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Dendroecology meets genomics
in the common garden: new
insights into climate adaptation

In this issue of New Phytologist (pp. 630-645), Housset et al.
bring together old and new tools to address an important
global change problem: they combine a common garden
experiment, association genetics, and dendroecology to gauge
the adaptation of trees to climate variation, laying the
foundation for a genotype-to-phenotype-level approach to
managing forests of the future. Better anticipation and
management of the effects of climate change on forests
qualifies as one of the grand scientific and natural resource
management challenges of the twenty-first century: among
other ecosystem services, forests play an important role in the
global carbon cycle, having sequestered approximately 30% of
the excess greenhouse gasses added to the atmosphere by
humans over the period 1959-2015 (Le Quéré eral., 2016).
Trees are locally adapted with respect to climate (as are all
organisms), and risk becoming maladapted if the rate of
climate change exceeds their capacity to respond through
migration, plasticity or 7z situ evolutionary adaptation. Main-
taining key ecosystem services provided by forests thus involves
adaptation in two senses of the word: better understanding the
basis for evolutionary adaptation to climate in trees to help
develop climate adaptation strategies — i.e. management actions
that can be taken to mitigate the negative effects of climate
change.

‘Alrogether, Housset etal. link genotype, phenotype, and
environment in an unique way b)/ treating response to

climate — considered at three timescales— as traits.

Something old

Common garden experiments have a long history in ecology:
Turesson (in the 1920s) and Clausen, Keck, and Heisey (in
the 1940-1950s) investigated population differentiation, local
adaptation, and their genetic underpinning, establishing that
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climatic factors shape adaptive traits in wild species (Aitken &
Bemmels, 2016). Forestry provenance trials, including com-
mon garden and partial reciprocal transplant designs, pre-date
these seminal studies in ecological genetics by some 200 years
and have long been used to examine local adaptation to
climate (Aitken & Bemmels, 2016). More recently, they have
been repurposed towards the development of climate adapta-
tion strategies (Alberto eral, 2013).

Something new

Genomic sequencing technologies have sparked excitement about
the potential to link variation at specific genetic loci to variation of
important phenotypes. Entire genome sequences from many
individuals can be used to test correlations between each locus and
phenotypes of interest (genome-wide association studies, or
GWAS). Most genetically-based traits of interest in trees are likely
controlled by many genes, thus genome-wide approaches offer a
more complete picture than traditional approaches sequencing just
a few genes (Savolainen eral, 2007; McKown eral., 2014).
Genomic tools, such as reference genome sequences and single
nucleotide polymorphism (SNP) sets, are now available for a
number of forest tree species to apply GWAS. Genotype—
phenotype association (GPA) studies in trees so far, ranging from
dozens to thousands of loci (Eckert ezal., 2009; McKown et al.,
2014), have pointed to specific genes underlying adaptive trait
variation, and these results are being aligned with genotype—
environmentand phenotype—environmentassociations to establish
robust links between genotypes, phenotypes, and environment
(Sork e al., 2013; Bragg et al., 2015).

Something old and new

Annual growth rings are an old source of information on the growth
of trees that are enjoying a renaissance of new uses. The increment
borer was invented in a forestry context in the mid-nineteenth
century. Since then, tree-ring time series have been used to date
events, reconstruct past climate, investigate forest disturbance
processes and stand dynamics, and most recently, tree physiological
processes (Fonti ezal, 2010; Eilmann ezal., 2014; Weigt et al.,
2017) and global carbon cycle-related questions (Babst eral.,
2014). The ability to generate multi-decade to multi-century time
series of individual performance with annual or sub-annual
resolution, and hence analyze a tree’s response to climate variation
across this range of timescales, make tree-ring data an exceptional
resource for addressing global change questions.

Bringing these three elements together, Housset eral. used
tree-ring data collected in a forestry provenance trial to identify
climatic constraints on growth and evaluate local adaptation;
tree-ring-derived growth metrics were then associated with
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SNPs. In particular, the novelty of Housset ezal’s GPA study is
their choice of ‘phenotypes’. Most GPA studies in trees have
focused on phenotypes measured at a single time point.
Housset et al. realized that trees contain much more informa-
tion about climate response in their annual growth rings. Three
growth metrics — average growth over the period 1993-2014,
growth anomaly in response to particularly cold autumn and
spring temperatures in 2002-2003, and the sensitivity of
growth to monthly climate variables — were treated as
phenotypes. These phenotypes were then associated with (1)
mean annual temperature of the provenances, revealing clinal
variation indicative of local adaptation (Fig. 1), and (2) genetic
variants (SNPs) at loci with previously-demonstrated links to
local climate adaptation. Altogether, Housset ezal. link geno-
type, phenotype, and environment in an unique way by treating
response to climate — considered at three timescales — as traits.

Notably, the fastest-growing provenance in the common garden
was not the local one, rather a more southern, warmer provenance
(a pattern corroborated in a meta-analysis by A. Angert eral.,
unpublished). This suggests that the effects of global warming on
performance are already in progress — i.e. local phenotypes (and
their underlying genotypes) are showing signs of maladaptation.
While assisted migration is one potential tool to address such local
maladaptation, it carries the risk of missing the mark if genotypes
are moved too far, too fast (Aitken & Whitlock, 2013). Complex
geographic clines in adaptive traits, poor understanding of the
genetic mechanisms underlying species’ responses, and uncertain-
ties in the sign and magnitude of projected climate change further
make the design of assisted migration a challenging task. Indeed,
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Fig. 1 Usingtree-ring data from a forestry provenance trial, Housset et al. (in
this issue of New Phytologist, pp. 630-645) found opposing geographic
clines of drought and cold tolerance in Pinus strobus. Northern vs southern
provenances evidenced both adaptation to local climate and the potential for
maladaptation if moved (via assisted migration) against latitudinal climatic
gradients. The ability to detect responses to climate variation on fine
timescales — season and extreme variability — makes tree-ring-derived traits
an appealing tool for investigating adaptation to climate and its genetic
underpinning.
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Housset e¢tal. found opposing geographic clines of cold and
drought sensitivity (Fig. 1; see also Montwé ez al., 2015). Southern
provenances were more tolerant of summer drought, but they were
also more negatively impacted by a particularly cold autumn and
spring. Simply moving provenances north may not be successful if
they will be exposed to climatic stresses (cold) to which they are not
adapted. Extreme events of all kinds are projected to increase in
intensity and frequency (Sillmann ez al,, 2013). It should also be
kept in mind that abiotic (climatic) factors are not the only ones
influencing fitness in wild populations — interactions between trees
and insect pests are also expected to change with climate (Logan
etal., 2003). Understanding the genetic mechanisms underlying
adaptation to climate — e.g. drought tolerance, cold hardiness, and
phenological traits that influence insect outbreaks — may be
necessary to develop novel phenotype combinations for successful
poleward transplanting, including adaptation to future ‘no-analog’
climates.

Housset e al. have set the stage for the analysis of additional loci
and tree-ring traits. Their GPA study included a relatively modest
set of loci, and because of large tree genomes and polygenic traits,
such targeted sequencing methods likely miss many of the genetic
loci underpinning trait variation. In the future, more exhaustive
GWAS will capture more of that underlying genetic variation.
Other tree-ring traits can provide insight into tree physiology (i.e.
water and carbon dynamics) and deepen our mechanistic under-
standing of adaptation to climate. Wood anatomical traits, such as
cell lumen area and cell wall thickness, offer information on
resistance to drought- or frost-induced cavitation, as well as xylem
plasticity (Eilmann ez al., 2014). Together with stable isotope ratios
of 880 and 8"C, which reflect stomatal response to environ-
mental conditions and water-use efficiency (Gessler ez al., 2014;
Weigt etal, 2017), the water-use strategies of trees can be
quantified and associated with genetic variation (M. Isaac-Renton
et al., unpublished). Plasticity, in particular, is a poorly understood
and poorly studied aspect of adaptive capacity (Nicotra ez al., 2015)
that tree rings offer an excellent window into, since they record the
response of a given genotype to time-varying environmental
conditions. Tree-ring time series also offer a window into how
climate sensitivities might change over the lifetime of a tree, i.e. the
environmental conditions necessary for regeneration vs adult
persistence (sensu Grubb, 1977).

The linkages between genotype, phenotype, and environment
afforded by associating genetic variation with tree-ring traits in a
forestry provenance context have the potential to eventually
support genetic-based species distribution modeling. Ecophysio-
logical models of tree growth that are parameterized with climate,
tree-ring, and other data — e.g. the Vaganov-Shaskin model (or
VSLite; Tolwinski-Ward eral., 2011) and sink-limited growth
models (Fatichi ez a/.,2014) — can be linked to the genes responsible
for tree-ring and other traits. Such a genetically-informed
ecophysiological model could then be used to project performance
spatially and forward in time as a function of future climate
conditions (Sork ez al., 2013; Weinig et al., 2014). Predicting the
performance of novel genotypes in novel (no-analog) climates will
be difficult, but likely necessary.

© 2018 The Author
New Phytologist © 2018 New Phytologist Trust



New
Phytologist

Combining the tools and talents of foresters, geneticists,
dendroecologists, and physiologists will advance our understand-
ing of climate-adaptive genetic variation in trees, how it varies in
natural landscapes, and constraints to adaptation or tolerance.
Only with the deeper insights gained from such interdisciplinary
research will we be able to better assess population vulnerability and
develop management priorities for sourcing seeds in a changing
world (Aitken & Whitlock, 2013; Alberto ez al., 2013; Fitzpatrick
& Keller, 2015) — for trees, crops, culturally-significant native
plants and biodiversity as a whole.
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