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Abstract: Understanding the capacity of forest tree species to adapt to climate change is of increasing
importance for managing forest genetic resources. Through a genomics approach, we modelled
spatial variation in climate adaptation within the Australian temperate forest tree Eucalyptus globulus,
identified putative climate drivers of this genomic variation, and predicted locations of future climate
refugia and populations at-risk of future maladaptation. Using 812,158 SNPs across 130 individuals
from 30 populations (i.e., localities) spanning the species’ natural range, a gradientForest algorithm
found 1177 SNPs associated with locality variation in home-site climate (climate-SNPs), putatively
linking them to climate adaptation. Very few climate-SNPs were associated with population-level
variation in drought susceptibility, signalling the multi-faceted nature and complexity of climate
adaptation. Redundancy analysis (RDA) showed 24% of the climate-SNP variation could be explained
by annual precipitation, isothermality, and maximum temperature of the warmest month. Spatial
predictions of the RDA climate vectors associated with climate-SNPs allowed mapping of genomically
informed climate selective surfaces across the species’ range under contemporary and projected future
climates. These surfaces suggest over 50% of the current distribution of E. globulus will be outside the
modelled adaptive range by 2070 and at risk of climate maladaptation. Such surfaces present a new
integrated approach for natural resource managers to capture adaptive genetic variation and plan
translocations in the face of climate change.

Keywords: Eucalyptus; genotype environment association; GEA study; gene pool conservation;
selection surfaces; genomic vulnerability

1. Introduction

Understanding the patterns of local adaptation to climate variation that occurs within
tree species is important for managing our forests and forest genetic resources in the
face of rapid climate change [1–3]. Increasingly, genomic approaches are being used
to study such adaptations in plants [4,5]. One commonly applied approach focuses on
dissection of the genetic architecture of functional traits thought to be responsible for
adaptation. This involves the identification of quantitative trait loci (QTL) through either
linkage mapping or genome wide association studies GWAS [6,7]; usually, these are based
on phenotypic data derived from pedigreed families growing in common garden field
trials [8]. Another approach, used predominantly for wild populations, involves the
identification of DNA markers that exhibit signals of divergent selection. These signals
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include extreme differentiation in allele frequencies between populations/ecotypes [7,9], or
significant genotype–environment association (GEA) [10,11]. These various approaches
have advantages, disadvantages, and requirements [12,13]. For example, studies of trait-
based adaptation depend on the strength of evidence for the direct fitness consequences
of a trait [14]. In contrast, DNA marker-based outlier and GEA approaches do not require
knowledge of trait variation associated with adaptation. Outlier approaches based on the
degree of marker differentiation among populations, using FST for example, may be too
conservative to detect loci other than those with a large effect [15]. GEA analysis is now
increasingly being used to study adaptation in non-model species, due to the potential to
identify loci of both small and large effects. Depending on the specific GEA method, genetic
and spatial structure can also be taken into account at the same time that population-level
allele frequencies are compared to population home-site (i.e., the geographic locality of the
original seed collection within the native range), environmental, or climatic data [10].

The investigation of adaptation in non-model species such as forest trees has several
associated challenges. For instance, due to the large size, long generation times [16], and
often large ontogenetic changes between juvenile and adult forms of many forest tree
species [17], studies employing common garden approaches can often only examine early
life-cycle traits [18,19]. On the other hand, forest trees frequently exhibit clinal variation
along climate gradients [20,21], making them highly amenable to GEA [22,23] and applying
‘space-for-time’ approaches for prediction of climate change responses at the population
level [21,24].

In Australia, environmental adaptation has been studied in several forest tree genera [25,26],
with the majority of studies focusing on Eucalyptus L’Hér, reviewed by [21,27,28]. This iconic
genus is renowned for the adaptive variation that resides within species [27,29–32], which is
increasingly being explored with genomics [33]. While early studies of adaptation genomics
have focused on identifying loci based on FST outliers [9,31,34], GEA analyses that account for
geography/distance and population structure are now being implemented [35–39]. Both styles
of analysis have implicated heat, aridity, and seasonality as major drivers of adaptive genetic
variation in Eucalyptus species such as E. melliodora [36], E. microcarpa [40], E. pauciflora [18,41],
and E. grandis [38], as well as in species in the related genus Corymbia [35,42].

The present study focused on the temperate Australian tree, Eucalyptus globulus Labill.,
a foundation tree species of south-eastern Australia that provides critical habitat and food
for numerous organisms, including the endangered swift parrot [43,44]. It was also one
of the first eucalypt species to be grown outside Australia and is now one of the major
eucalypts grown in industrial plantations in temperate regions of the world, including
Australia [45]. Given its economic and ecological importance, it is critical to understand
the variation in climate adaptation and identify the components of the native gene-pool at
risk of maladaptation under future climates [46,47].

We here used range-wide sampling and a genome-wide marker set to identify climate-
associated single nucleotide polymorphisms (termed ‘climate SNPs’) and climate vectors
associated with this putatively adaptive genomic variation. These genomic informed
climate vectors were then used to model the contemporary and future climatic selective
surfaces of E. globulus across its native range in order to provide a framework to guide
gene-pool conservation and seed transfer decisions. We also studied whether drought
adaptation was an important facet of climate adaptation.

2. Materials and Methods
2.1. Study Species

Eucalyptus globulus is native to south-eastern Australia, including the islands of Tas-
mania, where forests dominated by the species occur over a latitudinal range from −38.4◦

S to −43.5◦ S, and an altitudinal range from sea-level to 830 m above sea-level [48–50].
During the domestication of E. globulus, large common garden trials were established
throughout the world from open-pollinated seed collected from mother trees in native
forests [45,49,51]. Quantitative genetic studies of these trials identified significant popula-
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tion differentiation in numerous traits, which was summarised by partitioning the gene
pool into 13 geographic races [49]. While there are likely evolutionary constraints [52],
population differences have been shown to: occur at multiple geographic scales, from
hundreds of metres [53,54] to hundreds of kilometres [49,55], be adaptive (i.e., significant
population × environment interactions for growth in common garden trials, [32]), and even
to have extended community-level consequences [56,57]. Numerous traits exhibit clines
with latitude and climate as well as signals of divergent selection (QST > FST) [47,49,58,59].
The patterns of molecular diversity in the gene pool have been characterised extensively
using putatively neutral molecular markers, showing significant spatial structure from
family groups [60,61] to broad-scale geographic clines [50,62,63]. Despite current large
contemporary disjunctions in its natural distribution (e.g., Bass Strait), the population
differentiation in microsatellite markers is relatively low (FST of 0.08 with 95% CI equal to
0.074–0.092, [64]), consistent with recent post-glacial fragmentation [65,66] and ongoing
long-distance pollen dispersal [63,67].

2.2. Sampling Strategy and SNP Discovery

Trees sampled for DNA were from an E. globulus provenance–progeny trial, planted in
1989 near Latrobe in Tasmania, Australia, in land owned by Forico Ltd. The trial was estab-
lished with 570 open-pollinated E. globulus families collected from wild mother trees, with
each family represented by a two-tree plot in each of five replicates. To ensure a wide geo-
graphic spread of collecting localities and mother trees represented in the sampling, families
were sampled from the trial within the races of the Furneaux Group, Gippsland/Strzelecki
Ranges, King Island, north-eastern Tasmania, south-eastern Tasmania, southern Tasmania
and, western/eastern Otways as described in [49], with an approximate number of 20 trees
sampled per race or race combination. Families were randomly chosen from the main
collecting localities originally sampled within each race, with one tree sampled per family
in the trial. The localities represented from each race, the number of trees sampled, and
their latitude, longitude, and elevation are indicated in Figure 1 and detailed in Table S1.
DNA was extracted from cambial scrapings as described by Tibbits, et al. [68]. This DNA
was a subsample of that collected by Thavamanikumar, et al. [69]. DNA was sequenced
with short reads, aligned to a draft E. globulus genome, and SNPs were called and filtered
for quality (see Appendix A.1).

2.3. GEA Analysis

As an indicator of the historic pattern of climate variation across the range of E. glob-
ulus, which would have shaped the patterns of adaptation, we obtained contemporary
climate data (1979–2013) from CHELSA [70], describing 19 BIOCLIM variables [71] for
temperature, rainfall, and seasonality at 30 arcsecond resolution (ca. 0.8 km). Variables
were extracted for each locality using the R package ‘raster’ [72]. The gradientForest al-
gorithm [73] was then used as a GEA method [46] to model the SNP data as a function
of the climatic variables in a set of divided analyses (see Appendix A.2). The efficacy of
gradientForests as an approach to detect SNPs under putative selection was established
by running the gradientForest on an isolation-by-distance simulated population dataset,
with SNPs with varying strengths of climate-associations as generated by Lotterhos and
Whitlock [74] (Table S2). As gradientForests cannot directly accommodate spatial effects,
we also calculated Moran’s eigenvector map variables (MEMs) based on geographic co-
ordinates of the native locality from which the mother trees were originally sampled (i.e.,
their home-site) using the R package ‘adespatial’ [75]. These MEMs are orthogonal vectors
that maximise the spatial autocorrelation between locations based on the eigenvectors of a
neighbourhood network matrix, in our case based on the Gabriel connection graph. These
MEMs can also be used as proxies for possible unmeasured environmental variation, as
environmental and geographical variation often covary at broad spatial scales [76,77]. Of
the total MEMs calculated, we included the first half of the positive MEMs (in this case
seven) as spatial covariates, similar to what has been done in other studies [23,74,78,79].
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Figure 1. Geographical distribution of Eucalyptus globulus mother trees of the open-pollinated families
sampled from each race in the genetic trial (also see Table S1). The inset plot indicates the region
of Australia examined in this study. The grey area indicates the natural range of E. globulus in
south-eastern Australia. The small disjunct occurrences on the west coast of Tasmania are not shown,
as they were not included in the present study. The race (bold) and locality (below) names follow
Dutkowski and Potts [49], with the first number indicating a locality identifier, and the number in
parentheses indicating the number of open-pollinated progeny/mother trees sourced from each
locality used in this study. The mapped area is shown on the inserted map of Australia showing
state boundaries.

SNPs identified through modelling the 19 climate variables exceeding an importance
threshold of 0.15 (identified through visual analysis of the distribution of importance scores)
were retained (hereafter referred to as climate-SNPs), excluding those solely important to
the MEMs. This was done to select those SNPs that remained associated with climate after
removing the effect of space. This set of ‘climate-SNPs’ is conceptually the same as the
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‘climate-aligned adaptively enriched genetic space’ of Steane, et al. [9] or ‘environment-
associated gene space’ of Mostert-O’Neill, et al. [38]. To test the effect of removing SNPs
associated with spatial variables, a second gradientForest analysis was performed following
the same procedure, but with no MEMs included as predictor variables. Patterns of allele
frequency change across the associated climate gradients, after partialling out the effect
of all other climate and spatial variables, were examined using the R package ‘extended-
Forest’ [73]. Distribution of climate-SNPs across chromosomes were examined using a
Chi-squared test. Those climate-SNPs associated with annotated genes (within ±1000 bp)
were tested for enrichment of gene ontology (GO) terms versus the original dataset (via SNP
alignment against the E. grandis reference genome, [80]) using the R package ‘SNP2GO’ [81].

2.4. SNPs Associated with Drought Adaptation

To investigate the intersection between the climate-SNPs and SNPs associated with
a natural climate-driven selective pressure, a partitioned extendedForest analysis (see
Appendix A.3) was performed on the original SNP data using the locality-level drought
damage scores obtained from four common-garden field trials established in Western
Australia [47], which is outside the native range of the species. The field trials were
established from families derived from open-pollinated single-tree seed collections from
wild stands of E. globulus, which included most of the families that are represented in our
SNP study. Dutkowski and Potts [47] assessed the percentage of leaf death on 5–6 year-
old trees in 1994, following two years of below average summer rainfall. At assessment,
damage was severe, with only 0 to 4% of the trees showing no damage across the four trials.
The damage trait was heritable, with most of the genetic variation distributed between
populations and the level of population differentiation among the highest reported for traits
studied in E. globulus (QST = 0.39 ± 0.09 [47]). The race-level geographic pattern in drought
damage was similar to that reported for drought mortality in field trials in Spain [82] and
growth on dry sites in Australia [32]. The drought damage scores used in the present
study were estimated for each sampling locality (following Dutkowski and Potts [49]), by
averaging across the breeding value predictions for mothers from each locality [47]. The
SNPs associated with the drought damage scores were then compared to the climate-SNPs.

2.5. Redundancy Modelling and Projection of Future Maladaptation

To summarise the influence of the climate variables on the climate-SNPs, a redundancy
analysis (RDA) was performed using the R package ‘vegan’ [83]. Redundancy analysis is
a form of multivariate regression that identifies a set of linear predictors that explain as
much variation as possible in a set of linear response variables [84]. Prior to performing the
RDA, climate variables were normalised to a unit variance. Forward selection was then
used to choose the set of predictor climate variables that had the most explanatory power,
removing variables with high (e.g., >3.5) variance inflation factors [85]. This approach
served to verify the important climate variables identified through the gradientForest
analysis and to identify the set of climate variables to use in the final RDA in which the
response variables were the climate-SNPs. The MEMs originally used in the identification
of the climate-SNPs were not included as predictors in this analysis, to enable the capture
of the broad-scale variation in the climate-SNPs across the range of E. globulus. Each
locality was fitted to the ordination space and an R2 value was calculated and corrected for
multiple regressions [85]. Significant RDA axes were determined using a permutation test
(1000 permutations) and retained for further analysis.

To visualise the broad-scale climate selection surface, the climate indices associated
with the main directions of variation in climate-SNPs (i.e., putative adaptive variation)
among localities described by the significant RDA axes were extrapolated across the native
distribution of E. globulus in Tasmania and southern Victoria, using the contemporary
climate data obtained from CHELSA, mentioned above (see Appendix A.4). To predict
the influence of future climate on the current distribution of E. globulus, future climate
projections were obtained from CHELSA for six global circulation models that covered a
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broad range of future climate projected values (ACCESS1-0, CSIRO-Mk3-6-0, HadGEM2-
AO, MIROC5, MPI-ESM-MR, and GFDL-CM3), assuming the representative concentra-
tion pathway 8.5 (RCP8.5), a high emissions scenario [86] for the 2070s (mean of the
2061–2080 period). Each future climate layer was normalised and scaled using the mean
and standard deviation from the contemporary layers, and the cell scores for each prediction
were then combined and averaged to create a multi-model mean prediction [87].

Mapped grid cells falling within the range of the sampled localities on the three significant
RDA axes (considered individually and in combination) were quantified for both contemporary
and 2070s climate surfaces. To assess the ‘genomic vulnerability’ [23,36,88] of E. globulus popu-
lations within a grid cell to future climate change, we estimated the similarity between a
grid cells’ contemporary and future (2070s) climate position in the three-dimensional RDA
space using Euclidean distance. Given the anticipated low generational turnover and seed
migration [61,89] of this long-lived species, areas with low Euclidean displacement were
deemed to be candidates for future climate refugia, assuming the genotype–environment
relationships modelled across contemporary populations are retained [88]. In addition
to mapping the surface of predicted displacement (i.e., genomic vulnerability) across the
geographic range of E. globulus, we calculated the percentage of occurrence records within
decile bins of the predicted displacement measure for four regions: mainland Australia
(Victoria), mainland Tasmania, the Furneaux Group of islands, and King Island. This
was achieved using the Tasmanian distribution records for E. globulus, obtained from the
Tasmanian Natural Values Atlas (http://www.naturalvaluesatlas.tas.gov.au/; accessed
on 6 February 2015) and mainland Australia distribution records obtained from the Atlas
of Living Australia (https://www.ala.org.au/; accessed on 5 March 2017). Spatial and
environmental outlying occurrence records were identified using a modified Z-score test
following Jordan, et al. [90], were manually checked against known distribution descrip-
tions, and removed where appropriate. Focusing on the islands of Tasmania, where most
records reside, we also determined the proportion of occurrence records of E. globulus that
were predicted to remain within the locality ranges on all three RDA axes under the current
and 2070s climate.

3. Results
3.1. gradientForest Analysis and Climate SNP Investigation

A total of 812,158 high-quality, genome-wide SNPs were called from whole genome
shotgun sequence data, representing 130 individuals from 30 localities (Figure 1). Variation
in SNP allele frequencies were used as response variables against 19 climate variables
and 7 Moran’s eigenvector map variables (MEMs) in partitioned gradientForest analyses.
These analyses identified 71,183 SNPs of positive importance, which were rerun in a final
gradientForest analysis to assess their relative importance. The most important variables
describing the allelic variation in SNP frequencies among the localities were MEM2, MEM1,
and MEM3 (Figure 2). MEM2 explained 15% of the variation and the MEMs combined
explained 44%, indicating a strong spatial component to the genetic differences among
localities. After accounting for the MEM-associated variation, the most important climate
variables were isothermality, maximum temperature of the warmest period (with period
being one month), and annual precipitation, each explaining 4.3–5.4% of the SNP variation.
While the change in cumulative importance of SNP allele frequencies was fairly rapid for
MEM2 (representing rapid allelic turnover between mainland and Tasmanian localities),
for all other variables, allele replacement occurred gradually or with small step-changes
(Figure 2).

Of the 71,183 SNPs analysed, 1177 were found to exhibit importance values > 0.15
for one or more of the 19 climate variables (climate-SNPs) (Table S3), and were selected
for further analysis. The climate variable associated with the greatest number of SNPs
was maximum temperature of the warmest period (n = 366 climate-SNPs), followed by
isothermality (n = 205 climate-SNPs), and annual precipitation (n = 126 climate-SNPs)
(Figure 3). These climate-SNPs were distributed across the genome (Figure 3), although

http://www.naturalvaluesatlas.tas.gov.au/
https://www.ala.org.au/
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there were higher concentrations on some chromosomes for those associated with max-
imum temperature of the warmest period (χ2

10 = 89.6, p < 0.001; highest number on
chromosome 2) and annual precipitation (χ2

10 = 35.1, p < 0.001; highest number on chromo-
some 8). There was no overlap in climate-SNPs between the broad categories of climate
variables (i.e., precipitation, temperature, or seasonality), but some SNPs reached the
importance threshold for multiple climate variables within these broad categories.

Figure 2. Relative importance of predictor variables (R2 weighted, left) and cumulative importance
of allele replacement in 71,183 SNPs across spatial (MEM1, MEM2, and MEM3) and climate gradients
(right) as calculated by gradientForest. The three most important climate variables after accounting for
spatial variation are shown. Values along the y axis represent change itself and have no directionality.
Values along the x axis show the range of each variable. The modelled function shows how the total
importance (or amount of allele replacement) associated with a variable is distributed across the
range of that variable (e.g., the majority of the SNP differences associated with MEM2 are found
between −1 and 0.5). MEM1 was strongly correlated with longitude (Pearson’s r = −0.84, p < 0.001),
MEM2 with latitude (Pearson’s r = 0.79, p < 0.001) and MEM3 differentiated Furneaux Group island
localities from all other localities.
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Figure 3. Manhattan plots of SNP importance for maximum temperature of the warmest period,
isothermality, and annual precipitation across the 11 Eucalyptus globulus chromosomes. Each of the
71,183 SNPs are shown (points) across the 11 chromosomes, where the blue points correspond to
those associated with the climate variable above the 0.15 cumulative importance threshold.

As many of the climate variables are inherently spatially autocorrelated and covary
with geography, we repeated the gradientForest analyses without MEMs as predictors.
The comparison of these two analyses (i.e., including and excluding MEMs) allowed
evaluation of the effect of not accounting for spatial variance on the SNPs detected or, in
other words, contrasting the broad-scale associations with those fine-scale associations
detected when spatial components are removed. In this case, we found 63,509 SNPs of
positive importance, with an ordering of the most important climate variables (isothermality,
maximum temperature of the warmest month, and annual precipitation) identical to that
found when MEMs were included. Of the 63,509 SNPs, 1073 were found to have importance
of >0.18 (chosen to achieve a similar proportion to the original set) with any climate variable,
of which 827 (70%) were climate-SNPs previously identified in the analysis, which included
MEMs. This indicates that these 827 SNPs show both fine- and broad-scale associations
with one or more climate variables. However, the analysis without MEMs resulted in
a higher proportion of the SNP variation being explained by the climate variables (R2

weighted importance range: 7.5–9.1%).
We used extendedForest to model the partial dependency of each climate-SNP after

averaging the effect of all other climate variables and MEMs. This analysis revealed
only slight changes in allele frequency in most SNPs in response to the variation in the
climate variable, with allele frequency changes of 0.06–0.20 (for examples, see Figure S1).
The turnover function of almost every climate-SNP was broadly monotonic, with most
exhibiting a steep inflection in allele frequency often associated with a geographical feature
(for example, island versus other localities in isothermality-associated SNPs). Excluding
MEMs from this analysis resulted in almost identical patterns of change in allele frequency.

Gene ontology (GO) analysis revealed two GO terms enriched in genes associated with
the 1177 climate-SNPs relative to the entire set, GO:0016788 (p < 0.001), which is associated
with the hydrolysis of ester bonds, and its child term GO:0004518 (p < 0.001), which is linked
with the specific hydrolysis of ester bonds in nucleic acids. These GO terms (and their child
terms) are associated with 18 genes that contain or are in proximity to 23 climate-SNPs,
with annotated functions including DNA repair endonucleases, ribonucleases, protein
phosphatases, and general ester hydrolysis (Table S4). Of these 23 SNPs, 19 were important
to temperature-related climate variables (with 15 important to the maximum temperature
of the warmest period).
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3.2. Adaptive SNPs for Drought Damage and Their Importance to Climatic Adaptation

With significant genetic-based variation in drought susceptibility known to occur
across the geographic range of E. globulus, we explored the extent to which the climate-
SNPs identified were likely to contribute to drought adaptation. This was achieved using
existing locality-level drought damage data for trees from the same seed collection used in
this genomics study (see Methods). Drought damage for each locality was modelled with
extendedForest using the 812,158 SNPs and MEMs as predictors, divided into 33 separate
runs of 25,000 SNPs due to computational limitations. Of these, the approximately 800 most
important SNPs in each run (25,000 in total) were combined and extendedForest re-run
with this SNP set to rank their relative importance. To maintain a sample size comparable to
the climate-SNPs, the 1192 most important SNPs (importance > 3.1) in predicting drought
damage were retained (note that the ‘importance’ scale of the two analyses are not directly
comparable). Repeating the procedure but excluding MEMs as predictors found 1160 SNPs
with importance > 3.1, with 759 SNPs (64%) shared between the analyses with and without
MEMs. Given that the two sets of SNPs were similar and the likelihood that the analysis
with MEMs may have excluded relevant SNPs, we present the set of 1160 SNPs identified
without using MEMs (Figure 4, Table S5). These SNPs are our best candidates for further
study of drought adaptation and were distributed across all chromosomes, although the
distribution was skewed (χ2

10 = 80.8, p < 0.001), most notably towards chromosome 1
(with 197 SNPs). The most important SNP, “G_0337_23205” (Figure 4), was also highest in
importance when accounting for spatial variation. This SNP was not associated with any
annotated genes in the E. grandis genome and was not identified as a climate-SNP. Gene
ontology analysis did not show any terms enriched in this set of 1160 SNPs.

Figure 4. Manhattan plot of SNP importance to drought damage (not accounting for spatial variance)
across Eucalyptus globulus chromosomes. A threshold of importance >3.1 was set in order to capture a
number of SNPs similar to that found to be important in the analysis using climate variables.

When comparing the climate-SNPs and those strongly associated with drought dam-
age (ignoring spatial variation), only six SNPs were shared between the two sets. Three
of these were associated with precipitation of the wettest quarter, and one each with pre-
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cipitation of the coldest quarter, mean temperature of the wettest quarter, and maximum
temperature of the warmest period (Tables S3 and S5). These six SNPs demonstrated typical
patterns of partial dependency with the climate variables, with sharp inflection in allele
frequency near the middle of the climatic range.

3.3. Redundancy Analysis and Climate Projection

The 1177 climate-SNPs were taken into a redundancy analysis to generate vectors
describing the major axes of climate-associated SNP variation. MEMs were not included
in this analysis. Using forward selection of variables, the redundancy analysis showed
that most of the variation in the climate-SNPs could be explained by the three most im-
portant climate variables detected in the gradientForest model: isothermality, maximum
temperature of the warmest period, and annual precipitation (Figure 5). The redundancy
model based on these three climate variables was highly significant (F3,26 = 4.03, p < 0.001)
and explained 23.9% of the genomic variation among localities. The first axis explained
4.0% of the overall adjusted variance in the climate-SNPs (RDA1, F1,26 = 6.44, p < 0.001)
and the second axis 2.5% (RDA2, F1,26 = 4.05, p < 0.001). RDA1 was dominated by both
maximum temperature of the warmest period and annual rainfall, which varied in the
same direction, while RDA2 was dominated by isothermality. RDA3 was also significant
(F1,26 = 1.61, p < 0.01), explained 1.0% of the overall adjusted variation in the climate-SNPs,
and was again dominated by maximum temperature and annual rainfall, but in opposing
directions. This axis represented an aridity gradient, which was confirmed by fitting the
locality-level drought damage scores (Table S1) into the RDA ordination. RDA3 was the
only SNP-aligned climate vector significantly correlated with these drought damage scores
(r = 0.61, p < 0.01).

Figure 5. Redundancy analysis of climate-SNPs in E. globulus, showing the position of climate SNPs
(black points), localities (numbers referring to the locality code in Figure 1) and climate vectors
along RDA2 versus RDA1, and RDA2 versus RDA3. The vectors (red arrows) show the direction of
variation in the climate variables when fitted into the three-dimensional RDA space. The RDA axes
represent independent climate vectors, which are most closely aligned with the locality variation in
the 1177 climate-SNPs.

Using the climate variable loadings of the three significant RDA axes (Table S6) and
contemporary rasters for the same climate variables, we developed genomics-informed
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climate indices that were spatially predicted across the native range of E. globulus (Figure 6).
These spatial predictions represent the underlying climate-based selective surface to which
the E. globulus gene pool has potentially adapted historically. The contemporary RDA1
projections indicate a latitudinal cline, with northern populations being warmer and wetter
than southern populations (blue to red surface in Figure 6A). Projecting RDA1 using
the 2070s climate predictions suggests that most of the southern E. globulus distribution,
including the Bass Strait Islands, will experience conditions closer to the centre of the current
RDA1 range of E. globulus (Figure 6B). In southern Victoria, which is already close to the
high end of the RDA1 range, large portions of the eastern distribution will move beyond
the current locality range in a more negative direction (not shown). A similar situation
was found for the prediction based on RDA2, where the Bass Strait Island populations
experience the highest values of RDA2 (i.e., lowest isothermality) under the contemporary
climate, and the lowest values (i.e., high isothermality) occur inland in southern Victoria
and in the central east coast of Tasmania (Figure 6C). Under the projected 2070s climate, the
northern part of the Victorian distribution of E. globulus and the centre of the Tasmanian
distribution are predicted to be beyond the current locality range of RDA2 (Figure 6D), in a
negative direction, which reflects increasing isothermality (not shown). The contemporary
aridity gradient defined by RDA3 shows aridity increasing from west to east in the Otway
Ranges region, inland in eastern Victoria (Gippsland), and from south to central regions
in eastern Tasmania (Figure 6E). Under the 2070s predictions, again, southern Victoria,
the centre of the Tasmanian distribution and parts of the Furneaux Group are projected to
move outside the current climatic range of the E. globulus localities on RDA3 as the climate
becomes more arid (increasing negative values of RDA3) (Figure 6F).

For the contemporary climate, the variation along these axes represents the climate-
selective surface, which has most contributed to the variation in climate SNPs among the
E. globulus localities. The 2070’s projection shows how this surface will spatially change
given the future climate projections for the climate variables contributing to each RDA
axis. The key climate variables positively or negatively contributing to variation along each
RDA axis are indicated on the legend (annual precipitation (AP), maximum temperature
of the warmest period (MTWP) and isothermality (ISO)). The colour scheme of each grid
cell represents the three climate variables (AP, MTWP, and ISO) for that cell scaled to
the loadings of the indicated RDA axis (Table S6) and summed, to indicate its position
along that axis (e.g., in Figure 6A, most of the cells covering the Tasmanian distribution
of E. globulus are close to the positive limit of RDA1, indicating a lower combination of
annual precipitation and maximum temperature when compared to those in the Victorian
distribution). This scheme is based on the contemporary range of variation across the E.
globulus range and is maintained in the future projection. Projections are limited to the
current distribution of E. globulus, while white areas within that distribution are grid cells
that fall outside of the range of RDA values defined by the localities used for modelling
(Figure 5).

Based on 0.8 km grid cells (the resolution of the underlying climate rasters) falling
within the locality range of variation on all three RDA axes (Figure 5) under the contem-
porary climate (hereafter referred to as ‘modelled suitable climate habitat’), 90% of the
geographic envelope of E. globulus outlined in Figure 6 (20,703 km2, excluding west coast
E. globulus) is predicted to be within genomically informed, modelled, suitable climate
habitat for the species. Under future climates (2070s), this area reduces to 34%. Following
projected future change in climate (regardless of being within or outside of the contempo-
rary range on the RDA axes), the populations predicted to be least vulnerable are those on
King Island and in the western Otways (shown in blue, Figure 7). Most of the King Island
distribution was also predicted to be within modelled suitable climate habitat (as shown in
Figure 6). In contrast, the E. globulus populations on the central and northern east coast of
mainland Tasmania and Furneaux Islands are predicted to be most vulnerable (shown in red,
Figure 7). A large portion of the central area on the Tasmanian east coast was also predicted
to be outside the range of contemporary locality variation on both RDA2 and RDA3 in
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the 2070s climate (Figure 6). However, despite exhibiting high genomic vulnerability in
the projected 2070s climate (Figure 7), the far north-eastern and south-eastern areas of
mainland Tasmania and most of the Furneaux Islands were still predicted to be within
modelled suitable climate habitat (Figure 6).

Figure 6. Maps of the contemporary (left—(A,C,E)) and projected 2070s (right—(B,D,F)) climate
scaled to loadings of the Table S1. (A,B); RDA2: (C,D); RDA3: (E,F)) are shown in Figure 5 and
represent independent facets of the climate variation, which is associated with the identified set of
climate-SNPs (i.e., SNPs indicated in blue in Figure 3).
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Figure 7. The predicted genomic vulnerability of E. globulus populations to maladaptation under
climate change. The main map shows the genomic vulnerability (colour scaled from blue to red)
over the native geographic range of E. globulus, quantified as the displacement (Euclidean distance)
predicted for grid cells in the three-dimensional RDA space shown in Figure 5 from the contemporary
to the 2070s climate. White areas within the geographic range are outside the contemporary range
for the species in the RDA space. The predicted least vulnerable populations are those on King
Island and in the western Otways (shown in blue), and the most vulnerable are populations on
the central and northern east coast of Tasmania (shown in red). Inset bar-charts show the percent
of occurrence records within each decile bin of the predicted genomic vulnerability index for four
regions (clockwise): mainland Australia (Victoria), Furneaux Islands, Tasmania, and King Island
(e.g., of the recorded occurrences of E. globulus on King Island, 80% are located in grid cells that are
displaced by 0.4–0.5 from the contemporary to predicted 2070s climate, indicating moderate genomic
vulnerability). The number of records assessed for each region (n) is also shown in these bar-charts.
The area indicated to be outside of the range of E. globulus on King Island has been extensively cleared
for agriculture, but the occurrence of an isolated remnant tree within this area suggests that it may
have been previously within the past range of E. globulus.

In terms of the recorded occurrences of E. globulus on the islands of Tasmania (n = 2813),
92% currently fall within the modelled suitable climate habitat, but this decreases to 40%
by the 2070s. As expected, most of the recorded occurrences that were maintained within
modelled suitable climate habitat were on King Island, the Furneaux Islands, and in areas in
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the far north-eastern and south-eastern regions of mainland Tasmania (Figure 6). In terms
of genomic vulnerability (Figure 7), 67% of the recorded occurrences had a displacement
between the contemporary and 2070s projected climate which exceeded 0.8 units, and
would be considered at highest risk of maladaptation. Of these high risk occurrences,
68% were also predicted to be outside of the current modelled suitable climate habitat of
E. globulus (i.e., 46% of all recorded occurrences in Tasmania) and were considered most at
risk. However, populations in south-eastern Tasmania were predicted to be less vulnerable
to climate maladaptation than those in the north-east (Figure 7). For the populations in the
far north-east of Tasmania, the modelling suggests that their 2070s climate would favour
contemporary SNP frequencies of populations located in more central areas of eastern
Tasmania (visualised by matching colours of the areas in Figure 6). These central eastern
populations are not only predicted to be the more genomically vulnerable by the 2070s
(Figure 7), but outside the current modelled suitable climate for the species (Figure 6).
Accordingly, our modelling suggest that the least vulnerable future climate refugia for
E. globulus on mainland Tasmania are those in southern Tasmania.

4. Discussion
4.1. The Genomic Nature of Climate Adaptation

Our study clearly suggests that climate adaptation is polygenic and genome-wide,
consistent with other SNP-climate association studies of plants [91,92], including forest
trees [93,94] and more specifically eucalypts [29,35,37,38,40]. This is expected, given the
numerous traits likely to be under direct and indirect selection along environmental gradi-
ents. In addition, the environmental gradients themselves may involve parallel changes
in multiple biotic and abiotic selective agents [41]. The effect of climate variation on allele
frequencies was not as intense as expected, with the maximum change in the frequency
of climate-SNP alleles not exceeding 0.2 (after accounting for space). These small changes
in allele frequencies, combined with the large number of climate-SNPs, suggests that the
adaptative response involves adjustments across multiple genes and/or regulatory ele-
ments [42], likely modulating a suite of responses to climate variation. Other studies in
forest trees have presented similar results. For instance, Eucalyptus microcarpa climate adap-
tation appeared to be characterised by subtle shifts in allele frequencies, with no consistent
fixed differences identified [40]. Likewise, in various species of spruce (Picea spp.), oak
(Quercus spp.), and in Pinus taeda and Fagus sylvatica, only small to moderate shifts in allele
frequencies have been observed in genes associated with climatic gradients [22,93–96].

The genomic control of drought adaptation is also clearly complex in terms of the
various interacting traits and genes, given the numerous SNPs associated with the locality-
level drought damage. Variants associated with adaptation to aridity and drought traits are
known to be numerous and occur across the eucalypt genome [42,97], with a recent study in
Corymbia callophylla observing that drought-associated SNPs occur more often in regulatory
elements than in protein-coding genes, and show signals of epistatic interaction [42].
Consistent with that observation is the lack of annotated genes near our most important
drought-associated SNP, “G_0337_23205”, potentially suggesting the presence of long-
distance regulatory elements [98].

Very few SNPs were identified as being important to both drought and climate adap-
tation. Although this result was a little unexpected, it may be explained by the fact that
both climate and drought adaptation are complex traits involving multiple morphological,
anatomical, and physiological adaptations [99]. The drought SNPs identified in our analysis
may also be relatively specific to the drought conditions experienced by the field trials
in Western Australia [47], and are unlikely to be an exhaustive list of SNPs putatively
associated with drought adaptation in E. globulus. There are numerous mechanisms that
affect a tree’s risk of drought-induced mortality, including susceptibility to hydraulic fail-
ure [99]. Responses to drought are likely different depending on the extent and duration
of the water deficit. For instance, responses to short-term drought (hours to days) have
been shown to minimise water loss or protect against effects of dehydration, while adap-
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tations to long-term (days to weeks/months) droughts include shortening the life cycle
or optimising resource gain through specific acclimatisation reactions [100]. Soil water
content is often a more accurate predictor for drought adaptation patterns than climatic
water predictors [101], implying that previous seasonal rainfall will influence the impact
of a particular water deficit [102]. Phloem and xylem growth and repair are also seasonal,
suggesting windows of increased vulnerability to drought damage [102]. However, the
physiological response to water stress is only a small component of the breadth of adap-
tations required under drought conditions [103]. Water deficit is often confounded and
intensified by heat stress [21,104] and their impacts can be amplified by biotic threats such
as pests and disease [105,106]. In addition, from an evolutionary perspective, drought
adaptation strategies can vary between resistance and recovery depending on climate or
species, as seen in the varied responses to drought of co-occurring Pinus ponderosa and
Populus tremuloides populations [107]. In E. globulus, drought resistance and recovery are
largely under independent genetic control [108]. All things considered, the SNPs associated
with drought damage are likely to be only a small component of the historic genome-wide
adaptation to climate across the range of E. globulus.

In a similar vein, variants associated with climate may not only reflect direct adaptation
to the abiotic factors that change with climate (e.g., heat, cold stress etc. [109]), but also the
(co)adaptation associated with complex changes in biotic interactions that also occur across
climate gradients (as proposed in the geographic mosaic theory [110]). Such changes have
been hypothesised for E. globulus [111] and are no better seen than in the disease adaptation
that occurs across its geographic range [112,113]. Such biotic interactions are expected
to be embodied in our genomic signals of climate adaptation. Climate-responsive biotic
factors are likely to contribute to the complexity of the genomic changes, which has been
observed in a study of the sub-tropical E. grandis, where Mostert-O’Neill, Reynolds [38]
showed GO terms for defense responses were the terms consistently enriched in their sets of
environmentally associated SNPs, although this was not evident in our enrichment analysis.

4.2. Climate Variables Driving Genomic Adaptation

The current adaptive differences among the E. globulus provenances are a result of
historical selection and constraints [52]. Our RDA analysis allowed the identification of
the independent climate vectors most likely to have historically contributed to shaping the
genomic adaptation in these provenances. The home-site climate variables contributing
to these vectors and exhibiting the most important associations with genomic adaptation
were isothermality, annual precipitation, and the maximum temperature of the warmest
month. Specifically, the majority of climate-SNPs (and the majority of those associated with
enriched functional groups, identified through GO analysis) were associated with variation
in maximum temperature. Temperature appears to be a ubiquitous driver of adaptive
variation, both in a quantitative genetic [114–117] and genomic [118,119] sense in many
forest tree species, including eucalypts [9,31,35,37,120]. Functional traits that have been
demonstrated to vary significantly with home-site maximum temperature include morpho-
logical variation in the leaf traits of Quercus berberidifolia [121], and lignotuber development
in E. ovata [122] and E. pauciflora [18]. Maximum temperature of the warmest month is also
one of the most important variables driving the eucalypt species distributions in temperate
Australia [123]. Any changes in future temperatures are likely to be closely correlated with
shifts in tree species distributions; indeed, this has already been observed [124,125].

The interaction of precipitation with temperature is an important consideration. An-
nual precipitation was found to be one of the most important climactic variables in ex-
plaining the genetic variation observed in E. globulus, and is a key selective force in many
systems [126]. However, studies in Australia often find aridity, the ratio of precipitation to
evapotranspiration (in turn influenced by temperature), to be an equal or better predictor
of adaptive differences [9,37,97,127], which is unsurprising given that much of the conti-
nent is subtropical or tropical with extreme gradients of aridity. For example, a study of
Corymbia callophylla populations in Western Australia found, using RDA, that an aridity
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gradient (along with maximum temperature of the warmest month and annual precipita-
tion) explained 65% of the variation in climate-associated SNPs [37]. While E. globulus is a
temperate species, the climate variables driving adaptation were largely the same (although
the greater variance explained in Corymbia is likely due to less variance associated with
spatial components, given its more continuous distribution), and an aridity gradient is
reflected in RDA3. Trees endemic to the northern hemisphere also experience selective
pressure from aridity, but in addition need to survive the often much lower temperatures
experienced in temperate and boreal regions [128].

Isothermality was the climate variable that explained the largest proportion of SNP
variation among the E. globulus localities studied, and is generally considered a measure
of temperature seasonality or “evenness” [96,129]. It represents the ratio of mean diurnal
temperature range to annual temperature range [71]. While it has been associated with tree
species’ distributions [130,131], species richness [132,133], historical change in leaf morphol-
ogy [134], and with SNPs associated with divergent selection within species [135], including
eucalypts [36], it is difficult to link isothermality to specific physiological processes. Sim-
ilar to the MEMs, it may be correlated with more proximal climatic measures [136]. A
component of isothermality is continentality (often defined as the difference between the
mean temperatures of the warmest month and the coldest month), which is known to
influence tree species distributions in the northern hemisphere [137]. Indeed, the isother-
mality gradient in our study is highly correlated with annual temperature range (r = −0.80,
p < 0.001) and mainly reflected a continentality effect separating E. globulus populations
on the Bass Strait Islands from those of mainland Australia and Tasmania. It is likely that
continental populations are adapted to greater seasonal variation in energy availability
when compared to their coastal counterparts [132]. As large changes in isothermality are
predicted across the distribution of E. globulus on mainland Australia and Tasmania (see
below), its influence as a potential selective force warrants consideration.

4.3. Predicting Future Selective Surfaces

Understanding the extent to which E. globulus is at risk of future climate maladaptation
within its native distribution is important for the conservation of genetic resources and
guiding seed transfer decisions for this globally important plantation tree species that also
provides critical habitat and food resource for endangered animal species [43,44]. There
are clearly challenges and assumptions associated with modelling the future distribution
of suitable climate habitat, whether it involves traditional species distribution modelling
or is guided by intra-specific variation in climate adaptation [138,139], as done with our
genomics-informed modelling. Not least are the issues of accounting for extreme events
rather than climate averages [140], competitive and other biotic interactions [141,142], and
resilient vegetative recovery mechanisms that many forest tree species, such as eucalypts,
possess [143].

Bearing these qualifications in mind, our predictions of genomic vulnerability suggest
that the E. globulus populations most at risk of future climate maladaptation are those
in the central and northern parts of the eastern range of E. globulus in Tasmania. It is
predicted that occurrences within these limits will be subject to directional selection due to
changes in climate variables, which in our analyses translate into independent, adaptively
relevant changes in annual precipitation and temperatures (RDA1), isothermality (RDA2),
and aridity (RDA3). While increased temperatures have the potential to lead to increased
photosynthesis and productivity, which would likely be enhanced by elevated CO2 levels,
this may not be realised in drier areas [144]. Increased temperatures and precipitation
are also expected to increase the risk of selective pressures such as wood decay and foliar
disease [52,112,145]. In Australia, fungal pathogen load in native eucalypt forest increases
with increasing annual rainfall [146]. Specifically, the risk of one of the major native
diseases of E. globulus (Teratosphaeria sp.) increases in warmer and wetter regions [112,145],
which is consistent with increasing negative values of RDA1. Indeed, as climates change,
fungal pathogens are predicted to increase up to 100-fold in coastal eucalypt forests when
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compared with current abundance [146]. This finding is of direct relevance to E. globulus
as it is a common dominant tree in the coastal forest of south-eastern Australia, including
Tasmania. However, the extent to which predictions of genomic vulnerability translate into
future performance and fitness is a key research challenge [147], requiring lines of evidence
from multiple approaches, including common garden experiments [148,149].

Eucalyptus globulus is one of the few forest tree species where direct insights into the
effects of climate change on Darwinian fitness can be gauged. This is possible by using
a space-for-time interpolation of the climate modelling of naturalisation/invasion risk
from (i) plantations of the species established over the last few decades in Australia (a
large component of which is outside the natural distribution), and (ii) plantations in other
countries where the species has long been introduced, grows well, and reproduces outside
the realised climate experienced in the natural range [150]. While provenance differences
in reproduction [151] and germination responses [152] exist, at a species level, these exotic
plantings indicate clear climatic limits to the reproductive fitness of E. globulus, as assessed
in terms of wildling establishment. Such naturally established seedling recruits are a good
indicator of the potential of the proximally planted E. globulus trees to contribute to the
next generation. In the case of E. globulus plantations in Australia, Larcombe, et al. [153]
found that wilding abundance increased in areas that had environmental conditions similar
to those in the native range, reducing with increasing annual temperatures and rainfall
seasonality, and with decreasing mean annual precipitation (<1400 mm). In Portugal, where
plantations extended into areas with higher rainfall than experienced by the species in
Australia, mean annual precipitation was shown to be the most important predictor of
wildling densities, which peaked in areas with 1300–1500 mm annual precipitation, close to
the maximum for the native distribution, but declined rapidly in lower and higher rainfall
areas [154]. It was proposed that this optimum could be defined by a balance between
drought stress and factors such as competition and disease susceptibility in higher rainfall
areas. Together, these studies of wildling establishment argue that climate change along the
RDA axes identified will directly impact the fitness of E. globulus in native forest. However,
it is important to note that these ‘space-for-time’ comparisons do not account for interacting
factors or novel selection forces that may alter future selection surfaces.

Multiple selective forces that impact future adaptative responses may or may not be
directly related to climate adaptation, and may result in more than a simple reshuffling of
the extant genetic variation across the landscape. A factor that will diminish our power
to predict selective trajectories is the possibility of novel future climates, accentuated by
elevated CO2, which may alter growth and drought responses [144,155]. When grown in
temperatures exceeding those of its native range, E. globulus is limited in its photosynthetic
capacity, which may be key in defining the future climate zones where E. globulus can
continue to be a productive plantation species [156]. Novel climates may also subject
tree species to numerous novel biotic interactions that may challenge tree hosts, a likely
occurrence given the increasing frequency of exotic pests globally [157,158]. Exotic pests
may differentially affect performance at the species and provenance levels and potentially
alter the selection landscape for native eucalypts in Australia [113,159]. Changing species
distributions may also change mating and hybridisation patterns, which in turn may change
the predictability of adaptation trajectories based on historic patterns [38,160].

5. Conclusions

The present study serves to highlight the importance of understanding the limits to
plasticity and the extent to which predicted changes in climate will impact the vegetative
and reproductive performance and, ultimately, the fitness of sedentary, long-lived foun-
dation species such as trees. A priority action for threatened and economically important
species such as E. globulus will be the collection and long-term storage of seed resources
from populations identified as most at risk of climate maladaptation before reproductive
capacity is lost. Some populations most at risk are already likely to be at the environmental
limits of the species and thus habour adaptative variations that are of value for the imple-
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mentation of climate-adjusted restoration and translocation strategies, and enriching the
genetic diversity of breeding populations. Quantifying the predicted climate of current and
future plantation forestry sites in a similar manner to this study will give the best indication
of which provenances are most important to incorporate into these breeding populations,
to maximise future performance and prevent climate-induced failure.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f13040575/s1, Figure S1: Examples of partial dependency patterns
observed among climate-SNPs; Table S1: Eucalyptus globulus localities sampled; Table S2: Validation of
gradientForest GEA method using IBD simulation; Table S3: List of climate-SNPs; Table S4: Enriched
gene ontology (GO) terms associated with climate-SNPs; Table S5: List of SNPs associated with
drought damage; Table S6: RDA loadings of major axes of climate variation.

Author Contributions: Conceptualisation, all authors; formal analysis, J.B.B., P.A.H.; data curation,
J.B.B., J.F.G.T.; writing—original draft preparation, J.B.B.; writing—review and editing, P.A.H., J.F.G.T.,
D.A.S., R.E.V., B.M.P. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Australian Research Council (grant number DP190102053).

Data Availability Statement: The read data used to generate the SNPs in this study are accessible
on the European Nucleotide Archive (accession PRJEB47881). The E. globulus draft genome v33 is
available upon reasonable request to the authors.

Acknowledgments: The authors wish to acknowledge Greg Dutkowski for his assistance in collating
the drought damage data. We also thank Forico Pty Ltd. for access to the E. globulus trial studied
and Tree Breeding Australia Limited for access to the E. globulus drought damage information. We
thank Hossein Kahrood and Peter Ades (University of Melbourne) for their contribution towards
the generation of the sequence data used in this study. We also acknowledge the use of the high
performance computing facilities provided by Digital Research Services, IT Services at the University
of Tasmania.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Appendix A

Appendix A.1. Genotyping by Whole Genome Shotgun Sequencing

Genomic libraries were prepared using Nextera DNA Library Preparation Kit (Illu-
mina). Double-stranded genomic DNA was used as input for the Nextera ‘tagmentation’
reaction (DNA fragmentation and tagging). The reaction was performed as per the manu-
facturer’s protocol, replacing the column clean-up (disassociation) step with a 0.6% SDS
(sodium dodecyl sulfate) treatment. Library amplification was performed using Nextera
Index 1 (i7) and Index 2 (i5) adapters on a Stratagene Mx3005PTM qPCR system (Agilent
Technologies), with a thermal profile as follows: 72 ◦C for 3 min; 98 ◦C for 30 s; 5 cycles
of 98 ◦C for 10 s, 63 ◦C for 30 s, and 72 ◦C for 3 min. SYBR Green I (Thermo Fisher Scien-
tific) in 1:1000 dilution was added to the PCR mixtures for monitoring the amplification
process. Amplified libraries were pooled and purified with MinElute PCR Purification
Kit (Qiagen) or AMPure XP SPRI (Solid Phase Reversible Immobilisation) paramagnetic
beads (Agencourt, Beckman Coulter). Purified library pools were then subjected to size
selection using gel electrophoresis by excising the DNA fragments within the desired size
range (300–450 bp). The excised libraries were extracted from the gel with QIAquick Gel
Extraction Kit (Qiagen) prior to quality assessment with High Sensitivity D1000 ScreenTape
using a 2200 TapeStation system (Agilent Technologies, CA, USA).

These libraries were sequenced using a HiSeq 2000 Sequencing System (Illumina)
at the Victorian Government Department of Economic Development, Jobs, Transport,
and Resources (DEDJTR), Centre for AgriBioscience (AgriBio), Bundoora, Australia. The
Illumina paired-read data generated from whole genome sequencing (available at the
European Nucleotide Archive, accession PRJEB47881) were quality controlled and aligned
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to an E. globulus draft genome assembly for full specifications of genome assembly, see [161].
Variants were discovered using find-snp v2.6.16 (Gydle Inc., Québec, Canada) with output
in Variant Call Format v.4.2 (VCF).

The raw SNP data were filtered using PLINK v1.9 [162] to biallelic SNPs with <30%
missing data and a minor allele frequency (MAF) >0.05. To minimise the impact of geno-
typing errors and paralogous loci, SNPs that deviated from HWE in an extreme manner
were also removed (p < 1 × 10−7) [163]. To reduce the computational burden, pairs of SNPs
were also assessed for linkage disequilibrium (LD), with the less informative (lower MAF)
member of the pair removed if found to be in high LD (r2 > 0.7). Once finalised, the minor
allele frequency of each SNP in each locality was calculated for use in subsequent analysis.

Appendix A.2. gradientForest Analysis of Climate Variables

The machine learning algorithm gradientForest [97] was used to fit the SNP data
to the environmental and spatial variables, using 5000 regression trees per SNP and a
variable correlation threshold of 0.5. Due to computational limitations, gradientForest
was fit to blocks of only 100,000 SNPs at a single time, repeated until the entire dataset
was covered. In brief, the gradientForest algorithm gives each SNP an importance score,
both globally and to each individual predictor variable, which indicates how relevant that
SNP is to delineating the randomForest regression [97]. Those SNPs from the separate
analyses deemed important to the overall model (in the upper quartile for importance
within the set of 100,000) were then collated and gradientForest was refit to this set, to
ensure each importance score was scaled correctly among the SNPs. Visual analysis of the
distribution of importance scores led to the selection of an importance threshold of 0.15 for
SNP selection. SNPs above this threshold within the 19 climate variables were chosen as
climate-SNPs for further analysis.

Appendix A.3. extendedForest Analysis of Drought Damage

The drought-SNP association used the initial set of 812,158 SNPs as predictor vari-
ables for drought damage rather than as response variables, and thus a larger amount of
regression trees (100,000) per response was required. Due to computational limitations,
SNPs were divided into sets of 25,000 and used in multiple extendedForest runs. The
SNPs with highest importance from each run were collated into a single dataset and run
again to ensure each importance score was scaled correctly among the SNPs. The top 4%
in importance were then selected to achieve a similar number of SNPs to those reported
for climate.

Appendix A.4. Visualising Climate Selection Surface

The climate indices associated with the adaptive changes among provenances de-
scribed by the significant RDA axes were extrapolated across Tasmania and southern
Victoria. This was undertaken by normalising the raster grid cells from the RDA-selected
climate layers obtained from CHELSA [70], using the mean and standard deviations of the
climate data for the 30 localities of E. globulus sampled in Tasmania and southern Victoria.
The values of the climate selection surface were truncated to the predicted range for the
E. globulus localities used in this study, using the 95% confidence intervals around the mean
gradient value. Each climate layer was then scaled by its associated weighting in the most
significant RDA axis, and the value of each layer was combined and visualised. This was
repeated for all significant RDA axes.
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