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Landscape Genomics of Angiosperm Trees: 
From Historic Roots to Discovering New 
Branches of Adaptive Evolution
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Abstract Landscape genomic studies analyze spatial patterns of genetic variation 
to test hypotheses about how demographic history, gene flow, and natural selection 
have shaped populations. For decades, angiosperm trees have served as outstanding 
model systems for landscape-scale genetic studies due to their extensive geographic 
ranges, large effective population sizes, abundant genetic diversity, and high gene 
flow. These characteristics were recognized early in the landscape genetics litera-
ture, and studies on angiosperm trees, particularly Populus and Quercus, tested 
hypotheses about how landscape features shaped neutral patterns of gene flow and 
population divergence. More recently, advances in sequencing and analysis method-
ologies have allowed for greater opportunities to directly test how natural selection 
acting locally across the landscape has shaped the genome-wide diversity of popula-
tions, often in the context of broad climatic gradients in growing season length. 
Despite, the methodological gains and successes of the last decade, landscape 
genomics studies face new challenges of study design, hypothesis testing, and vali-
dation. Here, we explore the development of landscape genetics and genomics in 
angiosperm trees and what we have learned from investigating the evolutionary 
consequences of life as a tree in heterogeneous landscapes. We outline the past, 
present, and potential future of landscape genomic studies in angiosperm trees, 
highlighting successes of the field, challenges to overcome, and ideas that scientists 
from all backgrounds engaged in landscape genomics should consider.
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 Introduction

The biological characteristics of some organisms lend themselves almost perfectly 
to the fields of study that have developed around them: Drosophila and population 
genetics; Caenorhabditis elegans and development; maize and plant architecture. 
Trees are, at first glance, unlikely model organisms, especially given their longev-
ity and long generation time (Taylor 2002); however, as models for ecological and 
landscape genomics, they combine a unique set of features (Petit and Hampe 
2006). Trees have large effective population sizes (Petit and Hampe 2006; Evans 
et al. 2015), disperse genes widely through pollen and seed over long distances 
(Nathan et al. 2002), produce millions of progeny that encounter strong selection 
(Augspurger 1984), can clonally propagate and persist for millennia (Ally et al. 
2008), extensively hybridize with congeners (Moran et al. 2012), and have large 
lifetime exposures to pathogens and herbivores that can change annually (Floate 
et al. 2016). These varied characteristics result in complex evolutionary processes 
that play out in landscapes as small as a few hectares (Streiff et al. 1999), to entire 
biomes (Keller et al. 2010) and continents (Callahan et al. 2013), making trees 
excellent candidates for the study of how ecological selection and landscape fea-
tures structure genetic diversity.

There is a rich history of ecological genetic studies in forest trees beginning with 
provenance trials of the eighteenth century (Langlet 1971). Foresters would collect 
range-wide samples of seeds or cuttings from diverse populations and propagate 
these into common gardens, often replicated in different climatic regions of the 
landscape, with the objective of assessing how genetics and environment influence 
growth and yield, especially patterns of vegetative bud phenology and the timing of 
adaptive seasonal dormancy (Savolainen et al. 2007). While these efforts began well 
before the age of genomics, researchers were already recognizing the importance of 
climate, disease, and other sources of selection in structuring forest tree adaptive 
diversity. With the rise of the genomic era, ecological geneticists working on trees 
have been increasingly in a position to evaluate the genetic architecture of local 
adaptation, identify regions of the genome associated with climate, and accelerate 
the selection and breeding process of tree domestication.

The expansion of genomic resources in poplars (Populus, Tuskan et al. 2006), 
Eucalyptus (Myburg et al. 2014), oaks (Quercus, Plomion et al. 2016), and other for-
est-trees (Liang et al. 2011; Fang et al. 2012) was critically important for opening new 
avenues of research in ecological and landscape genomics, and in many ways, studies 
on trees drove this field forward. Populus emerged as the model for tree biology in the 
2000s due to the ease of clonal propagation, manageable genome size (~480Mb), 
ecological diversity, extensive hybridization, the availability of genomic resources 
(such as its transformation by Agrobacterium), and its candidacy as a source of cel-
lulosic bioethanol production (Difazio et al. 2011). The accumulation of population 
genetic and genomic studies in Populus has resulted in large gains in our understand-
ing of the genetic architecture of phenology (Keller et al. 2012; Olson et al. 2013; 
McKown et al. 2014a, b, c), wood and biomass growth (Porth et al. 2013), disease 
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 resistance (Porth et al. 2015; Foster et al. 2015), and many other physiological pro-
cesses. The Populus community is global and continues to grow in the fields of bio-
mass production (Zhang et al. 2015), phytoremediation (Di Lonardo et al. 2011), the 
plant microbiome (Hacquard and Schadt 2015), and of course, among other fields, 
landscape genomics (Evans et al. 2014; Geraldes et al. 2014; Porth et al. 2015).

More recently, Quercus sp. are emerging as models for the study of ecological 
and landscape genomics (Petit et al. 2013). Consisting of over 400 species, oaks are 
dominant in many Northern Hemisphere forests, and represent a large carbon sink 
in terrestrial landscapes (Myneni et al. 2001). Many are foundational species that 
maintain biodiversity by providing habitat and food for numerous plants and ani-
mals (Block et al. 1990; Burns and Honkala 1990; Fralish 2004; McShea et al. 
2007). They are also of high economic value for their lumber (Luppold and 
Bumgardner 2008; Espinoza et al. 2011) and ecosystem services that include carbon 
sequestration, riparian buffering and water quality enhancement (Dosskey et al. 
1997; Kroeger et al. 2010), improvement of hunting and rangelands (Standiford and 
Howitt 1993; Kroeger et al. 2010), improved nutrient cycling (Dahlgren et al. 1997; 
Herman et al. 2003), and cultural significance (Pavlik et al. 1991; Anderson 2005).

In this chapter, we explore the development of landscape genetics and genomics 
in angiosperm trees and what we have learned from investigating the evolutionary 
consequences of life as a tree in a heterogeneous landscape. We focus especially on 
Populus and Quercus, which have made the greatest strides to date among landscape 
studies on angiosperm trees. We then highlight several areas where researchers in 
tree landscape genomics face challenges, or historically have been narrowly focused. 
Lastly, we offer recommendations for investigating overlooked aspects of tree biol-
ogy and evolution in landscape genomics studies, and suggest new inquires for 
future research directions.

 Historical Review

 Landscape Genetics: Gene Flow and Population Structure

Before the mid-2000s and the onset of the next generation sequencing (NGS) revolu-
tion, landscape genetic studies focused primarily on how genetic diversity of anony-
mous markers were shaped by neutral demographic processes, including the effects of 
gene flow, clonality, isolation-by-distance, range expansion, and population structure 
(Manel et al. 2003). Polymorphic loci were rarely associated with adaptive signatures 
in allele frequency driven by environmental agents of selection (González-Martínez 
et al. 2006), a fact largely due to the type of molecular markers employed (e.g. ampli-
fied-length polymorphisms, AFLPs; random amplified polymorphic DNA, RAPDs; 
and simple sequence repeats, SSRs/microsatellites) and the typically unknown loca-
tion of these markers in a genome. Nevertheless, these loci were sufficient to answer 
questions regarding demographic processes shaping genetic diversity.
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Early landscape genetic studies in angiosperm trees focused on both contempo-
rary gene dispersal (Sork and Smouse 2006) as well as larger-scale phylogeographic 
structure (Petit et al. 2002). Pollen and seed differ by the distances they are dis-
persed, their dispersal vectors, the genomes they carry, and their ploidy level; char-
acteristics with pronounced effects on spatial patterns of diversity (McCauley 1995; 
Petit and Hampe 2006). Elegant early studies of landscape genetics in white oaks by 
Petit and colleagues laid the foundation for our understanding of how long-distance 
seed dispersal creates legacies of genetic structure during range expansion (Le 
Corre et al. 1997; Petit et al. 1997). In Quercus robur and Q. petraea, Petit et al. 
(1997) discovered homogenous patches of chloroplast (cpDNA) haplotypes on the 
landscape, suggesting that rare long-distance dispersal events followed by local 
population expansion, rather than a continuous wave of migration, structures land-
scape diversity in cpDNA. Finer-scale understanding of pollen and seed movement 
came from Sork and colleagues who demonstrated how landscape configuration and 
land use history shaped the effective number of pollen donors (Nep). Fragmentation 
and habitat loss lowered Nep in wind-pollinated California valley oaks (Q. lobata) 
(Sork et al. 2002), while fragmentation actually facilitated gene flow in the insect- 
pollinated flowering dogwood (Cornus florida) (Sork et al. 2005). Studies in Q. 
robur and Q. petraea demonstrated that pollen-mediated gene flow occurring over 
long distances (>200 m) is common, accounting for 67% of matings (Streiff et al. 
1999). Studies in Populus have also informed our understanding of gene flow dis-
tances. Dispersal of exotic or transgenic alleles is a concern in hybrid Populus plan-
tations. Carefully designed gene flow studies demonstrated that most pollination 
and seed establishment occurs near the source tree (within 450 m) (DiFazio et al. 
2012), and pollination occurs less frequently when native tree populations are large. 
Establishment of exotic or transgenic genes in populations of native species is more 
likely when native population sizes are small, and removing native female trees near 
exotic or transgenic plantations may be an effective means of eliminating gene flow 
in managed landscapes (Meirmans et al. 2010).

Some angiosperm trees (especially in Populus) are known for extensive clonal 
reproduction that can have a strong effect on local genetic structure (Mock et al. 
2008), and once established, a set of clones can dominate an area for long periods 
(Imbert and Lefevre 2003). Early studies in black poplar (Populus nigra) assessed 
the extent of clonal diversity remaining among two remnant populations along the 
Rhine River in the Netherlands (Arens et al. 1998). Using SSRs, they identified 13 
distinct clones among the 71 ramets sampled, suggesting extensive clonality. Recent 
studies of the highly clonal quaking aspen (P. tremuloides) in the western U.S. also 
used SSRs to identify and map the spatial extent of clones on the landscape (Mock 
et al. 2008). Mock et al. (2012) was also able to document the widespread existence 
of triploid aspen clones in western U.S. landscapes, which represent a unique source 
of genetic diversity relative to the more recently colonized populations in the glaci-
ated northern regions of the continent (Callahan et al. 2013). The molecular esti-
mates of clone age in P. tremuloides, ranging from 175 to 10,000 years (Ally et al. 
2008), suggest that once established, Populus clones may shape the genetic diver-
sity of landscapes for millennia.
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At larger spatial and temporal scales, the Pliocene and Pleistocene glacial 
cycles had a substantial impact on the genetic diversity of many North American 
(Soltis et al. 2006) and European trees (Hewitt 1999) through waves of range 
expansion and contraction, although not all species experienced population size 
changes (Grivet et al. 2006). Post-glacial migration rates from pollen cores pre-
dicted fast tree migration rates out of refugia (100–1000 m/year), but estimates 
from genetic data are contradictory (<100m/year) (McLachlan et al. 2005; 
Feurdean et al. 2013), and the increasing recognition of high latitude glacial refu-
gia may refine our estimates of tree migration rates downward (Petit et al. 2008; 
Breen et al. 2012). Studies in trees revealed population size changes and genetic 
isolation in allopatric refugia create the conditions for speciation (Sorrie and 
Weakley 2001) as well as opportunities for adaptive introgression upon secondary 
contact (Bragg et al. 2015; Suarez- Gonzalez et al. 2016). For example, range 
shifts associated with Pleistocene climate change have been implicated in specia-
tion between Populus trichocarpa and P. balsamifera (Levsen et al. 2012), as well 
as driving adaptive introgression during admixture of divergent European popula-
tions of P. tremula (De Carvalho et al. 2010).

The development of genomic resources in Populus (Tuskan et al. 2006) allowed 
for genotyping large numbers of individuals at hundreds to thousands of physically 
mapped loci (Ingvarsson 2008; Keller et al. 2010; Slavov et al. 2012). Applications 
of coalescent demographic modeling and Bayesian clustering to population genomic 
datasets revealed a general pattern of strong latitudinal gradients of population 
structure and geographic gradients in genetic diversity (Keller et al. 2010; Slavov 
et al. 2012). For example, in P. angustifolia, STRUCTURE analyses revealed south-
ern, mid-latitude, and northern demes (Evans et al. 2015). These confounding 
effects of population structure (Fig. 1a) introduce challenges for finding adapted 
loci to under environmental selection from variables that covary with latitude 
(Fig. 1b), and hence understanding the demographic history of a sample became 
essential for any association genetic study using natural genomic diversity.

 Candidate Gene Studies of Local Adaptation

Heritable phenotypic clines in phenology, growth, and other physiological traits are 
widespread in nature (Haldane 1948; Ingvarsson et al. 2006; Hall et al. 2007; 
Kempes et al. 2011), suggesting an intimate relationship between adaptive evolution 
and the landscape (Linhart and Grant 1996). In temperate and boreal forests trees, 
locally adapted clines of bud phenology (spring bud flush and late summer bud set) 
allow trees to coordinate their growth and dormancy with the available growing 
season, and achieve cold hardiness before low temperatures or drought become 
damaging (Ingvarsson et al. 2006). These phenotypic clines are the hallmark signa-
tures of tree adaptation to climate, exhibiting strong heritability and genetically-
based population differentiation, which have made them attractive targets for 
dissecting the genetic basis of local adaptation (Savolainen et al. 2007).
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The increased knowledge of gene function from model plants, especially 
Arabidopsis, coupled with the development of growing genomic resources in 
emerging angiosperm model trees (e.g. Populus, Quercus, Eucalyptus, and 
Castanea; Neale and Kremer 2011) facilitated a wave of local adaptation studies in 
tree bud phenology primarily focused on candidate genes from the flowering time 
and circadian clock associated pathways. Early efforts to associate adaptive clines 
in bud phenology with candidate genes were conducted in P. tremula by Ingvarsson 
and colleagues. PHYB2 senses red to far-red light and regulates several important 

a c

b d

Fig. 1 Populations for landscape genomic studies are frequently sampled out of a context of spa-
tially varying genomic structure and environmental change. The genetic structure of P. balsamifera 
is represented from a sample from 412 reference SNPs genotyped by Keller et al. (2010) with three 
demes observed: low diversity central and western demes, and a higher diversity eastern deme (a). 
Environmental gradients abound in nature, and greenness onset is a classic example of a biological 
phenomenon, controlled by both photoperiod and temperature, that changes across large geo-
graphic areas (b). Eliminating false positives in selection scans is always challenging; however, 
fewer false discoveries are observed from the tail of empirical p-value distributions derived from 
putatively neutral reference SNPs (c). This approach is demonstrated with the results of a BayeScan 
analysis (Foll and Gaggiotti 2008) of 412 reference SNPs and 335 candidate SNPs from 27 
flowering- time genes that were sampled from the localities in (a). Setting a threshold conditioned 
with empirical p-values identifies local selection in SNPs from GIGANTEA 5 (GI5), EARLY 
BOLTING IN SHORT DAYS (EBS), PHYTOCHROME-INTERACTING TRANSCRIPTION 
FACTOR 3 (PIF3), and CASEIN KINASE II BETA CHAIN 3 (CKB3.4). Allele frequency variation 
in four SNPs from GI5 are associated with latitude (d). GI5 is involved in light signaling to the 
circadian clock and local adaptation of these alleles may allow precise timing of phenology 
(Figures reproduced, with permission, from Fitzpatrick and Keller (2015) (a); Elmore et al. (n.d.) 
(b); Keller et al. (2012) (c, d))
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traits in Arabidopsis, including hypocotyl elongation, meristem development, and 
flowering-time (Sheehan et al. 2007). It was hypothesized that changes in allele 
frequency in PHYB2 would associate with clines in bud set driven by latitudinal 
variation in critical photoperiod. Latitudinal clines in PHYB2 SNPs were detected, 
and, consistent with local adaptation, paralleled bud set clines; however, analytical 
methods were not capable of disentangling whether this was due to local selection 
or neutral processes (Ingvarsson et al. 2006). Follow-up studies including SNPs 
flanking the PHYB2 region found allele frequencies did not deviate from neutral 
expectations, even though two nonsynonymous SNPs in PHYB2 explained 1.5–5 % 
of clinal variation in bud set (Ingvarsson et al. 2008). Hall et al. (2007) leveraged the 
release of the P. trichocarpa genome (Tuskan et al. 2006) to design 18 neutral SSRs 
(7 near candidate genes) and sequenced 50 SNPs from five candidate genes (PHYB2, 
COL2B, GA20OX1, ABI1B, and HYPO312) for phenology responses. While phe-
nology traits showed strong quantitative genetic differentiation among populations 
(QST), candidate SNPs and SSRs near candidate genes did not show elevated FST, 
nor did the genetic data covary strongly with latitude (Hall et al. 2007). Ma et al. 
(2010) broadened the focus to include SNPs from 25 genes across the P. tremula 
photoperiod pathway. Using FST outlier tests for local adaptation, they were unable 
to differentiate adaptive from neutral patterns of population differentiation, even 
though several candidate SNPs were associated with phenotypes and showed allele 
frequency clines with latitude. Using alternative tests for positive selection based on 
comparing synonymous vs. nonsynonymous mutations (MK test) and intraspecific 
polymorphism vs. interspecific divergence (HKA test), (Hall et al. 2011) did find 
evidence for adaptive evolution in several photoperiod and circadian clock associ-
ated genes, including PHYB2.

These early studies in aspen revealed a complex reality that the genetic basis of 
local adaptation would be difficult to unravel for highly polygenic traits, and helped 
usher in two important realizations for the field of adaptive landscape genomics: (1) 
finding genes involved in local adaptation requires testing candidate genes against 
samples of loci from across the genome, using statistical models that account for the 
confounding effects of demographic history (Platt et al. 2010); and (2) deducing the 
genetic architecture of local adaptation would be a difficult road, as the average 
effect of a locus on a polygenic trait is small (Rockman 2012), and selection at the 
phenotypic level is distributed across many QTLs in the genome (Tiffin and Ross- 
Ibarra 2014). An enduring lesson for landscape genomics thus became limiting false 
discoveries while searching for local adaptation by developing, testing, and apply-
ing methods that explicitly modeled the demographic history of the sample 
(Lotterhos and Whitlock 2014). These new analytical methods included tests for 
clinal gene-environment associations (GEA), supported by programs such as 
Bayenv (Günther and Coop 2013) and latent-factor mixed models (LFMM) (Frichot 
et al. 2013), as well as FST outlier programs like BayeScan (Foll and Gaggiotti 2008) 
that detected diversifying selection against the background of neutral population 
structure.

In a study of local adaptation for phenology in P. balsamifera, Keller et al. (2012) 
used 412 putatively neutral reference SNPs to model effects of demographic history 
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and test for local adaptation in 27 candidate genes in the flowering-time pathway 
(Fig. 1c, d). FST outlier tests and GEA convergently identified 11 candidate SNPs 
that had signatures of excessive population structure or association with climate. 
Interestingly, phytochromes (e.g. PHYA, PHYB1, PHYB2) showed no signs of local 
adaptation in P. balsamifera despite their signature of adaptation along a latitudinal 
gradient in the related P. tremula (Ingvarsson et al. 2006; Ma et al. 2010), nor did 
phytochromes show evidence of species-wide positive selection, as in P. tremula 
(Hall et al. 2011; Keller et al. 2011). Instead, local selection in P. balsamifera was 
primarily targeted at the circadian clock controlled gene GIGANTEA (GI) (Oliverio 
et al. 2007), a master regulator of multiple developmental processes such as germi-
nation, flowering, and osmotic stress (Mishra and Panigrahi 2015). GI is known to 
mediate daylength signaling from the phytochromes to regulate expression of the 
genes CONSTANS and FLOWERING LOCUS T involved in flowering and vegeta-
tive phenology in Populus (Böhlenius et al. 2006). Thus, an important comparative 
insight from these candidate gene studies was that convergent phenotypic clines in 
related species may result from selection targeting the same overall functional path-
way (e.g. light-regulated circadian responses) but involving different genes within 
the pathway. Indeed, this trend also appears to be true for the evolution of sex- 
determination in Populus section Populus and P. section Tacamahaca despite the 
ancient origin of dioecy in the genus (Geraldes et al. 2015).

More recently, Menon et al. (2015) took advantage of P. balsamifera’s extensive 
distribution across boreal and arctic latitudes to study natural variation in adaptation 
to freeze tolerance. Menon et al. combined physiological assays of freeze tolerance 
using electrolyte leakage tests with gene expression and population genetic analyses 
on candidate genes in the poplar C-repeat binding factor (CBF) gene family. Their 
findings indicated that northern genotypes were physiologically more cold tolerant 
than southern genotypes, and that CBF gene expression was strongly induced by 
cold in balsam poplar. One gene (CBF2) also showed population genetic evidence 
of selection in the form of an excess of derived alleles, elevated FST, and clinal allele 
frequency variation. While transcriptional regulation and sequence polymorphisms 
in CBF genes were clearly associated with cold adaptation, CBF candidate genes 
only explain a small fraction of cold-induced changes in gene expression, suggest-
ing the involvement of additional pathways.

Outside of Populus, investigations of the genomics of local adaptation in Quercus 
and other Fagaceae were underway by the mid-2000s. Foundational work studying 
QTLs and gene expression of various tissues identified a number of candidate genes 
involved in landscape variation in bud phenology and drought response (Porth et al. 
2005; Casasoli et al. 2006; Derory et al. 2006, 2010; Soler et al. 2008). These studies 
spurred a growing body of work in Quercus, and provided an important resource for 
comparison to Populus and other taxa. In the European oak (Q. petrea), Alberto et al. 
(2013) integrated FST-outlier, GEA, and genotype-phenotype association tests based 
on SNPs from 106 phenology-related candidate genes to test for molecular signa-
tures of local adaptation along altitudinal and latitudinal gradients. While 34 genes 
were significant in at least one of the tests, only 4 were identified in more than one: 
endochitinase class I, seed maturation protein, ribosomal protein L18a, and plasto-
cyanin A. Some candidate genes were significant in both altitudinal and latitudinal 
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gradients, suggesting convergent selection at different spatial scales  (ribosomal pro-
tein L18a, GI, Photosystem II polypeptide, 5′-adenylylsulfate reductase, ribosomal 
protein S11). Sork et al. (2016) also started with candidate genes from other studies 
and combined multiple tests for signatures of local adaptation in Q. lobata in 
California, including FST-outlier and univariate and multivariate environmental asso-
ciation tests. Five of seven genes with significant SNPs were significant in more than 
one test: auxin-repressed protein and α-amylase/subtilisin inhibiton, which are 
involved in bud phenology; and heat shock protein 17.4 and elongation factor 1-α, 
which are involved in temperature stress response. The FST-values of outliers in Q. 
lobata are substantially higher than those in Q. petraea, suggesting that differences 
in population history and climate heterogeneity may lead to very different degrees 
and patterns of local adaptation. Furthermore, several candidate genes for cold hardi-
ness in Pseudotsuga menziesii (Krutovsky and Neale 2005) and bud phenology in 
European oaks (Casasoli et al. 2006; Derory et al. 2010) also show evidence of local 
adaptation in the Californian oak, Q. lobata (Sork et al. 2016). For the most part, 
however, candidate genes identified across a limited number of studies were differ-
ent, leaving it unclear how common convergent adaptation is among species and 
between angiosperm clades (Martins et al. n.d.; Peñaloza- Ramírez et al. n.d.; Alberto 
et al. 2013; Sork et al. 2016; Gugger et al. 2016a)

The recent publication of the Eucalyptus grandis genome (Myburg et al. 2014) 
promises to be a useful tool to study adaptive evolution in the species rich and eco-
logically diverse Eucalyptus. For example, E. pauciflora occurs from sea-level to 
tree-line and seems like a particularly well-suited species for studying adaptation to 
temperature, cold hardiness, and drought stress. Adaptation studies in Eucalyptus 
are in the nascent stages (Dillon et al. 2015), but some traits, e.g. adaptation to arid-
ity (Steane et al. 2014), are better understood. A recent candidate gene study of local 
adaptation in E. camaldulensis identified associations between climate (especially 
temperature and evaporative demand) and two genes -- ERECTA (an LRR receptor- 
like kinase) and PIP2 (an aquaporin), both of which also showed excess population 
differentiation in FST outlier tests (Dillon et al. 2015). Additional work in E. tri-
carpa has uncovered extensive evidence of phenotypic plasticity and local adapta-
tion for ecophysiological traits related to drought avoidance, although no associations 
with molecular data were sought (McLean et al. 2014). We eagerly await further 
results from landscape genomic studies in Eucalyptus that expand on our current 
knowledge of candidate genes involved in local adaptation to environmental gradi-
ents, especially drought and other forms of osmotic stress, and facilitate comparison 
with the existing body of work in northern hemisphere forest trees.

 Genome-Wide Studies of Local Adaptation

While candidate gene studies show promise for understanding local adaptation on 
the landscape, they are still biased by the choice of genes to investigate. The devel-
opment of new SNP arrays (Geraldes et al. 2013) allowed for genotyping tens of 
thousands of loci across the genome, while whole genome, exome, or transcriptome 
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re-sequencing studies enabled testing millions of SNPs and identification of locally 
adapted genomic regions without any a priori specification of the number or types 
of genes involved (Evans et al. 2015; Holliday et al. 2016). To date, genome-wide 
association studies (GWAS) have received the most attention in P. trichocarpa 
(Zhou et al. 2014; McKown et al. 2014a, b, c; Evans et al. 2015; Holliday et al. 
2016; Porth et al. 2013). Loci associated with adaptation to climate (Evans et al. 
2014), aridity (Steane et al. 2014), adaptation across latitude and elevational gradi-
ents (Holliday et al. 2016), and associations with adaptive ecophysiological traits 
(Mckown et al. 2014a, b, c) have been discovered.

It is interesting to consider the repeatability of the genomic regions implicated by 
local adaptation scans in P. trichocarpa, given that they have involved different 
research labs, independent germplasm collections across a similar landscape gradi-
ent, and different statistical approaches to testing for adaptation. We compared local 
adaptation outliers from four studies in P. trichocarpa based on a range-wide sam-
pling: two studies (McKown et al. 2014a, b, c; Geraldes et al. 2014) generated 
genomic data from genes discovered in the Geraldes et al. (2013) SNP array, while 
Holliday et al. (2016) sequenced whole exomes and Evans et al. (2014) sequenced 
whole genomes. Gene annotations from Geraldes et al. (2014) were updated from 
the P. trichocarpa genome version 2.2 to 3.0. Our comparisons were based on 
unique P. trichocarpa gene IDs identified as locally adapted in each study. These 
include 579 genes from Geraldes et al. (2014), 276 from McKown et al. (2014a, b, c), 
1160 from Holliday et al. (2016), and 452 from Evans et al. (2015) (Fig. 2). No gene 
was identified as a selection outlier by all four studies, however six genes were 
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Fig. 2 Overlap of candidate genes for local adaptation in Populus trichocarpa identified in selec-
tion scans by Geraldes et al. (2014), McKown et al. (2014a, b, c), Holliday et al. (2016), and Evans 
et al. (2014). No overlap was detected by all studies, but six genes overlapped among three studies 
(underlined) (Version 2.2 Gene annotations from Geraldes et al. (2014) were updated to 3.0 for 
comparisons)
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identified as outliers in common across combinations of three studies (Table 1). Two 
of these shared outliers were transcription factors, while a third was a methyltrans-
ferase, possibly indicating an important role for transcriptional and epigenetic regu-
lation of gene expression in local adaptation. One gene, Potri.010G165700, a 
MYB-like DNA binding protein, showed upregulated expression in dormant and 
pre-chilling vegetative and floral buds (www.popgenie.org), a profile supportive of 
this gene’s association with bud phenology in GWAS (McKown et al. 2014a, b, c).

New candidates for local adaptation have also been found using whole- 
transcriptome sequences (ignoring expression) from natural populations to associ-
ate coding SNPs with environmental variation on the landscape. Using this approach 
in 22 Q. lobata individuals produced 220,427 SNPs for analysis (Gugger et al. 
2016a). Of these, 79 SNPs from 50 genes were significantly associated with climate 
gradients, especially minimum temperature and precipitation variables, and most of 
these genes were differentially expressed after drought stress (Peñaloza-Ramírez 
et al. n.d.), suggesting they are likely involved in local adaptation. A few SNPs are 
in genes with known roles in response to stimulus or stress (e.g., SAUR-like auxin- 
responsive protein family), cold shock protein binding (zinc knuckle family pro-
tein), light response or photosynthesis (e.g., cryptochrome 1), and trichome 
development (Myosin family protein with Dil domain) in Arabidopsis (Swarbreck 
et al. 2008). Furthermore, the 50 candidate genes have elevated levels of genetic 
diversity, consistent with balancing selection or other mechanisms favoring differ-
ent alleles in different contexts. In a similar population RNASeq study in Populus 
balsamifera, transcriptome-wide gene expression was compared between northern 
and southern genotypes grown under common garden conditions (Wang et al. 2014). 
A total of 4,018 of 32,466 genes showed differential expression between northern 
and southern genotypes. Genes that were more highly expressed in southern geno-
types included homologs of the Arabidopsis flowering time pathway (EARLY 
FLOWERING 3, FLOWERING LOCUS C, PHYA and CAULIFLOWER). However, 
unlike in the Quercus study of Gugger et al. (2016b), the differentially expressed 
genes did not harbor SNPs that showed signatures of local selection (based on FST 

Table 1 Annotations for six genes implicated in local adaptation from range-wide samples of 
Populus trichocarpa by four separate studies

Gene model
Arabidopsis 
homolog Gene function Overlap

Potri.010G212900 AT5G13560 NA M, H, E
Potri.005G073000 AT5G65270.1 GTP binding G, M, E
Potri.006G257000 NA Membrane protein G, M, E
Potri.010G165700 AT3G01140 Transcription factor G, M, E
Potri.006G225600 AT2G26200 Methyltransferase G, M, H
Potri.009G017400 AT2G35940.1 Transcription factor HOX 

domain proteins
G, M, H

Annotations retrieved from www.popgenie.org
M McKown et al. (2014a, b, c), G Geraldes et al. (2014), H Holliday et al. (2016), E Evans et al. (2014)
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or GEA outlier analyses), suggesting that expression divergence is largely uncou-
pled from nucleotide divergence in P. balsamifera.

While the underlying goal of these studies is to identify and understand patterns 
of adaptive genomic evolution, they also simultaneously address fundamental ques-
tions of how genomic diversity is shaped in geographic space. For example, Geraldes 
et al. (2014), found that diversifying selection along a latitudinal gradient princi-
pally was enriched for phenology and photoperiod related genes. At the same time, 
they addressed a classic landscape genetic question about geographic isolation 
along riparian zones by demonstrating that populations in connected drainages are 
more genetically similar than between drainages. Similarly, Holliday et al. (2016) 
identified genes associated with climatic differences in growing season length by 
testing whether adaptation involves selection targeting the same genomic regions 
between latitudinal and altitudinal gradients in P. trichocarpa. Their finding of sig-
nificant overlap in the outlier regions associated with latitude and altitude provided 
rare support for the hypothesis of parallel adaptation along similar environmental 
gradients in different geographic regions of the species range.

Merging the unique biology of angiosperm trees with the landscape genetics/
genomics program has generated a deep understanding for the connection between 
landscapes, biodiversity, and the evolutionary processes of gene flow, genetic drift, 
and natural selection. The initial goals of the field, as outlined by Manel et al. 
(2003), continue to be relevant and guide research today. Despite analytical hurdles 
that still exist, applications of new sequencing technologies combined with more 
refined analysis methods are generating exciting discoveries.

 Challenges and Solutions for Landscape Studies in Trees

Many landscape genomic studies have borrowed sampling schemes from phylo-
geography, the study of population lineages across large (e.g. continental) land-
scapes (Fig. 1a). This approach has yielded much information about how genetic 
and phenotypic variation aligns along environmental gradients (e.g. photoperiod, 
temperature, and precipitation) that vary across large geographic regions. However, 
range-wide sampling can produce methodological challenges, false positive asso-
ciations due to uncontrolled population structure, and biases in our expectations of 
which genomic regions are locally adapted. In this section, we review some of the 
challenges currently facing landscape genomics and highlight potential solutions.

 Collinear Environmental, Phenotypic, and Genotypic Axes

The biological characteristics of trees that make them good candidates for land-
scape and ecological genomic studies also generate challenges for studies of natural 
variation that require clever study designs and/or novel methodologies to solve. The 

K.C. Fetter et al.



collinear variation of environmental, phenotypic, and genomic variation across 
landscapes is a major challenge to overcome (Fig. 1a, b). For many temperate and 
boreal species, the structure of neutral loci following population expansion from 
glacial refugia mimics the signal of adaptive selection searched for by association 
methods (Lotterhos and Whitlock 2014). Disentangling false positives arising from 
demographic history against true positives arising from selection creates a problem 
for treating landscape samples as ‘natural experiments’.

Algorithms accounting for demography in a sample of loci have been developed 
to reduce the false-discovery rate (FDR) due to population structure, while main-
taining power to avoid false negatives (Wen-Yun Yang et al. 2012; Frichot et al. 
2013; Günther and Coop 2013, Berg and Coop 2014). However, deciding where to 
place a cut-off value for significance tests remains difficult, given the very large 
number of tests in most population genomic datasets. Recently, it was recommended 
that researchers create empirical p-values from test statistic distributions derived 
from putatively neutral loci (Lotterhos and Whitlock 2014). While it is challenging 
to know what kind of locus is truly neutral (e.g. the promoter for TB1, a gene in the 
QTL that reorganizes teosinte-like to maize-like branching, is 41 kb upstream of the 
gene; Clark et al. 2006), selecting intergenic loci and conditioning p-values of can-
didate loci from them should decrease the FDR markedly (Lotterhos and Whitlock 
2014). Additionally, sampling individuals from regions of the landscape that have 
experienced the same demographic history and have low FST can greatly minimize 
false positives generated by demography, particularly if covariation of the ecologi-
cal and environmental variables of interest is present. Thus, future studies on the 
genomics of local adaptation will benefit from careful consideration of sampling 
design and generation of appropriate null expectations, both in terms of individuals 
on the landscape and SNPs across the genome.

 Validating Adaptive Associations Discovered in Natural 
Populations

Local adaptation studies are generating many associations increasing our knowledge 
of gene functions (McKown et al. 2014a, b, c); however, attempts to validate these loci 
using independent evidence is still limited (Ćalić et al. 2016). For the most part, the 
candidate genes identified across even the most robust studies are different. Our com-
parison of four local adaptation studies in P. trichocarpa (McKown et al. 2014a, b, c; 
Evans et al. 2014; Geraldes et al. 2014; Holliday et al. 2016) using broadly overlap-
ping genomic data sets find few loci in common (Fig. 2). What portion of the many 
associations not shared between studies result from false positives, differences in the 
biology of the samples, or methodological approaches employed? This brings into 
focus the growing need for functional validation of adaptation outliers.

Functional validation of genes identified from GWAS can be difficult, however, 
when successful, the results are compelling (e.g. Meijón et al. 2013). Genetic 
approaches to gene validation in trees is possible (Kim et al. 2011), and the advent 
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of CRISPR/Cas9 make editing putatively adaptive and non-adaptive alleles of can-
didate genes even more feasible (Fan et al. 2015; Bono et al. 2015). Thus, we are 
optimistic that validation of the most promising candidates using transgenic meth-
ods will be an increasing trend in the future.

Another validation approach for local adaptation studies is to replicate the asso-
ciation, for example by testing the phenotypic effect of the candidate locus segregat-
ing within a pedigreed mapping family (Stinchcombe and Hoekstra 2008). Trees 
typically have long generation times and waiting upwards of 4–8 years (for example 
in Populus, Difazio et al. 2011) for selected lines to reach reproductive maturity is 
not uncommon, and producing advanced generation mapping families is difficult. 
Nevertheless, concerted efforts have produced a handful of advanced generation 
pedigrees for linkage trait mapping in angiosperm trees in Populus (Taylor 2002) 
and several members of the Fagaceae, notably Quercus, Fagus, and Castanea 
(Kremer et al. 2012). Long-term mapping populations comprised of hundreds of 
progeny are now available for Q. alba at the University of Tennessee, Knoxville and 
University of Missouri Center for Agroforesty (http://hardwoodgenomics.org/), as 
well as for Q. robur in Europe (Bodénès et al. 2012; Plomion et al. 2016).

However, researchers remain limited when established mapping families do not 
segregate for the alleles or traits of interest. Nature, however, has provided addi-
tional solutions to some of these problems, particularly in taxa that extensively 
hybridize with congeners, allowing for strategic admixture mapping from natural 
hybrid zones. In these zones, naturally occurring F1s can be selected to produce F2 
or backcross recombinant generations. In Populus, a well known tri-hybrid zone 
exists in southern Alberta between P. balsamifera, P. deltoides, and P. angustifolia 
(Floate 2004). Aided by diagnostic SNP genotyping arrays that identify Populus 
species and their hybrids (Isabel et al. 2013), hybrid F1s as well as every combina-
tion of backcrossed F2s can be found there (Floate et al. 2016). Hybrid zones 
between P. balsamifera and P. trichocarpa are also well known (Geraldes et al. 
2014), and in Wyoming and Colorado another tri-hybrid zone has been observed 
between P. balsamifera, P. trichocarpa, and P. angustifolia (Chhatre et al. n.d.). 
Using the diverse array of interspecific hybrids as parents in targeted crosses has the 
potential to accelerate the time to production of advanced generation mapping 
families.

 Investment in Phenotyping

The exponential decline of genotyping costs (Manel et al. 2015) has shifted the data 
collection bottleneck in ecological and landscape genomic studies towards pheno-
typing. Phenotyping traits representative of the diversity of developmental stages 
and tissue types can be difficult for trees, given their large size, delayed reproductive 
maturity, massive root systems, and the high cost of establishing and maintaining 
long-term common gardens. Increased attention is being devoted to developing 
standardized methods for high-throughput phenotyping (Brown et al. 2014), and 

K.C. Fetter et al.

http://hardwoodgenomics.org/


automated leaf morphology software developed for Populus (Bylesjö et al. 2008) 
has been successfully applied to other species (Ivetić et al. 2014). Similarly, 
researchers are beginning to investigate the complexity and adaptive contribution of 
below-ground tissues (Madritch et al. 2014) and their symbiotic interactions 
(Hacquard and Schadt 2015). However, renewed attention needs to be paid to fund-
ing and maintaining common gardens, sharing and integrating data across gardens 
for purposes of meta-analysis, and innovating new methods and approaches to cap-
turing phenotypes from common gardens and natural landscapes.

Common gardens play a critical role in landscape genomic studies and connect 
genotype to phenotype to environment (Porth et al. 2013; Evans et al. 2014). 
Gardens with diverse landscape-scale sampling have been established in Populus, 
including extensive collections of P. trichocarpa by different research groups (461 
individuals from McKown et al. 2014a, b, c, >1,000 individuals from Evans et al. 
2015, and 391 individuals from Holliday et al. 2016), as well as the AgCanBap col-
lection of P. balsamifera (525 individuals; Soolanayakanahally et al. 2009, 2013), 
the Swedish Aspen collection (SwAsp) of P. tremula (116 individuals; Luquez et al. 
2007), collections of P. fremontii, P. angustifolia, and their hybrids (hundreds of 
individuals; Holeski et al. 2013), and the Chinese P. tomentosa collection (460 indi-
viduals; Du et al. 2014). In oaks, a comprehensive provenance trial for Q. lobata 
was established in 2013 at two sites from seeds sourced from 95 locations through-
out its distribution (Delfino-Mix et al. 2015). Funding cycles, however, are too short 
to support the long-term maintenance needed for tree studies, and diverse collec-
tions of provenance trials established in the past century have been abandoned and 
overlooked. Few trials are still maintained, but interest is rebounding in taking 
advantage of these historical resources. For example, a mature provenance trial of 
approximately 300 trees from 30 populations sampled across the range of the tulip-
tree (Liriodendron tulipifera) was planted in the mid-1980s in Chapel Hill, NC, but 
was orphaned for much of its existence (Fetter and Weakley n.d.). Older, but smaller, 
trials are also available for Q. alba, including one comprised of 23-year-old trees 
from 17 populations planted in three locations in Indiana (Huang et al. 2015).

While the challenge of establishing and maintaining common gardens will likely 
remain in landscape genomics, we need to start thinking more strategically about 
how to use and combine these resources, and where applicable, study tree pheno-
types in natura. Aggregating trait data from many common gardens would prove 
useful for meta-analyses of adaptive phenotypic trends across spatial scales, times, 
and even closely related species. Comparative work of this type has begun in 
Populus (Soolanayakanahally et al. 2015), but more awaits. Finding new opportuni-
ties to collaborate and integrate data across research labs hosting common gardens 
is needed, and tree biologists should target funding mechanisms to build research 
coordination networks around common garden resources.

Landscape genomics would also benefit from testing the transferability of 
genotype- phenotype associations from common gardens to the field. The challenge 
of landscape phenomics will define the next generation of studies that seek to close 
the genotype-phenotype-environment triangle of adaptive association. The hurdles, 
while logistically challenging, are largely technological, and progress in this area is 
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essential to make meaningful applications of tree management and conservation of 
genetic resources under environmental change (Pettorelli et al. 2014). Exciting 
advances in remote sensing are now being applied to phenotyping forest trees at 
scales of clonal stands to entire landscapes (Homolová et al. 2013). For example, 
remote sensing of seasonal phenology is being deployed at fine (Toomey et al. 2015) 
to continental (Graham et al. 2010) scales, and satellite-based phenology products 
such as MODIS provide coarse landscape-scale phenotyping of phenology that cor-
relates with ground-based measurements in Populus (Elmore et al. n.d.). This opens 
doors to connecting landscape variation in forest phenology with adaptive gradients 
in allele frequencies in genomic regions associated with phenology under controlled 
experimental conditions. At finer scales of individual trees, measurement of several 
key phenotypes (e.g. spring bud flush and plant water balance) may be possible 
through use of field deployed sensors that detect differences in tree mass using 
acceleration or reflectance using light-emitting detectors (e.g., Kleinknecht et al. 
2015). While still in need of further development, landscape-scale phenotyping 
holds the potential to connect adaptive genomic variation to forest productivity in 
natural stands, and is a challenge that future studies will surely begin to address.

 Future Research Directions for Forest Tree Landscape 
Genomics

Refinements in genomic sequencing, association methods accounting for demogra-
phy, and inclusion of broader evolutionary questions has driven the steady increase 
of the impact of landscape genomic studies in angiosperm trees. We make the fol-
lowing recommendations and predictions for the future of the field:

 Growing Genomic Resources Outside of Populus

Genomic resources in Populus are now well-developed and easily accessible (e.g. 
www.popgenie.org), but are still lacking for many other angiosperm trees. Increasing 
genomic resources in other taxa will allow for more comparative studies that will 
increase the impact of what is known from Populus (see Sollars and Buggs, this 
volume). Genomic resources in Quercus are steadily increasing and are most devel-
oped for the white oaks (Quercus section Quercus). Recently, the first draft oak 
genome, based on a combination of Roche 454, Illumina, and Sanger sequences, 
was announced for the ecologically and economically important European white 
oak, Quercus robur (Plomion et al. 2016). The genome contains 18 k scaffolds (>2 
kb) totaling about 1.3 Gb, which is about 1.7 times the haploid genome size (Kremer 
et al. 2007b). To enable research in ecological genomics, there are several important 
improvements underway. These include the development of a genome sequence 

K.C. Fetter et al.

http://www.popgenie.org/


with collapsed haplotypes to facilitate SNP calling, further assembly that utilizes 
linkage maps and additional sequencing to determine gene order, and structural and 
functional annotation (Plomion et al. 2016) that will leverage abundant expressed 
sequence tags (EST) and RNA-Seq libraries from a variety of tissues (Ueno et al. 
2010; Tarkka et al. 2013; Lesur et al. 2015).

A draft oak genome is now available for Q. lobata (Sork et al. n.d.), a threatened 
western North American species with a population history that stands in contrast to 
many studied trees (Grivet et al. 2006; Gugger et al. 2013). Based entirely on 
Illumina sequencing, two complementary assemblies were produced. The first 
(v0.5) aggressively collapses haplotypes to optimize its use for SNP calling (Gugger 
et al. 2016b). The second (v1.0) retains haplotypes and is composed of 18.5 k scaf-
folds (>2 kb) with total length of 1.15 Gb (Sork et al. n.d.). This latter assembly is 
similar in both size and sequence to that of Q. robur, with 93% sequence identity 
and 97% of scaffolds reciprocally aligning. Functional and structural annotations 
are derived from an annotated reference transcriptome assembly for Q. lobata 
(Cokus et al. 2015) in addition to de novo annotations.

Other resources for eastern North American trees are available from the 
Hardwood Genomics Project (http://www.hardwoodgenomics.org/) and from the 
Fagaceae Genomics Web (http://www.fagaceae.org) for many important tree spe-
cies, including oaks, chestnuts, sweet gum, beech, and tuliptrees, among others. 
These include EST libraries and transcriptome assemblies for Q. alba and Q. rubra 
that were generated from a variety of tissues and sequencing platforms, as well as a 
low-coverage genome assembly for Q. alba that was constructed for identifying 
SSRs. Early analyses suggest high similarity with other oaks and broad synteny 
within Fagaceae (Kremer et al. 2007a; Bodénès et al. 2012; Cokus et al. 2015).

Along with the development of sequence resources, there has been an explosion 
in the number of SNPs and SSRs available. Over one million SNPs were discovered 
in California oaks, especially Q. lobata (Cokus et al. 2015; Gugger et al. 2016a). 
Tens of thousands of SNPs are known in Q. robur (Ueno et al. 2010), and recently, 
a cross-species genotyping array with over 7k SNPs was developed for European 
oaks (Lepoittevin et al. 2015). In addition, thousands of SSRs have been identified 
in Q. alba and Q. robur (Durand et al. 2010; Bodénès et al. 2012).

 Incorporating Gene Expression Studies

Advances in transcriptomics (Lee et al. 2015) and isoform detection (Bernard et al. 
2015) are making it possible to ask new questions about the genomic mechanisms 
of local adaptation and the evolution of phenotypes. Integrating gene expression 
into selection scans can provide complementary information to SNP genotypes 
when conducting selection scans and GWAS. Experimental designs that analyze 
differential expression dependent on both treatment and source population can pro-
duce excellent candidates for inferring local adaptation. In a small greenhouse 
experiment that exposed Q. lobata seedlings from three source populations to a 
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drought treatment, whole-transcriptome gene expression changes identified 56 
genes that had significant interaction terms (Peñaloza-Ramírez et al. n.d.). These 
genes are primarily involved in metabolic processes, stress response, transport/
transfer of molecules, signaling, and transcription regulation. Given the prevalence 
of molecules involved in metabolism, it was hypothesized that local adaptation to 
drought in oaks may involve different abilities to metabolize or different ways of 
altering metabolic activities in the face of drought.

Differentially expressed genes or isoforms may experience different forms of 
selection (Hartfield 2016). Some of these expression differences may be linked to 
sex function in dioecious or monoecious species with imperfect flowers (Geraldes 
et al. 2015). Analysis of differential expression during the development of imperfect 
flowers in Betula revealed a transcription factor, BPMADS2, involved in specifying 
petal and stamen identity and is expressed only in developing male flowers (Järvinen 
et al. 2003). Local adaptation in the expression of this transcription factor may allow 
for precise timing of male flower development.

 Testing the Role of Epigenetics in Local Adaptation

NGS is enabling research on the potential role of epigenetic mechanisms of local 
adaptation in trees. Cytosine methylation varies among individuals and populations 
(Schmitz et al. 2013). It can arise through random mutation (Becker et al. 2011), be 
induced by the environment (Verhoeven et al. 2010), can be stably inherited (Becker 
and Weigel 2012), and may be an additional source of variability for local adapta-
tion. Early evidence in oaks shows that single methylation variants (SMVs) in CpG 
contexts are exceptionally differentiated among populations (Platt et al. 2015). In 
addition, CpG SMVs have strong associations with climate and specific variants 
show evidence of local adaptation to temperature stress (Gugger et al. 2016b). 
Therefore, it is hypothesized that either CpG SMVs are markers for loci involved 
in local adaptation or they are under divergent natural selection themselves. 
Additional research is needed to better understand the mutation process, assess heri-
tability, and link methylation to phenotypes.

 Genomic Predictions of Climate Change and Local Adaptation

Understanding the genomics of local adaptation to current environmental condi-
tions allows us to ask how populations might respond when climates change 
(Sork et al. 2013; Wang et al. 2014; Fitzpatrick and Keller 2015). For example, 
research in Arabidopsis thaliana suggests that the fitness of populations under 
novel conditions can be predicted from SNPs in genes involved in local adapta-
tion (Hancock et al. 2011). Prediction of fitness from SNPs might be powerfully 
applied to tree genomics in studies that pair genotypes with growth traits from 
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common garden trials. Furthermore, the future genetic composition of popula-
tions under climate change can be modeled, and the degree of mismatch between 
current and projected genomic composition can be considered in management 
planning (Fitzpatrick and Keller 2015). Identifying adaptive genotypes under 
projected climate change may be critical for conservation of biodiversity and 
economically important genotypes, core arguments in favor of assisted migration 
(Aitken et al. 2015).

 Assessing the Prevalence of Adaptive Introgression

Oaks, poplars, and many other angiosperm trees are notorious hybridizers with 
large effective population sizes readily capable of generating adaptive molecular 
variation. An important question for tree genomics is how species are able to 
maintain their ecological, morphological, and genomic identities in the face of 
widespread hybridization, and whether hybridization contributes actively to 
adaptation in hybrid zones and outside of them. Genomic tools offer unprece-
dented opportunities to investigate the genes relevant to speciation (Wu 2001; 
Bawa and Holliday, this volume), whether hybridization facilitates the transfer of 
beneficial alleles across species boundaries (Suarez-Gonzalez et al. 2016), the 
ecological factors that promote or restrict hybridization (Ortego et al. 2014), and 
how important these processes are for evolution in trees (Gailing 2014; Gailing 
and Curtu 2014).

Evidence from European poplars suggests that advanced generation hybrids 
accumulate genetic incompatibilities that not only decrease their fitness, but are 
frequently lethal (Christe et al. 2016). Nevertheless, unidirectional or biased intro-
gression of genes occurs frequently in angiosperm trees (Thompson et al. 2010; 
Geraldes et al. 2014) and fragments of nDNA can introgress across hybrid zones 
(Martinsen et al. 2001). In P. tremula, adaptive introgression from Russian to 
Swedish populations may have contributed to adaptive shifts in the phenology of 
Swedish trees (De Carvalho et al. 2010). Similarly, the high rate of hybridization in 
oaks has long been a topic of interest (Muller 1952), and has influenced the develop-
ment of the ecological species concept (Van Valen 1976).

One promising area for future study is to investigate the role of introgression 
in responses to pathogens or other sources of plant stress (e.g., cold, drought, soil- 
metal tolerance). What role does adaptive introgression play when interspecific 
populations meet in an environment where hybridization increases pathogen or 
herbivore pressures (Holeski et al. 2013; Busby et al. 2013)? Do genetic incom-
patibilities accumulate in hybridizing populations that limit the ability for adap-
tive immune responses to track the movement of pathogens/herbivores as they 
‘step’ across species boundaries (Floate et al. 2016)? Some evidence from Populus 
protease inhibitor genes hints that introgression may accompany adaptive 
responses to herbivore enemies (Neiman et al. 2009). When multiple hybrid zones 
exist between the same set of species, does unidirectional gene flow create a “sink 
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species”, biasing the pattern of introgression, or does local selection play a domi-
nant role regulating which genomic regions preferentially introgressed? Geraldes 
et al. (2014) hypothesize that hybridizing populations of P. trichocarpa and P. 
balsamifera in Alaska may be adaptively introgressing cold tolerance or drought 
tolerance genes that would experience negative selection in the southern hybrid 
zone. Trees seem to be ideal systems studying the interaction between hybridiza-
tion and natural selection.

 Seeking Out Understudied Systems and Questions

The studies we have discussed offer initial insights into how tree genomes evolve 
in response to ecological selection pressures, but much work remains to thor-
oughly understand the molecular basis of local adaptation. Much of the research 
to date has emphasized local adaptation with regard to bud phenology, growing 
season length, and other sources of abiotic stress. Biotic interactions and non-
climate-related environmental adaptation have received far less attention in land-
scape studies, particularly in the area of pathogen responses, which is an area of 
critical importance for human economies and culture (e.g. coffee trees and leaf 
rust, Avelino et al. 2012; the banana and Panama disease, Ordonez et al. 2015). 
Thus, additional research is needed to understand local adaptation in a broader 
array of contexts, especially those focused on co-evolution and reciprocal selec-
tion driven by species interactions (Whitham et al. 2008). Trees, as foundational 
species that structure biodiversity, are ideal subjects for community-level 
genomic studies.

We must also expand our geographic and taxonomic focus to include understud-
ied regions, environments, and taxa. A quick survey of the angiosperm (and non- 
angiosperm) tree landscape genetics literature reveals a strong geographical bias for 
boreal forest, and, increasingly, temperate forest trees. Although trees from these 
regions hold much of the Earth’s biomass, a broader taxonomic and geographic 
sampling of forest trees is needed to understand the diversity of adaptation in natu-
ral landscapes. Tropical forests harbor incredible ecological diversity (Gentry 1988) 
and the evolutionary findings from boreal and temperate trees regarding the  selective 
environments and the genomic pathways of adaptation in trees may be the excep-
tion, not the rule. Negative density dependent selection, principally from fungal 
pathogens (Augspurger 1984), acts to keep tropical tree diversity high and abun-
dance low (Bagchi et al. 2014). What effect does negative density dependent selec-
tion from pests and pathogens have on patterns of adaptive genomic diversity in 
tropical trees? How is diversifying selection for genes involved in an immune 
response achieved in the face of limited gene flow and low abundance (Hamilton 
1999)? Are large effective population sizes sufficient to maintain the supply of 
standing variation and new mutations required for trees to keep pace in the arms 
race against pathogens and herbivores? Are the spatial scales of local adaptation to 
pathogens small, moderate, or large in tropical forests?
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 Revisiting the Scale and Scope of Landscape Genomic Studies

Understanding the genetic determinants of locally adaptive clines is a long-standing 
goal of landscape genetics (Manel et al. 2003). The large-scale, often range-wide 
sampling schemes used to investigate clines have become standard in the tree 
genomics literature. Multiple studies have discovered adaptive evolution of genes 
associated with phenology clines (Keller et al. 2012; McKown et al. 2014a, b, c; 
Evans et al. 2014; Geraldes et al. 2014), and indeed, given the high broad-sense 
heritability of phenology traits (Mckown et al. 2014a, b, c) and their direct connec-
tion to fitness, one expects strong local selection. Additional ecological dimensions 
to local adaptation should receive greater focus, including different soil chemistries 
and biotic interactions that vary across landscapes. A modified scope and sampling 
design is needed to detect local adaptation that does not vary clinally. Designing 
studies to more precisely isolate different environmental gradients can help disas-
sociate correlated predictors that are common in range-wide studies. For example, 
temperature and photoperiod both typically covary with latitude, and a researcher 
interested in temperature adaptation may have trouble interpreting results from a 
sampling design oriented along a north–south gradient. However, a sample from 
different elevations along a gradient, while keeping latitude constant, will remove 
effects of photoperiod. Similar designs have been employed recently to detect paral-
lel adaptation to climate across altitudinal transects in P. trichocarpa (Holliday et al. 
2016). Smaller scale, targeted landscape genomic studies have much to offer and 
can unravel new dimensions of local adaptation.

 Conclusions

The challenge of understanding genomic variation responsible for adaptive pheno-
types on the landscape has been fully engaged for more than a decade by scientists 
working with angiosperm forest trees. Sequencing and methodological advances have 
enabled a deeper understanding of neutral and adaptive variation, but the field stands 
short of proving causative relationships between genotype, phenotype, and the envi-
ronment. The breadth of evolutionary questions continues to grow, as does the taxo-
nomic sampling, and the field is expanding the availability of genomic resources for a 
broader array of economically and ecologically important forest trees. Identifying 
unique geographic hotspots of genomic diversity on landscapes, even before we fully 
understand their adaptive significance, is a valuable contribution to conservation of 
tree germplasm during climate change. However, careful consideration of research 
questions and the sampling design most likely to yield interpretable results is critical 
and will allow for more diverse studies across the many ecological dimensions of 
local adaptation. Angiosperm trees will remain important models for studies of adap-
tive evolution in the coming years, and the combination of landscape genomics with 
validation methods have the potential to make huge contributions to conservation, 
sustainable development, and our understanding of the natural world.
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