatellite
diversity increased with altitude, chloroplast sharing among taxa was common, and nuclear DNA
differentiation of morphologically distinct taxa was lower in the Central Highlands compared with
lowland regions. Local adaptation in the highlands was signalled by evidence from (i) a glasshouse
trial in which directional selection (Qst > Fgr) had shaped seedling morphological trait variation and
(ii) population survival differences in 35-year-old reciprocal plantings along the major environmental
gradients. We conclude that the evolutionary response of these island endemic trees to past climate
change has involved the interplay of both hybridisation and natural selection, highlighting the
importance of maintaining species interactions under future climate change.

Keywords: hybridisation; natural selection; local adaptation; chloroplast DNA; microsatellite variation;
population genetics; Eucalyptus gunnii; E. urnigera; E. archeri

1. Introduction

Climatic change associated with the Pleistocene glaciations was associated with dra-
matic redistributions of forest tree species in temperate regions of the world [1]. Con-
temporary species distributions and patterns of genetic diversity in many forest species
are well explained by migration to higher altitudes and higher latitudes from the Last
Glacial Maximum (LGM; ~30 to 17 ka) forest refugia [1-6], though some species do per-
sist in historically stable or conserved niches [7]. Such range shifts are likely to have

Forests 2023, 14, 1072. https:/ /doi.org/10.3390/£14061072

https://www.mdpi.com/journal/forests


https://doi.org/10.3390/f14061072
https://doi.org/10.3390/f14061072
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0002-3502-0242
https://orcid.org/0000-0003-2026-4532
https://orcid.org/0000-0002-6033-2766
https://orcid.org/0000-0001-6244-289X
https://doi.org/10.3390/f14061072
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f14061072?type=check_update&version=1

Forests 2023, 14, 1072

2 of 30

involved different evolutionary dynamics at the leading and trailing edges of the species
distribution, particularly when the leading edge involved the colonisation of treeless
landscapes [2,3,8-10]. While drift and selection are clearly important in both the leading
and trailing edge scenarios in numerous plant and animal species, in forest trees, hybridi-
sation is also commonly involved [4,11-13]. Forest tree species often form hybridising
networks of multiple species [14,15], and postglacial hybridisation may occur following
secondary contact of previously isolated populations [16-19] and species [20,21]. Hybridi-
sation may also become more significant due to climate-driven changes in the fitness of
parapatric species at the trailing and leading edges of the species distribution [22-24]. In
such cases, introgression may introduce novel adaptations [4,13,25,26], and in more extreme
cases may result in the complete introgressive displacement of the least fit species [27,28],
especially when seed dispersal is limited compared with pollen dispersal [29].

Molecular studies, particularly those tracking maternally inherited chloroplast DNA
markers, have long been used to provide evidence for glacial refugia, postglacial migra-
tion routes, and hybridisation in forest trees in temperate regions of the world (involv-
ing, for example, multiple species [30] such as Acer [31], Juglans [16], Picea [19], Popu-
Ius [20], and Quercus [6,27,32,33] in the northern hemisphere, and Nothofagus [34,35] and
Eucalyptus [36-38] in the southern hemisphere). In addition, there is increasing evidence of
the role of natural selection in shaping contemporary patterns of genetic variation in forest
tree species, including from quantitative genetic studies performed in common garden
field trials [4,39,40]. Such evidence for directional selection acting on functional traits may
come from studies showing higher population divergence than expected due to drift (i.e.,
Qst > Fsr, [41]) or from genetic-environment associations [8,42,43]. Evidence for adaptive
differences among populations, as well as local adaptation, may come from differences
in performance and ultimately fitness in common garden trials, ideally planted along
environmental gradients [4,44,45]. While there are many forest tree studies utilising one or
other of these approaches to understand the contemporary patterns of genetic variation
in forest tree species, there are few integrative studies combining molecular and quant-
itative approaches.

The present study uses these diverse approaches to provide insights into the evolu-
tionary processes that have shaped the postglacial patterns of variation in populations of
a closely related complex of eucalypt species, the alpine white gums, which are endemic
to the island of Tasmania, Australia. Current vegetation patterns in Tasmania have been
strongly influenced by past climate change [46—48], leading to both the redistribution
and extinction of species [36,49]. The Central Highlands region of Tasmania was subject
to glacial and periglacial activity during the Pleistocene [50], and during the LGM, it is
thought that most of this region was uninhabitable by trees [36,48]. Eucalypt species are
thought to have been restricted to climatically suitable lowland glacial refugia [51], such
as the southeastern glacial refugia, which is supported by molecular data [36,38]. The
retreat of the Tasmanian icecap with rising temperatures and precipitation at the end of
the last glaciation would have facilitated the migration of eucalypts out of refugial areas,
potentially allowing secondary contact in central regions of the island between previously
isolated populations and taxa [52]. The patterns of eucalypt distribution and genetic vari-
ation seen today in the Central Highlands of Tasmania are therefore likely the result of
recent (beginning approximately 13,000 years ago) postglacial population expansion and
migration into this newly available habitat.

The alpine white gum group of eucalypts (Eucalyptus subg. Symphyomyrtus sect.
Maidenaria ser. Tasmaniae D.Nicolle & R.Jones [53]) studied here consists of seven taxa
endemic to Tasmania: E. archeri Maiden & Blakely, E. gunnii Hook.f. subsp. gunnii, E. gunnii
subsp. divaricata (McAulay & Brett) B.M.Potts, E. urnigera Hook.f., E. cordata Labill. subsp.
cordata, E. cordata subsp. quadrangulosa D.Nicolle, B.M.Potts & McKinnon, and E. morrisbyi
Brett. These taxa are currently distributed in both the newly occupied Central Highlands
region at an average altitude above 1000 m a.s.l. (E. archeri, E. gunnii and E. urnigera)
and in putative lowland glacial refugial areas in southeastern (E. cordata, E. morrisbyi, E.
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gunnii, E. urnigera) and northern (E. gunnii) Tasmania (Figure 1). The relationships between
these taxa are poorly resolved even when using high-coverage molecular markers such
as AFLP [54] or DArT [55,56]. In a phylogenetic analysis [56], these taxa were found not
to be monophyletic, with, for example, several samples morphologically affiliated with E.
urnigera showing closer molecular affinities to samples of E. gunnii subsp. divaricata than to
E. urnigera. There are also complex patterns of clinal morphological variation involving E.
archeri and E. gunnii intergrading along a latitudinal gradient in the Central Highlands [57].
Parallel clines in several characters, most notably leaf and stem waxy glaucousness, result in
a north-south continuum between high-altitude E. archeri (green phenotype) and E. gunnii
subsp. divaricata (glaucous phenotype), while an east-west altitudinal cline in leaf form
connects E. gunnii subsp. divaricata (high-altitude form, with smaller, thicker leaves) and
lower-altitude E. gunnii subsp. gunnii [57]. These complex clines linking taxa in the Central
Highlands contrast with the patterns of variation in the southeast lowlands of Tasmania,
where locally co-occurring alpine white gum species are usually morphologically and
ecologically well-differentiated. In the southeast, these species occupy distinct ecological
habitats, with the more frost-resistant E. gunnii occurring in poorly drained, frost-prone
habitats, whereas E. urnigera and E. cordata occur on the better-drained, less-frost-prone
surrounding slopes [58].

Figure 1. Typical habitat of four of the alpine white gum taxa sampled in this study. (a) Eucalyptus
archeri at Projection Bluff, (b) E. gunnii subsp. divaricata near Great Lake, (c) E. urnigera at Mt Field
and (d) E. cordata subsp. cordata on Maria Island overlooking submerged parts of the lowland glacial
refugium in southeastern Tasmania, Australia.
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Here, we compare the patterns of variation in chloroplast and nuclear DNA markers
within and between species of the alpine white gum complex in the Central Highlands
with that in lowland glacial refugia of southeastern Tasmania. These molecular data are
then combined with quantitative data from a glasshouse trial and a 35-year-old reciprocal
common garden experiment to better understand the role of hybridisation and selection in
shaping the current patterns of variation in the alpine white gum species complex in the
Tasmanian Central Highlands.

2. Materials and Methods
2.1. Molecular Markers

Both nuclear and maternally inherited chloroplast (cpDNA) markers were used to
study population diversity and affinities, and spatial patterns of variation were compared
to provide evidence for hybridisation. Leaf tissue for molecular studies was sampled from
20 to 30 trees at each of the 55 populations, representing the seven terminal taxa of the
alpine white gum complex (Figure 2, Supplementary Table S1). The sampled trees were
separated from each other by a distance of at least twice the average canopy height of
mature trees within a population to avoid sampling family groups. Leaf tissue was ground
in liquid nitrogen using either a mortar and pestle or a single tungsten carbide bead in a
1.2 mL sample tube in a Mixer Mill MM400 (Retsch Ltd., Haan, Germany). Total genomic
DNA was then extracted using either a DNeasy Plant Mini-kit (Qiagen, Melbourne, Vic.,
Australia) or the CTAB method of Doyle and Doyle [59] with several modifications [60].
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Figure 2. Populations of the alpine white gum complex sampled in this study. Population codes
have a prefix designating the phenotypic class observed in the field (A = Eucalyptus archeri; 1 = E.
archeri—E. gunnii intermediate; G = E. gunnii subsp. gunnii (G1-G10) and E. gunnii subsp. divaricata
(G11-G18); U = E. urnigera; C = E. cordata subsp. cordata (C1-C14), E. cordata “intermediate” (C15-
C18) and E. cordata subsp. quadrangulosa (C19-C21); M = E. morrisbyi). For population details see
Supplementary Table S1. Dashed circle indicates the lowland southeast refugial populations.
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2.2. Chloroplast Sequencing

Of the 20 to 30 trees sampled, around 5 (mode 5, minimum 3, maximum 12, see
Supplementary Table S1) random but geographically well-spaced trees from each of the
55 populations were chosen for sequencing the hypervariable i o+ region of cpDNA
(~630 bp) [61], which is maternally inherited [62]. Polymerase chain reactions (PCRs) were
performed as in Freeman et al. [61] except using 2.5 mM MgCl,, 0.15 uM of each primer,
1 unit of MangoTaq polymerase (Bioline, Alexandria, NSW, Australia), and deionised MilliQ
water to 25 pL, and the following program: 95 °C for 5 min; 30 cycles consisting of 94 °C for
60 s, 61 °C for 60 s, and 72 °C for 60 s; 72 °C for 5 min. Purification and sequencing of PCR
products were performed by Macrogen Inc. (Seoul, Republic of Korea) using an AB3730
DNA Analyser (Applied Biosystems, Foster City, CA, USA) and analysed using Sequencher
version 4.7 (Gene Codes Corp., Ann Arbor, MI, USA) and CLC Workbench version 4 (CLC
Bio, Aarhus, Denmark). 1A+ sequences from McKinnon et al. [60] were used for some
populations. Haplotype scoring and phylogenetic relationships among haplotypes followed
Freeman et al. [61], and new haplotype sequences were lodged in GenBank (JQ713790-
JQ713807). A haplotype character matrix was used to generate a distance matrix among
haplotypes using PAUP version 4.0a169 [63], which was used to generate a haplotype
network using TCS 1.21 [64]. Four of the J; o+ characters were either too variable to be
phylogenetically informative in these species, or were homoplasious. These characters
enabled fine discrimination among haplotypes, but their inclusion produced a complicated
cross-linked haplotype network (data not shown). Removing such characters gave an
overly simplified representation of the variation, meaning that haplotypes could not be
clearly assigned as “tip” (derived) haplotypes. However, whether these characters were
retained or removed, common haplotypes such as JCc56 and JS43 were always interior
(basal) in the network, consistent with previous studies [60], and JCc36 appeared to be a
“tip” haplotype (data not shown).

2.3. Nuclear Affinities and Diversity

Microsatellite primer pairs developed in E. grandis (prefix EMBRA; [65-67]) and E.
globulus (prefix EMCRC; [68]) were used. For each sample, 13 microsatellite loci (Sup-
plementary Table S2) were amplified by PCR in three multiplex mixes using a QITAGEN
Multiplex PCR kit (QIAGEN, Clayton, Victoria, Australia) as in Harrison et al. [55]. PCR
products were diluted 1 in 10, and 1 uL of diluted PCR product was dried and sent to
the Australian Genome Research Facility, South Australia, for sizing using an AB3730
DNA Analyser (Applied Biosystems, Foster City, CA, USA). Allele sizes at each locus were
estimated in GeneMapper version 3.7 (Applied Biosystems, USA) using GS-500(-250) LIZ
as a size standard. Data for E. cordata came from Harrison et al. [55]. In the rare cases where
clonal genotypes were detected (due to fracturing of the underground lignotuber in E. mor-
risbyi, data not shown), one sample from each clonal patch was retained, resulting in a total
sample size of 1313 individual genotypes. One hundred and four samples were repeated to
estimate repeatability of microsatellite sizing, with an error rate of 2.8% detected (data not
shown). These microsatellite loci had been tested for null allele frequency previously in
E. cordata [55].

Population genetic diversity parameters were calculated using GenAlEx [69,70] and
averaged across populations and loci. These included the observed number of alleles (A),
observed heterozygosity (H,), and expected heterozygosity (H,). Wright’s Fixation Index
(F) was also calculated for each population. Allelic richness (R¢), a measure of the number
of alleles per locus rarefied to a minimum sample size of 12 individuals per population,
was calculated in FSTAT version 2.9.3.2 [71], and averaged across each population. To test
whether the hypothesised recolonisation of the Central Highlands region was accompanied
by a loss (or otherwise) of genetic diversity, allelic richness per population was plotted
against altitude, with Pearson’s correlation coefficient calculated using the cor.test function
in R (R Core Team 2019). F-statistics [72] per locus were also calculated in FSTAT, with
95% confidence intervals derived from 1000 bootstraps. Pairwise Fst was also calculated
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between populations within each species, and separately among the 13 central highland
populations (E. gunnii, E. urnigera and E. archeri) and 6 refugial populations of these
taxa, as well as for the 10 central highland populations for which nuclear molecular and
morphological data were available (see Supplementary Table S1) for comparison with Qs
(see below). To compare the molecular differences between E. gunnii and E. urnigera in
locations where morphologically distinctive populations co-occur in proximal habitats,
pairwise Fst was calculated at four sites: (1) E. gunnii subsp. divaricata vs. E. urnigera at
Jemmy’s Marsh (G18 vs. U3); (2) E. gunnii subsp. gunnii vs. E. urnigera at Lake Echo (G7 vs.
Ul); (3) E. gunnii subsp. gunnii vs. E. urnigera at Broad River Marshes (G9 vs. U7); (4) E.
gunnii subsp. gunnii vs. E. urnigera at Snug Plains (G10 vs. U12) (Figure 2).

Focusing on the taxa co-occurring in the Central Highlands, the genetic affinities
of individuals and populations of E. archeri, E. gunnii, and E. urnigera (32 populations;
746 individuals) were investigated using STRUCTURE version 2.3.4 [73-76], to elucidate the
number of ancestral clusters (K) and the proportion of each individual’s genome assigned
to each of the K groups (g). Assuming no a priori population groupings, the Bayesian model
was run for 200,000 MCMC iterations (following a burn-in of 200,000 MCMC iterations)
using the admixture model and correlated allele frequencies, from K =1 to K = 14, with
10 independent runs for each value of K. Due to multimodality across runs at K = 4 (data not
shown), an additional 10 runs were conducted for this K. The five highest likelihood runs
were used to estimate the number of ancestral clusters by examining the log probability of
the data (In Pr(X1K)) and AK in STRUCTURE HARVESTER [77,78]. The Greedy algorithm
of CLUMPP [79] was used to derive a single output from the five independent runs at each
K from K =2 to K =7 and visualised using DISTRUCT [80].

Since the above STRUCTURE analyses revealed low differentiation among individuals
and populations in the Central Highlands, and a small but significant Fst among 13 Central
Highlands populations had been revealed in earlier statistical tests, additional STRUCTURE
analyses were conducted using the LOCPRIOR model as recommended for datasets with a
weak population structure [75]. Using the above dataset but excluding geographic outliers
and genetically divergent populations of E. gunnii and E. urnigera at Mt Arthur, Mt Seymour,
Den Hill, Mt Bounty, Weilangta Hill, and Maria Island (i.e., 26 populations; 614 individuals),
analyses were run using the same parameters outlined above but with the LOCPRIOR
model. The number of clusters was estimated by examining the log probability of the
data (In Pr(X1K)) and AK in STRUCTURE HARVESTER [77,78]. The Greedy algorithm in
CLUMPP [79] was used to derive a single output from the five independent runs at each
K from K = 2 to K = 7, and these were visualised using CLUMPAK [81]. The population
affinities (i.e., average of the individual Q-values in each population) for K = 3 were also
spatially visualised.

2.4. Glasshouse Progeny Trial

To examine the quantitative genetic differences among (Qst) and within the popula-
tions in the Central Highlands and test for signals of selection and local adaptation, we
grew progeny collected from 15 natural Central Highlands populations of the three focal
species including both subspecies of E. gunnii (Supplementary Table S1) in the glasshouse
and measured morphological traits. Open-pollinated seed was collected from 9 to 11 adult
trees per population. Seedlings were potted into individual pots (5 cm x 5cm x 12 ¢cm) and
arranged into 10 randomised blocks with each mother represented once per block where
possible. All plants were grown in a glasshouse under natural light conditions with daily
watering. At 2 months, the seedling cotyledons were scored for anthocyanin expression by
visually categorising the degree of red pigmentation (0 = green; 4 = deep purple) on the
abaxial surface of the cotyledon. The leaf node at which the expression of anthocyanin was
no longer evident was also recorded for each seedling. At 4 months, up to 5 seedlings per
family were measured for 10 leaf traits, 5 stem traits, and 7 other overall plant traits (see
Table 1). Leaf traits were estimated using the WinFOLIA program (Regent Instruments Inc.,
Quebec, QC, Canada) (Supplementary Figure S1).
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Quantitative genetic variation in morphological traits determined by growing seedlings
in a common environment (glasshouse) was analysed using individual seedling data for the
ten populations for which microsatellite data were available (see Supplementary Table S1).
Traits were transformed where necessary to better meet linearity and normality assumptions
or treated as binary traits (Table 1). To test for differences among the 10 populations and
estimate least-squares means, a mixed model was fitted to the data, treating population as a
fixed effect and glasshouse block and additive genetic effects within populations as random
effects using ASReml [82]. Following Gauli et al. [83], the additive genetic variance was
estimated using a pedigree file to define the numerator relationship matrix for parents and
their open-pollinated progeny. In our case, the relationship matrix was modified to allow
for an average outcrossing rate of 70% (common when using open-pollinated eucalypt
families [84]; see also discussion in [85]) and a base population level inbreeding equivalent
to the average microsatellite Fjs estimate for 10 populations. Binary traits were analysed by
fitting the same model with a logit link function. The difference among populations was
tested using a Wald F test.

To evaluate whether seedling morphological traits exhibit a signal of spatially diver-
gent selection (i.e., Qst > Fsr; [41]) and estimate population divergence in quantitative
traits, the population quantitative inbreeding coefficient Qst was calculated following
Latta [86] and Yang et al. [87]. This was undertaken using ASReml and the mixed model
described above but with population fitted as a random term. The estimate of the additive
and residual variances obtained from these models was used to calculate within-population,
narrow-sense heritabilities (h2op), following Gauli et al. [83]. Standard errors for Qst and
h?op were calculated using an expanded Taylor series [82]. One-tailed likelihood ratio tests
(LRTs) were used to test whether the additive genetic variance estimates exceeded 1 and
whether Qs exceeded the maximum Fgt (0.044, calculated using the microsatellite data for
the same 10 populations). The LRTs for Qg7 > Fsr followed Dutkowski and Potts [42] and
were applied to all but the binary traits, which were tested using a Z test [88].

A discriminant analysis based on individual data and 9 key discriminating variables
(with P[QsT > Fsr] < 0.01) was undertaken using PROC DISCRIM of SAS (version 9.4)
to summarise the pattern of putative adaptive phenotypic variation among populations,
which was displayed by ordination of the first two discriminant axes (CV1 and CV2).
Climatic (see below) and morphological (Table 1) variables were fitted into this ordination
space using the “envfit” function of the vegan package [89] in R (R Core Team, 2019), and
significant vectors were plotted to visualise co-occurring patterns of variation.

Genetic correlations between pairs of traits were calculated at the population and addi-
tive genetic levels using bivariate models fitted in ASReml following Gauli et al. [83]. The ge-
netic correlations were only calculated for the traits where Qgr significantly
(p < 0.01) exceeded the maximum Fgr, and within-population additive genetic variance
was significant (p < 0.05). The variance components and correlations were estimated with
the fully random model used for Qgr calculations, with the exception that all 15 popula-
tions with quantitative data were included. Two-tailed LRTs were used to test whether
correlations were significantly different from zero, undertaken by constraining the specific
correlation being tested to zero and comparing with the unconstrained model.

2.5. Mantel Association Analyses

To determine the association between distance matrices derived from pairwise Fgr,
taxon affinities, population seedling phenotypes, and geographic and climate distance,
Mantel tests were undertaken using the “mantel” function of the ecodist package in R [90].
The significance of the Mantel correlation between these distance matrices was determined
using a permutation test by permuting one of the original distance matrices 100,000 times.
To derive the climate distance matrix, four bioclimatic variables that reflected tempera-
ture extremes (maximum temperature of the warmest week, minimum temperature of
the coldest week), precipitation (mean annual precipitation), and light (mean annual so-
lar radiation) were obtained for each population using the geographic coordinates and
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altitude (Supplementary Table S1) in ANUCIlim version 6.1 [91]. Bioclimatic variables
were standardised to a unit variance prior to calculating the Euclidean distance between
populations. The geographic distance between populations was also estimated as the great
circle distance using the geographic coordinates and the Haversine method implemented
by the “rdist.earth” function in the fields package in R [92]. The seedling phenotype distance
matrix was derived as the Euclidean distance between populations using all CV axes from
the discriminant analysis (see above), which effectively reflects the Mahalanobis distance
between populations. The taxon affinities matrix was generated by assigning populations
based on field treatment of the population (based mainly on visual assessment of adult
leaf and capsule morphology as well as foliage glaucousness; e.g., [57]) rather than the
seedling phenotype, where populations from the same species were assigned the value
of 1 irrespective of subspecies treatment and a 0 if they were from different species or
intermediate populations.

2.6. Reciprocal Common Garden Trials

In 1979, two-year old seedlings were transplanted into fenced reciprocal experi-
mental gardens established at the extremes of the altitudinal (Liawenee High—1150 m
vs. Pensford—960 m) and latitudinal (Shannon Lagoon—1050 m vs. Projection Bluff
High—1100 m) clines in the Central Highlands to test for local adaptation. At each site,
12 seedlings originating from 6 mother trees (two per mother) from each of the same
4 sites (E. archeri from Projection Bluff High (A4), E. gunnii subsp. divaricata from Liawenee
High (G13), and Shannon Lagoon (G15), E. gunnii subsp. gunnii from Pensford (G6) plus E.
archeri from a lower-altitude (990 m) site at Projection Bluff Low (A5)) were planted 1 m
apart in two 6 x 6 Latin squares (see [93]). The populations are the phenotypic extremes of
two clines within the E. gunnii—E. archeri complex: a north-south cline between E. archeri
(Projection Bluff) and E. gunnii subsp. divaricata (Shannon Lagoon) that is associated with
the transition from a subalpine, mixed eucalypt/rainforest on the northern scarp of the
Central Highlands (Western Tiers) to the open woodland habitat bordering “frost hollows”
around Great Lake within the Central Highlands. The altitudinal cline is an east-west cline
associated with exposure to the alpine environment (i.e., from the low-altitude Pensford
population to the high-altitude Liawenee High population) [93]. The survival of each
individual was monitored 14 times between 1979 and 2015.

3. Results
3.1. Chloroplast Haplotype Diversity

We sequenced the hypervariable [; o+ region of the maternally inherited chloroplast
genome to compare the alpine white gum populations of two areas: putative glacial refugia
(mostly lowlands, see Supplementary Table S1) vs. those in the putative newly colonised
Central Highlands. This resulted in the identification and characterisation of 51 unique
haplotypes (Figure 3a, Supplementary Table S3). Four notable results emerged from the
chloroplast data.
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Figure 3. (a) Chloroplast haplotypes and (b) nuclear microsatellite diversity (allelic richness, R;)
of populations of the alpine white gum on maps showing the current coastline and the estimated
distribution of vegetation types and glacial extent at the Last Glacial Maximum in Tasmania. For the
pie diagrams showing the relative frequency of chloroplast DNA haplotypes, each colour is a different
haplotype; blue shades are haplotypes belonging to the central (JC) lineage, yellow /cream shades are
three haplotypes belonging to the eastern Tasmania (Jet) lineage, and remaining haplotypes belong
to the southern (JS) lineage (see Supplementary Table S3). Note that populations U10 (E. urnigera
Maria Island) and C15 (E. cordata Moogara) each consist of two subpopulations which are fixed for a
single haplotype, but these are each shown in a single pie chart in the figure. Vegetation distribution
on the maps is according to Kirkpatrick and Fowler [51] and the distribution of ice is derived from
Colhoun et al. [50].

First, we found little overlap in broad haplotype groups between the two areas.
Regardless of species, haplotypes of the “Southern” (JS) clade were restricted to the putative
glacial refugia in southeastern Tasmania, whereas haplotypes in the rest of Tasmania
belonged to the “Central” (JC) or the rarer “Eastern Tasmanian” (JET) clades (Figure 3a).
The only noteworthy case of inland overlap between these clades was in the Mt Field
area, where the lower-altitude population of E. urnigera (U7, Broad River Marshes in
Figure 4) was polymorphic for a Southern haplotype (JS41, red in Figure 3a) and the most
widespread haplotype in the Central Highlands JCc56 (blue in Figure 3a) (Supplementary
Table S3). We also found there were no shared haplotypes between the Central Highlands,
the southeastern refugium, and the northeastern region of Tasmania. While the northeastern
region was dominated by haplotypes of the Central clade, it had no shared haplotypes with
individuals from populations across the Central Highlands.
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Figure 4. Molecular affinities of populations of Eucalyptus archeri, E. gunnii, and E. urnigera. STRUC-
TURE affinities are shown using the LOCPRIOR model and K = 3 for a subset of 26 populations
(excluding E. cordata and E. morrisbyi populations and geographically outlying/genetically divergent
E. gunnii/E. urnigera populations). Population affinities are obtained by averaging the individual
Q-values in each population; individual results for K = 2 to 7 are shown in Supplementary Figure S5;
analyses using 32 populations of E. archeri, E. gunnii and E. urnigera and no a priori population
groupings for K = 2 to 7 are shown in Supplementary Figure S4. Pie charts are labelled with a
letter designating the phenotypic class observed in the field (a = E. archeri; i = E. archeri—E. gunnii
intermediate; g = E. gunnii subsp. gunnii; d = E. gunnii subsp. divaricata; u = E. urnigera. Dashed circle
indicates the lowland south-east refugial populations.

Second, chloroplast DNA haplotype diversity was higher in the putative south-eastern
glacial refugium than in the expansive Central Highlands (Figure 3a). This reduced haplo-
type diversity occurred at both the regional and population level, despite populations in the
highlands tending to be larger and more continuously distributed than populations in the
southeastern refugium. We found 39 haplotypes (2 JC and 37 JS) in the southeastern glacial
refugium but only 5 haplotypes (4 JC and 1 Jet) in the Central Highlands, with a large
portion of this area dominated by a single haplotype (JCc56) (Supplementary Table S3).
While many populations in both areas appeared fixed for a single haplotype, the maximum
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haplotype diversity was markedly different, with at most two haplotypes observed per
population in the Central Highlands, compared with up to five haplotypes in populations
from the putative southeast refugium (Supplementary Table S1). This pattern of reduced
haplotype diversity in the Central Highlands is consistent with a historical population
bottleneck and subsequent postglacial colonisation of highland areas by seed dispersal.

Third, the spatial distribution of the Central (JC) and Southern (JS) chloroplast clades
within the alpine white gums means that the JC haplotypes are dominant in E. gunnii
and E. archeri, whereas the ]S clade predominates in E. cordata, E. morrisbyi and southern
populations of E. urnigera (Supplementary Table S3). The Central clade was represented
by eight haplotypes in E. gunnii/archeri but only three haplotypes in E. urnigera and was
not found in E. cordata (Supplementary Table S3). The Central haplotypes in E. urnigera
were found in northern populations (Mt Field (U7, U8), Mt Seymour (U5), and the Central
Highlands (U1-U4)), and in two cases, these are shared with co-occurring (the common
JCc56) or proximal (rare haplotype JCc36) E. gunnii populations. In contrast, the Southern
clade is represented by 27 haplotypes in E. cordata and 12 haplotypes in E. urnigera, four of
which are shared with proximal E. cordata (JS05, ]S41, JS43, and JS77). Only two Southern
haplotypes were found in E. gunnii. These were rare haplotypes overall, and occur in
the southern population at Snug Plains (G10), one of which was only found in this local
area (JS84) and is shared with the co-occurring E. cordata (C21 Snug Plains). The E. gunnii
population at Snug Plains (G10) also contains a Central haplotype only found in the
Central Highlands E. gunnii, which in combination with the more southern and western
distribution of the Central clade reported in this taxon by McKinnon et al. [94], signals a
historic seed-mediated link to more northern populations.

Fourth, sharing of haplotypes was common in cases where multiple alpine white
gum species co-occur in the Central Highlands. For example, at Jemmy’s Marsh, where E.
gunnii subsp. divaricata (G18) and E. urnigera (U3) co-occur, the JCc56 haplotype was shared
among individuals of both species (Supplementary Table S3). Similarly, JCc56 was also
shared among samples of E. gunnii subsp. Gunnii (G7), E. aff. gunnii subsp. divaricata (G17),
and E. urnigera (U1) from Lake Echo. This haplotype was widely distributed and commonly
shared in the Central Highlands. It was also shared between E. urnigera and E. gunnii subsp.
gunnii further south at Mt Field (U7, U8, and G9). Despite sharing the southern clade, no
specific haplotype sharing was detected between E. gunnii and E. urnigera in southeast
Tasmania, i.e., at Snug Plains (U12 and G10). Proximal populations of E. archeri and E.
gunnii occurring in the Central Highlands or the northeastern mountains often shared
the same haplotype, but this was a different haplotype in each region (JCc56 and JCc25,
respectively). In most cases when haplotype-sharing was detected, it involved the common
haplotype JCc56, except in the northeast, where JCc25 was shared in one E. archeri and
one E. gunnii population. Sharing of a common haplotype such as JCc56 could arise by
incomplete lineage sorting or selection; however, we cannot dismiss chloroplast capture
through hybridisation, especially when rare haplotypes are involved. Indeed, chloroplast
capture may well explain the sharing of the rare JCc36 among samples of E. gunnii subsp.
gunnii (G8), E. gunnii subsp. divaricata (G15 and G16), and E. urnigera (U2) in the southern
Central Highlands (Supplementary Table S3), as this is a haplotype (Figure 3a) only found
in one population of northern E. urnigera.

3.2. Nuclear Microsatellite Diversity

In contrast to the patterns observed in the chloroplast DNA, putatively neutral nuclear
diversity (especially as measured by allelic richness) was generally higher in the more
recently colonised Central Highlands than in most lowland areas of southeastern Tasmania
(Figure 3b). Across all populations, allelic richness significantly increased linearly with
altitude (Supplementary Figure S2; Pearson r = 0.73, p < 0.001) and this same trend was
consistent within E. urnigera (Pearson r = 0.67, p = 0.012) and E. gunnii individually (Pearson
r=0.71, p = 0.005). The increase in nuclear diversity in populations of all taxa in the Central
Highlands was also associated with poor nuclear differentiation between populations,
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regardless of the species. For example, the average Fst (Fst = 0.025 [95% CI 0.020 to 0.030])
calculated for the 13 Central Highlands populations of E. archeri, E. gunnii, and E. urnigera
was significantly lower than the average Fst (Fst = 0.075, [95% CI 0.054-0.100]) for the
six populations of E. gunnii and E. urnigera in the southeast glacial refugium and for all
29 refugial populations (defined in Supplementary Table S1), including related species E.
morrisbyi and E. cordata (Fst = 0.096, [95% CI 0.089-0.103]).

For the Central Highlands populations that had been genotyped with microsatellites
(n = 13, Supplementary Table S1), there was no significant association of pairwise Fgr
among populations with their pairwise climatic or geographic distances (climate distance
Mantel r = 0.35, p = 0.11; geographic distance Mantel r = —0.15, p = 0.89). The pairwise Fsr
between the central highland populations of the same species were not significantly lower
than those observed between populations of different species (Mantel Pearson r = —0.20,
p =0.11, see Section 2). Together, the lack of isolation-by-distance, isolation-by-environment,
and isolation-by-taxon indicates little evidence of historic genetic isolation of the species
in this area. Additionally, the pairwise Fst between populations of different species (i.e.,
clearly differentiated morphology) co-occurring at the same site in the Central Highlands
but in different habitats (E. gunnii subsp. divaricata and E. urnigera at Jemmy’s Marsh Fsr
= 0.034; E. gunnii subsp. gunnii and E. urnigera at Lake Echo Fst = 0.031) were nearly half
compared to similar comparisons in or bordering southeastern refugial regions (E. gunnii
subsp. gunnii and E. urnigera at Broad River Marshes Fst = 0.059, E. gunnii subsp. gunnii
and E. urnigera at Snug Plains Fgr = 0.061) (Figure 4).

The populations of the four morphologically distinct taxa across the Central Highlands
region were only weakly differentiated and virtually all individuals showed signs of admix-
ture in the STRUCTURE results. Analyses testing K = 1 to 14 with no a priori assumptions
did reveal two genetic clusters (Supplementary Figure S3a,b) broadly corresponding to
the E. urnigera and E. archeri/gunnii gene pools (Supplementary Figure S4), though these
were weakly differentiated. The isolated populations of E. gunnii at Snow Hill (G5) and E.
urnigera at Den Hill (U6) appeared to have mixed ancestry (Supplementary Figure S4). As K
increased, the genetic clusters that emerged corresponded to other geographically isolated
populations such as Mt Arthur (G2), Maria Island (U10), and Den Hill (U6), but morpho-
logically distinct populations of E. archeri and E. gunnii in the central highland region
were virtually indistinguishable when fitting a model that assumed no a priori population
information (Supplementary Figure S4). Testing K = 1 to 14 using the LOCPRIOR model,
which excluded outlying populations and focused on Central Highlands populations, also
suggested K = 2 (Supplementary Figure S3c,d) corresponding to the E. urnigera and E.
archeri/gunnii gene pools (Supplementary Figure S5), but with a secondary peak at K =3
(Supplementary Figure S3c,d). The genetic clusters at K = 3 corresponded to (1) northern E.
archeri and E. gunnii, (2) southern E. gunnii, and (3) E. urnigera (Figure 4). Consistent with
the low pairwise Fst values noted above, the average ancestry attributed to E. gunnii was
slightly higher in the E. urnigera populations in the Central Highlands compared to the
southern populations. The LOCPRIOR analysis showed that the E. gunnii subsp. divaricata
gene pool at Shannon Lagoon (G15) and Lake Echo (G17) (both marked “d” in Figure 4) had
atypically high levels of admixture with E. urnigera compared with surrounding E. gunnii
populations. While less evident in the STRUCTURE analysis with all populations included,
the elevated E. urnigera ancestry in the Shannon Lagoon populations was also evident when
the STRUCTURE analysis was restricted to just the Central Highlands populations (data
not shown). Combined with the sharing of the rare haplotype JCc36 noted above, these
results raise the possibility that the designated type locality of E. gunnii subsp. divaricata
(Shannon Lagoon also referred to as Miena—I[95]) could be of hybrid origin.

The two ancestral gene pools of E. gunnii/archeri identified in the LOCPRIOR analysis
exhibit geographic structure (Figure 4). The E. gunnii subsp. gunnii populations in the
west (G8) and north (G1) and E. archeri (A1-A4) are predominantly of northern ancestry,
whereas the lower-altitude E. gunnii populations of the southern Central Highlands (G6,
G7), Broad River Marshes (G9), and Snug Plains (G10) are mainly of southern ancestry
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(Figure 4). Historic isolation of these northern and southern gene pools of E. gunnii in
central Tasmania is suggested by the marked differentiation between the lower-altitude
populations at Lake St Clair (G8) and more eastern populations at Lake Echo (G7) and
Mt Field /Broad River Marshes (G9). However, the chloroplast (Cc36) and microsatellite
affinities of the Lake St Clair population with higher-altitude E. gunnii subsp. divaricata
populations (G13, G11) in the Central Highlands signals a putative postglacial colonisation
of higher-altitude regions of the Central Highlands from a western direction. Nevertheless,
most higher-altitude populations in the Central Highlands appear to be of mixed ancestry,
with those in the southeast of the highlands (G6 and G18) have greater affinities to southern
E. gunnii than populations further north (G11, G13, G15, and 12).

Overall, the chloroplast-sharing, high nuclear microsatellite diversity, and weak
species differentiation in the newly colonised areas of the Central Highlands are consistent
with postglacial admixture not only of populations of E. gunnii and E. archeri isolated at
lower altitudes around the base of the highlands during the last glacial, but also potentially
involving the northern E. urnigera.

3.3. Morphological Differentiation between Populations (Glasshouse Trial)

Despite the low molecular differentiation among populations and the high degree of
admixture in the Central Highlands, the species maintained clear morphological differ-
entiation when seedlings were grown in a glasshouse trial (Figure 5). The morphological
variation between populations had a strong genetic basis, with significant population
variation observed in 18 of the 22 traits measured (Table 1). There were also significant
genetic-based differences in seedling morphology between taxa for all but four traits (leaf
crenulation, midrib redness, stem redness, and number of nodes with anthocyanin on
the leaf undersurface; data not shown). The discrepancy between the microsatellite and
genetic-based morphological differentiation among populations provided our first line
of evidence of spatially divergent selection playing a key role in maintaining phenotypic
differences among populations and species in the Central Highlands. The quantitative
inbreeding coefficient (Qsr) for the significant morphological traits averaged 0.23 and was
significantly greater than the observed maximum Fgsr estimated for the 13 microsatellite loci
(Fst = 0.044) for 11 of 18 traits that had significant population differentiation (Table 1). This
result suggested that the observed phenotypic differences between populations and species
is maintained by spatially divergent selection. With only one exception, the pattern of
trait divergence among populations was not significantly correlated with putative neutral
marker divergence as may be expected under drift (Mantel test for Fsy shown in Table 1).
Rather, trait divergence appeared more associated with the climatic differences among
populations (Mantel test for climate shown in Table 1 (significance levels were similar
after partialling out neutral differentiation, data not shown)). Based on (i) Qsr values
significantly (p < 0.01) exceeding the maximum Fgr, (ii) the lack of correlation between
population trait divergence and Fst, and (iii) the significant (p < 0.05) correlation with
climatic differences, the seedling traits showing the strongest evidence of spatially diver-
gent selection were the ratio of the lamina length to lamina width (LL/LW), leaf tip angle
(LEAFTA), leaf base lobing (LFBASE), stem glaucousness (STEMGL), and stem oil gland
density (STEMYV) (Table 1).
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Figure 5. Morphological affinities of populations of the alpine white gum complex in the Central
Highlands of Tasmania. Shown are the first two axes from the canonical discriminant analysis
among 15 populations defined using nine seedling morphological traits that exhibited evidence
(p < 0.01) of spatially divergent selection. The proportion of variation explained by each axis is
shown in parentheses. Vectors show the fit of the geographic/climatic variables and significant
seedling morphological traits in the two-dimensional discriminant space (*p < 0.05; ** p < 0.01;
** p < 0.001), with the length of the vector proportional to the correlation within this two-dimensional
space. Climate variables correspond to Radiation of the warmest quarter (“Summer radiation”),
Precipitation of coldest quarter (“Winter rain”), and Minimum temperature of the coldest month
(“Min. winter temperature”) predicted using ANUClim version 6.1 [91]. The Latitude vector is
pointing northward. Population codes are given in Supplementary Table S1.

The discriminant analysis based on the putative adaptive traits exhibiting significant
(p < 0.01) signatures of divergent selection clearly differentiated species, with populations of
E. gunnii and E. archeri differentiated along CV1 and populations of E. gunnii and E. urnigera
differentiated along CV2 (Figure 5). However, as previously noted [96], intermediate
populations do occur, at least between E. gunnii and E. archeri (e.g., I1 and 12). Indeed, CV1
of the discriminant analysis showed a cline in seedling morphology from the E. gunnii
subspecies divaricata core populations at the southern end of Great Lake in the middle of
the Central Highlands (G15 and G16) through northern populations (G11 and G12) and
the intermediate populations (I1, I12) to the E. archeri populations on the far northern scarp
of the Central Highlands (A3-AS5). This significant latitudinal cline in morphology from
E. gqunnii to E. archeri was associated with decreasing summer radiation and increasing
winter temperature and precipitation. While less marked, there was a trend for CV2 to
differentiate the E. gunnii subspecies divaricata populations around Great Lake (G11, G12,
G14-G16) from the other E. gunnii populations at higher and lower altitudes (G6, G13, and
G18) in the direction of E. urnigera (U2 and U3). CV2 was not strongly aligned with the
fitted climate variables, which is consistent with both species often co-occurring in the
southern Central Highlands but in different microhabitats.
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Table 1. Population differentiation and associations for 22 seedling morphological characters scored for glasshouse-grown progeny of 10 populations of Eucalyptus

gunnii, E. archeri, and E. urnigera populations of the Central Highlands of Tasmania. Brief description, units, transformations, and sample size for each trait are given;

full descriptions are given below. The differentiation between populations for each trait is summarised in terms of the F value and its significance (P), Qst estimate

(standard error), and whether the Qg7 estimate significantly exceeds the maximum Fgr (0.044) calculated for the same 10 populations using microsatellite data.

Mantel tests of the correlation between (i) pairwise morphological distance and Fst and (ii) pairwise morphological distance and climatic distance are shown using

Pearson’s correlation coefficient. All probabilities are based on likelihood ratio tests, except for binary traits, which were tested using a Z test. * p < 0.05; ** p < 0.01;

*** p < 0.001; ns, not significant.

Between 10 Populations

Mantel Correlation

Trait * Brief Description Units Transformation N Fogo o0 p QOst p Trait vs. Fgr Trait vs. Climate
Leaf traits (node 10 leaf)

LAML Lamina length mm none 483 452 0.11 0.06 ns 0.05ns 0.81*
LL/LW Lamina length/width ratio  logl0 475 1159 ** 0.28 0.12 = —0.12ns 0.46 *
LL/LWP LL/widest point ratio log10 475 3.88 ¥ 0.15 0.10 ns 0.21ns 0.40 ns
LEAFTA Leaf tip angle degrees square 475 10.07 0.25 011 ** —0.24 ns 0.52*
LFBASE Leaf base lobing mm log10 475 9.64 *** 0.24 011 * —0.07 ns 0.38 *
LEAFA Leaf angle to stem degrees logl0 483 283 * 0.06 0.05 ns 0.17 ns 0.03 ns
LEAFP Leaf plane orientation degrees sqrt 483 192 ns 0.08 0.09 ns 0.04ns 0.02ns
CRENM Leaf crenulation 0-1 binary 483 143 ns 0.29 046 ns 0.06 ns 0.08 ns
LEAFGL Leaf glaucousness 0-7 none 483 25.56 0.54 0.14 —0.13ns 0.23ns
MRRED Midrib redness 0-1 binary 483 0.77 ns —0.09 021 ns —0.18 ns —0.16 ns
Plant traits

HT10 Height to node 10 cm none 483 311 0.07 0.05 ns 0.27ns 0.03ns
LATO05 Branching node 0-5 count logl0 483 6.21 0.20 010 ** 0.25ns —0.10ns
LAT610 Branching node 6-10 count logl0 483 18.03  *** 0.38 013 *** 0.42* —0.15ns
LLLAT Length longest lateral cm none 483 14.08 0.31 012 * 0.30 ns —0.14ns
COTCOL Cotyledon colour 0-1 binary 310 347 0.59 036 ns —0.25ns 0.15ns
NODERED Leaf colour change count none 310 298 ** 0.11 0.08 ns —0.19 ns 0.17 ns
INTER10 Internode 10 length mm none 483 341 0.08 0.05 ns —0.05ns —0.23 ns
Stem traits

STEMGL Stem glaucousness 0-2 none 483 53.32 0.79 011 ** 0.32ns 0.46 *
STEMRED Stem redness 0-1 binary 483 114 ns —0.09 021 ns 0.04ns 0.35ns
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Between 10 Populations Mantel Correlation
Trait t Brief Description Units Transformation N Fogo90 p Qst SE |7 Trait vs. Fgt Trait vs. Climate
STEMV Oil gland density 0-2 none 483 6.56  *** 0.23 012 ** 0.21ns 0.44*
STEMREC Stem rectangularity ratio none 483 454 0.17 0.10 * 0.25 ns —0.16 ns
STEMRO Stem roundness ratio none 483 451 0.27 019 * 0.17 ns 0.79 *

t LAML, length of lamina; LL/LW, ratio of the lamina length to lamina width; LL/LWP, ratio of the lamina length to length to widest point; LEAFTA, leaf tip angle, the angle at the tip
of the leaf; LFBASE, measure of lobing at leaf base; LEAFA, leaf angle, the axillary angle made by the midrib and the stem; LEAFP, leaf plane, cross-sectional angle of the leaf from
horizontal; CRENM, crenulate margins (0/1, 0 = none, 1 = crenulate); LEAFGL, degree of leaf glaucousness (0-7, 0 = green, 7 = heavily glaucous); MRRED, midrib redness (0/1,
0 = green-slightly red, 1 = red). HT10, seedling height to node 10; LAT05, number of laterals from node 0 to 5; LAT610, number of laterals from node 6 to 10; LLLAT, length of the longest
lateral; COTCOL, Degree of purple colouration on the abaxial surface of the cotyledons (0/1, 0 = green or intermediate, 1 = deep purple); NODERED, node at which anthocyanin ceases
to be expressed on the abaxial surface of the leaf; INTER10, internode length between nodes 9 and 10; STEMGL, degree of stem glaucousness (0-2, 0 = absent, 2 = heavily glaucous);
STEMRED, stem redness (0 = absent, 1 = present); STEMYV, density of stem verrucae (oil glands) on seedling stem (0-2, 0 = smooth, 2 = high density); STEMREC, stem rectangularity
(SD1/SD2, see [97]); STEMRO, stem roundness (SD1/SD3, see [97]).
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In many cases, the divergence among populations involved multiple traits and likely
reflects genetically independent responses to spatially divergent selection (i.e., is due to
selective covariance sensu Armbruster and Schwaegerle [98]). For example, many of the
morphological traits identified as showing signals of diversifying selection also exhibited
parallel patterns of inter-population variation (e.g., STEMV, STEMGL, LEAFGL, LFBASE,
LL/IW, and LEAFTA; Supplementary Table S4). However, despite significant additive
genetic variation being detected within populations (Supplementary Table S5), in many
cases, there was no evidence that these traits were genetically correlated at this level
(Supplementary Table S4). This finding would argue against parallel patterns of inter-
population variation in the Central Highlands being a correlated response to selection due
to linkage or pleiotropy.

3.4. Reciprocal Common Garden Trials

The final evidence for spatially divergent selection shaping the spatial patterns of
genetic variation among populations in the Central Highlands comes from the common
garden trials. Evidence for local adaptation was detected in population survival patterns
from 1979 to 2015 across the four reciprocal trials in the Central Highlands. The local
provenances tended to have a greater proportion of individuals surviving compared with
the four non-local provenances from the Central Highlands (Figure 6). Selection along the
E. archeri-gunnii cline was relatively symmetrical: at Projection Bluff (at which E. archeri
(A4) is local), E. archeri provenances outperformed E. gunnii (Figure 6a) and were the only
provenances that were reproductive in 2015 (33% of planted trees of both provenances).
In the trials at the E. gunnii end of this cline, E. gunnii persisted longer (Shannon Lagoon,
Figure 6b; Pensford, Figure 6¢) or had more surviving individuals after 35 years (Liawenee
High, Figure 6d) than E. archeri. Selection along the E. gunnii altitudinal gradient was,
however, asymmetrical, with upslope rather than downslope translocation of popula-
tions more favoured. High-altitude E. gunnii planted at the lowest altitude site, Pensford
(960 m), died more rapidly than lower-altitude forms (Figure 6¢), while at Liawenee High
(1150 m), the selection against low-altitude forms of E. gunnii was less marked, and 35 years
after planting, the survival of the local and low-altitude populations (Pensford) was equiv-
alent (Figure 6d), although only the local provenance was reproductive in 2015 (17% of
planted trees).
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Figure 6. The percentage of alpine white gum seedlings surviving between 1979 and 2015 at
four common gardens in the central highlands of Tasmania. (a) Projection Bluff High (A4, 1100 m),
(b) Shannon Lagoon (G15, 1050 m), (c) Pensford (G6, 960 m), and (d) Liawenee High (G13,1150 m).
Seedlings originated from the same four sites, plus a lower-altitude (990 m) site at Projection Bluff
(Projection Bluff Low, A5). No records of survival were undertaken between 1985 and 1990, 1996 and
2001, 2002 and 2007, or 2009 and 2012. On each plot, the local provenance is indicated.
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4. Discussion

We integrated multiple lines of evidence (chloroplast and nuclear DNA markers,
seedling morphology, and survival in common garden experiments) from a group of closely
related endemic eucalypts to argue that (i) the Central Highlands of the island of Tasmania
were colonised by a small number of founder populations, (ii) the patterns of genetic
diversity have subsequently been shaped by pollen flow from multiple glacial refugia and
involved hybridisation among species and previously isolated populations, and (iii) natural
selection has filtered the admixed populations, resulting in local adaptation to the harsh
sub-alpine environment.

4.1. Colonisation of the Central Highlands

For forest trees with limited seed dispersal, the initial glacial refugial distribution and
postglacial colonisation track can be strongly preserved in the maternal lineage [30], but may
rapidly erode at the nuclear level due to pollen-mediated gene flow (e.g., Quercus, [4,99]).
The Central Highlands region of Tasmania is dominated by a single chloroplast haplotype
(Figure 3) (JCc56), which, given the high chloroplast haplotype diversity in the southeast
glacial refugium, suggests postglacial colonisation by seed dispersal from limited seed
sources. Eucalypts are thought to have been largely absent from the central highland
region at the height of the last glaciation [51], but, given the rugged topography of the
Central Highlands, the persistence of small populations with the JCc56 haplotype cannot
be entirely ruled out. Pollen records indicate that eucalypts were present in lower-altitude
areas immediately to the west of the Central Highlands at the end of the last glaciation
(Lake St Clair (739 m), [100]), with the major postglacial expansion of eucalypt forest in the
southern Central Highlands appearing to have occurred approximately 10,000 years ago
(Brown Marsh pollen core from near Lake Echo (750 m), [101]). The rugged topography
and marked climate gradients across the island, coupled with changing rainfall patterns
associated with the El Nifio Southern Oscillation [102], would have affected the suitability
of habitat for alpine white gum colonisation over this period. The alpine white gums
probably colonised the Central Highlands by seed-mediated dispersal from the regions
surrounding the highlands, most likely from the west following prevailing winds.

The lower-altitude distributions of the JCc56 and less common JCc36 haplotypes are
consistent with upslope seed-mediated colonisation of the Central Highlands from north-
western and westerly directions, respectively. Such upslope migration would have been
relatively slow given that eucalypts have no specialised seed dispersal mechanisms and
thus limited seed dispersal rates (1 to 2 m per year), although rare long-distance dispersal
events cannot be ruled out [103]. An eastward colonisation of the Central Highlands would
be favoured by the prevailing westerly airflow over this high-latitude island [104,105],
which would have existed for at least the past 6000 to 8000 years [102]. This westerly
airflow pattern may have prevented seed-mediated migration from the east as there is no
evidence of historical seed-mediated upslope migration of the alpine white gums onto
the Central Highlands from southeastern populations dominated by the ]S haplotypes
(Figure 3). Instead, the high proportion of southern E. gunnii ancestry in some highland
populations of E. gunnii provides evidence for pollen-mediated gene flow from this direction.

We cannot completely dismiss the hypothesis that the near-fixation of JCc56 in the
Central Highlands is due to its selection at high altitudes, as there is evidence of functional
significance to intra-specific SNP variation within the eucalypt chloroplast genome (e.g.,
rbcL, which encodes part of the key photosynthesis enzyme RuBisCo [106]). If this was the
case, we would expect that this haplotype may also dominate the high-altitude populations
of northeast Tasmania; however, it is absent in that region. In addition, this haplotype
commonly occurs in populations of lowland eucalypt species on the island, including
E. globulus [60], E. viminalis, and E. ovata [107]. Similarly, we cannot completely dismiss
the possibility that selection limits the southeast distribution of the JS haplotypes in this
complex (present study) and many Tasmanian Symphyomyrtus species [36]. However,
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the limited seed dispersal scenario is more likely to have restricted the north-westward
expansion of the JS chloroplast haplotypes.

The pattern of increased nuclear diversity in the postglacial, newly colonised region
compared with the southeast glacial refugial region is in contrast to the concept that glacial
refugia harbour higher genetic diversity within populations than newly colonised areas, at-
tributable to selection and bottlenecks within the expanding founding front [30,108]. While
we did find low diversity in chloroplast haplotypes in the Central Highlands, consistent
with studies of a number of genera, including Quercus [99], Nothofagus [34] (but see [35]),
and Eucalyptus [37,109], and a scenario of recent colonisation (or expansion from small
populations that persisted in suitable microclimates during glacial periods) by seed dis-
persal, high nuclear and morphological diversity were found in this region. Similar trends
in chloroplast and nuclear marker diversity were reported for a species of eucalypt from
a different subgenus growing in the same region (E. pauciflora, [109]), consistent with pat-
terns reported for some tree taxa on other continents [110,111]. In most forest tree species,
comparisons of nuclear and chloroplast DNA differentiation among populations suggest
that pollen-mediated gene flow is an order of magnitude greater than seed-mediated gene
flow [4,112], and eucalypts are no exception [113]. In such cases, founder populations may
rapidly recover nuclear genetic diversity through pollen-mediated gene flow [11,114]. In
the present case, the best explanation for the high nuclear marker diversity in the highlands
populations is pollen-mediated gene flow from previously isolated low-altitude popula-
tions combined with interspecific hybridisation among E. gunnii, E. urnigera, and E. archeri
in the Central Highlands.

4.2. Chloroplast Haplotype Sharing Implicates Hybridisation

The depauperate chloroplast diversity and high chloroplast sharing among the alpine
white gum species in the central highland region is similar to that reported for three
eucalypt species (all related in the subgenus Eucalyptus—E. delegatensis, E. obliqua and E.
regnans), where diversity was lower and interspecific sharing was most common in the
highland areas in mainland Australia and Tasmania that were hypothesised to have been
treeless during the LGM compared with refugial areas [38]. Consistent with our study, they
found complete or near-complete fixation of the same regional haplotypes across the three
species in areas believed to have been recently colonised and suggested that chloroplast
capture following hybridisation during the colonisation process is a probable explanation.
This is likely given that non-recombining, maternally inherited (i.e., seed dispersed) genetic
markers are more readily (i) fixed in small founder populations as they are more susceptible
to drift [115] and (ii) transferred to an invading species [116] than nuclear markers. Such
chloroplast capture would entail extensive pollen-mediated invasion of a founding gene
pool through hybridisation followed by species resurrection through natural selection and
reinforced by recurrent backcrossing [26,29]. This process has been reported as important
in the colonisation of deglaciated landscapes in Europe by oaks ([27], reviewed in [4]).

Hybridisation resulting in chloroplast capture at different times through the evolu-
tionary history of the alpine white gum complex would explain some of the interspecific
sharing of the JS group of haplotypes in the southeast or the JC sharing in the Central
Highlands region, depending upon whether the JS and/or JC haplotypes are derived.
These chloroplast clades are estimated to have diverged between 0.8 and 3 million years
ago and it is argued that the JS haplotypes evolved in southeast Tasmania [94]. As such, the
JS haplotypes could have been restricted to the southeast of Tasmania during the glacial
periods which impacted the island of Tasmania over this period [47]. The dated eucalypt
phylogeny reported by Thornhill et al. [117] suggests that the alpine white gum group
evolved over a similar timeframe (<2-3 million years ago). However, species evolution
does not appear to be monophyletic in this group, signalling incomplete lineage sorting or
reticulate evolution [56]. Reticulate evolution is possible at lower phylogenetic levels in
the uniformly diploid eucalypts, where morphological species often form complex multi-
species networks involving nuclear and chloroplast gene exchange among recognised
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taxa [118,119], as also noted in other forest tree genera [14,15]. While artificial hybridisation
studies of eucalypts indicate post-zygotic barriers occur [120,121], these do not appear to
be strong among closely related species [122,123], including those crossed with maternal
E. gunnii [124].

There is well-established molecular evidence of widespread genetic exchange between
eucalypt species, including the alpine white gum species, in and around the lowland
glacial forest refugium in the southeast of Tasmania [94]. However, there is little molecular
evidence so far that hybridisation was involved in the postglacial expansion into highland
areas thought to be uninhabitable by eucalypts during the LGM. There are other processes
and scenarios which may contribute to the observed patterns of chloroplast haplotype or
clade sharing, including (i) the retention of ancestral polymorphisms leading to incomplete
lineage sorting, (ii) past or recent chloroplast haplotype selection, and (iii) replicated
evolution (sensu James et al. [125]) of morphological traits (i.e., morphologically defined
taxa are not monophyletic) [38,94]. Chloroplast capture through hybridisation is certainly
the most parsimonious explanation for the chloroplast clade or haplotype sharing in the
southeast glacial forest refugium involving most of the Tasmanian eucalypt species from the
subgenus Symphyomyrtus [36,94]. This LGM forest refugium appears relatively well defined
by the limits of the JS haplotypes in the alpine white gums (Figure 3). For many eucalypt
species in Tasmania from the subgenus Symphyomyrtus, individuals in the southeast usually
have ]S haplotypes, while elsewhere, individuals usually have JC haplotypes [36,61,94]. As
noted by McKinnon et al. [94], such spatially localised chloroplast sharing across diverse
species is unlikely to occur through lineage sorting without differential haplotype selection.
However, the hypothesis of hybridisation is reinforced by detailed studies involving the
alpine white gum, E. cordata [60,126], which is confined to the southeastern glacial forest
refugium and is fixed for JS haplotypes. Most of its disjunct populations are fixed for
unique haplotypes [55], which are sometimes shared with the co-occurring widespread
congeners E. globulus and E. viminalis [60]. In contrast to the pattern in E. cordata, the
widespread JC clade is the dominant clade in E. gunnii (present study; [94]), and chloroplast
capture would best explain the single detected occurrence of the JS clade in E. gunnii, as the
specific haplotype (JS84) is shared with E. cordata from the same locality (Snug Plains).

Outside of the southeast glacial refugium, interspecific sharing of haplotypes of the
JC clade also occurs ([94]; present study), but this often involves widespread common
haplotypes, which makes it difficult to rule out selection or lineage sorting. This is certainly
the case with E. archeri and E. gunnii, where the widespread sharing of JCc56 could simply
reflect retention of the ancestral polymorphisms as this haplotype occurs in other species of
the subgenus Symphyomyrtus in Tasmania and in mainland Australia [36,107,127]. However,
the fact that this sharing involves different JC haplotypes in the Central Highlands (JCc56)
and the northeast of Tasmania (JCc25) argues for replicated evolution of the E. archeri
phenotype or hybridisation.

Interpreting the chloroplast haplotype distribution and sharing in E. urnigera is also
complex. All southern populations of E. urnigera are fixed for the JS clade, and endemic
diversity is high but some haplotypes (e.g., JS05) are shared with proximal E. cordata
populations. Most northern populations of E. urnigera are fixed for haplotypes of the
JC clade, usually the widespread JCc56, which it shares with all co-occurring E. gunnii
populations. Given that these northern populations have a shared nuclear co-ancestry with
southern E. urnigera (Figure 4), this could represent a case of widespread capture of the E.
gunnii haplotypes by E. urnigera in the north of its range by pollen-mediated gene flow,
as reported, for example, in walnut species migrating from southern and northern glacial
refugia in China [16]. Such chloroplast capture is consistent with hybridisation being more
successful when large-flowered eucalypt species (e.g., E. urnigera) pollinate small-flowered
species (e.g., E. gunnii) than vice versa [122,128]. However, the possibility that the northern
populations of E. urnigera are the remnants of an ancestral lineage with the JC clade cannot
be dismissed (e.g., [55]). Regardless, even if the northern populations are less-differentiated
remnants of an ancestral E. urnigera lineage which subsequently evolved or captured the
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southern haplotype in the south, the admixture levels of some of the E. gunnii populations
would still argue that hybridisation has contributed to the elevated nuclear diversity in
populations in the Central Highlands. In the latter case, there is a signal in the microsatellite
data that historic hybridisation with E. urnigera may have contributed to the evolution of
the rare E. gunnii subsp. divaricata (Figure 4), the designated type locality (G15) of which
represents a form of E. gunnii adapted to a cold, dry environment [95].

The pattern of genetic diversity and differentiation that we observe in the Central
Highlands is more consistent with a “suture zone”, first described for areas in North
America where multiple pairs of taxa hybridised in broad zones of geographical overlap
following migration out of Pleistocene refugia [21], and subsequently described in other
regions [129], including Australia [130]. Hybridisation is thought to be more frequent where
species contact in marginal or newly opened environments [131,132], such as the Central
Highlands, and may be enhanced through plasticity in flowering time [133]. In the case of
intraspecific gene flow, pollen dispersal can increase in fragmented landscapes [134-136],
such as in a newly colonised landscape. Studies in trees have shown that once a few individ-
uals are established, even low levels of gene flow can restore genetic diversity lost during
founder events, with continued pollen flow and purging of inbred individuals [11,114].
Our hypothesis of initial postglacial seed invasion of the Central Highlands followed by
inter-population and interspecific pollen flow is therefore conceivable and is consistent
with the chloroplast and nuclear genetic patterns we observed and the documented phe-
notypic clines in the Central Highlands, which, for example, link E. archeri and E. gunnii
(Figure 5; [57,96,137]).

4.3. Natural Selection Filters the Admixed Populations

Regardless of the cause of the weak molecular differentiation of species and popula-
tions in the Central Highlands, there is strong evidence that the phenotypic differences
between species and populations are genetically based and result from spatially divergent
selection operating along climatic and other more localised environmental gradients. Such
selective filtering (sensu Martinsen et al. [138]) has similarly been described to underlie
postglacial recolonisation of European landscapes in oaks in the face of inter-population
and interspecific gene flow [4,139]. Our evidence for local adaptation (due to spatially
divergent selection) comes from (i) strong climate-associated differentiation in quantitative
traits (mean Qgt = 0.23) despite populations and even taxa being virtually indistinguish-
able using putatively neutral nuclear markers (mean Fst = 0.025), and (ii) our long-term
reciprocal translocation experiments, where the local or nearby provenances out-performed
non-local provenances in all common garden sites (see also [93]). The latitudinal cline
in seedling and adult phenotype that links the green E. archeri on the northern scarp of
the Central Highlands (A4 and A5) to the highly glaucous E. gunnii subsp. divaricata
populations in the south is associated with increasing summer radiation and decreasing
minimum winter temperature and winter rainfall (Figure 5). Multiple seedling traits vary
along this cline, some of which have clear adaptive value in the different environments.
Leaf glaucousness, for example, has adaptive value in highly insolated, frost-prone envi-
ronments for avoidance of damage through freezing and photoinhibition, but is deleterious
in less extreme, wet environments where light for photosynthesis is more limiting [140].
Glaucousness is a key taxonomic trait differentiating E. gunnii and E. archeri, and at the
species level, the long-term common garden trials indicate that local adaptation at the
holistic level is maintained in the face of gene flow, providing a mechanism for replicated
evolution or species resurrection in similar habitats in the northeastern mountains where
the species share different haplotypes to those in the Central Highlands, signalling different
colonisation histories.

The altitudinal cline at the southern end of the Central Highlands encompasses the
transition from the forest form of E. gunnii subsp. gunnii of mainly southern E. gun-
nii ancestry (population G6), through the open woodland (G14-G16) to treeline-stunted
tree/mallee forms classified as E. gunnii subsp. divaricata (G13) and of northern E. gunnii
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ancestry ([57,96]; Figure 4). Results from the reciprocal garden experiment show that
selection at the extremes of this cline appears asymmetric with the rapid elimination of
the treeline form at the lower-altitude site where intra-tree competition was high but weak
selection against the low-altitude population when transferred to the treeline site where
growth was slow [93]. Such asymmetric performance or selection is consistent with an
adaptational lag [141], which could be due to the absence of a rare extreme selection event
over the growing period studied [142] or, more likely, an increase in growing period tem-
peratures due to climate change [143,144]. If the latter, our reciprocal garden results predict
an upslope shift in the southern E. gunnii co-ancestry of populations in the southern regions
of the Central Highlands. The intermediate garden at Shannon Lagoon (G15) was planted
within the designated type locality of E. gunnii subsp. divaricata. This was clearly the most
stressful site studied, with seedlings of even the local population unable to survive over
the duration of the trial. The mortality of all planted trees by 2008 coincided with the
death of most adult wild trees in the population over this period, commencing in the early
1990s [95,145], linked with a trend for increasing maximum temperatures, frost days and
rainfall seasonality in the area over the past 50 years [144], and prolonged rainfall deficits
in the late 1980s and early 2000s [145]. The stressful nature of this environment may have
favoured a combination of frost resistance of E. gunnii and greater drought resistance of E.
urnigera during postglacial colonisation of the Central Highlands, explaining the increased
levels of E. urnigera co-ancestry observed in this E. gunnii population. If so, such adaptation
appears to have been insufficient for either adult or seedling survival under the contempo-
rary climate regime, resulting in a shift in stand dominance towards a co-occurring eucalypt
E. pauciflora [144], with which the alpine white gums cannot hybridise as it belongs to a
different subgenus [146].

5. Conclusions

In summary, our data suggest that hybridisation and selection have been important in
shaping the response of the alpine white gum taxa to past climate change in the Central
Highlands of Tasmania. We argue that contemporary patterns of variation have been
strongly influenced by interpopulation and interspecific hybridisation via pollen dispersal
accompanied by strong selective filtering, in some cases potentially contributing to the
generation of new adaptive variants (e.g., E. gunnii subsp. divaricata) and clinal continua
(e.g., between E. archeri and E. gunnii subsp. divaricata), and in other cases maintaining
morphologically differentiated species, leading to chloroplast capture. However, in situ
common gardens signal that ongoing change in the central highland populations of alpine
white gums with climate change is likely to push specific populations beyond their adap-
tive limits, and in other cases, favour upslope gene flow, even within the same species
(e.g., E. gunnii).

Climate change is predicted to adversely affect most Eucalyptus species [147], but
these models make many assumptions, including niche conservatism, which may be overly
pessimistic for plant species with strong local adaptation and long distance dispersal
mechanisms. For example, models that incorporate pollen dispersal indicate that ecological
niche shifts or niche evolution may be accelerated with increasing pollen dispersal [148].
Increasingly complex frameworks for predicting population extinction risk in the face
of climate change are being developed, which integrate diverse evolutionary processes
such as adaptive gene flow [149]. In many forest tree systems, the most effective adaptive
gene flow will most likely be gene flow among locally adapted populations and entail
long-distance dispersal, which is more a function of pollen than seed [4,112,113]. However,
it may also be facilitated when pollen-mediated gene flow extends to networks of proximal
hybridising species [15,150], as is likely in the present case. The present and other studies
suggest that such historical interspecific gene flow has been an important part of the
evolutionary response to climate change in many forest tree systems [15]. Accordingly,
such hybridisation is increasingly recognised as an evolutionary process to consider when
assessing population and species vulnerability to climate change [151-153] as well as
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a mitigation option [23,154]. It similarly emphasises the importance of accounting for
the adaptive differences between populations, which may be independent of maternal
lineages ([99]; present study), masked in global admixture estimates, and affect vulnerability
risk at a population level [155,156].

From a conservation perspective, our study highlights the complexities of defining
conservation units. Phenotypically defined units or patterns of adaptive variation may be
at odds with genomic or neutral marker diversity, respectively [157,158]. In Eucalyptus, for
example, lineages warranting species recognition were initially detected using genome-
wide molecular makers [159,160]. In the present case, populations that are phenotypically
assigned to the threatened E. gunnii subsp. divaricata have quite different global admixture
levels, and the designated type locality shows signals of introgression. There is also
extensive chloroplast sharing and more or less continuous variation in phenotype and
global admixture levels at the individual and population level in the Central Highlands
encompassing E. archeri and both subspecies of E. gunnii, superimposed on clear adaptative
differences between extreme populations. Such complex patterns of variation within a more
or less continuous distribution highlights the blurred lines between populations, subspecies,
and species in forest tree genera and the challenges in defining uniform and pragmatic
criteria to define conservation units which adequately capture the genetic diversity and
evolutionary processes in many systems [150,158].
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