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Summary

� We investigated adaptive genetic variation in Populus trichocarpa, a potential biofuel feed-

stock crop, to better understand how physiological traits may influence tolerance to water lim-

itation. Our study focused on leaf and stomatal traits, given their roles in plant–water

relations and adaptation.
� Using a diversity panel of over 1300 genotypes, we measured 14 leaf and stomatal traits

under control (well-watered) and drought (water-limited) conditions. We conducted

genome-wide association studies (GWAS), climate association analyses, and transcriptome

(RNA-seq) profiling to identify genetic loci associated with phenotypic variation and adaptation.
� Stomatal traits, including size and density, were correlated with the climate of origin, with

genotypes from more arid regions tending to have smaller but denser stomata. GWAS identi-

fied multiple loci associated with trait variation, including a major-effect region on chromo-

some 10 linked to stomatal size and abaxial contact angle. This locus overlapped with a

tandem array of 3-ketoacyl-CoA synthase (KCS) genes and showed strong allele–climate and

gene expression associations.
� Our findings reveal genetic and phenotypic variation consistent with local adaptation and

suggest that future climates may favor alleles associated with smaller stomata, particularly

under increasing aridity. This work provides insights into climate adaptation and breeding stra-

tegies for resilience in perennial crops.

Introduction

Altered rainfall patterns and rising temperatures are intensifying
drought depth and occurrence, jeopardizing agricultural output
(Dai, 2012; Cook et al., 2018; Food and Agriculture Organiza-
tion of the United Nations et al., 2018). Moreover, in anticipa-
tion of the emerging circular bioeconomy, there is a growing
need for fast-growing nonfood trees and grasses (Somerville
et al., 2010; Clifton-Brown et al., 2019) that can both grow on
marginal lands (Schmidt et al., 2015; Mehmood et al., 2017;
Hoegh-Guldberg et al., 2018) and tolerate drought and limited
nutrient inputs. Consequently, a pivotal challenge is to achieve
economically viable yields on marginal lands, in the face of lim-
ited water availability (Hoegh-Guldberg et al., 2018; Taylor
et al., 2019). Given these challenges, it is crucial to study the

physiology and genetics of climate adaptation in potential biofuel
crops like poplar (Populus spp). Understanding the genetic basis
and adaptive value of ecophysiological traits can facilitate the
development of varieties that are resilient to arid climates (Stapley
et al., 2010; Savolainen et al., 2013; Blumstein et al., 2020).

Collections of diverse genotypes of natural populations in com-
mon gardens, originating from wide-ranging environments, are
invaluable resources to address these challenges (Taylor et al., 2024).
Such collections enable the identification of links between traits and
their climates of origin, shedding light on the adaptive value of phe-
notypic diversity. This can inform predictions of which traits are
suitable for dry climates and guide the selection of genotypes for
cultivation in arid regions. Additionally, the genetic basis of these
traits can be elucidated through this genomic diversity. This
exploration is essential for pinpointing genetic markers that can be
used to accelerate breeding programs and conservation efforts.

Stomatal traits are central to plant water management and
exhibit natural variation in size and density, which have been
linked to the climate of origin (Beerling & Woodward, 2008;
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Franks & Beerling, 2009). Smaller and denser stomata, for
instance, have often been observed in genotypes from drier cli-
mates, suggesting an evolutionary adaptation to aid water conser-
vation and improve plant water-use efficiency (WUE) (McKown
et al., 2014a,b, 2019). This association underscores the impor-
tance of stomata in local adaptation (Ohsumi et al., 2007; Franks
et al., 2009; Doheny-Adams et al., 2012; Sun et al., 2014; Ditt-
berner et al., 2018; Kardiman & Ræbild, 2018). However, the
scope of leaf traits influencing water dynamics extends beyond
stomata (McKown et al., 2014c). Leaf area, leaf mass, specific leaf
area (SLA), photosynthetic potential, surface wettability, and
integrated rather than instantaneous WUE form an intricate net-
work that characterizes plant interactions with the environment.
Each trait contributes to a plant’s ability to conserve water, opti-
mize photosynthesis, and survive in varying conditions of water
availability (Benavides et al., 2021). Trade-offs between traits that
impact water loss and carbon gain are well known; for example,
smaller leaves with higher SLA may transpire less water, and lar-
ger leaves might capture more light, balancing the trade-offs
between water conservation and energy acquisition (Franks &
Beerling, 2009; Hetherington & Woodward, 2003; Liu
et al., 2020; Wright et al., 2004, 2017; Wu et al., 2016). Simi-
larly, wettability – the degree of water adhesion to the leaf surface,
shaped by cuticle properties and microstructure – plays a key role
in regulating leaf temperature and transpiration, aiding water
conservation in arid environments (Cavallaro et al., 2022). Struc-
tural traits, such as trichome coverage and cuticular wax composi-
tion, further influence wettability, affecting stomatal function
and photosynthetic efficiency (Aparecido et al., 2017), including
cuticular wax composition, which serves as a protective barrier
against abiotic stresses (Shepherd & Wynne Griffiths, 2006). It
can play an adaptive role in drought response through phenoty-
pic plasticity rather than genetic differentiation (Simões
et al., 2020).

At the same time, the direct correlation between total plant water
use and yield is also well-established, including for poplar, with
high-yielding ‘water spending’ and lower-yielding ‘water saving’
strategies varying in their usefulness depending on the intensity,
longevity, and life stage of the drought (Tardieu, 2022). Unraveling
these conflicting ecological strategies remains challenging.

Although Populus trees, as riparian plants, are typically consid-
ered vulnerable to drought, notable differences in drought response
have been documented among Populus genotypes (Tschaplinski
et al., 1994, 2006; Marron et al., 2002; Monclus et al., 2006; Street
et al., 2006; Huang et al., 2009; Regier et al., 2009; Cocozza
et al., 2010; Viger et al., 2013) and the genus can be found across
contrasting climate zones, including in extremely arid environments
(Brosché et al., 2005). Recognized for its fast growth and high cel-
lulose content, Populus trichocarpa stands out as a promising bioe-
nergy crop, including for liquid biofuel production alongside
Bioenergy with Carbon Capture and Storage (BECCS). In addi-
tion, Populus is a valuable model for genetics and plant biology
research (Tuskan et al., 2006; Kačı́k et al., 2012; Taylor
et al., 2019), and extensive research has provided substantial evi-
dence of local adaptation to the climatic conditions of its native
habitats (McKown et al., 2014a,b,c; Evans et al., 2014, 2016; Porth

& El-Kassaby, 2015; Zhang et al., 2019; Blumstein et al., 2020;
Apuli et al., 2021). Such attributes augment the significance of P.
trichocarpa trees in achieving the U.S. Department of Energy’s
ambitious Sustainable Aviation Fuel (SAF) target by 2050, while
simultaneously reducing life cycle greenhouse gas emissions by at
least 50% (U.S. Department of Energy, 2022; U.S. Department of
Energy et al., 2022).

To assess the degree of local adaptation of leaf and stomatal
traits, we established a common garden of black cottonwood
(Populus trichocarpa) in Davis, California, an extremely hot and
dry site. These trees are derived from a natural population from
the Pacific Northwest, representing a wide spectrum of climates
(Gornall & Guy, 2007; Evans et al., 2014; McKown
et al., 2014a). In this study, we investigated the role and impor-
tance of 14 leaf physiology traits related to leaf morphology, sto-
mata, and water use in P. trichocarpa under both drought and
well-watered conditions. We conducted field campaigns to mea-
sure leaf and stomatal traits twice during the summer growing
season in a subsample of c. 469 unique genotypes (Fig. 1, Sup-
porting Information Fig. S1d,e; Table S1). We measured bio-
mass yield traits in the whole population (c. 1382 unique
genotypes). In doing so, we explored the adaptive signature of
drought tolerance and plastic responses in this widely divergent
population. To overcome the difficulties associated with pheno-
typing a large number of samples, we employed a suite of auto-
mated phenotyping algorithms for data acquisition. Among leaf
traits, we also assessed δ13C of c. 469 unique genotypes–a metric
for WUE in wood sampled during tree dormancy, shown in
Populus to be valuable and correlated with WUE (Viger
et al., 2016; Bogeat-Triboulot et al., 2019). The goal of our study
was to explore the relationship between trait variation and cli-
mate of origin, assessing the adaptive value of trait variation, their
relevance and usefulness to trait selection for drought tolerance,
and the roles of plastic acclimatory responses. Finally,
genome-wide association analyses (GWAS) were conducted to
characterize the genetic basis of these traits, enabling a more hol-
istic view of climate–genotype–trait relationships in P. trichocarpa
that reflects local adaptation and provides gene targets for future
tree improvement for the emerging bioeconomy.

Materials and Methods

Field site and plant material

The research was conducted on a 6.1-ha plot at the UC Davis
Plant Science Field Facility in Davis, CA (38°32047.400N,
121°47032.700W) (Fig. 1a), as described previously (Taylor
et al., 2024). The experimental layout of the whole site consisted
of drought and control treatments across adjacent fields divided
into three distinct blocks arranged in an incomplete randomized
block design. The Populus trichocarpa Torr. & Gray population
used in this study was sourced from a range of latitudes exhibiting
diverse climate and rainfall patterns, representative of most of the
species’ habitats (38.9–54.3°N, 116–128.7°W), and included a
total of 1382 genotypes (Fig. 1a). P. trichocarpa cuttings were
received and planted in a glasshouse on February 1, 2020. On
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March 30, 2020, they were relocated to a lath house to harden.
Subsequently, 7628 trees were transplanted to the field on April
10, 2020, with 782 unique genotypes in the drought field site
and 1382 unique genotypes in the control field site, reflecting the
availability of viable cuttings. A single row of P. trichocarpa bor-
der trees (not used for measurements) was established around the
experimental trees in each replicate block to reduce the effect of
undesired edge effects.

Drought treatment

We employed surface drip irrigation, applying a set water volume
measured with flow meter sensors, OMNI™+Turbo (T2) Water
Meters, at each treatment site throughout the field season. Trees
were fully irrigated until March 2021 to conclude their first estab-
lishment year. Following this, the irrigation was reduced in the
drought treatment to achieve a soil moisture deficit of 150 centi-
bars (0.15MPa) from March to December 2021. This deficit was
significant in comparison with the fully irrigated (control) treat-
ment, representing a long-term modest drought throughout the
growing season. During the 2021 field season, soil moisture was
monitored using Watermarks (Granular Matrix Sensors from
MMM) (for daily soil water potential) and neutron probes (for
volumetric water content every 12 d) across seven stations, with dis-
tinct placements for varying irrigation conditions. The comprehen-
sive data, covering topsoil to a depth of 120 cm, verified c. 50%
reduction in soil moisture for the drought treatment compared to
the control, aiding our evaluation of drought’s impact on plant
performance and WUE (Fig. S1). Soil moisture levels were system-
atically assessed during the 2021/2022 and 2022/2023 field seasons
by using two primary techniques: (1) soil water potential was regu-
larly recorded using Watermarks, equipped with remote daily data
logging; and (2) volumetric water content was determined using a
neutron probe at 12-d intervals (Taylor et al., 2024) (Fig. S1).

The data collected from these sensors, encompassing both top-
soil and deeper soil layers, were crucial in monitoring. The signif-
icant difference in soil moisture levels was used to assess the
impact of drought on crop performance and WUE (Fig. S1).

Core population and sampling

We defined a subsample of unique genotypes that were fully
replicated in a randomized complete block design in triplicate in
both drought and control treatments, and this population is
referred to as the ‘core population, n= 469 genotypes’.

For leaf phenotyping, encompassing stomatal traits and leaf
area measurements (Table S1), we conducted comprehensive
sampling of the core population at two specific time points: June
(1 month after the drought treatment initiation) and September
(106 d after the first collection, which includes an extended per-
iod of drought). However, note that some trees were lost due to
mortality in the field (Table S2), and not all phenotyping was
completed in all blocks (Fig. S1d,e).

In June, we sampled all of the core population of the drought
treatment (Drought blocks 1, 2, and 3; n= c. 3 × 469), and in
the core population control treatment, we sampled only block 2
(n= 469). Similarly, in September, we sampled the core popula-
tion in blocks 1, 2, and 3 (n= 3 × 469) of the drought and only
block 2 (n= 469) in the control, given time constraints for sam-
pling and analysis. In summary, our analysis encompassed a total
of 1861 trees from both the June and September samplings, com-
prising 422 unique genotypes (441 trees) from the control group
and 468 unique genotypes (1420 trees) from the drought treat-
ment. For further clarity, please refer to Fig. S1(c,d). Wood sam-
pling for carbon isotope discrimination (Table S1) was
performed on the whole ‘Core’ population of all 6 blocks
(469 genotypes, n= 3019 samples including replicates) in Janu-
ary 2022.

Fig. 1 Overview of population structure of Populus trichocarpa and experiment in Davis, CA. (a) Principal components of genetic kinship among P.

trichocarpa genotypes and their locations of origins in the Pacific Northwest. (b) Common garden located below and an example of stomatal phenotyping.
On the left: raw microscopy image; on the right: processed image suitable for identifying stomatal density and size, captured at 16×magnification.
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Climatic data

Climatic data were sourced from WorldClim fit to western
North America, which contains a set of global climate layers
with high spatial resolution (2.50), averaging across the years
1970–2000 (Fick & Hijman, 2017). The WorldClim database
provides interpolated climate data (a total of 19 variables),
including temperature, precipitation, and derived bioclimatic
variables, facilitating a comprehensive understanding of the
environmental climates of origins for our population of P. tri-
chocarpa trees.

Climate variables are the following:
Bio 1 Annual Mean Temperature.
Bio 2 Mean Diurnal Range (Mean of monthly (max temp –

min temp)).
Bio 3 Isothermality.
Bio 4 Temperature Seasonality (SD × 100).
Bio 5 Max Temperature of Warmest Month.
Bio 6 Min Temperature of Coldest Month.
Bio 7 Temperature Annual Range.
Bio 8 Mean Temperature of Wettest Quarter.
Bio 9 Mean Temperature of Driest Quarter.
Bio 10 Mean Temperature of Warmest Quarter.
Bio 11 Mean Temperature of Coldest Quarter.
Bio 12 Annual Precipitation.
Bio 13 Precipitation of Wettest Month.
Bio 14 Precipitation of Driest Month.
Bio 15 Precipitation Seasonality (Coefficient of Variation).
Bio 16 Precipitation of Wettest Quarter.
Bio 17 Precipitation of Driest Quarter.
Bio 18 Precipitation of Warmest Quarter.
Bio 19 Precipitation of Coldest Quarter.

Genotypic data

The reference genome and resequencing of the Populus tricho-
carpa population (1523 genotypes) were conducted by the
U.S. Department of Energy Joint Genome Institute (Tuskan
et al., 2006; Evans et al., 2014) and are accessible via the Joint
Genome Institute Database. We used Genome version: Populus
trichocarpa v.4.1, Phytozome genome ID: 533. Genotypic data
were derived from high-coverage whole-genome resequencing.
Short reads were aligned to the P. trichocarpa reference genome
(v.3.0) using BWA, with mate pair metadata corrected and
duplicate molecules marked using Picard tools. Variants,
including single nucleotide polymorphisms (SNPs) and small
indels, were called using SAMtools and bcftools (Evans
et al., 2014).

Leaf sampling

Two fully expanded, first and second-mature leaves, specifically
the fifth leaf from the apex on each of two south-facing primary
branches, were collected at a height of c. 1.3 m and lightly misted
with water, sealed in plastic bags, and stored in a cooler box on
ice. These samples were immediately returned to the laboratory

and subsequently kept at 4°C in a refrigerated room. All pheno-
typic analyses were initiated within 48 h of collection.

Stomatal imprinting and imaging For the assessment of sto-
matal morphology, imprints were collected from the right
abaxial portion of the leaf section and sampled as previously
described (Tricker et al., 2004). A designated rectangular
patch of this surface received a coating of clear nail polish.
Upon drying, a strip of clear adhesive tape was utilized to lift
off a thin layer, capturing a majority of epidermal cells and
stomata. The tape was then placed on a microscopic slide
and stored until further processing. This methodology resulted
in a comprehensive collection of 1869 imprints of all leaves
collected (e.g. in Fig. 1b). The imaging phase involved using
two Zeiss Standard 16× microscopes, each equipped with
camera attachments. All imaging procedures used TCapture
software (v.5.1.1).

Stomatal detection and analysis To identify stomatal cells in
our imprints, we integrated a model rooted in the U-Net archi-
tecture conceived within the PyTorch framework. The image
data underwent a preliminary preprocessing stage and was transi-
tioned into tensor format. Using a dataset of 300 representative
images for training, our model was meticulously calibrated to dis-
tinguish stomatal cells in the imprints efficiently. During the pre-
dictive phase, the OpenCV, imported as cv2 (https://pypi.
org/project/opencv-python/) software library, facilitated the
demarcation of the tightest bounding rectangle around every
detected stomatal cell, an integral step for gauging its geometric
characteristics. Our analytical process resulted in the calculation
of the average stomatal dimensions for each individual imprint
(e.g. in Fig. 1b).

Leaf area and perimeter One of the two sampled leaves was
used to measure leaf area (LA) and perimeter (PI). We used
a Canon EOS Rebel T7i camera positioned over a lightbox
(AGPTEK –Model A3USB) to photograph the leaves along-
side a scale bar next to the leaves. Subsequently, these images
were analyzed further at Oak Ridge National Laboratory
(Oak Ridge, TN, USA). In this process, iterative thresholding
was applied to the gray-scaled image to separate the lightbox
from the rest of the image, from which the leaf segmentation
was extracted and rotated to achieve axis symmetry before
being cropped to the leaf’s bounding box. Once the leaf was
distinguished from the petiole, various leaf features, including
LA and PI, were reliably detected and recorded. The analysis
was completed using the SCIPY (v.1.11.4) and SCIKIT-IMAGE

(v.0.19.3) libraries in PYTHON.

Dry weight and fresh weight We measured the fresh weight of
one of the two selected leaves, the same leaf that was photo-
graphed for the leaf perimeter, area, and fresh weight, using a pre-
cision balance (Adam Equipment – PGW 453e). Following this,
the leaf was dried for 48 h in a paper bag at 80°C and re-weighed
for dry weight. To prevent moisture absorption, all dried leaves
were stored with silica desiccant beads.
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Contact angle (wettability) Leaf contact angles were mea-
sured as described by Kwon et al. (2014). A water droplet
was placed on the left side of the leaf, while the right side
was used for stomatal traits. To initiate the process, we
prepared two leaf disks, which were subsequently taped to
a microscope slide. For each leaf disk, a distilled water dro-
plet was applied by a pipette. Subsequently, we captured
images of the contact surface using a Canon EOS 500D
camera. Similar to stomatal detection, we used a con-
volutional neural network implemented in PyTorch to
distinguish water droplets following the region-growing
methodology (Lagergren et al., 2023). Using a dataset of
96 images for training and 23 for testing, we achieved a
segmentation accuracy (Sørensen-Dice coefficient) of 0.917.
Contact angle was measured by fitting a circle to the
detected droplets using a Hough transform (Xu et al.,
2013), and subsequently measuring the angle of the droplet
to the microscope slide.

Spectral reflectance Spectral reflectance was measured on the
adaxial surface of each leaf utilizing a handheld PolyPen RP
410 (Photon Systems Instruments) after samples were returned
to the field. The data were subsequently captured and recorded
using the SpectraPen software provided by the manufacturer.
We used a Spectralon white reference standard to normalize
reflectance measurements. From the reflectance spectra, we
computed NDVI, defined as the Normalized Difference Vegeta-
tion Index (see calculations in Table S1), and PRI, defined as
the Photochemical Reflectance Index (see calculations in
Table S1).

Wood sampling

Preparation for δ13C Wood samples for δ13C analysis were
collected in January 2022 from the Core population across all
three blocks of both treatments (control and drought), totaling
3019 samples from 479 genotypes. For each sample, three 5-cm
segments were harvested from south-facing primary branches at
c. 1.3 m height and stored in labeled paper bags. The samples
were dried at 65°C for 14 d to ensure consistent moisture
removal.

Following drying, dormant buds at branch tips were carefully
removed using shears, while the bark was left intact. The dried
wood was ground to a fine powder using a TissueLyser II (Qia-
gen) with stainless steel grinding jars (2 × 10 ml) at 20 Hz for
1 min, yielding a particle size of c. 0.50 grains mg�1, following a
protocol similar to Moghaddam et al. (2013). Ground samples
were transferred into labeled plastic vials, and precisely 3 mg
(�10%) of powder was measured into tin capsules, which were
folded as necessary for analysis. The capsules were arranged in
96-well plates, with two duplicates included in each of the 33
plates.

The prepared samples were sent to the UC Davis Stable Iso-
tope Facility for carbon isotope discrimination analysis using
isotope-ratio mass spectrometry (IRMS).

Calculations of δ13C The following was used to calculate δ13C:

δ13C = 13C=12C
� �

standard
� �

= 13C=12C
� �

sample
� �� 1000‰

This value is expressed in parts per thousand (‰) and com-
pares the ratio of 13C to 12C in the sample to that in a standard
(typically a belemnite formation from the Peedee Formation in
South Carolina, known as PDB). A negative δ13C value implies
that the 13C/12C ratio in the plant is lower than that in the stan-
dard. Since plants discriminate against δ13C, most plants have
negative δ13C values. The more negative the value, the stronger
the preference for 12C in the photosynthetic process. A higher
WUE is indicated by a higher 13C/12C ratio (less negative δ13C
values and less discrimination against 13C).

Tree height

Biomass productivity data were collected as tree height mea-
surements in March 2021 (beginning of the growing season,
after leaf flush) and November 2021 (end of growing
season, after bud set), following the first year of the applied
drought treatment. The height of every experimental tree
across each block of both treatments was recorded using a
telescopic height pole.

Statistical analysis

Statistical analyses were performed using RSTUDIO (v.4.1.2). We
visualized spatial data using the LEAFLET package (v.1.7.1), a Java-
Script library for interactive maps. After loading the necessary
library, our geospatial data were overlaid on a CartoDB Positron
basemap on which the data points can be placed. During the data
exploration and organization phases, we employed a suite of
packages including DPLYR, TIDYVERSE, TIDYR, PLOTRIX, DATA.TABLE,
and STRINGR. Enhanced data visualization was achieved with the
GGPLOT2 package, facilitating the creation of frequency diagrams,
reaction norms, and boxplots. For statistical significance testing
and analysis of variance (ANOVA), we utilized packages such as
STATS, LME4, EMMEANS, and LMERTEST.

Water content The water content (WC) was calculated using
the fresh weight and dry weight of leaf samples. The WC was also
calculated by using (see Table S1):

WC= fresh weight gð Þ–dry weight gð Þð Þ

Proportional water content (PWC) was also calculated by
using (see Table S1):

PWC= fresh weight gð Þ–dry weight gð Þð Þ=fresh weight gð Þ

Drought response To quantify the plasticity of the trait, we
employed the formula:
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Drought Plasticity Index¼ Mean Trait Value under Controlð
�Mean Trait Value under DroughtÞ

This index provided a relative difference value, representing
the extent of trait variation due to drought exposure across differ-
ent genotypes (Fig. 2; Table S3).

Drought resilience index (DRI)

DRI= phenoD=phenoCð Þ= mean phenoD=mean phenoCð Þ

where phenoD is phenotype drought, phenoC is phenotype
control, mean phenoD is population mean of phenotype
D, and mean phenoC is population mean of phenotype C.

This index calculates the ratio of yield reduction under stress
in a specific genotype relative to the average reduction across all
genotypes (Table S4). PhenoD refers to a phenotype of the
drought treatment, and phenoC refers to a phenotype of the con-
trol treatment.

Relative growth rate The relative growth rate (RGR) of height
was calculated with the equation:

RGR= loge W2ð Þ–loge W1ð Þ� �
= loge W1ð Þ� �

where W1 represents the height taken in March 2021 and W2

represents the height measured in November 2021.

Estimating correlations and variance components of traits

In our analysis, the contribution of Genotype (G), Treatment
(T), and their interaction (G : T) to the variance in plant traits
was estimated. This estimation was conducted in R, utilizing the
lme4 package, where Genotype, Treatment, and Interaction were
treated as random effects. Post-model fitting, the variance com-
ponents were extracted using the VarCorr function, and the var-
iance associated with Genotype, Treatment, Interaction, and
Residual was isolated. The total variance was computed as the
sum of these components. Subsequently, the percent variance
explained by each component was calculated by dividing each
variance component by the total variance and multiplying by 100
(Fig. S2). To estimate the relationships between plant traits,
pairwise Pearson correlation coefficients were calculated
separately for control and drought treatments in R with cor
(. . ., use="complete.obs"). These correlations were visualized
with a heatmap in R (Fig. S3).

Fig. 2 Phenotypic responses to drought and control treatments in Populus trichocarpa. (a) Inverse normal transformation (INT) scaled phenotypes for traits
under control (C, blue) and drought (D, orange) treatments. (b) Kolmogorov–Smirnov test statistic and corresponding P-values comparing trait
distributions between treatments.
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Model : yijk = μþ Gi þ Tj þ G � Tð Þij þ ϵijk

where yijk represents the observed trait value for the ith genotype,
jth treatment, and kth observation. μ is the overall mean of the
trait across all genotypes and treatments. Gi represents the ran-
dom effect of the ith genotype. Tj represents the fixed effect of the
jth treatment. (G × T)ij is the random interaction effect between
the ith genotype and jth treatment. ɛijk denotes the residual error
term associated with each observation, capturing the variability
not explained by the other components in the model.

The percent variance explained by each component is calcu-
lated as follows:

%Variance Component

= Variance Component=Total Varianceð Þ � 100

Estimation of broad-sense heritability H2 for traits and
genetic correlation

An upper limit of broad-sense heritability, which is clonal repeat-
ability, for a total of 30 traits was calculated by estimating genetic
variance as per the univariate model below:

y = 1μþ Zg þ e

g � N 0, σ2g I
� �

; e � N 0, σ2e I
� �

H 2
R = σ2g

� �
= σ2g þ σ2e

� �� �

Here, y is an (n × 1) vector of transformed trait values for
all ramets (n) for a given trait in either drought or control
treatment. The trait mean is denoted by μ, and 1 is a (n × 1)
vector of ones. The vector g is a (i × 1) vector of total genetic
effects for i individual genets, modeled by the (n × i) inci-
dence matrix Z, and σ2g represents the total genetic variance.
e is an (n × 1) vector of random residuals, and σ2e is its var-
iance estimate.

I represents an identity matrix of corresponding dimensions
and ignores the relatedness among genets when modelling g. The
following bivariate model was used to estimate trait–trait covar-
iance for each pair of traits thus making it possible to calculate
pair-wise genetic correlation (rg).

yt1
yt2

� �
¼

1 n�1ð Þ 0n

0n 1 n�1ð Þ

" #
μt1

μt2

" #
þ

Z t1 0 n�ið Þ

0 n�ið Þ Z t2

" #
g t1

g t2

" #

þ
et1

et2

" #

g t1
g t2

� �
� N 0 2i�1ð Þ,T �� �

T � ¼ T�I

T ¼ σ2t1 σt1t2
σt1t2 σ2t2

� �

r g ¼ σt1t2ffiffiffiffiffiffi
σ2t1

p
�

ffiffiffiffiffiffi
σ2t2

p
Here, yt1 and yt2 are (n × 1) vectors with trait values for the

pair of traits under consideration (t1 and t2), while μt1 and μt2 are
means for each trait, respectively. gt1 and gt2 represent (i × 1) vec-
tors of total genetic values for t1 and t2 respectively modeled by
the (n × i) Z1 and Z2 incidence matrices. Covariance of genetic
values was modeled by T* and was obtained as the Kronecker
product (�) between I and T matrices. For both univariate and
bivariate models described above, solving linear mixed model
equations, obtaining REML estimates of variance covariance
components, and obtaining SE of statistics were carried out as
per the methods described in Lynch & Walsh (1998), and imple-
mented in Covarrubias-Pazaran (2016) (Fig. S4).

Climate–trait correlations For assessing relationships between
traits (separately for drought and control treatments) and climate of
origin (Bioclimatic variables 1–19 fromWorldClim) of experimen-
tal trees (Table S5), Spearman’s rank correlation coefficient was
computed using R (Fig. 3a). The Spearman’s correlation measures
the strength and direction of monotonic associations between
paired data. This nonparametric test was chosen due to its robust-
ness against outliers and its capability to detect nonlinear relation-
ships. Calculations were performed using the cor.test() function
with the method set to SPEARMAN from the base R package.

Random forest prediction of traits in relation to the climate
of origin

Utilizing the Random Forest (RF) package in R, we implemented
a RF regression model to analyze the impact of climate on INT
trait values under drought conditions, informed by 19 World-
Clim Bioclimatic variables. Our models, each comprising 500
trees, were validated to ensure convergence, confirming that addi-
tional trees would not enhance predictive accuracy. The model’s
efficacy was assessed by comparing observed and predicted trait
values. We then plotted the predicted values from the resulting
RF model for traits across the range of P. trichocarpa to visualize
the geographical patterns of traits and climate (Fig. 3b).

Genome-wide association studies (GWAS) Trait values and
genotype means were transformed using a rank-based inverse
normal transformation (INT) following Auer et al. (2016). This
transformation standardizes genotype values to improve normal-
ity, reducing skewness and enhancing both statistical power and
interpretability for downstream analyses. Genome-wide associa-
tions were conducted for all traits using genotype means for
drought, control treatments, and their plasticity. Genomic varia-
tion, including SNPs and small insertions/deletions (InDels), was
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obtained from previous research (Tuskan et al., 2006; Evans
et al., 2014). Associations between genome-wide genetic variants
and phenotypic traits were analyzed using GEMMA (v.0.98.4)
(Zhou & Stephens, 2012), incorporating a kinship matrix as a
random covariate to account for population structure. Each
genetic variant was modeled using the equation y= Xβ + g + ɛ,
where y is the vector of trait values for each individual, X is the
matrix of fixed effects (variants), β is the vector of fixed-effect
coefficients, g represents the random genetic effect due to popula-
tion structure and relatedness, and ɛ is the vector of residual
errors. The statistical significance of allele–trait associations was
determined by the P-value of β. Variants were filtered to include
only those with a minor allele frequency (MAF)≥ 0.05. To iden-
tify putative GWAS peaks and address redundancies caused by
linkage disequilibrium (LD), alleles were clustered using PLINK
with parameters: --clump-p1 1, --clump-p2 1, --clump-r2 0.05,
and --clump-kb 50. The 50-kb clumping threshold was informed
by the genome-wide LD decay rate, which reached equilibrium

at an r2 of 0.05 within a 50-kb window. This process identified
the most statistically significant allele for each LD group.

For visualization, clumped alleles were initially filtered to
retain those with P< 1 × 10�4. Further refinement was per-
formed based on a Bonferroni-corrected significance threshold
(P≤ 0.05) using a chi-squared test to evaluate the significance of
all linked alleles within each clump against a uniform P-value dis-
tribution. Genes located within 20 kb of the most significant var-
iant in each clump were selected for downstream analyses (Figs 4,
S5; Table S6). We visually inspected QQ plots to confirm ade-
quate control for population structure (Fig. S6).

Putative paralogs of Arabidopsis thaliana genes (TAIR10) in
the P. trichocarpa proteome were identified using BLASTP (BLAST

v.2.13.0+) with the following criteria: E-value < 1 × 10�5, bit-
score > 100, and percent identity > 30%. For each P. trichocarpa
protein, the A. thaliana gene with the lowest E-value was
retained. We then checked the gene descriptions and gene ontol-
ogy annotations for terms such as ‘stomata’, ‘water’, ‘guard cell’,

Fig. 3 Analyses of traits in relation to the climate-of-origin among Populus trichocarpa genotypes. (a) Heatmap illustrating Pearson correlations between
stomatal traits and bioclimatic variables sourced fromWorldClim. (b–d) Geographic distribution of predicted (b) stomatal size, (c) abaxial contact angle,
and (d) leaf area based on Random Forest models, with scatterplot inset contrasting predicted vs observed values.
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and ‘abscisic acid’ to identify candidate genes associated with
these processes. From this, we generated lists of loci (available in
Table S7) for future research aimed at identifying potential causal
loci. The number of times each gene was located within 20 kb of
a GWAS signal associated with traits was also recorded to guide
further exploration.

Elucidating the role of chromosome 10 locus in
stomatal size

We examined, in greater detail, a locus on chromosome 10 con-
sistently associated with stomatal size under both drought and
control treatments and at two measurement time points
(Fig. S7). The pronounced signal from this locus provided a
unique opportunity for an in-depth case study, aiming to answer
several pivotal questions:

To assess the LD across this genomic window, we calculated
the Pearson correlation between all variant pairs in this 20 kb
window, subsequently visualizing the results in a heatmap format
and by visualizing LD with the most significant variant. Utilizing
a RF model (implemented in R using the randomForest package,
with 500 trees), we modeled trait–climate relationships based on

genotypes with known phenotypic data. This model enabled us
to predict stomatal size for genotypes with previously unmea-
sured traits based on their climate of origin, employing biocli-
matic variables sourced from WORLDCLIM v.2.0. We then
assessed the predicted allele effects by examining these predicted
phenotypes with the respective allele states across our dataset.

Lastly, we investigated the relationship between allele state
and climatic variables. This entailed calculating the t-statistic
for the correlation between allele states and each individual
bioclimatic variable. Furthermore, we employed a RF model,
incorporating all bioclimatic variables, to predict allele states.
The accuracy of this model was gauged through analysis of the
confusion matrix in R. Predicted allele states were projected
and mapped across the geographical range of P. trichocarpa
(Fig. S8).

Future climate predictions of chromosome 10 locus

To investigate the potential impact of future climate changes on
the frequency of a specific allele associated with stomatal size
on chromosome 10, we employed high-resolution future climate
projections and predictive modeling. This allele was selected
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Fig. 4 Genome-wide association study (GWAS) reveals locus contributing to stomatal size. (a) Summary of GWAS across all traits. Points indicate the
positions of clumps identified along the Populus trichocarpa genome. The color and size of points reflect the legend in (b). (b) A zoomed-in view of
chromosome 10. (c) High-resolution view of a specific genomic region on chromosome 10, focusing on the interval containing significant clumps.
Annotated genes within this region are highlighted, with KCS genes denoted by green. Vertical lines show the positions and significance of clumps for
associations with specific traits. Horizontal lines indicate the range of variance within each clump.
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based on its significant association with stomatal size and the cli-
mate of origin, suggesting its potential responsiveness to future
climatic shifts. We utilized downscaled future climate projections
(10-min spatial resolution) from the Coupled Model Intercom-
parison Project Phase 6 (CMIP6), available through WORLDCLIM

v.2.1, which, as described (https://www.worldclim.
org/data/cmip6/cmip6climate.html), underwent both downscal-
ing and calibration (bias correction) against the baseline climate
provided by WORLDCLIM v.2.1 Our analysis encompassed data
from 10 global climate models (GCMs), specifically:
ACCESS-CM2, CMCC-ESM2, EC-Earth3-Veg, GISS-E2-1-G,
INM-CM5-0, IPSL-CM6A-LR, MIROC6, MPI-ESM1-2-HR,
MRI-ESM2-0, and UKESM1-0-LL. We evaluated these models
across four Shared Socio-economic Pathways (SSPs): SSP1-2.6,
SSP2-4.5, SSP3-7.0, and SSP5-8.5, at four future time intervals:
2021–2040, 2041–2060, 2061–2080, and 2081–2100.

Initially, we compared future climate predictions to current
climatic conditions (baseline) using bioclimatic variables from
WorldClim, the geographic locations of P. trichocarpa genotypes.
We performed t-tests, using the t-test statistic as a unitless mea-
sure of the severity of change for each bioclimatic variable. This
preliminary step established an understanding of the extent of
future climatic changes potentially facing P. trichocarpa.

To predict future allele frequencies, we adopted a machine
learning approach using RF models in R. This involved analyzing
the SNP with the strongest correlation to stomatal size within the
identified locus on chromosome 10. Given the imbalanced geno-
type frequencies, we first balanced the dataset through random
downsampling. From this balanced dataset, we trained a RF
model to predict genotype frequencies based on bioclimatic vari-
ables. This model was applied to both the current climate base-
line and all future climate scenarios for each combination of
GCM, SSP, and time interval.

To ensure robustness, this process was iterated 100 times with
random downsampling to obtain balanced training datasets,
resulting in a total of 16 000 model predictions. For each predic-
tion, we calculated the frequency of the allele associated with
smaller stomata and compared it to the baseline frequency pre-
dicted from current climate conditions (Fig. 5).

RNA-Seq data generation and differential expression
analysis

RNA extraction, library construction, and sequencing were con-
ducted following the protocols described by Zhang et al. (2018).
Sequencing was performed on the Illumina HiSeq 2500 platform
using paired-end 150-bp reads. The dataset, including NCBI
SRA accession numbers for publicly available sequences, is
detailed in Tables S8 and S9.

Differential expression analysis was conducted to identify
genes associated with stomatal size by comparing genotypes
within the top 10% (‘big’ stomata) and bottom 10% (‘small’ sto-
mata) quantiles. Raw RNA-Seq count data were processed using
DESEQ2 (Love et al., 2014) in R. Genes with low expression
(total counts ≤ 1 across all samples) were filtered out to enhance
statistical power.

Significantly differentially expressed genes (DEGs) were iden-
tified using an adjusted P-value (Padj)≤ 0.05 and an absolute log2
fold change (|log2FC|)≥ 1. Gene annotations were integrated by
mapping significant DEGs to the Populus trichocarpa genome
(v.3.1) for functional insights. Results were visualized using vol-
cano plots generated with GGPLOT2, highlighting the relationship
between fold changes and statistical significance.

Results

Drought implementation and trait responses

We imposed drought and irrigated treatments on field trials of
diverse P. trichocarpa during the summer of 2021 in Davis, CA
(Figs 1, S1). The successful implementation of water limitation
was confirmed by regular measurements of soil water potential
and the lack of precipitation during the treatment period
(Fig. S1). Total precipitation recorded from June to September
2021 was 0.51 mm. The effect of water deficit was visually evi-
dent in P. trichocarpa trees, such as wilting or yellowing leaves
and early leaf shedding in the drought-treated trees. The effect of
drought relative to control conditions was detected in a number
of traits measured (Tables S1, S2, S3, S5), especially those traits
related to biomass and performance. Drought treatment signifi-
cantly reduced leaf size, leaf mass, height, and growth rate (Figs 2,
3). Among leaf morphological traits, we saw a significant trend
for smaller, more dense stomata under drought conditions along
with reductions in SLA, leaf perimeter, and abaxial contact angle,
reflecting constraints on growth, and whether the plasticity is
adaptive remains a question for future work (Figs 2, 3). Notably,
water-related traits, such as δ13C, a proxy for WUE, were signifi-
cantly higher under drought, suggesting a water-conservation
response. For traits where measurements were made at multiple
time points, the effect of drought was more pronounced on mea-
surements made in September, after several months of water defi-
cit, than in June, shortly after the onset of the drought treatment
(Figs 2, 3). This is especially clear in spectral reflectance data. For
example, the difference between control and drought for PRI and
NDVI was most evident in September. In particular, PRI was
dramatically reduced in drought-treated plants, indicative of phy-
siological stress (Magney et al., 2016; Wong et al., 2022; Mulero
et al., 2023).

Trait correlations were similar under drought and control
treatments (Fig. S4). Positive correlations were observed between
stomatal size in June and stomatal size in September, indicating
consistency in trait behavior across different growth stages and
durations of drought (June vs September). A negative correlation
was evident between stomatal density and stomatal size, consis-
tent with previous observations in poplar (McKown
et al., 2014a) and other species (Franks et al., 2009; Liu et al.,
2021). We also observed significant plasticity in several traits.
The variance components analysis from the experimental field
trial delineated variability in plant traits into three sources:
Genotype (G), Treatment (T), and their interaction (G × T).
Genotypic variance was observed across most traits, underscoring
the significance of genetic differences among the samples
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(Fig. S2). Environmental treatments significantly affected traits
such as stomatal size in September and leaf compactness in June.
The interaction between genotype and treatment was evident in

traits such as water content, indicating a differential response
of genotypes to various treatments. Overall, the findings empha-
size the complex interplay of genetics and environment in

Fig. 5 Analysis of locus on chromosome 10 (10 356 950–10 746 695) associated with stomatal size in Populus trichocarpa. (a) Left: allele effects on
stomatal size (left: β, right: –log10(P ) from simple linear regression phenotype–allele across all observations and ‘allele effects’ on climate-predicted allele
effects of genotypes with unmeasured phenotypes in the region on chromosome 10. (b) Depiction of allele effect on stomatal size for genotypes with
measured (upper) and climate-predicted (lower) phenotypes. Each point illustrates the mean, while error bars (barely visible) represent� 2 SE.
(c) T-statistic values from Pearson correlation, illustrating the relationship between allele state and the climate origin of genotypes. (d) Visualization of
the prediction accuracy of the Random Forest model, presenting the proportion of predicted allele states corresponding to each observed allele.
(e) Geographical mapping of predicted allele states based on bioclimatic variables. (f) Change in bioclimatic variables from historical measures under
various climate scenarios (SSPs and time). x-axis (T) represents the t-test difference between future and current measures. Points mark mean values, where
error bars indicate SE across 10 global climate models (GCMs). (g) Predicted change in frequency of small stomata allele on chromosome 10 under future
climates. Boxplots represent predictions averaged across GCMs for 100 iterations of randomized, balanced training sets for Random Forest models of
genotype–bioclimatic variables under contemporary climates, used to predict genotype states in P. trichocarpa.
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determining plant trait variability, in particular, in response to
drought.

For the drought treatment, where replication allowed such
analyses (see Materials and Methods section), all traits showed
significant clonal repeatability (H2R) except for adaxial contact
angle, a proxy for wettability, for the time point measured in Sep-
tember (Fig. S3a). As expected, we observed high genetic correla-
tion (rG) for traits across June and September (Fig. S3b). Leaf
biomass traits (perimeter, dry, and fresh weight) showed high
positive rG with each other and were significantly negatively cor-
related with SLA. Interestingly, rG was strongly negative between
adaxial and abaxial contact angles, indicating possible trade-offs
between these traits. Furthermore, adaxial contact angle was
strongly negatively correlated with leaf biomass traits, relative
water content, RGR, NDVI, and PRI. As also seen with phenoty-
pic correlations, stomatal density and stomatal size showed strong
negative rG.

Relationships between traits and climatic conditions

We found significant correlations between plant traits and the cli-
mate of their origin (Fig. 3). Greater leaf size and weight, for
instance, were predominantly associated with cooler, wetter cli-
mates. Notably, stomatal density and size demonstrated contrast-
ing relationships to climatic conditions. Specifically, genotypes
originating from warmer, arid climates exhibited higher stomatal
densities but possessed smaller stomatal sizes. Warmer, drier cli-
mates correlated with less negative δ13C (WUE) values. To pro-
vide a more nuanced understanding of the interaction between
climatic variables and plant phenotypes, we employed RF models
(Fig. 3b–d). The strength of RF models lies in their ability to
detect nonlinearities and interactions, thereby potentially enhan-
cing the accuracy of predictions. Nevertheless, they do present
challenges in terms of interpretability for targeted hypothesis test-
ing. These RF models confirmed a marked correlation between
the predicted values and the actual measurements. Visualizing
these predictions across the range further emphasized the rela-
tionships between stomatal size, geography, and climate.

Genome-wide associations (GWAS)

We performed GWAS analyses for each trait: phenotypes under
drought, control, and the difference (plasticity) (Figs 5, S5–S7;
Tables S5, S6). These analyses identified loci explaining variance
in traits after accounting for population structure. In total, across
all traits, environments, and plasticity, we identified 303 signifi-
cant associations, each reflecting a cluster of SNP variants in LD
enriched for association with the trait of interest.

Evaluating GWAS results across traits after variant clumping
and considering multiple testing revealed a notable locus on chro-
mosome 10. This region was significantly associated with stoma-
tal size in both drought and control treatments, and for
measurements in both June and September, as well as for abaxial
contact angle, a proxy measure of cuticle wax (Figs 4, S6, S7).
We found that alleles in this locus explained 15.9% of the var-
iance in stomatal size across all measured plants, irrespective of

treatment. This region contains a cassette of tandem 3-ketoacyl-
CoA synthase (KCS) family genes, with KCS genes being pre-
viously linked to both cuticular wax and stomatal traits (Gray
et al., 2000; Gonzales-Vigil et al., 2017). A KCS gene in this
region was previously linked to high alkene content in abaxial
cuticular wax and differences in stomatal size in P. trichocarpa
(Gonzales-Vigil et al., 2017), and may also be linked to Melamp-
sora and Septoria resistance (pers. comm). The LD around this
region revealed that the variants with strong associations had sig-
nificant long-range LD with one another, consistent with a soli-
tary causal locus with extensive LD with neighboring variants
(Fig. S7).

For more mechanistic insight into variation in stomata size,
we used a bulk segregant RNA-Seq analysis from leaf tissue
(Table 8). We identified 51 genes differentially expressed
between the top and bottom deciles of genotypes ranked by sto-
mata size. Only one of these genes colocalized with a GWAS
signal: Potri.010G079500, which showed a> 4-fold difference
in expression (P= 7.35 × 10�5, Padj= 0.046), one of the KCS
genes on chromosome 10 adjacent to the most significant
GWAS signal for stomata size (Fig. 4c), providing further evi-
dence for the causal link between variation in KCS genes and
stomatal size.

To explore its role in local adaptation to climate, we estimated
allele effects on climate-predicted phenotypes for P. trichocarpa
genotypes whose stomatal phenotypes were not analyzed in this
study (Fig. 5). The rationale behind this approach was multifold.
Primarily, it served as a strategy to verify the integrity of climate–
trait associations. If the phenotype predictions based on climate
were accurate and reflected local adaptation, they should replicate
the empirical allele effects observed in genotypes for which phe-
notypes were measured. Second, it showcases the potential of
leveraging local adaptation in employing climate-predicted phe-
notypes in a broader genotype sample to augment efforts in pin-
pointing physiologically significant loci. These analyses are, in
essence, a form of environmental GWAS that treats the environ-
ment of origin as a phenotype (e.g. Ferrero-Serrano & Ass-
mann, 2019). In our case, because the predicted phenotype
is derived entirely from the climate of origin, it reflects a transfor-
mation of the environmental parameters fit to a target trait,
thereby potentially enhancing the study of locally adaptive alleles.

These analyses confirmed that observed allele effects were
highly predictive of allele effects on phenotypes predicted by cli-
mate of origin in unmeasured genotypes (stomatal size: r= 0.95,
P< 2 × 10�16). Examining the most significant SNP within this
region yielded two noteworthy findings: an observable additive
effect where heterozygous individuals presented an intermediate
phenotype and a match between the empirical ‘effect’ and
climate-predicted phenotypes (Fig. 5). Further exploration into
climate–allele associations revealed that alleles linked with small
stomata were predominant in environments characterized by
reduced warm-season precipitation and greater precipitation sea-
sonality (Figs 5d, S8). This aligns with the general trait correla-
tions we noted, consistent with the distribution of alleles at this
locus reflecting local adaptation to climate. The robustness of the
relationship between the climate and allele state is further
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emphasized when predicting the allele state using the RF model
based on climate parameters (χ2 test, P< 2 × 10�16, Fig. 5).

Future climates

Given the strong link between loci affecting stomata size and cli-
mate, we set out to ask whether this yields predictions about
future evolution at this locus. We evaluated the severity of cli-
mate change across various bioclimatic variables at the geographic
locations of P. trichocarpa. These were based on different SSPs
and temporal projections, revealing that more intense SSP scenar-
ios forecasted more substantial changes in climate, intensifying
over time (Fig. 5g,i).

As expected, the predicted changes in climate suggest a general
trend toward warming. Notably, there is an expected increase in
the extremities of precipitation – wetter conditions during the
colder months, coupled with drier conditions throughout
the summer months. These shifts in temperature and precipita-
tion patterns may drive natural selection on stomatal size. The
allele associated with smaller stomatal size is found to be more
prevalent in environments with high intra-annual precipitation
variability and drier summer months – conditions that are
expected to become more common in the future for P. tricho-
carpa (Fig. 5g,h).

Our predictive models, averaging across all 10 GCMs for
each set of 100 random iterations, indicated a predicted increase
in the expected frequency of the small stomata allele, particu-
larly under the more severe climate scenarios (SSP3-7.0 and
SSP5-8.5), with a notable escalation over time (Fig. 5g,h).
These increments were most pronounced in the latter half of
the 21st century. Taken together, these findings support the
hypothesis that allelic variation associated with stomatal size
reflects local adaptation to climate, which may be perturbed by
extreme climate change.

Discussion

This study has identified novel genetic loci that underpin pheno-
typic variation in stomatal and other leaf traits linked to P. tricho-
carpa crop adaptation to future water-limited environments.
These findings will be informative in enabling future feedstock
development for marginal environments. By deploying a con-
trolled drought experiment, subjecting over 7000 trees across
6.1 ha to a controlled soil moisture deficit, we have begun to
unravel the complexities of adaptive vs plastic responses
to drought. Our findings provide evidence for local adaptation in
P. trichocarpa, with associations between climate and functional
traits (Viger et al., 2016).

We estimated the genetic variance of drought-related traits
using broad-sense heritability (H2R), an upper-limit estimate of
the proportion of total genetic variance to phenotypic variance.
Control block estimates were not possible due to single ramet
measurements per genet. SNP-heritability results were similar to
H2R, suggesting overestimation of additive genetic values, likely
due to low relatedness among genets causing the genomic rela-
tionship matrix to approximate an identity matrix. While we

could not fully separate additive from nonadditive genetic effects,
estimates of genetic correlations (rG) provided key insights.

Stomatal size and density showed high heritability and a strong
negative genetic correlation, consistent with their functional
trade-off under WUE constraints. This trade-off has been
observed across other tree species and validated through genetic
manipulation in Arabidopsis. Leaf traits like PRI and NDVI,
which are indicative of light absorption processes, also showed
strong negative genetic correlations with adaxial contact angle
and most leaf biomass traits. Lower adaxial contact angle indi-
cates increased wettability, which could reduce gas exchange and
carbon assimilation. These observed correlations suggest that leaf
morphology and associated indices may reflect adaptive mechan-
isms under drought stress in our plantation setting.

Our analysis indicates that stomatal traits are closely linked to
the climatic conditions of their geographic origin, with genotypes
from hotter, drier climates often exhibiting smaller, denser sto-
mata, consistent with previous findings (Pearce et al., 2006). This
relationship is valuable for considering poplar as a bioenergy crop
in marginal lands and could help inform the selection of geno-
types with stomatal traits and other traits aligned to the target
environment of production. The plastic response of stomatal size
reduction under drought conditions may reflect an adaptive
response, supporting smaller stomata associated with arid envir-
onments and underscoring their role in optimizing WUE (Dun-
lap & Stettler, 2001). No strong relationship between stomatal
size and height or RGR (Fig. S4) was observed, indicating that
these traits can be disentangled, enabling future selection and
breeding of adaptive stomatal traits for hot and dry environ-
ments, with maintained yield. While WUE increased under
drought, potentially reflecting adaptive plasticity, a relationship
with stomata size was not evident.

We identified a significant locus on chromosome 10 associated
with stomatal size and abaxial contact angle, showing a distribu-
tion among genotypes highly predicted by the climate of origin.
A significant locus on chromosome 10 was previously found to
be important in determining δ13C in a biparental mapping popu-
lation with one grandparent as P. trichocarpa (Viger et al., 2013),
thus linked to plant WUE. Of the known candidates that map to
this chromosome 10 locus, 3-ketoacyl-CoA synthase 11, KCS11
is a gene family member involved in the biosynthesis of very long
chain fatty acids codes for long-chain fatty acids, already shown
to have a role in stomatal development and function in relation
to drought tolerance and stomatal response to elevated carbon
dioxide (Gray et al., 2000; Tang et al., 2020). Future work will
benefit from the availability of long-read sequence data to capture
potential structural variants and long-range haplotypes that char-
acterize the variation in this region for greater causal inference.
This could prove a promising candidate for genetic exploration
to enable precise gene editing (Allwright & Taylor, 2016; Taylor
et al., 2019, 2024). Investigating this and other loci could reveal
causal variants, providing breeders with tools to develop Populus
varieties tailored for specific environmental demands. This
approach aligns with sustainable biofuel production goals and
broader environmental stewardship efforts. However, detailed
mapping of these regions is necessary to unravel underlying
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genetic mechanisms (Table S7). Presently, these genetic markers
identified provide a resource for future studies aiming to dissect
the genetic basis of adaptation in P. trichocarpa.

P. trichocarpa’s current adaptation to its climate underlines the
need to explore resilience under changing future climates, since
the ability to predict alleles with future adaptive value is essential
for conservation and the management of natural populations
(Blumstein et al., 2020). The adaptability shown by Populus bal-
samifera, through a wide range of adaptive physiological
responses, offers hope for potential resilience against future cli-
mate shifts (Keller et al., 2011). The clinal variation and genomic
signals observed in P. trichocarpa indicate a blend of unique and
shared adaptive responses to different environmental gradients,
shaped by genomic, environmental, and functional factors
(Zhang et al., 2019). Such insights lay the groundwork for under-
standing adaptation mechanisms in species facing climate change
threats.

Predicting stomatal size from the climate of origin offers an
approach to inferring phenotype values in genotypes without
direct measurements, aiding in the association between observed
alleles and traits. This methodology holds potential for streamlin-
ing the assessment of complex physiological traits, though its
applicability across various traits and species requires more
empirical validation. We found novel evidence of predicted allele
frequency shifts toward those associated with smaller stomatal
size under future climate projections, especially under severe sce-
narios, suggesting that natural selection may favor traits condu-
cive to surviving anticipated shifts in precipitation patterns
(Fig. 5). This trend prompts crucial considerations about the
pace of evolutionary dynamics in perennial species like P. tricho-
carpa in response to forecasted rapid environmental changes and
the implications for the species’ persistence and resilience. By
contrast, for research on conifer trees, there is evidence of limited
adaptation to local climate for populations of Douglas-fir
(Candido-Ribeiro & Aitken, 2024). Although this study largely
considered photosynthetic traits only and is in contrast to
earlier research on Douglas-fir, that demonstrated significant
intraspecific population variation in traits in relation to the cli-
mate of origin (Bansal et al., 2015), or relevance to identifying
adaptive and plastic responses to enable drought tolerance in the
face of climate change. For P. trichocarpa, our data suggest a sig-
nificant need for allele frequency shifts with climate, but the tim-
ing and importance of these phenomena require further
investigation.

While our findings provide valuable insights into loci and
traits associated with drought tolerance, it is critical to acknowl-
edge the inherent trade-off between drought tolerance and yield.
Resources allocated to survival mechanisms under stress condi-
tions often come at the expense of growth performance, particu-
larly over multiple years. Breeding strategies must carefully
navigate this balance to develop genotypes capable of both surviv-
ing extreme conditions and maintaining productivity. The loci
identified in this study offer a promising foundation for achieving
this balance, but long-term evaluations under variable
environmental conditions are needed to fully understand their
implications.

Utilizing natural populations preserves biodiversity and
reduces the long breeding cycles typical of forest trees by main-
taining allele–phenotype relationships. While marker-assisted
selection often struggles with complex traits, genomic selection,
leveraging genome-wide markers to predict traits beyond known
climatic envelopes, offers significant potential for adaptive breed-
ing strategies under climate change (Grattapaglia et al., 2018;
Cortés et al., 2020; Depardieu et al., 2020). Additionally, our
research supports identifying single gene targets for gene editing,
as demonstrated in Populus (Zhou et al., 2015), accelerating
wood domestication (Anders et al., 2023).

Poplar is a fast-growing, short-rotation crop with diverse appli-
cations, including the production of Sustainable Aviation Fuel
(SAF) (Webber et al., 2024), BECCS, and other bio-based uses,
making it a cornerstone of sustainable energy strategies (Sanni-
grahi et al., 2010; Porth & El-Kassaby, 2015). This versatility
emphasizes the importance of breeding programs aimed at
improving efficiency, yield, and adaptability, particularly on mar-
ginal, water-limited sites–a key limitation for bioenergy crop
deployment (King et al., 2013). Together, these approaches can
optimize woody feedstocks for future climates while addressing
the critical trade-offs between drought tolerance and yield. This
aligns with the U.S. Department of Energy’s goals to triple bio-
mass supply and meet 15% of energy demand through sustain-
able bioenergy crops (U.S. Department of Energy, 2024). By
addressing these gaps, our work advances conservation and breed-
ing strategies for poplar and other species, supporting its diverse
applications in a changing global climate.

Conclusions

We have uncovered evidence of adaptive variation in stomatal
and leaf traits within P. trichocarpa, pinpointing a set of loci asso-
ciated with genetic variation under both drought and control
conditions, as well as their plasticity. Our findings also under-
score the critical role of climate in shaping the adaptive landscape
of P. trichocarpa, casting light on potential challenges and oppor-
tunities for this species in the face of climate change. Leveraging
climate-predicted phenotypes provided compelling evidence for
the adaptive significance of a locus associated with stomata size,
which is predicted to respond to selection under future climates.
In summary, this work offers pivotal insights into the intricate
genetic underpinnings of physiological traits and their drought
responses in P. trichocarpa, with implications for both conserva-
tion strategies and breeding initiatives.
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Bogeat-Triboulot MB, Buré C, Gerardin T, Chuste PA, Le Thiec D, Hummel

I, Durand M, Wildhagen H, Douthe C, Molins A et al. 2019. Additive effects
of high growth rate and low transpiration rate drive differences in whole plant

transpiration efficiency among black poplar genotypes. Environmental and
Experimental Botany 166: 103784.
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Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Soil water potential, Davis, CA climate data and experi-
mental design.

Fig. S2 Variance components analysis (a) and principal compo-
nent analysis (PCA) (b) by trait in Populus trichocarpa.

Fig. S3 Comparative analysis (correlations) of traits measured in
this Populus trichocarpa study.

Fig. S4 Genetic control of traits in the genome-wide association
study of the Populus trichocarpa population.

Fig. S5 Quantile-quantile (QQ) plots displaying the observed vs
expected –log10 (P-values) for all traits included in the genome-
wide association study (GWAS).
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Fig. S6 Genome-wide association study (GWAS) results for all
traits measured in the Populus trichocarpa population.

Fig. S7 Genome-wide association study (GWAS) results for
untransformed stomatal size in Populus trichocarpa.

Fig. S8 Observed geographical distribution of example allele in
chromosome 10 (10 356 950–10 746 695) associated with sto-
mata size and density in Populus trichocarpa.

Table S1 Phenotypes measured and used for analysis, including
definitions, units, and time points.

Table S2 Raw phenotypes of the Populus trichocarpa study.

Table S3 Min/max/average for each phenotype measured in
Populus trichocarpa.

Table S4 Drought recovery index data.

Table S5 Populus trichocarpa genotype information (location of
origin and climate data from BioClim).

Table S6 Genome-wide association study GWAS summary of all
traits measured.

Table S7 Potential candidate genes (orthologs to Arabidopsis
thaliana), also highlighted with four categories (water, stomata,
guard cells, ABA).

Table S8 NCBI SRA accession numbers and genotype IDs for
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Table S9 Differential gene expression (DEG) results for geno-
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