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Tree drought physiology: critical
research questions and strategies
for mitigating climate change
effects on forests

Summary

Droughts of increasing severity and frequency are a primary cause of
forest mortality associated with climate change. Yet, fundamental
knowledge gaps regarding the complex physiology of trees limit the
development of more effective management strategies to mitigate
drought effects on forests. Here, we highlight some of the basic
research needed to better understand tree drought physiology and
how new technologies and interdisciplinary approaches can be used
to address them. Our discussion focuses on how trees change wood
development to mitigate water stress, hormonal responses to
drought, genetic variation underlying adaptive drought pheno-
types, how trees ‘remember’ prior stress exposure, and how
symbiotic soil microbes affect drought response. Next, we identify
opportunities for using research findings to enhance or develop new
strategies for managing drought effects on forests, ranging from
matching genotypes to environments, to enhancing seedling
resilience through nursery treatments, to landscape-scale monitor-
ing and predictions. We conclude with a discussion of the need for
co-producing research with land managers and extending research
to forests in critical ecological regions beyond the temperate zone.

Introduction

Climate change is associated with periods of drought and heat that
are increasing in frequency and severity, resulting in forest mortality
and decreased tree growth (Breshears er al, 2005; Brodribb
et al., 2020). Given the central role forests play in the carbon cycle,
drought-related changes in tree growth and mortality have
implications for carbon cycle—climate feedback on a global scale
(Paschalis ez al., 2024). Atlocal and regional levels, drought-related
mortality affects forest community structure and function, with
cascading effects on other trophic levels including the diversity of
plants, animals, and microbes found within forest ecosystems.
Drought-related forest mortality also has major impacts on society
through increased wildfire, economic losses to traditional forest
industries and tourism, and the myriad other ecological and societal
benefits associated with forests (Cheng ez al., 2024). An example of
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the impacts of drought on forests in the Northern Hemisphere is
given by forest mortality and associated wildfires in California
(Fig. 1), with estimated annual economic losses averaging
$117 M per year between 2017 and 2021 (Paci et al., 2023).

Currently, we lack critical elements needed to understand how
trees respond to and mitigate drought-related stress that are needed
to meet forest management goals under drought scenarios. Tree
drought physiology describes the biological processes underlying
responses to drought from the cellular level to forest levels,
including how trees ultimately die or survive (Choat ez al., 2018;
Brodribb er al., 2020; McDowell ez al., 2022a,b). As long-lived
perennials, trees experience environmental changes at sub-hourly
to millennial time scales. Tree physiological responses to drought
mirror those timescales and range from rapid responses such as
stomatal closure, to annual changes in wood development, to
responses that can take decades to manifest in mortality (Cailleret
eral.,2017), and to the eventual mismatch in long-lived trees whose
genotypes and adaptive traits no longer match contemporary
conditions (Ledig & Kitzmiller, 1992). Legacy effects of a current
year’s drought on future years’ growth (Anderegg ezal., 2015) is but
one example of the many complexities involved in understanding
drought physiology in trees without direct parallels in better
studied model annual plants.

In a practical sense, managed forests are typically grown on
heterogeneous landscapes with minimal cultivation or irrigation,
limiting direct agronomic interventions. Strategies promoting
drought resilience thus rely on landscape-scale interventions such as
the selection of resilient species or genotypes, nursery practices that
increase the survival of outplanted seedlings, and silvicultural
practices. The most challenging of all is to understand and manage
the diversity among the thousands of tree species of interest
including angiosperm and gymnosperm species separated by
300 million years (Myr) of evolution, and the various strategies
they exhibit to mitigate drought effects.

The complex biological responses of trees to drought are at best
partially described, which limits innovation and the translation of
research findings into effective strategies for forest conservation and
management. Encouragingly, new technologies, an increasing base
of knowledge, and opportunities for integrative research can enable
significant advances. Here, we present ideas developed during a
workshop ‘Forest Tree Drought Physiology Research Innovation
Group’ held at the Arnold Arboretum, with the goals of identifying
key research questions that, if addressed, might enable new
transformative approaches for forest management under drought.
The participants of the workshop were varied in approach and
scope, and we thus are a broad but incomplete representation of the
many research and management needs posed by drought.
The topics selected for discussion here reflect the expertise of the
authors and areas we believe are strategic for new discoveries that
can be translated to forest management. While many of the
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Fig. 1 Drought impacts on forest mortality in California. (a) California is
characterized by a Mediterranean climate that experiences seasonal
droughts. Drought severity is shown as percent area affected for
2000-2024, including exceptional drought from 2014 to 2017. (b) Tree
mortality is shown for the Sierra Nevada of California from 2014 to 2017.
(a) US Drought Monitor https://droughtmonitor.unl.edu/, (b) adapted
from US Forest Service Forest Health Protection.

concepts and problems discussed are applicable to different forest
types, our examples are drawn primarily from temperate forests,
and do not adequately address the additional complexities of
tropical and boreal forests. We also acknowledge that our
discussion of molecular and genetic regulation of drought response
skewed toward model angiosperm trees supported by genomic and
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gene function studies (notably Populusand Eucalyptus), despite the
ecological and environmental importance of coniferous species.

In the first section of this paper, we highlight basic research
knowledge gaps and opportunities to address them. In the second
section, we then examine ways to translate research findings to
enhance or even develop new strategies for forest management and
conservation under climate change and drought. In the conclusion,
we provide perspectives on practical research issues, as well as
broader societal and ecological issues.

The concepts and approaches discussed in the paper are
presented in Fig. 2.

From cells to forests: critical research questions for
tree drought physiology

Below, we discuss missing information about the basic biology of
drought response in trees that, if addressed, would enable new
insights and approaches for forest management. This section is not
intended to be a review of all tree drought physiology research, but
rather to highlight examples of what are now tractable problems
that can produce transformative insights.

How do trees adjust wood development and physiology to
avoid hydraulic failure?

The anatomy and related physiology of tree stems play a major role
in how trees respond to and potentially succumb to drought
(Rodriguez-Zaccaro & Groover, 2019; Anfodillo & Olson, 2021;
Olson et al., 2023), including embolism resistance and regulation
of osmotic potential. Tree stems are composed of secondary
vascular tissues (wood and inner bark) produced by the cambium
meristem. Wood evolves as a complex, heterogeneous tissue
containing both dead and living cells (Olson, 2023), which
collectively are responsible for water conduction, mechanical
support, transport of signaling molecules, carbohydrate storage,
and mineral nutrient transport (Carlquist, 2013).

The movement of water through nonliving tracheary elements in
wood is explained by a cohesion-tension mechanism in which
transpiration from leaves creates negative pressure that is
transmitted down the water column to ‘pull’ water from roots
through the stem to the canopy. Under drought, transpiration leads
to increasingly low xylem pressures within tracheary elements
potentially causing the formation and spread of air embolisms that
disrupt the transport of water. The propagation of air embolisms
can cause hydraulic failure and the irreversible desiccation of
downstream tissues, which if widespread can lead to whole tree
mortality (Choat ezal., 2018; Arend ez al., 2021; Lens ez al., 2022).

Wood development and subsequent anatomy undergo striking
changes under drought, although direct functional relationships
between anatomy and drought resistance are not always clear and
have been debated in the literature (Olson et al, 2023). In
north-temperate conifers, embolism resistance is associated with
narrow, thick-walled tracheids and small pit aperture diameters
that hold across different species (Pittermann et a/., 2006; Delzon
et al., 2010). In woody angiosperms, narrower vessel diameter and
increased pit membrane thickness have been implicated in
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Fig. 2 Examples of knowledge gaps and how addressing them can enable translation to new approaches for forest management under drought. While not
intended to be comprehensive, examples of key knowledge gaps of tree drought physiology are highlighted that, if rigorously addressed by research, have
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potential to translate into new applications for more effective forest management under drought scenarios.
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embolism resistance, but the causative factors are unclear (Hacke
et al., 2017; Lemaire et al., 2021; Levionnois et al., 2021; Lens
etal.,2022; Isasa et al., 2023). Fibers have thick secondary cell walls
that act as mechanical support in wood and increase vessel
resistance to implosion (Jacobsen ez al., 2005; Janssen ez al., 2020).
Fibers can also act as reservoirs of water that can be used during
water transport under drought stress (Jupa ez al., 2016; Knipfer
et al., 2017; Zieminska et al., 2020). These roles of fibers and
variation in fiber development under drought are understudied.
The degree of plasticity for key hydraulic traits such as pit
membrane thickness that ultimately determine embolism resis-
tance has been evaluated in Arabidopsis (Thonglim ez al., 2021).
Similar studies are needed for trees to resolve the regulation and
functional consequences of wood anatomy changes under drought.
Furthermore, homologies and unique attributes among wood
hydraulic traits in angiosperm vs gymnosperm tree species
separated by over 300 Myr of evolution can now be explored
using functional genomics.

The cellular and molecular processes driving drought response in
woody tissue are a promising area for physiology research in forest
trees and could provide insights useful for applications such as
monitoring and predicting mortality, or breeding for drought
resilience. Living cells within secondary xylem can concentrate
solutes (sugars, organic acids, etc.) to lower water potential and
reach equilibrium with the xylem (Ozturk er 4/, 2021). Such
osmoregulation occurs over hours or days and prevents water loss
from living cells to the vessels. When present, xylem parenchyma
appears to be involved in mitigating embolism, presumably because
the parenchyma stores water and solutes, and can offer an osmotic
means of regulating water potential (Pratt ez 4/, 2021). Some
highly specialized parenchyma cells known as vessel-associated cells
(VAC:s; also referred to as contact cells) are in direct contact with
vessel elements via contact pits and are responsible for transport of
water, sugars, amino acids, and possibly proteins, lipids, and
surfactants into and out of vessel elements (Stupianek ez al., 2021,
2024). Molecular exchange between xylem parenchyma and vessels
is highly regulated under drought, and VACs may facilitate
embolism recovery (Brodersen & McElrone, 2013; Brodersen
et al., 2020). However, knowledge of the underlying molecular
mechanisms and cellular processes is incomplete, including how ray
parenchyma cells facilitate the exchange of water and solutes
between xylem and phloem, and how movement of sugars from the
phloem to the xylem is regulated to increase conduit resistance to
embolism.

How do hormonal mechanisms respond to and mitigate
drought stress?

Hormonal regulation is central to tree drought physiology,
involving primary and interacting effects of multiple hormones
(Table 1) that mediate acclimation of the hydraulic system to
drought. The phytohormone abscisic acid (ABA) is arguably the
best studied and plays a direct role in drought sensing, triggering
known protective measures such as stomatal closure (Raghavendra
et al, 2010) and changes in wood development, including
production of smaller diameter and more interconnected vessels
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Table 1 Phytohormones with documented roles in plant drought response.

Phytohormone Roles in drought response and key references
Abscisic acid Stomatal regulation (Munemasa et al., 2015; Kuromori
(ABA) etal., 2018); suppression of lateral root formation in air
(i.e. 'xerobranching’; Mehra et al., 2022); putative role
in xylem development (Arend & Fromm, 2007; Yu
etal., 2021); drought-induced leaf senescence (Zhao
etal., 2016)
Auxin (IAAand  Lateral root formation/root branching in response to
IBA) water (i.e. ‘hydropatterning'; Bao et al., 2014); leaf

senescence and abscission (Jin et al., 2015; Ma

et al., 2021); putative role in vessel diameter and
patterning (Hacke et al., 2017; Johnson et al., 2018);
crosstalk with ABA (Sharma et al., 2023)

Brassinosteroids  Root development and architecture (Wei & Li, 2016);
(BR) stomatal development (with ABA; Serna, 2014);
crosstalk with numerous other hormones (Choudhary
etal., 2012)

Crosstalk with SL (Li et al., 2019); with IAA re : root :
shoot ratio (Kurepa & Smalle, 2022); and with ABA (Li
etal., 2016)

Root development and leaf senescence (Baharudin &
Osman, 2023); crosstalk with ABA in stomatal
regulation (Kazan, 2015) and with JA in root growth
(Song et al., 2014); reactive oxygen species (ROS)
defense (Depaepe et al., 2021)

Root growth and crosstalk with JA (Koo et al., 2020)

Stomatal closing, root physiology and cross talk with
ABA (Kazan, 2015); root growth and crosstalk with ET
and GB (Song et al., 2014)

Osmotic stress and ROS response (Koo et al., 2020);
crosstalk with ABA and JA (Munoz-Espinoza
etal.,2015); crosstalk with BR (Choudhary etal., 2012)

Strigolactones Indirectly implicated via roles in shoot branching
(SL) inhibition (e.g. for reduced transpirational demand;

Gomez-Roldan et al., 2008; Umehara et al., 2008) and
root architecture (Koltai, 2011)

Cytokinins (CK)

Ethylene (ET)

Gibberellins (GA)
Jasmonates (JA,
JA-lle)

Salicylic acid (SA)

(Yu ez al, 2021), but ABA sensitivity varies among tree species
(Brodribb & McAdam, 2013) and how ABA affects wood growth
and physiology is only recently being revealed at the molecular
level. Basic questions include whether living cells in wood directly
sense drought and respond through ABA production or whether
wood primarily responds to signals from other drought-sensing
tissues (notably roots). Grafting experiments in Arabidopsis
between root stocks of ABA-deficient mutants and wild-type
scions did not impair stomatal response to water stress, while
reciprocal grafts were impaired, suggesting that ABA signals from
stems are necessary and sufficient for stomatal response (Christ-
mann ¢t al., 2007). In trees, comparative phytohormone profiling
in the immature xylem from drought-stressed and control poplars
showed a drastic increase in ABA levels, which was much greater
than in leaves and roots (Yu er 4/, 2021). Transcripts for the
homologs to all ABA biosynthetic enzymes were detected in
immature xylem (Yu ez al, 2021). In drought-stressed immature
xylem, the transcriptabundances of putative ABA exporter genes, as
well as of the key genes for ABA biosynthesis, were increased (Yu
eral., 2021). These changes were accompanied by phenotypic shifts
from thin- to thick-walled fiber cells, and from large to smaller and
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more frequent vessels. Similar anatomical changes in the xylem
were found in many drought studies (Polle ez 2/, 2019) and can be
induced locally by the application of ABA to the stem of poplars
(Arend & Fromm, 2007). However, direct experimental validation
demonstrating ABA production in wood is missing.

Abscisic acid signaling initiates changes in development to
produce anatomy more suited to water stress (Yu ez al., 2021), but
how ABA connects with the other hormones affecting wood
development remains poorly defined. The control of cell division in
the cambium and subsequent cell differentiation can involve auxin,
cytokinin, brassinosteroids, jasmonates, and gibberellin (Table 1).
In developing xylem of drought-stressed poplars, some of these
hormones show significant changes in response to drought
(Table 1). Vessel expansion and patterning depend on cambial
auxin concentrations and transport processes (Schrader ez /., 2003;
Junghans ez al, 2004; Johnson er al, 2018), and there is
accumulating evidence for the interaction of ABA and auxin
signaling in plants (Ortiz-Garcia ez al, 2023). Cytokinin
concentrations modulate the sensitivity of the cambium to auxin
and thereby affect radial growth (Immanen ez 4/, 2016). Auxins
also contribute to drought response by altering root development to
maximize water acquisition, adjusting the root : shoot ratio in
response to water demand and availability (Bao et al., 2014), and
regulating leaf shedding (Jin ez 4/, 2015). How ABA affects other
hormonal signaling pathways to affect wood development and
physiological changes is a promising area for the development of
new drought-resistant genotypes or applications such as stress
priming (discussed below) and could provide new diagnostic tools
for evaluating drought stress in forests.

How do soil microbiomes contribute to drought resilience?

Understanding how microbes impact tree drought physiology
could facilitate the development of climate- or site-specific inocula
that could improve tree performance as climates change. Soil
microbiota can improve leaf water potential and photosynthetic
rates in drought-stressed seedlings (Kannenberg & Phillips, 2017).
Their benefits can be locally adapted, as microbes from dry, hot, or
cold sites can improve tree seedling survival when faced with the
same stressors (Allsup ez al., 2023). Leaf endophytes, too, can
improve conifer seedling survival and photosynthesis under
drought (Aghai e# al, 2019). Microbial effects on plant drought
response can depend on the time scale on which the drought is
imposed (Ulrich ez al, 2019), and on the variety of microbial
interactions that a plant can engage in (e.g. arbuscular mycorrhizal
vs ectomycorrhizal host plants) (Allsup ez al., 2023). Ectomycor-
rhizal symbiosis alters tree response, both locally and systemically,
to abiotic cues such as water limitation (de Freitas Pereira
et al., 2023), a process which is mediated by ABA and other key
drought-responsive hormones detailed above.

Hormones can all be impacted by or modulate microbial
interactions (Kim ez 4, 2012; Foo et al, 2019), but it remains
difficult to predict which microbial strains or consortia have
particular effects. Adding complexity, microbial communities
(Baldrian

on

themselves respond strongly to drought stress

et al, 2023), potendally changing their impacts
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drought-stressed plants by shifting the density or behavior of
mutualistic or pathogenic organisms. This balance between helpful
and harmful microbes in the microbiome may be controlled, in
part, by plant genetics. Drought-tolerant genotypes of Populus
trichocarpa  support more  beneficial  microbes  than
drought-susceptible genotypes (Kristy ez al, 2022). Molecular
interactions between tree roots and beneficial microbes can impact
plant drought response. Ectomycorrhizal networks facilitate the
exchange of nonstructural carbohydrates and impact drought
tolerance-related traits in Pinus ponderosa (Sapes et al., 2021).
Ectomycorrhizal fungi can increase tree production of ABA and
salicylic acid, potentially priming the plant to better endure
drought stress (Kebert ez al., 2023), while fungi can enhance tree
drought tolerance by improving plant antioxidant function and
enhancing mitogen-activated protein kinase (MAPK) signaling
cascades linked to drought tolerance (Wang ez a/., 2023). However,
the drivers of microbial communities, adaptive traits of microbes,
and interactions with tree genotypes within the context of drought
resilience are not well understood presently.

Current questions in microbiome research for forest tree drought
physiology reflect a shift from correlative observations to
descriptions of causative biological mechanisms and processes.
Ongoing advances in nucleic acid, protein, and metabolite analysis
are being used to explore mechanisms of and physiological
responses to microbial associations by employing ‘multi-omic’
approaches to reveal the specific organisms and biochemicals
involved in tree-microbe interactions (de Freitas Pereira
et al., 2023; Nosenko ez al., 2023). Although often employed in
isolation, combining sequencing with fine-scale biochemical
analyses will be an important step toward developing a predictive
framework of how microbes impact tree drought response, and
expand our understanding beyond seedlings to encompass adult
trees in field contexts. Identifying the mechanisms involved will
also require growth chamber experiments whose design can be
guided by correlative multi-omic datasets, allowing for the isolation
of specific microbes and compounds responsible for shifts in tree
drought response. Questions that can be addressed with such
methods include whether trees actively select or recruit microbes
suited for drought conditions, the role tree genotypic variation
might play in microbiome assemblage, the degree to which
variation in microbial traits contributes to drought-relevant
phenotypes (Allsup ez al., 2023), and what genes and mechanisms
are associated with drought resistance and resilience during the
interaction of trees and microbes under drought. Importantly,
studies describing the population-level variation in functional traits
of soil microbes associated with drought could provide the
foundations for effective microbiome treatments, which would
also be informative for assisted migration applications.

What are the genetic mechanisms underlying variation in
drought resilience within and among species?

Identifying and harnessing natural genetic variation for tree
drought response underpins forest conservation under climate
change. Variation among and within species for drought response is
observed, but the ability to relate resilience to specific genes remains
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Fig. 3 Within-species genetic variation for forest tree drought response. Values shown are heritabilities (i.e. the proportion of phenotypic variance
attributed to genetic effects) estimated from common garden or provenance trial experiments, displayed in order of increasing magnitude along the x-axis
for different classes of drought-related traits. Symbol shapes denote the type of heritability estimate (narrow-sense, broad-sense, or individual
repeatability). Filled symbols are for coniferous trees, while open symbols are estimates from angiosperm trees. Values represent a nonexhaustive sampling
of 26 studies reporting natural genetic variation in drought response traits across 14 tree species. Estimates are means + 95% Cl, when reported. CWR,
cell wall reinforcement; CWT, cell wall thickness; dendrophenotypes, tree-ring derived growth traits in response to drought; F,/F.,, maximum efficiency of
Photosystem II; g, stomatal conductance; LD, lumen diameter; LWP, leaf water potential; Pso, pressure at 50% loss of xylem hydraulic conductance;
stiffness, wood stiffness measured by acoustic velocity; WD, wood density; WUEi, instantaneous water use efficiency; A"3C, carbon isotope discrimination.

Further details are available in Supporting Information Table S1.

challenging for both technical and biological reasons. The inherent
capacity to tolerate drought reflects complex, polygenic mechan-
isms that are highly responsive to the environment and present
challenges for traditional genetic analysis where experimental
variation reduces the power to detect quantitative genetic effects. A
major technical challenge is to establish phenotyping methods that
both measure complex physiological phenotypes and can scale to
the large numbers of genotypes required for genomic studies.
Typical experimental approaches for tree genomic studies require
hundreds or thousands of trees and include field trials and common
garden studies that permit phenotyping under quasi-natural
conditions (Jaramillo-Correa et al., 2015; de Villemereuil et al.,
2016), and glasshouse-based studies that permit manipulation of
environmental conditions and application of experimental treat-
ments. Advances in sequencing technologies have largely removed
the technical challenge of extending genomic approaches to tree
species and allow experimental designs with large sample sizes, but
the technical hurdle to identify and accurately measure relevant
physiological traits in large numbers of trees remains. To date,
phenotyping in genome-wide association studies (GWAS) has been
largely limited to water use efficiency since the isotopic ratio of
carbon "’C : ">C can be used as a proxy for a time-integrated
measure of water use efficiency due to plant carbon isotope
discrimination (CID) (Farquhar et 4/, 1989). CID can be
estimated using mass spectrometry on either leaf or woody tissue
and is feasible for large sample sizes (Gonzalez-Martinez
et al., 2008; Cumbie er al, 2011). While water use efficiency
displays extensive plasticity in response to soil water availability,
there is also evidence for natural genetic variation, with GWAS of
CID in a variety of conifer and broad-leaved tree species returning a
wide range of heritabilides, from 0.07 to 0.84 (mean = 0.36;
Fig. 3). However, these measures reflect an amalgam of component
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traits contributing to water use efficiency. Only recently, there is
some progress in describing metabolic mechanisms underlying '*C
signatures (Wieloch ez al., 2024). More problematic is that, to date,
only a fraction of observed phenotypic variation for any
drought-related traits can be explained based on genetic predic-
tions.

These genetic predictions could be useful for understanding
water relations in trees, but relatively few studies have addressed
these linkages to more direct physiological and anatomical traits
associated with mortality because of additional phenotyping
challenges (Brodribb ez al.,2020). For example, xylem vulnerability
to embolism can be estimated from dose—response curves that
determine the pressure at which xylem is embolized (2,), which
corresponds closely to lethal water potential (\ lethal) in trees
(Liang ez al., 2021). High-precision methods for estimating xylem
vulnerability curves involve the use of optical techniques or
high-speed centrifugation (e.g. ‘Cavitrons’), but are time-intensive
to collect and not easily adapted for population-level or genomic
studies (Plomion ez al, 2016). As previously discussed, wood
anatomical traits are correlated with hydraulic failure, but are time
consuming to assay through traditional histology. Genetic studies
in poplar identified significant heritabilities, quantitative trait loci,
and candidate genes for vessel traits associated with drought
resilience in a large pedigree carrying induced chromosomal lesions
(Rodriguez-Zaccaro et al., 2021, 2024). Such studies could be
expanded and made much more informative if higher throughput
methods for phenotyping were available.

An important question for trees is how genotypes respond to
variation in drought stress across many years of growth, including
the basis for plasticity in drought responses. The response to past
drought stress can be derived from tree rings (‘dendrophenotypes’)
sampled from trees growing in established provenance trials
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(Housset et al., 2018). Such time-series data can be used to estimate
the climatic sensitivity of different genotypes and provenances and
to derive measures of resistance, resilience, and recovery in response
to drought (Depardieu ez al, 2020). Drought response in
dendrophenotypes measured from tree rings showed low to
moderate, but often significant heritabilities (Fig. 3), suggesting
the presence of plasticity, but also some promise for genetic
mapping of responses to naturally occurring drought episodes in
the field. Applying this approach in white spruce (Picea glauca)
using GWAS on dendrophenotypes spanning a natural drought
event revealed strong associations identifying a suite of candidate
genes and mechanisms (Depardieu ez 4/, 2021).

How do trees ‘'remember’ stress events and improve future
performance?

Given that trees have long lifespans, they must adjust their
physiological responses at different time scales to increase resilience
to repeated stress and drought. Epigenetics is emerging as a key
mechanism by which forest trees respond to environmental stresses
including drought (Brautigam et /., 2013; Amaral ez al., 2020).
The epigenome, which is a proxy for stress memory in plants, is
increasingly seen as a key point of regulation of drought-responsive
genes and associated mechanisms (Limke & Baurle, 2017; Balao
etal., 2018; Sadhukhan ez al., 2022; Gallusci ez 4l., 2023). Histone
modifications and DNA methylation are epigenetic marks known
to be dynamic in response to environmental changes in plants
(Gallusci et al., 2023). These marks are modified in individual trees
in response to stress and, in some cases, can be transmitted across
generations (Zolfaghari er al, 2022). For instance, induced
drought stress for 12 yr in Quercus ilex was correlated with an
increase in hypermethylated loci and a decrease in fully methylated
loci (Rico ez al., 2014). Do Nascimento ez al. (2022) pre-exposed
genetically identical trees raised from somatic embryos of Pinus
radiata to either a control or heat stress and found that prestressed
trees later had improved drought response that was correlated with
DNA methylation. A direct relationship between epigenetic
modifications and drought response was observed in transgenic
poplars, where suppressing DNA methylation using RNAi resulted
in increased drought tolerance (Sow ez al., 2021). A recent study on
poplar (Populus tomentosa) demonstrated a connection between
DNA methylation, structural changes, and gene expression in
response to drought (Zhou ez al., 2023). This study also showed
cross-generational epigenetic changes, which is challenging to
address in organisms as long-lived as forest trees. A mechanism for
Histone H3 lysine-4 methylation activation of drought-responsive
genes has also been identified recently in poplar (Zhang
et al., 2024).

Progress in describing the functional relationships between
epigenetics and drought physiology is being made and the
above-mentioned studies demonstrate general correlations among
chromatin marks and drought response, but the specific molecular
mechanisms and target genes connecting drought perception,
epigenetic changes, and downstream physiological and develop-
mental changes remain uncertain. Further extending knowledge of
evolutionarily conserved epigenetic mechanisms from model
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herbaceous species to trees is an obvious area of opportunity to
advance this field. How to effectively manipulate epigenetic
variation within the framework of operational forestry genetics,
nursery, or management context is largely unaddressed, but could
open exciting opportunities for drought preconditioning (e.g. see
stress priming below).

Translating research to applications for mitigating
climate effects on forests

The current pace of climate change is causing increasing frequency
and severity of drought within the lifetimes of individual trees, and
the rate of natural dispersal is far slower than the rate of warming
(Aitken ez al, 2008). Thus, a question increasingly discussed
among tree biologists working at the intersections of physiology,
genetics, conservation, and forest health is, how to facilitate
adaptation of forests to future climate (Isabel ez 4/, 2019)?

Translating advances in tree drought physiology into effective
applications for land managers is part of the answer, but there are
significant challenges to address. Long generation times and
inefficient phenotyping of drought traits of relevance to forest
management make the development of new drought-resistant
genotypes a slow and costly enterprise. Rotation ages measured in
decades translate into long periods with limited options for changes
in management strategies or interventions. However, there are
significant opportunities for research advances in drought
physiology that enable more effective strategies for forest manage-
ment. Below, we discuss examples of enhanced or new applications
for forest management under drought that would take advantage of
new research findings, including those discussed in the previous
section. We first consider how land managers can anticipate and
monitor drought impacts to guide silvicultural practices, and then
outline areas for management interventions including nursery
practices for reforestation, microbiome manipulations, and
selection of genotypes for future climates. These examples are not
intended to be exhaustive of all existing or potential applications,
but rather to present some promising avenues toward effective
mitigation of practical problems faced by land managers on large
scales.

Predicting and monitoring landscape-scale effects of drought
on forests

Forest managers need the ability to assess current and predict future
conditions when making decisions about reforestation and
The
process-based models of tree mortality is a very active area of
research, drawing heavily on new insights from tree physiology

silvicultural ~ treatments. development of predictive

(McDowell et al., 2022a,b). For instance, physiological studies
have shown that hydraulic failure is involved in many
drought-related mortality events (Adams ez al., 2017), but is not
universal (Korner, 2019). Many modelling groups have incorpo-
rated a representation of the hydraulic pathway and the processes
leading up to embolism, to enable use of thresholds of xylem
embolism as a predictor for tree mortality (McDowell et al., 2013;
Xu et al., 2016, 2023; Mencuccini et al, 2019). This suite of
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hydraulic processes can be usefully characterized by a small number
of plant traits, particularly the Psq or xylem water potential for 50%
loss of hydraulic conductivity (MPa) (Brodribb, 2017; Venturas
et al., 2017). This threshold appears to vary systematically among
species and provenances depending on their climate of origin (e.g.
Larter ez al., 2017; Li et al., 2018). Knowledge of variation in
hydraulic thresholds among genotypes is advancing our capacity to
predict species-level differences in drought vulnerability (De
Kauwe ez al., 2022), with the ultimate goal of matching species
or populations to future climates. However, challenges remain
including how to accurately capture whole soil—plant hydraulic
vulnerability, particularly in mature large trees, and/or where along
the soil-plant—atmosphere continuum the most relevant thresholds
are, and which respective physiological processes prevent or delay
reaching these thresholds.

Additionally, interacting physiological characteristics are also
needed to predict risk of mortality (Trugman et al, 2021).
Studies of the relationship between stomatal behavior and
hydraulic thresholds suggest that in many woody species,
stomatal closure is coordinated with the onset of xylem embolism
(Li et al., 2018), and models link these two sets of processes (e.g.
Sperry et al., 2017). Predictions of the time to mortality are also
sensitive to the representation of processes occurring after the
point of stomatal closure, particularly the rate of water loss via
cuticles and incomplete sealing of stomatal pores gp,;, (Duursma
et al., 2019). This conductance appears to be variable with
environmental conditions, and in particular increases signifi-
cantly at high temperatures (Cochard, 2021). This increase in
conductance exacerbates hydraulic failure under heatwaves and
be a mechanism by which hot droughts drive mortality
(Hammond et al., 2022).

A deeper, preferably quantitative, physiological description of
drought legacies is thus a priority if we are to predict the long-term
impacts of drought stress. Drought stress can also cause long-term
legacy effects on tree health and forest functioning (Anderegg
et al., 2015) relevant to long-term management strategies. Mechan-
istic and predictive models of recovery from drought stress and the
effects of repeated droughts are growing research areas. Recovery
from drought requires rebuilding of canopy foliage, root biomass,
carbohydrate stores, and xylem conduits (Gauthey ez al, 2022). The
recovery rate of wood growth can last decades and trees that do not
recover wood growth are more likely to die than those that fully
recover (Cailleret ez al., 2017). The recovery rate of carbohydrate
stores after drought is shortin angiosperms but long in gymnosperms
(Piper & Paula, 2020) and depletion of stored carbohydrates reduce
osmoregulation capacity (Sapes et al, 2021). Ultimately, there is
little evidence that trees in nature die directly of carbon starvation
during drought by reaching zero carbohydrate concentrations, but
the interaction of carbohydrate stores and plant water relations are
fundamentally intertwined and can affect long-term growth and
recovery (McDowell et al, 2022a,b).

While predictive models can potentially assist in targeting
management interventions, broad-scale monitoring of drought
stress impacts is critical to evaluate such models. However,
quantifying these impacts at scales relevant for land management
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remains a significant challenge (Hartmann ez al, 2018).
Ground-based forest inventory methods can be too infrequent
and too sparse to assess and attribute impacts of drought. Satellite
remote sensing offers high temporal and spatial coverage, but
detecting mortality remains difficult due to high spatial hetero-
geneity in mortality rates and the problem of how to interpret the
remote sensing signal (Yan ez al, 2024). Greenness can often
recover rapidly following a drought stress event, but this may reflect
the recovery of understory or weeds rather than overstorey trees.
Nonetheless, several promising approaches are in development.
Airborne LiDAR can be used to map biomass at high spatial
resolution and identify tree mortality at scales of individual trees
(Stovall er al, 2019). High-resolution satellite optical imagery,
capable of distinguishing individual tree crowns, is also becoming
available, and machine learning approaches trained on airborne
LiDAR show promise for large-scale tree detection (Dixon
et al., 2013). These methods have the potential to deliver regular
monitoring of tree mortality, although ground-based inventory
data will continue to remain essential for ground-truthing such
approaches.

Technologies for physiological phenotyping and monitoring

Measuring physiological traits that describe drought response and
resilience remains a key challenge for both high-throughput/high-
precision phenotyping required for genomic studies, and for
evaluation of landscape-scale studies (e.g. common gardens) and
informing management strategies. High-resolution imaging data
(e.g. spectral, hyperspectral, Chl fluorescence, and infrared) has the
potential for widespread use for precision phenotyping of drought
response in trees, as recently demonstrated for crops (Al-Tamimi
eral.,2022). Recent work by Castillo-Argaez e al. (2024) and Sapes
et al. (2024) show that both drought stress and disease can be
monitored with remote sensing technology for more rapid
assessment of large forest tracts, and the ability to detect stress
before visual symptoms appear. For field studies, image-based
phenotyping of plant stress has the capacity for high-throughput
measurements suitable to common gardens, provenance trials using
ground vehicles or unmanned aerial wvehicles (D’Odorico
et al., 2020). Glasshouse-based studies that can incorporate
precisely applied experimental treatments are supported by
automated high-throughput phenotyping platforms capable of
precision phenotyping of plant stress responses that are non-
destructive and that permit repeated measurements of the temporal
dynamics of drought response with high temporal resolution (Bian
et al., 2022). An example is the Advanced Plant Phenotyping
Laboratory (APPL; Department of Energy, Oak Ridge National
Lab) designed for capturing detailed image-based tree phenotypes
utilizing multiple sensors to estimate features of plant water
balance, stress response and stomatal regulation on hundreds of
samples over short time intervals within an automated glasshouse
(Fig. 4). This facility now enables functional ‘omic’ studies
integrating genome, gene expression, proteomic and metabolic
data to ultimately provide mechanistic understanding and
predictions of tree drought phenotypes.
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Fig. 4 Automated precision phenotyping
platform for poplar growth and physiological
studies. The Advanced Plant Phenotyping
Laboratory (APPL) at Oak Ridge National
Laboratory was established to conduct high-
throughput plant physiological, morphological,
and spectral characterization using multimodal
phenotyping stations. Photographs show (a)
Populus trichocarpa genotypes from a genome-
wide association study being grown under
precise water and nutrient regimes, and (b)
individual plants sequentially entering a series of
phenotyping cabinets. Other photographs show
trays of four plants for greater capacity as imaged
by four different modalities, including (c) red,
green blue (RGB) for plant size and morphology,
(d) chlorphyll fluorescence for estimations of
photosynthetic efficiency, (e) visible to near-
infrared (VNIR) hyperspectral signatures in the
400-900 nm range, such as Normalized
Difference Vegetation Index (NDVI), and (f)
short wave infrared (SWIR) for spectral
signatures in the 900-1700 nm range for the
detection of water content or chemical
composition. Images (c—f): courtesy of Larry
York, Jun Lee, and David Weston.

Matching genotypes to environments

Given the highly polygenic nature of tree drought responses and the
long breeding cycle for most tree species, selecting genotypes and
breeding for drought tolerance is a challenging prospect. Genomic
selection (GS), in which a genomic relatedness matrix and trait
measurements on potential parents is used to predict offspring
trait values, has proven a valuable strategy that can shorten the
breeding cycle (Resende ez al., 2012). For example, in white spruce
(P. glauca), GS was used to predict components of drought
response  impacting growth  following  natural
drought episodes in a large breeding trial (Laverdiere
et al., 2022). A persistent challenge for GS is that prediction
accuracies are often reduced under novel environments (Resende

radial
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et al., 2012), although recent developments incorporating multi-
site phenotyping and G x E into models are promising in this
regard (Crossa ez al., 2022). An important consideration of using
GS for breeding stress-tolerant genotypes arises from potential
genetic correlations with other traits due to pleiotropy, which
constrains breeding targets due to tradeoffs with other desirable
traits, such as growth and productivity (Sebastian-Azcona
et al., 2018). Additionally, the genetic architecture of drought
tolerance and growth is likely to be species-specific (Csilléry
et al., 2020; Compton et al., 2023).

While genomics holds promise for accelerating breeding for
drought response, this approach may not be possible or efficient
for many species due to constraints of generation time and/or
availability of resources in noncommercial species. Alternatively, if
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existing drought-tolerant genotypes or populations can be
identified from natural stands on the landscape and prioritized
for underplanting or reforestation in regions where they are
preadapted to future climate, it is possible to mitigate losses due to
maladaptation (Williams & Dumroese, 2013). Such a strategy
forms the basis for assisted migration — the intentional translocation
of individuals to facilitate adaptation. Depending on the specific
context, assisted migration can refer to movement within the
current range (also known as assisted gene flow) or movement
beyond the current range (assisted range expansion) (Aitken &
Whitlock, 2013). Implementing assisted migration is a topic of
much debate and still faces several uncertainties, but it is
increasingly being discussed as an important management option
for climate change adaptation (Palik ez 4/, 2022). Provenance trials
and seedling common gardens are providing some answers to the
question of how survival and growth are impacted by climate
transfer distance (i.e. the difference in climate between source and
planting site) (Risk ez al, 2021; Park & Rodgers, 2023), with
maximal fitness often attained in sites most similar to a genotype’s
source climate (Wang ez al., 2010; but see Browne ez al., 2019).
Field trials of assisted migration in three North American conifer
species showed tree populations moved northward or upward in
elevation had good productivity (Sdenz-Romero ez al, 2021),
providing initial support for the rationale that pairing source
genotypes or populations with landscape location(s) that minimize
transfer distance under future climate can provide useful targets for
assisted migration. Indeed, the mismatch between local genetics
and need for assisted migration may already be present for some
species and not just a future consideration. In a study on two species
of North American oaks, climate warming over the last century is
evidentas adaptation lags, whereby selection at northern sites favors
trait values expressed by southern ecotypes (Etterson ez al., 2020).

Confidence in assisted migration as a strategy to combat future
maladaptation to drought requires more empirical tests, particu-
larly ones that address the impact of episodic or extreme events of
temperature or drought stress that can critically determine long-
term success (Park & Rodgers, 2023). An example of the latter
comes from a long-term provenance trial in lodgepole pine (Pinus
contorta) that spanned a severe drought episode (Montwé
et al, 2016; Isaac-Renton er al, 2018). Lodgepole pine
provenances in the northern part of the range showed persistent
growth reductions indicating physiological maladaptation to
drought, with reduced stomatal responsiveness and thinner-
walled tracheids less resistant to xylem embolism. In comparison,
provenances from the southern range edge had thick-walled,
drought-resistant tracheids, and recovered growth more quickly
following drought (Montwé ez al., 2016; Isaac-Renton ez al., 2018).
Given the maladaptation of northern provenances under a drier
climate, assisted migration of southern genotypes northward could
help increase resilience to future drought, although this must be
weighed against the potential susceptibility of southern genotypes
to risk from freezing damage (Montwé ¢t al., 2016, 2018). These
and other studies serve as a reminder that assisted migration must be
approached cautiously and after consideration of genetic and
physiological tradeoffs between tolerance to different types of
stressors and components of climate adaptation (e.g. cold and
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drought stress) (Schreiber er al, 2013; Sebastian-Azcona
et al., 2018; Sang et al., 2021). It should also be kept in mind
that a major limitation of the assisted migration approach is the
focus almost exclusively on climate, while ignoring biotic
interactions (Bucharova, 2017). More studies are needed to
ascertain whether translocating genotypes to minimize climate
offset has net fitness benefits when taking both beneficial (e.g. soil
microbiome) and negative (e.g. exposure to new insect pest or
pathogens) biotic interactions into account.

Enhancing drought stress resilience in seedlings through
stress priming

The seedling stage is especially vulnerable to heat and drought
conditions because seedlings have a limited root system and
reserves. Improving nursery practices to enhance seedling resilience
is an obvious target for increasing reforestation success. While
nursery managers have long used practices to ‘drought harden’ tree
seedlings before planting through controlled water stress exposure,
a recent meta-analysis (Puértolas ez al., 2024) found little evidence
for significant increase in outplanting survival and growth across all
studies examined. However, within the many species and
approaches examined, there were successes, and research in crop
species suggests these practices can be significantly improved. Stress
priming methods involve controlled exposure of seed or seedlings
to stress or chemical surrogates followed by recovery, which enables
more robust and effective responses to future exposure to stress in
the field for crops (Liu er al, 2022; Saha er al, 2022). The
mechanisms responsible for stress priming and subsequent stress
‘memory’ and enhanced resilience are complex, and involve the
interplay of physiology, gene expression, epigenetics, and other
factors (Hilker & Schmiilling, 2019).

The nursery setting represents the rare opportunity in forestry
to apply treatments enhancing stress resilience to large numbers
of seeds or seedlings. Initial research to establish effective stress
priming treatments could be performed in controlled nursery
conditions and overlayed with the production of genomic,
imaging, and other data types to describe physiological responses
and underlying mechanisms in a critical forest management
setting. Such data can be used to rigorously evaluate treatment
effects and correlated with seedling performance after out-
planting in operational reforestation settings. While actual
drought and heat stress can be directly applied as priming agents,
beneficial priming has also been achieved using the application of
chemical surrogates, including hormones, reactive oxygen
species, and different synthetic compounds that promote
priming, often with protection against multiple types of stress
(Savvides er al., 2016). In one example, treatment of contain-
erized oaks with paclobutrozol (an inhibitor of gibberellin
biosynthesis) resulted in higher recovery rates after drought
treatment (Percival & AlBalushi, 2007). Other priming agents,
such as glycine betaine, affect stress resilience through the
manipulation of antioxidant and compounds
(Giri, 2011). Seed pretreatments before sowing include osmo-

osmotic

priming, which involves hydrating seed in a low osmotic solution
followed by dehydrating before sowing (Lutts ez al., 2016).
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Microbiome manipulations to enhance drought resilience

Similar to stress priming, microbiome treatments can be applied
en masse to nursery seedlings before outplanting. In a practical
sense, it has been known for many decades that soil microbes are
essential for forest tree growth and health (Baldrian ez 4l, 2023),
but the practical challenges of cultivating the growth of beneficial
microbes in nursery settings are significant (Hagh-Doust
et al., 2022). Some challenges include sourcing and cultivating
appropriate microbes and successfully encouraging their growth in
nursery soils and conditions. While some microbes, such as
mycorrhizal fungi, are known to be beneficial or even essential for
tree growth, there is now increasing evidence for the idea that, like
the trees themselves, these microbes are adapted to specific
environmental conditions and can impart drought and heat
resilience to trees (Allsup ez al, 2023). With sequencing
technologies, it is now possible to perform landscape genetic
surveys of forest mycorrhizal fungi and other microbes, pairing
these with common garden studies to obtain functional informa-
tion about what microbes and genotypes of microbes impart
resilience to drought and stress.

In a practical sense, after the fundamental work of identifying
sources of beneficial microbial communities has matured, the next
challenge will be to develop methods to source inocula for nursery
applications and to encourage the growth of those microbes in
nursery soils. In agriculture, various formulations with arbuscular
mycorrhizal fungal and beneficial bacteria are commercially
available. However, when and under which environmental
conditions these inocula afford beneficial effects on yield is not
fully understood and is currently an expanding field of active
research (Lutz ez al., 2023). In forestry, this area is understudied.
Environmental DNA sequencing of soils can be used to guide and
evaluate nursery methods for encouraging the growth of such
beneficial microbial communities within operational nursery
settings, and at the same time identify the presence of potential
soil pathogens.

Implementing translational physiology to co-produce
research questions

Translational ecology describes a creative approach to applied
research (Enquist ez/., 2017). In this practice, scientists collaborate
with various partners who are invested in the forest to co-create
research questions and agendas. Within the United States, the
Northern Institute of Applied Climate Science and the regional
Climate Adaptation Science Centers are examples of organizations
that coordinate interactions among research, land management,
and tribal organizations. A corollary approach of “Translational
Physiology’ could similarly be informed by collaborations between
physiologists and landowners, foresters, silviculturists, indigenous
land managers, or fire management teams to optimize management
practices. Specific research questions would be co-produced by the
collaborative team to move forward with both basic and applied
research.

Importantly, forests cover a third of the Earth’s land, forest
types are ecologically highly diverse, and the utilization and
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societal values associated with forests vary dramatically. The
effects of drought disproportionately harm regions, countries,
and individuals that are economically vulnerable, inflicting
damage that is exacerbated by social inequality (Salvador
et al., 2023). To be the most effective, tree drought research
and the associated research community should thus recognize
and reflect these realities. Focusing research on regions that
stand to lose the most as forests succumb to drought stress, and
on applications and technologies that can improve outcomes in
those regions, would be a productive way forward. In general,
ethnic minorities are currently underrepresented in ecology and
evolution-related  fields the United States (O’Brien
et al., 2020). Increased inclusion and support of new researchers

in

from underrepresented regions and communities affected by
drought and forest mortality is thus one obvious step.

Conclusions

There remain many other fundamental questions not discussed
here that should be addressed to not only provide new insights into
the basic biology of tree drought physiology, but also to develop
effective new applications to increase forest resilience to drought
and heatsstress. Such questions include the following. How do trees
perceive water and heat stress? What are the signaling mechanisms
that link stress perception and complex physiological responses?
How does drought stress predispose trees to subsequent insect or
pathogen susceptibility? While past research has provided insights,
for the most part these and other critical questions remain largely
unanswered.

Despite the importance of this field to addressing climate change
effects on forests, the size of the research community and available
research funding arguably do not match the scope of research and
management needs, or the magnitude of environmental, societal,
and economic impacts. Thus, effective collaboration within the
research community, cross-disciplinary research, and advocacy are
all critical activities. Even more challenging is the translation of
research findings to new effective applications, including the ones
discussed here. This will require increased interaction among
researchers and nursery practitioners, silviculturists, and land
managers. For translation of research to application, infrastructure
for forest management must be supported, including nurseries, tree
breeding, and propagation facilities and associated staff. In
recognition of how forests impact climate, ecosystems, and societies
across the planet, the field of forest tree physiology must engage and
encourage participation from the diverse geographic regions,
societies, and people affected by drought and forest mortality to
help prioritize research and link them to effective forest manage-
ment.
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