N

N

Understanding the genetic bases of adaptation to soil
water deficit in trees through the examination of water
use efficiency and cavitation resistance: maritime pine as
a case study
Christophe Plomion, J Bartholomé, Laurent Bouffier, Oliver Brendel, H
Cochard, M de Miguel, S Delzon, J M Gion, S C Gonzalez-Martinez, J M
Guehl, et al.

» To cite this version:

Christophe Plomion, J Bartholomé, Laurent Bouffier, Oliver Brendel, H Cochard, et al.. Understand-
ing the genetic bases of adaptation to soil water deficit in trees through the examination of water use

efficiency and cavitation resistance: maritime pine as a case study. Journal of Plant Hydraulics, 2016,
3, 10.20870/jph.2016.e008 . hal-01438778

HAL Id: hal-01438778
https://hal.science/hal-01438778
Submitted on 18 Jan 2017

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01438778
https://hal.archives-ouvertes.fr

Journal of Plant Hydraulics 3: e-008

REVIEW

Understanding the genetic bases of adaptation to soil water
deficit in trees through the examination of water use
efficiency and cavitation resistance: maritime pine as a
case study

C Plomion', J Bartholomé', L Bouffier', O Brendel’, H Cochard®, M de Miguell, S Delzon',
JM Gion"*, SC Gonzalez-Martinez', IM Guehl’, H Lagrauletl, G Le Provost', E Marguerits,
A Porté'

'BIOGECO, INRA, Univ. Bordeaux, 33610 Cestas, France; “EEF, INRA, Univ. Lorraine, 54280
Champenoux, France; PIAF, INRA, Univ. Clermont Auvergne, 63100 Clermont-Ferrand, France; *AGAP,
CIRAD, INRA, Montpellier SupAgro, 34398 Montpellier, France; *EGFV, Bordeaux Sciences Agro, INRA,
Univ. Bordeaux, 33140 Villenave d'Ornon, France

Corresponding author: Christophe Plomion, plomion@pierroton.inra.fr

Date of submission: 01/12/2015
Date of publication: 06/10/2010

Abstract

This article provides a comprehensive view on the existing knowledge related to adaptation to soil water deficit
in maritime pine, a conifer species widely planted in the southwestern Europe. It synthesizes discoveries made
in ecophysiology, quantitative and population genetics as well as in genomics, combining several layers of
information at the genotypic, phenotypic and environmental levels. Particular focus is given to two major
traits: water-use efficiency (WUE) and cavitation resistance (CR). The former is related the maintenance of
productivity during periods of lower soil water availability, whereas the latter is tightly linked to survival
during severe drought. The development of high throughput phenotypic technologies have made it possible to
estimate genetic and environmental variance components of these key traits, providing clues about their
suitability for breeding and the evolutionary forces that have shaped their variability. Both CR and WUE were
screened in different ecotypes as well as in the Aquitaine breeding population, the main genetic resource of the
most advanced maritime pine breeding program in Europe.

While the unexpectedly low level of variation of CR within and between natural populations will most likely
hamper its use in breeding application, for WUE the medium heritability, absence of unfavorable phenotypic
and genetic correlations with diameter growth, as well as the high inter-site correlation and weak genotype-by-
environment interaction indicates that artificial selection could be applied for this trait without unfavorable
consequences for radial growth, at least within the Aquitaine provenance. On the other hand, recent advances
in sequencing and genotyping technologies have contributed to reveal the genetic architecture (i.e. number,
location and effect of quantitative trait loci) of these two traits. In combination with ultra-dense genetic linkage
map and functional genomics approaches, these findings will contribute to identify positional and expressional
candidate genes that should be validated by association genetics and eventually introduced in genomic
prediction models to make such knowledge useful to improve tree breeding.
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This review also opens up new research avenues and raises key questions on how to promote adaptation to the
challenge of soil water deficit through genetic approaches in this species. If the results obtained so far in
maritime pine can only applied to the tested genetic material, we however believe that the overall strategy
presented here can be considered and cited as an example of integrative research to better understand the
genetic bases of adaptation to soil water deficit in any forest tree species.

Introduction

Recent studies of global supply and demand for wood have confirmed that planted forests (see definition in FAO,
2012) are playing an increasing role in meeting wood and fiber needs. If we are to meet future demand, while
concurrently reducing deforestation and disturbances in natural forests, we will therefore need to increase the
sustainable productivity of existing planted areas and/or increase the rate of new plantations (by 2.4% according to
recent estimates from the WWF and IIASA, 2012). Two complementary approaches can be used to improve the
productivity of existing high-yield industrial plantations: i) the optimization of silvicultural practices, from plantation
to harvest, taking into account carbon, water and nutrient cycling, and ii) the valorization of genetic resources through
the restocking of local or non-local provenances or the use of exotic species for the breeding of improved varieties for
deployment. Forest plantations have increased in area by over 110 million hectares over the last 25 years (MacDicken,
2015), and such plantations now account for 7% of the forested area worldwide (i.e., 290 M ha). As a result, about
50% of industrial roundwood is supplied by planted forests (Payn et al., 2015) and this proportion may increase
considerably in the near future (Carle and Holmgren, 2008).

However, like all forest ecosystems, planted forests are subjected to the effect of climate change, with warmer
temperatures and changes in precipitation patterns, the two main drivers of water status of forest stands. Drought and
heat-related forest dieback is already reported on all continents, in both areas with water shortage and well-watered
areas (Allen et al., 2010; 2015). Hydraulic failure (i.e., desiccation due to a failure of water transport) and carbon
starvation (when carbon acquisition and the mobilization of carbon stores fail to meet metabolic maintenance needs)
have been recognized to play a role in this widespread phenomenon (Hartmann, 2015). It was also recently
demonstrated that many forests and woodlands are facing an increasing risk of climate-induced dieback (Choat et al.,
2012). Thus, climate change and associated natural disturbances are likely to become dominant stressors, particularly
if temperatures increase substantially (Settele et al., 2014). As a consequence, net primary production from planted
forests would be expected to decrease in regions in which increases in water deficit during the growing period are
projected, such as the south-western part of Europe (Loustau et al., 2005). Similar changes will also result from severe
heat stress, as observed in Western Europe in the summer of 2003 (Ciais et al., 2005; Breda et al., 2006).

The choice of planting stock during restocking and the management of existing plantations are two important elements
in adaptation to climate change (Lindner et al., 2010). Decisions concerning the suitability of a particular
species/provenance/variety in altered climatic conditions should have a sound scientific basis. There is therefore an
urgent need to address a number of questions: Which tree functional traits are most relevant for adaptation to drought?
How can we measure these traits with high-throughput techniques compatible with the sample sizes required for the
screening of genetic resources, the estimation of classical genetic parameters and the selection of improved
genotypes? To what extent are these traits determined genetically and environmentally? What do we know about the
genetic architecture of these traits, the nature and regulation of the genes/gene networks involved? Moreover, if we
assume that the traits (and underlying genes) likely to be under selection in our changing environment have probably
been under natural selection in the past (i.e. during warm periods following the last glacial optimum), then
understanding how species responded to past climate change could help us to forecast the response of species in the
future. Improvements to our understanding of the evolutionary trajectories of native forest tree populations should
therefore facilitate: i) the selection of genetic resources already adapted to future environmental conditions, and ii) the
adoption of specific measures, such as the assisted migration of climate-adapted genotypes (Richardson et al., 2009).
We therefore need to find answers to the questions raised above, to enable us to establish resilient forest ecosystems
that can continue to supply a broad range of services.

In this review article, we tackle two major challenges concerning adaptation to water deficit in these long-lived
organisms: the maintenance of productivity with less water availability and survival during severe drought or
heatwaves. We focus in particular on the characterization of water-use efficiency (the ratio between accumulated
biomass and transpired water) and cavitation resistance (the ability to conduct water though the xylem even during
drought events). We consider three types of information, relating to the genotype, phenotype and interaction with
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environment. Our knowledge of genotypes and phenotypes is continually being increased by improvements on
genotyping and phenotyping technologies. We focus on observations and experimental results (listed in supplementary
file 1) for a single species of ecological and economic importance in the southwestern Europe: maritime pine (Pinus
pinaster Ait.). This species is considered to be a drought-avoiding species with sensitive stomata, displaying rapid
osmotic adjustment in response to water deficit (Granier and Loustau, 1994; Picon et al., 1996). It also has a large
ecological amplitude in its natural range, with contrasting ecotypes, relating to water availability in particular (Nguyen
and Lamant, 1989; Fernandez et al., 1999; Ferndndez et al., 2000). This species extends over 4M ha in its natural
range and has been subject to an active breeding program in France since the early 1960s (Illy, 1966). Despite this
focus on one species, we believe that this research approach will prove valid for other biological systems, therefore
providing a generic framework in which to study the genetic bases of adaptation to water deficit in other forest tree
species.

The three building blocks for studying the genetic basis of adaptation to water deficit

Environmental data

Several levels of environmental variability and its impact on the phenotype can be considered. In classical quantitative
genetics studies, environmental variations are often taken into account and minimized through the use of specific
experimental designs with blocks (for mesoenvironmental variations) or spatial correction techniques (for
microenvironmental variations). For example, in the Papadakis method (Papadakis, 1984), the residual value of each
neighboring individual included in a grid of appropriate dimensions is used to adjust individual values for
microenvironmental effects. These methods do not require environmental measurements per se. Conversely, the
consideration of macro-environmental variability is important in studies of reaction norms (range of phenotypes
produced by a particular genotype in different environmental conditions) and in cases in which its variance component
must be estimated. This is for example the case for the modeling of phenotypic data over different environments, the
explicit interpretation of genotype-by-environment (Denis, 1988), the analysis of quantitative trait loci (QTL)-by-
environment interactions or inter-site genetic correlations. In population genetics studies, it is essential to characterize
the habitat in which populations have evolved over generations of natural selection, to infer: i) adaptive phenotypic
variation, from the correlation between trait variation (e.g. measured in common garden experiments) and
environmental variation due to differences at the populations of origin, or ii) adaptive genomic variation, from the
correlation between environmental variables at the populations of origin and genetic polymorphisms. In such
“environmental” associations (Coop et al., 2010; Frichot et al., 2013), it is implicitly assumed that natural selection
had enough time to create a functional relationship between allele frequencies and environmental variables.

The environmental attributes that should be considered include: i) coarse-grained abiotic features, such as classic
pedoclimatic variables (e.g. air temperature, precipitation, evapotranspiration, irradiation, soil type, pH, organic matter
concentration, soil moisture, soil water storage capacity, soil mineral content), including indices obtained by
combining several variables relating to drought (Vicente-Serrano et al., 2012; Pedro-Monzonis et al., 2015), ii)
topographic information (e.g. elevation, gradient, aspect, form of the slope), and iii) more complex biotic features
characterizing ecological niches. Habitat description can be improved by using reverse models of community ecology
to predict local environmental conditions from the abundance and assemblies of the plant community. Ecologists have
been using such approaches for years, in the form of Ellenberg indices for particular species, but this method has
several limitations in that it produces mean class values and the quality of the relationship is specific to each
ecosystem (e.g. (Dzwonko, 2001; Wamelink et al., 2002; Szymura et al., 2014). Similarly, the description of
microbiome biodiversity through metagenomic approaches is also becoming increasingly powerful for characterizing
the environmental setting in which populations are sampled (Tringe and Rubin, 2005).

Such environmental data are frequently not collected in field tests or in the populations of origin, and, when available,
they are often limited in scope or resolution. In the genetic studies considered in this review, environmental data were
either inferred from vegetation data, as for the Aquitaine populations in the study by Marguerit et al. (2014), or based
on climatic data (e.g. monthly mean, highest, and lowest temperatures and mean precipitation) obtained from global
(such as Worldelim, Hijmans et al., 2005) and/or local monitoring systems, as described by Lamy et al. (2014) and
Jaramillo-Correa ef al. (2015a). This lack of precise environmental characterization contrasts strongly with the ever-
increasing rate at which we are able to collect genomic and phenotypic information (see below), making it difficult to
make evolutionary inferences from the analysis of genotype-environment and phenotype-environment datasets. The
characterization of relevant ecological pressures acting on individual phenotypes is therefore a key issue that must be
addressed.
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Genotyping technologies

In recent years, groundbreaking technologies have been developed for the characterization of DNA sequence variation
within a population (Ekblom and Galindo, 2011). These tools have greatly accelerated the characterization of forest
tree diversity and helped to broaden the genetic base of breeding populations for improving adaptation to climate
change. There are a number of classes of genetic variation. The smallest observable unit of DNA polymorphism and
the type of variant most frequently found throughout the genome, involves differences of a single nucleotide (A, T, C
or G) between individuals (single-nucleotide polymorphism or SNPs). Highly multiplexed SNP genotyping assays can
be used to characterize the genotypes (heterozygous or homozygous) of hundreds or thousands of individuals at
thousands of loci in parallel, and then to estimate allele frequency in a given population. This metric is frequently used
for population genetic inferences. For maritime pine, catalogs containing hundreds or thousands of SNPs have been
developed by amplicon sequencing, targeting candidate genes (Pot ef al., 2005; Eveno et al., 2008; Lepoittevin et al.,
2010; Grivet et al., 2011; Grivet et al., 2013) or by mining expressed sequence tags (Chancerel et al., 2011; Chancerel
et al., 2013; Canales et al., 2014). For this species, Illumina bead array technology (Illumina, San Diego, CA, USA) is
the principal tool used (Plomion et al., 2016). This technology requires only information about the flanking sequence
of a known SNP to design an oligonucleotide probe (attached to a bead) specific for this sequence binding just
upstream from the targeted SNP. The probe hybridizes to the 50 bases flanking the SNP in a genomic DNA sample
and base extension with fluorescently labeled bases is then used to investigate the SNP (each base has a different
color). A scanner is used to image the array, on which hundreds of thousands of assays can be spotted (Supplementary
file 2).

High-throughput genotyping is still expensive but is rapidly becoming more affordable, with the development of
genotyping-by-sequencing technologies (Deschamps et al., 2012), making it possible to perform genetic studies with
very few assumptions about the genes underlying phenotypic variation, and unbiased genome-wide searches for genes
of interest (e.g. in poplar by Evans et al. (2014)). Exome capture and direct sequencing (Gnirke et al., 2009)
techniques are currently being developed for maritime pine. This technology represents a great step forward in terms
of the numbers of markers available, but the direct sequencing of individuals of interest associated with this approach
may also attenuate one of the two main problems associated with current genotyping assays: i) ascertainment bias due
to the small number of individuals from which SNPs were obtained (ascertainment width) and ii) the stringent criteria
for minimum allele frequency and read coverage used to retain the SNPs (ascertainment depth).

Which traits are relevant?

Phenotyping techniques have also received a boost from technological developments facilitating the measurement of
phenotypes of interest. As mentioned above, the key challenges are identifying genotypes with a higher growth
efficiency under moderate drought conditions and/or genotypes more resilient to extreme drought events. The
mechanisms underlying these two processes are different, and the specific traits involved therefore needed to be
identified.

Water use efficiency (WUE)

Unlike herbaceous plants, perennial and woody plants, such as forest trees, cannot completely escape drought periods.
However, they can adjust their annual growth cycle to annually reoccurring soil water deficit, by modifying the timing
of budburst and leaf development and through drought-induced leaf shedding. Therefore, the drought resistance of
trees in natural forests is mostly a question of survival and competition within an ecosystem. Tree growth performance
may also be related to the ability of maintaining growth during periods of water shortage. Plants can develop different
strategies to avoid or tolerate soil water deficit. Some of the most rapid acclimation responses of trees to soil water
deficit include decrease in diameter and height growth, and stomatal closure, followed by morphological adjustments,
such as an increased root growth (Bogeat-Triboulot et al, 2007). The exploration of available soil moisture is
particularly important for Mediterranean plants, such as maritime pine. Stomatal closure at the onset of drought
enables the plant to maintain hydraulic integrity. However, stomatal closure can also decrease the leaf internal CO,
availability, thereby decreasing either growth or carbon reserves. The delay of stomatal closure with increasing soil
water deficit varies among Mediterranean tree species (Galmés et al., 2007). This balance between growth and water
use during a drought stress can be characterized by calculating the ratio of net CO, assimilation rate (4: as a proxy for
production) to stomatal conductance for water vapor (gs; as a proxy for transpiration), which is called the intrinsic
water use efficiency Wi (Meinzer et al., 1991). The Wi of maritime pine seedlings increases considerably over a soil
drying cycle, as does the variation within a full-sib family (Marguerit et al., 2014 ; Figure 1). Wi can also be estimated
by stable carbon isotope analysis on organic material from the plant (5'°C) based on the model linking §"C with ;
developed by Farquhar ef al. (1989). Depending on plant component used, the carbon isotope composition of the plant
material may integrate Wi over time, resulting in a more stable measure of plant specific values. This also makes the
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large-scale screening of genetic material possible, through the harvesting of leaf or wood material. Wi estimates water-
use efficiency at the leaf level, whereas in tree breeding, increases in biomass production are an important goal. It is
therefore important to consider the improvement in Wi for a tree in terms of effects on plant growth capacities
(Dvorak, 2012).

Figure 1: Relationship between predawn water potential (as
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Cavitation resistance (CR)

One of the most important mechanisms leading to plant death during drought is hydraulic failure of the plant water
transport system due to the development of excessive tensions in the xylem under severe drought stress conditions
(Delzon and Cochard, 2014). Anderegg et al. (2015) recently showed that tree mortality can be predicted exclusively
from the loss of vascular transport capacity. This hydraulic failure results from catastrophic increases in xylem
cavitation, the change from liquid to water vapor caused by the high tensions required for water transport from the soil
to the leaves (Tyree and Zimmermann, 2002). As the percentage of cavitated xylem conduits increases, the hydraulic
conductivity of the xylem decreases, until the flow of water stops, causing desiccation of the tree tissues. This
desiccation leads to the death of affected leaves and branches and, in particularly severe cases, may result in the death
of the tree. Brodribb and Cochard (2009) and Brodribb et al. (2010) assessed the link between cavitation and plant
death for seven southern-hemisphere conifer species with different levels of drought tolerance. A strong link between
the xylem pressure inducing a 50% loss of stem conductivity (called Psy) and the lethal water potential was observed
(Figure 2).

Species growing in dry environments are more resistant to drought-induced cavitation (more negative Psy values;
Maherali et al., 2004; Cochard et al., 2008; Choat et al., 2012). Resistance to cavitation is therefore a critically
important trait for evaluating the ability of trees to survive and recover from drought periods and, therefore, for
predicting future drought-induced forest decline. Cavitation resistance is known to be linked to the anatomy of xylem
conduit walls, and, more specifically, to that of the pit walls. Xylem conduits are composed of dead cells, so this trait
is determined at the time at which the conduits are formed and remains an intrinsic propriety of the conduits as long as
they remain functional.

Figure 2: Illustration of the highly significant 1:1 relationship
between Psy (xylem pressure inducing 50% loss of hydraulic
conductance, measured with the Cavitron technique) and lethal water
potential, as determined by gas exchange recovery kinetics; r* =
0.95). Each dot corresponds to a different conifer species. Data
retrieved from Brodribb and Cochard (2009) and Brodribb et al.
(2010). The correlation coefficient is given for the regression line.
The dashed line corresponds to the 1:1 relationship.
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Ecophysiologists generally characterize xylem resistance to cavitation by using vulnerability curves (VCs) calculated
from the relative flow rates measured on xylem segments. VCs show how the percentage cavitation in a xylem tissue
varies with xylem pressure. Several laboratory-based techniques have been developed for the plotting of VCs (see
Cochard et al., 2013 for a review), but most are time-consuming and of low sensitivity, making it impossible to screen
and compare populations or genotypes. Over the last decade, a new technique based on the centrifugation of a xylem
segment (in a Cavitron) has been developed, making it possible to generate VCs rapidly (Cochard et al., 2005). Five
years after the development of this technique, high-throughput phenotyping facilities for cavitation resistance were
established in France (Clermont-Ferrand and Bordeaux, http://sylvain-delzon.com/caviplace/, Figure 3), for assessing
the relationship between phenotype and genotype.

&

Figure 3: Standard Cavitron showing the centrifuge and the light source on the left (A) and the center and the rotor
with the branches (B) and the two water reservoirs on the right (C). The flow centrifuge technique (also called the
Cavitron) uses a centrifugal force to create a negative xylem pressure that induces embolism in the sample. Samples
are placed in a custom-built rotor with both sample ends in reservoirs filled with water. In order to generate a pressure
gradient across the sample and thus induce water flow through the sample, small holes are made in the reservoirs at
two distances from the rotation axis (Cochard et al., 2005).

In total, six “standard” Cavitrons (standard rotor = 26 cm in diameter) are used to study and quantify intraspecific
variability in tracheid-bearing species. The VC for a sample can typically be obtained in less than half an hour with
this technique, making it possible to screen large number of genotypes for cavitation resistance. Just to provide some
idea, more than 1,500 VCs have been produced for maritime pine (P. pinaster) over the last three years, from branches
sampled from common gardens (provenance and progeny tests) and from natural populations in situ (Lamy et al.,
2014). It is worth noticing that the variability of Pso within a tree is very low, rendering the assessment of cavitation
resistance highly robust. Recent results show indeed similar resistance to cavitation of the xylem in branches and
leaves in Pinus pinaster (Bouche et al., 2015), and in any case a very strong relationship between branch Ps, and leaf
Ps exists in conifers (Delzon, pers. comm.). In addition, a recent study reported very low intra-tree (branch, trunk and
root) variability for Ps in several conifer species including maritime pine (Bouche et al., 2016).

The Cavitron technique is a considerable improvement over previous more laborious techniques, but it remains time-
consuming and not widely accessible, this technique being used in only in a handful of highly specialized laboratories
around the world. High-throughput phenotyping of cavitation resistance will probably be dependent on the
development of groundbreaking methods very different from those currently used. Preliminary tests have suggested
that near-infrared spectra obtained from ground wood from different species can be used to predict Psy values.
However, this approach remains to be validated for the screening of genotypes within a species.

WUE and CR may thus be considered promising traits for assessing the responses of trees to mild drought and their
survival/resilience in the face of intense water deficit, respectively. Selection for higher resilience may come at the
expense of a lower growth efficiency under conditions of moderate stress. This hypothesis may hold true at the
interspecific level (Hacke et al, 2001), but the results of the very few studies addressing this key issue at the
intraspecific level have been less conclusive. For instance, in Populus deltoides X nigra hybrids, Fichot et al. (2010)
found no correlation between 5"°C and Ps,. By contrast, Lamy ez al. (2011) found a significant correlation between
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these two traits across Pinus pinaster provenances, with the more cavitation-resistant genotypes tending to have lower
water use efficiency. This correlation clearly requires further investigation, but, as the link between these two traits is
mechanistically weak, the chances of identifying 'elite' genotypes combining high performance for both traits are high.

Other traits shedding new light on the genetics of adaptation to water deficit

The following three examples highlight current efforts to improve the functional characterization of the adaptation of
forest trees to water deficit, with the aim of developing new methods or using already tested methods compatible with
the large sample sizes required for genetic studies.

A first option will be to identify one or several anatomical traits of the xylem linked to CR at the intraspecific level.
Within coniferous taxa, the tremendous variability of CR is strongly associated with the bordered pit structure in
tracheids. Indeed, recent studies (Delzon et al., 2010; Pittermann et al., 2010; Bouche et al., 2014) have shown that the
size of the torus relative to the pit aperture (also called torus overlap) is closely related to cavitation resistance. This
observation has led to calls for further studies assessing whether there is also a relationship between Psy and pit
properties between genotypes within species. If so, torus-aperture overlap in conifer pits may be a good proxy for
assessing genetic variation in drought tolerance. However, observations of pit anatomy require the use of a scanning
electron microscope, and this approach remains time-consuming. However, it has the advantage that it can be applied
to small wood samples.

A second approach involves the assessment of foliar traits for the identification of individuals capable of continuing to
fix carbon or of recovering this ability during and after stress. Fluorescence measurements are an interesting
alternative to gas exchange measurements for the quantification of photosynthetic activity (Hunault et al., 2015).
Phenotyping can then be performed with classic Fv/Fm and electron transport rate measurements or by measuring the
rapid transient response to flash lights (Munns et al., 2010; Furbank and Tester, 2011). These techniques have been
implemented in crops (e.g. wheat, rice, pea, barley), to compare the photosynthetic functioning of different varieties or
genotypes in response to abiotic stresses (drought, heat). They can easily be implemented in the field and on large
sample sizes. Classical fluorescence indices have been used to characterize G x E interactions in several forest trees
and have revealed differences between pine provenances (Michelozzi et al., 2011; Reinhardt et al., 2011). Moreover,
fluorescence measurements and xanthophyll cycle pigment concentrations can also be used to estimate non-
photochemical quenching (NPQ). These methods can be used to quantify inter- and intra-specific variations of the heat
dissipation energy that helps to protect photosystems during drought in five Quercus species (Ramirez-Valiente et al.,
2015). Studies using these methods have demonstrated the existence of a link between p