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Introduction

Predicting the phenotypic responses of populations to changing
climates and how they vary across species ranges is essential for
conserving and restoring native ecosystems. Predicted changes in
fitness between current and future climates can be used to iden-
tify populations most at risk, or to identify populations resilient
to change which could be valuable seed sources for assisted gene
flow and restoration (Aitken & Whitlock, 2013; Aitken & Bem-
mels, 2016). Phenotypes expressed in the field arise from the gen-
otypic variation underlying phenotypic traits (G), the plastic
response to the environment (£), and genotypic variation in
response to the environment (GX E) (Des Marais et al., 2013).
Each of these factors varies across complex and changing
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Summary

e Plastic responses of plants to their environment vary as a result of genetic differentiation
within and among species. To accurately predict rangewide responses to climate change, it is
necessary to characterize genotype-specific reaction norms across the continuum of historic
and future climate conditions comprising a species’ range.

e The North American hybrid zone of Populus trichocarpa and Populus balsamifera repre-
sents a natural system that has been shaped by climate, geography, and introgression. We
leverage a dataset containing 44 clonal genotypes from this natural hybrid zone, planted
across 17 replicated common garden experiments spanning a broad climatic range. Growth
and mortality were measured over 2 yr, enabling us to model reaction norms for each geno-
type across these tested environments.

e Species ancestry and intraspecific genomic variation significantly influenced growth across
environments, with genotypic variation in reaction norms reflecting a trade-off between cold
tolerance and growth. Using modeled reaction norms for each genotype, we predicted that
genotypes with more P. trichocarpa ancestry may gain an advantage under warmer climates.
e Spatial shifts of the hybrid zone could facilitate the spread of beneficial alleles into novel cli-
mates. These results highlight that genotypic variation in responses to temperature will have
landscape-level effects.

landscapes. By characterizing reaction norms, the set of pheno-
types expressed across a range of environments, it is possible to
predict organisms’ responses to the variable environments they
inhabit and understand the selective forces that may be shaping
plasticity (Via et al., 1995; Arnold et al., 2019).

Reaction norms can vary within species, resulting in part from
selection imposed by spatially varying climates (Des Marais
et al., 2013; lkeda er al, 2017; Rehfeldt et al, 2018; Patsiou
et al., 2020). Predicting genotype-specific responses will be parti-
cularly important for species with large ranges, which may exhibit
variation in reaction norms due to the combined influence of
geography, population demography, and climate (Cooper
et al., 2019, 2022; Van Nuland e a4/, 2020). This is particularly
true where glacial refugia have shaped species’ demographic
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history and connectivity (Woolbright er al, 2014; Love
et al., 2023; Bolte et al., 2024). However, because of the difficulty
of phenotyping multiple genotypes across many environments,
many methods for modeling a species’ response to climate change
ignore genotypic variation, and instead consider only the climate
envelope of the extant species range (Capblancq et 4/, 2020).
Furthermore, regions within a species’ range will vary in the rate,
magnitude, and nature of climate change (e.g. increases or
decreases in precipitation), making it important to understand
localized climate responses. To accurately predict local phenoty-
pic responses to changing climates, it is necessary to test whether
reaction norms vary across genotypes, and if so, to characterize
genotype-specific reaction norms across the continuum of his-
toric and future climate conditions comprising a species’ range
(Arnold et al., 2019; VanWallendael et /., 2022).

Common garden experiments and provenance trials are invalu-
able tools for quantifying intraspecific variation in phenotypic
plasticity and for predicting phenotypic responses to current and
future environments (O’Neill ez al, 2008; Wang et al., 2010;
Leites et al, 2012; Fischer et al, 2014; Grady et al, 2015;
Browne ez al, 2019; Leites & Benito Garzdén, 2023; Ye
et al., 2023; Hord et al, 2025). Variation in reaction norms
across genetic and climatic gradients can be quantified using
repeated plantings of genotypes in multiple environments.
Genotype-specific reaction norms modeled across continuous
environments are used to identify genotypes or loci associated
with optimized fitness or yield across varying environmental con-
ditions; however, such studies have been limited to a handful of
species (Gray ez al., 2011; Arnold ez al., 2019; Lowry et al., 2019;
Patsiou et al., 2020; VanWallendael et al., 2022; Li et al., 2025).
Because plasticity results from adaptation to climate as well as
demographic history, it may be possible to predict the reaction
norms of unmeasured genotypes if they vary as a function of cli-
mate of origin (O’Neill ez al., 2008; Wang ez al., 2010; Rehfeldt
et al., 2018) or genetic variation. When genomic data are avail-
able in addition to phenotypic and climate data collected in com-
mon garden experiments, predictions of phenotypic responses
can be improved (Mahony ez al., 2020; Archambeau ez al., 2022;
Putra et al, 2023; Li et al, 2025). Therefore, incorporating
genetic information into characterization of reaction norms will
enable more accurate predictions of rangewide climate responses.

Natural hybrid zones are ideal systems for disentangling the
effects of adaptation and demographic history on phenotypes,
including reaction norms, because multiple generations of back-
crossing can result in novel recombinant genotypes associated
with high phenotypic variability (Janes & Hamilton, 2017).
Hybrid zones can increase the genetic variation available for
adaptation to rapidly changing climates and allow movement of
adaptive loci from one species into another via introgression
(Janes & Hamilton, 2017; Suarez-Gonzalez ez al., 2018b; Kremer
& Hipp, 2020; Buck et al., 2023; Hord ez al., 2025). Comparing
responses to the environment across admixed genotypes reveals
how existing genetic variation within hybrid zones underlies fit-
ness differences across environments. Hybrid zones can also be
used to monitor responses to climate change (Taylor et al,
2015), with documented geographic shifts in some zones in

New Phytologist (2025)
www.newphytologist.com

New
Phytologist

response to changing environments (Billerman ez al., 2016; Wiel-
stra, 2019; Alexander ez al., 2022). If reaction norms depart from
the intraspecific pattern across a hybrid zone, climate change may
alter regions where particular species, genotypes, or even genes
are favored (Hord et al., 2025).

North American Populus is a model system for forest trees due to
their small genomes, ease of clonal propagation, and development
as a biofuel feedstock (Jansson & Douglas, 2007; Sannigrahi
et al., 2010; Porth & El-Kassaby, 2015). Yet, like many nonmodel
trees, its genetic variation is shaped by interactions between climate,
geography, and interspecific introgression. Populus species occupy
heterogeneous landscapes, often forming multi-species hybrid zones
that are a source of novel recombinant genetic variation
(Suarez-Gonzalez et al, 2016, 2018a; Chhatre ez 4/, 2018; Bolte
et al., 2024). These factors make Populus an ideal system for quanti-
fying intraspecific variation in climate responses and predicting
landscape-scale changes in fitness. Here, we focus on the North
American hybrid zone between Populus trichocarpa, a western spe-
cies spanning latitudes from Alaska to California, and Populus balsa-
mifera, which occurs transcontinentally throughout the boreal
regions of the contiguous United States, Canada, and Alaska
(Fig. 1a). Populations within the hybrid zone exhibit genetic and
phenotypic differentiation, likely resulting from varying demo-
graphic history as well as adaptation to wide-ranging biotic and
abiotic environments (Keller ez «l, 2010, 2011, 2012; Slavov
et al., 2012; Evans et al, 2014; Geraldes ez al, 2014; McKown
et al., 2014a,b,c; Zhou et al., 2014; Fitzpatrick & Keller, 2015;
Holliday ez al.,, 2016; Chhetri ez al.,, 2019; Zhang et al., 2019; Fitz-
patrick e al, 2021). Gene flow rates across the hybrid zone vary in
part due to geographic barriers, resulting in spatial differences
in population differentiation (Bolte ez al., 2024).

We leveraged the P. trichocarpa X P. balsamifera hybrid zone to
determine how genetic and environmental parameters interact
to influence genotype-specific reaction norms, ultimately using
our predictions to model changes to hybrid zone composition in
the context of global change. We used a series of replicated prove-
nance trials of clonal genotypes from the hybrid zone, which we
planted in 17 gardens across the United States that span a wide
range of environments, including many warmer than the climate
of origin. We tested three hypotheses: Hypothesis 1: Populus
hybrids display heritable differences in adaptation to climate,
which manifest as genotype-specific responses to climatic varia-
tion. To test this, we measured fitness-related traits in each gar-
den to determine how genetic background and the environment
interact to determine fitness in this system, quantifying the effect
of genetic structure (genotype effect, G), climate (environmental
effect, £), and how the response to climate varies by genotype
(GX E). A significant genotype X environment interaction could
suggest that the response to climate is mediated by local adapta-
tion to the climate of origin. Hypothesis 2: Variation in reaction
norms is predictable based on a continuous gradient of genomic
ancestry, enabling us to predict where the hybrid zone is favored
to move under future climates. To test this, we used
whole-genome sequence data to characterize multivariate genetic
structure, including both species ancestry and intraspecific varia-
tion, and predicted its effect on phenotypic responses among
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Fig. 1 Studied genotypes were collected from the hybrid zone between Populus balsamifera and Populus trichocarpa, then planted into common gardens
throughout the United States, including environments warmer than their home climate. (a) Map of sampled genotype localities (circles) and common
garden sites (triangles) in relation to the ranges of both species (Little, 1971). The color of sampled genotypes indicates the proportion of species ancestry
calculated from ApmixTure at K = 2, with blue indicating a higher proportion of P. balsamifera ancestry and green indicating higher P. trichocarpa ancestry.
Garden sites indicate mini gardens, unless noted in the legend as having a maxi garden or both mini and maxi gardens. (b) Principal component analysis of
past and future climates across collection and garden sites. Gardens were generally warmer than home sites (lower principal component 1 (PC1) loadings),
and their position in multivariate climate space in PC1 and PC2 overlapped with the expected future climates for some genotypes. Circles represent the
historic climate (1961-1990) of each genotype's provenance, colored by species ancestry, and arrowheads represent the predicted climate for 2041-2070
under an ensemble of 13 general circulation models. Triangles and squares represent the climate at common garden sites for 2021 and 2022. Text indicates
the loadings of climate variables on each axis, with abbreviations as follows: CMD, climatic moisture deficit; MAP, mean annual precipitation; MAT, mean
annual temperature; MCMT, mean coldest month temperature; MWMT, mean warmest month temperature; PAS, precipitation as snow; RH, relative
humidity; TD, temperature difference, or continentality. Loadings of climate variables have been downscaled to allow visibility of sites.

genotypes. We developed a model to predict growth and mortal-
ity for a given garden environment using information about each
genotype’s climate of origin and genetic data, which was vali-
dated using a combination of 500 novel genotypes and novel
environments. Finally, we used genotype-specific reaction norms
to predict phenotypic responses to climate change across the
landscape of the hybrid zone. Hypothesis 3: Inclusion of genetic
information in phenotypic response models improves their pre-
dictions due to inherent genetic structure contributing to varia-
tion in reaction norms. We tested whether the climate of origin
can serve as a proxy for adaptive genetic structure, circumventing
the need for genetic data.

Materials and Methods

Field collections and propagation

In 2020, we established 17 common gardens containing 48 clon-
ally replicated poplar genotypes, including Populus trichocarpa
Torr. & A. Gray, Populus balsamifera L., and admixed indivi-
duals. Clonal replicates were propagated from dormant vegetative
cuttings taken from 48 different mature trees in the wild between
October 2019 and March 2020. These genotypes originated
from natural populations spanning five transects that traverse the
natural hybrid zone of P. trichocarpa and P. balsamifera, includ-
ing latitudes from Alaska to southern British Columbia and
Alberta (Fig. 1). Dormant vegetative cuttings were transported to
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Virginia Tech (Critz, VA, USA) for propagation, as described in
Bolte ez al. (2024). Briefly, cuttings were exposed to a 30-s Zero-
Tol 2.0 fungal dip treatment, dipped in Garden Safe Take Root
hormone (0.1% indole-3-butyric acid), rooted into a standard
rooting mix, and placed on a mist bench for 38d following
which clonal genotypes were shipped and planted into common
garden sites.

Common garden design

Seventeen common gardens were established at colleges, universi-
ties, and arboreta across the United States in fall 2020 (Fig. 1a;
Supporting Information Table S1). We visualized variation in cli-
mate space among garden environments and past and future
home environments using a principal component analysis (PCA)
of environmental variables (Fig. 1b). Garden sites span a range of
environments and include the southern range of both
P. trichocarpa and P. balsamifera, as well as warmer regions to the
south of their native ranges, enabling us to predict responses to
novel climates (Fig. 1b). Each garden included two blocks, with
one individual per genotype planted across each block in a rando-
mized complete block design. In total, the design included 48
genotypes X 17 gardens X 2 blocks X 1 genotype per block. Each
garden had a minimum of 94 trees, for a total of 1656 individuals
included across all gardens. Phenotypic data were collected dur-
ing the growing season for 3 yr: 2021-2023. All 17 gardens were
evaluated in the first year, but high mortality and changing local
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phenotyping capacity at some sites decreased the total number of
gardens assessed to 15 and 12 sites in 2022 and 2023, respectively
(Table S1).

As part of the same experiment, three additional common gar-
dens were established in March 2020. These gardens included
544 genotypes, each with three clonally replicated individuals
planted in three blocks (one replicate per block), located at North
Dakota State University (NDSU), Virginia Tech University
(VA), and the University of Vermont (VT). We designated the
17 smaller gardens as ‘mini’ gardens, and the three larger gardens
as ‘maxi’ gardens. All 48 genotypes included in the mini
gardens were also planted in the maxi gardens. Here, we focus on
phenotypic variation across the mini garden environments and
use the maxi gardens for model evaluation (see ‘Statistical model’
in the Materials and Methods section).

Phenotypic data
Height was measured each year (2021-2023) before bud flush

and after budset. Annual growth increment was calculated per
year based on the height accumulated during the growing sea-
son (pre-bud flush height subtracted from post-budset height).
Some gardens experienced herbivory, disease, and accidental
mechanical damage leading to negative growth increments for
some individuals. As these negative growth increments likely
represent the consequences of measurement error or herbivory,
they were removed before analyses (137 individuals in 2021 and
97 in 2022). Our goal was to isolate the effects of climate on
growth. While the impacts of herbivory will also likely shift
with climate change, they may vary outside of the native range,
and herbivory also likely differed across gardens for nonclimatic
reasons (e.g. fencing and human presence), so we excluded its
effects here. Given the frequency of herbivory, it is likely that
some growth increment values are underestimates of potential
yearly growth.

Climate data

Climate data were extracted from ClimateNA rasters (Wang
et al., 2016; AdaptWest Project, 2022) using TERRA 1.8-21 (Hij-
mans, 2025) in R v.4.4.2 (R Core Team, 2024) for genotype
provenances (locations of origin) and common garden environ-
ments. For provenances, we extracted historical climate data for
the 30-yr period from 1961 to 1990. We focused on average his-
torical climate data because variation in climate response is par-
tially the result of selection associated with the climate of origin
during establishment and over the lifespan of the collected adult
trees, which average >30yr old. For garden climates, we
extracted the climate averages associated with each year of data
collection, starting when the seedlings were planted in 2020. We
also fit the model (to be described later) with 2021 data using 22
climate variables as the home and garden climates, dropping the
block effect to allow all models to converge, and compared their
Akaike information criterion (AIC) scores. We selected mean
coldest month temperature (MCMT) for use in statistical model-
ing because it explained variation in performance across gardens
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and had the lowest AIC score (Table S2). Moreover, the range of
MCMT values at the common garden sites encompassed climates
for most natural populations (see the Results section). This
enabled us to predict growth and mortality responses to MCMT
within much of the native range of the two poplar species. We
did not use precipitation variables in statistical modeling because
most gardens were irrigated during the first year, and some drier
gardens (OLLU, SWMN, and UCM) continued irrigation in
later years to ensure survival, limiting the selective effect of preci-
pitation variation across gardens.

Genomic data

Whole-genome sequence data associated with each genotype and
previously described in Bolte ez a/. (2024) was used in phenotypic
prediction across common gardens. For each genotype, ¢. 100 mg
of young leaf tissue was used for genomic DNA extraction with
the Qiagen Plant DNeasy Kit. Genomic libraries were sequenced
using an [llumina NovaSeq 6000, with 64 samples per lane, using
paired-end 150-bp reads. Reads were aligned to the P. trichocarpa
reference genome (v.4.0) and variant calling was performed using
Gatk HarLoTypE CALLER., Within GATK, variants were filtered for
quality-by-depth  (QD < 2), mapping quality (MQ < 40),
elevated strand bias (FS > 40, SOR > 3), and differential map
quality and positional bias between reference and alternate
(MQRankSum < —12.5,  ReadPosRankSum < —8).
Using BcrrooLs, variants were subset to biallelic single nucleo-
tide polymorphisms (SNPs) (-m2 -M2 snps) and variants with a
minor allele count of 1 (--include ‘MAC > 1’). VCFTOOLS was
used to remove all SNPs with missing data across individuals

alleles

(max-missing 1.0). Finally, variants were pruned for linkage dise-
quilibrium (LD) in PLINK using a 10 000-bp window size, shifted
by 1000 bp, removing variants with a pairwise R value > 0.1.
Filtering  scripts are  available at  https://github.com/
alaynamead/poplar_hybrid_vcf_filtering. After filtering and LD-
pruning, a total of 334 657 variable sites were used to characterize
genetic variation and admixture.

Bolte er al. (2024) identified three distinct lineages in this
hybrid zone: P. balsamifera, coastal P. trichocarpa, and a separate
interior P. trichocarpa lineage originating from an ancient admix-
ture event between the two species. We incorporated this genetic
variation into our predictions using the principal component
(PC) scores of each genotype from a PCA of SNP data created
with VEGAN v.2.6-8 in R (Oksanen ez al., 2024), defining genetic
structure as variation in genomic PC space. Principal component
1 (PC1) separates P. balsamifera and the two P. trichocarpa
lineages, PC2 separates all three lineages, and PC3 separates the
northern (Alaska and Cassiar) and southern (Chilcotin, Jasper,
and Crowsnest) transects (Fig. S1). To visualize how responses
varied by species ancestry, we used ancestry proportions based on
K=2 from the ancestry estimation software ADMIXTURE (Alexan-
der ez al., 2009). Across 48 genotypes, four genotypes were pre-
viously identified as genetic outliers, possibly as a result of mixed
ancestry with additional Populus species (Bolte er al, 2024;
Fig. S2). These individuals were removed from the analyses, leav-
ing a total of 44 genotypes for statistical modeling.
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Statistical model

We fit a generalized linear mixed model to evaluate the effects of
garden climate, home climate, genetic structure and their interac-
tions (GX E) on growth across the common gardens and to pre-
dict responses to future climates. We defined environment as the
MCMT of each garden during the year of measurement, and we
defined home climate as the historical average of MCMT
(1961-1980) at the provenance origin for each genotype. Geno-
types may vary in their responses to climate as a result of local
adaptation to their climate of origin and as a result of neutral
genetic variation. Given this, we accounted for these sources of
variation using different model variables. Previous studies have
tested how climate of origin determines genotypic variation in
responses to the planting environment, assuming that responses
are largely explained by local adaptation and modeling GX E
using climate of origin as a proxy for genetic variation (O’Neill
et al., 2008; Wang ez al., 2010). However, this approach does not
account for variation in responses that result from other pro-
cesses, such as neutral evolution resulting from historic demo-
graphic processes, selection for recent but not long-term climate
patterns, or novel recombinants originating from hybridization.
We include both genetic structure and climate of origin in the
model to account for these multiple interacting factors that may
influence the response to the environment.

We included data from the first 2 yr of measurement (2021
and 2022) across 17 and 14 gardens, respectively, analyzing 2768
measurements of 1610 individual trees. We excluded 2023 data
because gardens at the upper and lower temperature extremes
were lost due to high mortality (Fig. S2), and climatic
extremes are important to provide ‘anchor points’ to produce
biologically realistic response curves (Wang ez al., 2006). How-
ever, we did compare the model fit for each year individually and
observed similar effect directions across all 3 yr.

We included survival and yearly growth increment as two
measures of performance within the same model by fitting a zero-
inflated Gaussian model using GLmmTMB v.1.1.11 (Brooks
et al., 2017) in R v.4.5.1 (R Core Team, 2024). We set the
growth of all trees marked dead at the end of each growing season
as 0, resulting in a large number of zero values (381 trees in 2021
and 343 trees in 2022, 27% of the total). This model assumes
that values of zero could have two origins, which were modeled
as two separate components within one model. The first ‘condi-
tional’ component modeled ‘sampling’ zeros as part of the con-
tinuous distribution of growth increment (i.e. some individuals
survived but had growth at or near zero). The second ‘zero-
inflated’ component modeled ‘structural’ zeros attributed to mor-
tality. These are modeled by the zero-inflated component, taking
binary mortality values as input to predict the probability of mor-
tality using a logit link function (Hu er 4/, 2011; Brooks
et al, 2017). This method allowed us to evaluate how two
fitness-associated traits, growth and mortality, separately respond
to MCMT. Together, their combined effect can be considered a
proxy for overall fitness, incorporating both the probability of
mortality and the predicted growth for surviving individuals. We
report phenotypic predictions for three model components: the

© 2025 The Author(s).
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zero-inflated component representing mortality, the conditional
component representing growth, and the overall model combin-
ing the two.

The full model included the fixed effects of garden MCMT,
home MCMT, their square terms (to account for the observed
quadratic response associated with a fitness optimum; Figs S2,
S3), and all interactions between garden and home MCMT and
their square terms (indicating that the response to garden tem-
perature varies based on the temperature of origin). We also
included population genetic structure as a fixed effect using the
values for genetic PC1, PC2, and PC3 (Fig. S1). MCMT was
negatively correlated with genetic PC1 (R= —0.69), consistent
with the climate niches associated with the two species, but was
only weakly correlated with PC2 (R= —0.22) and PC3 (—0.40),
so including multiple PCs enables us to identify variation in
responses resulting from neutral genetic structure or adaptation
to other climate variables. We tested for GX Eby including inter-
action effects between garden climate and the genetic PCs. We
included the random intercepts of individual, genotype, year,
and block nested within garden. The same formula was used for
the zero-inflated portion of the model to test the effect of each
factor on mortality. To improve model convergence, we scaled
the numeric variables using the R function scale without center-
ing and back-transformed scaled values to actual values for visua-
lization. Growth increment was log-transformed to account for a
distribution skewed toward lower values. Using each individual
as a separate observation, we fit the following model using the
GLMMTMB function, accounting for home MCMT, garden
MCMT and their interactions and as well as genetic PCs 1-3
and their interaction terms with garden MCMT. This modeled
the jth individual at the ith garden, where u represents the inter-
cept, H; is the home environment and G; is the garden environ-
ment % A, Bj, and Care, respectively, genetic PCs 1, 2, and 3 for
individual 7 block, genotype, year, and individual are random
intercepts, and € represents the error term.

Model 1:

Yium=p+ G; + G+ H} + H; + G:H; + GiH; + G, H;
+ GiH;+ Aj+ B;+ Cj + A;G; + A;G; + B;G; + B,
+ G} 4 C;G; + C;G? + block,() + genotype,
+ year,, + indiv; + €t

The significance of each term was evaluated using the tab_mo-
del function from the R package sjpLoT v.2.8.17 (Liidecke, 2024),
which uses a type II Wald chi-squared test. Estimates for each
factor were standardized by dividing by its SD using tab_model
and plot_model functions from sjPLOT to facilitate comparisons
between the relative effect sizes of linear and quadratic terms and
their interactions.

Model evaluation

To evaluate whether Model 1 could accurately predict poplar
phenotypic response to environmental conditions, we compared
its predictions of growth and mortality to actual measures in two
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Table 1 Factors included in three separate models predicting growth and mortality in Populus trichocarpa, Populus balsamifera, and admixed genotypes.

Home MCMT x garden
E: garden MCMT Genotype x garden MCMT (quadratic)
(quadratic) G: genetic PCs 1-3 MCMT (G X E) (G X E proxy)
Model 1: Full X X x X
Model 2: Genetics X X X
only
Model 3: Climate X X
only

Models were compared to test whether home climate can be a proxy for genetic structure in modeling the response to the environment. Model 1 is the full
model and includes the effects of environment (E), genetics (G), and their interaction (G x E), Model 2 drops the effect of home climate, and Model 3

drops the effect of genetics. MCMT, mean coldest month temperature.

ways. For both methods, we predicted the growth increment and
mortality for each tree, using the garden MCMT and each geno-
type’s home MCMT values and genomic PC values as model
parameters. First, we removed one of the garden environments
from the dataset, trained the model on the remaining 16 gardens,
and used the fitted model to predict growth increment in the gar-
den that was excluded, repeating this process for each garden
(hereafter referred to as leave-one-out cross-validation). Second,
we trained the model using all 17 gardens and then predicted
growth increments of 544 genotypes in the three maxi gardens.
Two maxi garden sites also have a mini garden site that was
included in the training data (Virginia and North Dakota), and
one is a novel environment without a mini garden (University of
Vermont). Five hundred of these genotypes were novel genotypes
not evaluated within the mini gardens, and we used their geno-
mic PC values and home climate to predict their responses to gar-
den climate. We predicted growth increments for individuals
based on the full model using the predict function from the
GLMMTMB package and calculated the Pearson correlation between
the actual values and the predicted values. We also tested whether
the estimated probability of mortality corresponded to measured
mortality rates using a generalized linear model with a binomial
link function. Full details of the methods used to predict pheno-
types are included in Methods S1.

We used the same leave-one-out cross-validation method to
compare the performance of three different models with different
combinations of genetic and climatic information. If most of the
variation among genotypes in response to garden MCMT is
explained by local adaptation, provenance MCMT could serve as
a proxy for genetic structure, enabling genotype-specific predic-
tions of responses to temperature without the need for genetic
data. To determine whether genetic PCs or home temperature
increased the predictive power of the model, we tested simplified
versions of the full model described above: Model 2, a
genetics-only model with home temperature excluded to test the
predictive power of the genetic PCs, and Model 3, a
temperature-only model with genetic information excluded to
test the predictive power of home MCMT (Table 1). We trained
the three models on datasets with each garden excluded and pre-
dicted responses in the excluded garden for 2021 and 2022, eval-
uating models using the Pearson correlation between actual and
predicted growth increments as described previously. We tested
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whether the models differed in predictive ability using an
ANOVA, with the 17 cross-validation tests used as replicates.

Predicting the response to temperature

We used the parameters estimated from the full model (Model 1)
to predict each genotype’s norm of reaction, that is the response
to a continuous temperature gradient, allowing us to characterize
responses to temperature across the hybrid zone. We predicted
the growth increment and mortality probability of each genotype
across a range of 100 equally spaced MCMT values from
—23.9°C to0 9.8°C, encompassing both historic 30-yr home cli-
mates (—23.9°C to —3.8°C) and yearly garden climates
(—16.5°C to0 9.8°C). Phenotypic predictions should be more reli-
able for the warmer climatic range included in the common gar-
dens where phenotypic data were collected than for colder
regions, enabling us to predict responses to warming climates. We
predicted the phenotypic response of each genotype across this cli-
matic range of MCMT, accounting for genotype-specific
responses with the genetic PCs and the home MCMT of that
genotype, using the parameters estimated from Model 1. The
GLMMTMB predict function was used, ignoring the random effects
of genotype, block, and garden and predicting the overall
response to temperature rather than the genotype- or garden-
specific response (option re.form = NA). Phenotypic predictions
were made for the two model components and for their combined
effect: the conditional component reflecting growth increment,
the zero-inflated component predicting the probability of mortal-
ity, and the combined model incorporating both. We also calcu-
lated the climate transfer distance as the difference between
garden and home MCMT for each genotype, and plotted reaction
norms for each genotype against this value to visualize where max-
imum growth occurred relative to the genotypes home climate.
We estimated fitness changes under future values of MCMT
using the norm of reaction generated from the model to predict
the growth, mortality, and combined fitness of each genotype at
its provenance under historic (1961-1980) and future values of
MCMT. Future MCMT values were predicted from an ensemble
containing 13 general circulation models (GCMs) from the
CMIP6 database, generated from ClimateNA (Wang et al,
2016) and available at AdaptWest (AdaptWest Project, 2022).
We used the time period of 2041-2070 under the shared

© 2025 The Author(s).
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socioeconomic pathway 2—4.5, an intermediate scenario in which
emissions rise until mid-century, and then decline IPCC, 2023).
To predict how the of  P. balsamifera,
P. trichocarpa, and hybrid genotypes may change under future
values of MCMT, we predicted which genotypes would have the
best performance (highest overall fitness combining growth and

relative  fitness

survival) across the species ranges and regions with common gar-
dens. For each grid cell, we extracted MCMT values for past and
future climates, and identified the genotype with the highest pre-
dicted fitness at that temperature.

Results

Variation in growth among gardens

Growth increment varied widely among gardens (Fig. S2), with
the highest growth occurring ac WSU (Washington) and SU
(Maryland) gardens, and the lowest growth occurring at the
upper and lower winter temperature extremes, particularly at
OLLU (Texas), UCM (California), OSU (Oregon), and NDSU
(North Dakota). Genotypes typically reached their greatest
height gain at intermediate temperatures warmer than their cli-
mate of origin, with growth increment decreasing at temperature
extremes (Figs S3, S4), suggesting that MCMT exerts selection
pressure on poplars, as previously found in high-latitude tree spe-
cies (Leites et al, 2012, 2019; Yeaman ez al, 2016; Rehfeldt
et al., 2018; Mahony et al., 2020).

Factors predicting growth and mortality

We selected MCMT as the climate variable used in each model,
because it had the lowest AIC score when predicting growth incre-
ment for 2021 (Table S2), and MCMT values in gardens included
MCMT values from most historic home environments. We evalu-
ated the effect size and significance of each model factor consider-
ing the two model components: the conditional component,
representing growth, and the zero-inflated component, represent-
ing the probability of mortality (Fig. 2; Table S3). Here, we report
effect sizes as standardized beta coefficients to enable comparison
of the relative importance of each factor. Intercepts of random
effects are presented in Fig. S5, and effect sizes are in Table S4.
The two model components had similar effects, indicating that the
same factors associated with increased growth were also associated
with low mortality. MCMT of the common garden site and its
square term had the greatest effect on growth (slope = —0.53 and
—0.46, P< 0.001 and =0.001, respectively; Fig. 2; Table S2).
Both had negative effects, indicating decreased growth in climates
warmer or colder than the optimum temperature. Intra- and inter-
specific genetic structure represented by PC1 and PC3 both had
significant effects on growth, although with a smaller effect size
than garden temperature (slope = —0.3, P< 0.001 for PC1 and
slope = —0.15, P=0.003 for PC3, Table S2). Individuals with
greater P. trichocarpa ancestry (PC1) and from the three southern-
most transects (PC3) had higher growth on average. PC2, which
explains genetic structure within P. trichocarpa (Fig. S1), was not
statistically significant, suggesting that genetic differences between

© 2025 The Author(s).
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interior and coastal P. #richocarpa did not significantly affect
growth. Home temperature and its interaction with garden tem-
perature did not significantly affect growth, suggesting that
responses to MCMT were better explained by genetic structure
than by MCMT of origin. While no genotype X environment
interaction terms were significant at the < 0.05 level across both
years, Garden MCMT? X Genetic PC2 was significant for a model
including only measurements from 2021 (Fig. S6), suggesting a
weak effect of variation in the temperature response curve between
two P. trichocarpa lineages during first-year growth (Fig. S1). Over-
all, our results show that, of the factors tested, temperature had the
largest effect on growth. Genetics also contributed to variation in
growth, which suggests the response to temperature is pardally
determined by species ancestry and latitudinal variation within
both species. Similarly, in the zero-inflated model, garden MCMT
significantly affected the probability of mortality, with increased
mortality in sites at the higher and lower temperature extremes.
Genetic structure, home MCMT, and their interactions with gar-
den MCMT were not significant, suggesting that among the tested
factors, mortality probability was primarily driven by planting site
temperature, with limited variation among genotypes.

Evaluation of model predictive ability

Both conditional (growth) and overall (growth and survival)
components of Model 1 generally performed well in predicting
the response to climate. The correlation between actual and pre-
dicted growth increments when random effects were included in
the prediction was 0.795 for the overall model, and 0.809 for the
conditional component (Fig. S7). Similarly, the prediction of
mortality from the zero-inflated component was significantly
associated with actual mortality (2 < 0.001; Fig. S8). When ran-
dom effect estimates from Model 1 were not incorporated, pre-
dictive ability decreased to 0.631 and 0.538 for the overall and
conditional components, respectively (Fig. S7), indicating that
there were garden-specific effects on plant response not
accounted for by garden MCMT, and/or genotype-specific
effects that were not accounted for by home MCMT or the
genetic PCs, and year-specific effects. However, the model consis-
tently underpredicted actual growth increment values, particu-
larly for the tallest trees. For this reason, we focus on the relative
differences in growth among genotypes and gardens rather than
predicting specific yearly growth increments.

Prediction ability (Pearson’s correlation between observed and
predicted growth increments) evaluated using leave-one-out
cross-validation varied widely among gardens (Fig. S9), with the
average being 0.49 for 2021 and 0.38 for 2022, the highest
correlation being 0.67 for OSU in 2022 (Oregon), and the lowest
correlation being —0.8 for NDSU in 2022 (North Dakota).
Most sites with poor predictions were sites with high mortality
(NDSU, OLLU, LOCK, UCM, and OSU had >40%
mortality in the first year). Other sites with low prediction ability
included SWMN (7= 0.058 in 2021 but increasing to 0.47 in
2022) and WI (r=0.397 in 2021, —0.092 in 2022), which are
two sites that have low MCMT (Fig. S2) and therefore may pro-

vide unique information on responses to lower temperatures.
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The relationship between predicted probability of mortality and
actual mortality was not significant for most gardens and years
(Fig. S10), reflecting a low predictive ability for mortality alone.
We also predicted growth for our three ‘maxi’ common garden
experiments, which included 500 novel genotypes and one novel
site (Fig. 3). Prediction ability was low for NDSU, likely due to
high mortality (Pearsons r=0.04 for the conditional model).
However, prediction ability for the VA and VT models was rela-
tively high. For the conditional model, the correlation between
actual and predicted values for VA was 0.45 and VT 0.65
(Fig. 3), and when dead individuals were included in the overall
model VA had a prediction ability of 0.48 and VT 0.53
(Fig. S11). For VA, the predicted probability of mortality was
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significantly associated with actual mortality (Fig. S12). How-
ever, as with the leave-one-garden-out tests, the model underpre-
dicted growth. Taken together, these results suggest that for
environments with low mortality, the model can predict relative
performance for both novel genotypes and novel environments
outside of the training dataset, but is limited in its prediction of
specific growth increments.

The role of genetics in phenotypic prediction across
environments

When predicting growth and overall performance for each garden

and year using leave-one-out cross-validation, the climate-only
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Fig. 3 Performance of model predicting yearly growth increment in centimeters (cm) for individual trees belonging to 544 admixed Populus trichocarpa
and Populus balsamifera genotypes (including 500 novel genotypes) and planted in three maxi gardens (including one novel environment, VT). The model
was trained on data from 44 genotypes in 17 mini garden environments. Models were evaluated for their predictive ability by comparing the actual growth
increment for each tree with that predicted by the conditional model, with no random effects for garden and genotype. R values and P-values are given for
the Pearson correlation between actual and predicted growth. As the conditional portion of the model predicts growth rather than mortality, individuals
that did not survive were removed from the plot and correlation. The dotted gray line indicates the 1 : 1 line, and the solid colored line indicates the best fit.

model (Model 3) that excluded genetic information had lower
performance than the genetics-only model (Model 2; ANOVA of
predictive ability from 17 leave-one-out cross-validation tests,
P=10.0039). On average, Model 3 had lower performance than
the full model (Model 1), but the two were not significantly dif-
ferent (P=0.061; Table 1; Fig. 4). These results show that
genetic information improved predictions when climate data
were excluded, but that models excluding either genetics or cli-
mate data performed similarly to the full model. When random
effects of garden and genotype were included in the predictions,
all models performed equally well (Fig. S13). This is likely
because all genotypes were included in the training datasets
allowing the intercept of each genotype to be estimated, improv-
ing predictions of their growth in a novel environment without
explicitly including genetic or climate information.

The full model (Model 1) trained on all 17 gardens predicts
that genotypes with more P. trichocarpa ancestry have higher
growth and overall performance in warmer environments
(MCMT: ¢. —14°C to 10°C) compared with P. balsamifera gen-
otypes, but that genotypes with more P. balsamifera ancestry have
higher growth in colder climates, consistent with the climatic pre-
ferences of the two species (Fig. 5a,b). Biologically unrealistic
reaction norms were predicted for two majority-P. balsamifera
genotypes, with growth increasing exponentially with decreased
winter temperatures (Fig. 5b). These modeled growth responses
likely reflect a preference for very cold environments that are not
well represented in our gardens, and when the effects of growth
and mortality are combined, these genotypes show realistic
response curves with optima at relatively low temperatures.
Across species ancestries, mortality is predicted to increase at the

© 2025 The Author(s).
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colder and warmer extremes, with a greater probability of mortal-
ity under extreme cold climates compared with warmer climates
(Fig. 5¢). As with predictions of growth, mortality responses pre-
dict that P. balsamifera is more cold-tolerant, with increased
probability of mortality in P. trichocarpa genotypes occurring at
less extreme cold temperatures than for P. balsamifera (Fig. 5c¢).
Likewise, the probability of mortality for P. balsamifera generally
increases with warmer temperatures more than P. trichocarpa.
Combining the growth and mortality predictions as an overall fit-
ness proxy, genotypes with a majority P. trichocarpa ancestry have
consistently higher fitness except in the coldest climates, where
majority-ancestry P. balsamifera genotypes are predicted to out-
perform them (Fig. 5a). The overall maximum aboveground
growth of P. balsamifera genotypes is lower than that of
P. trichocarpa, which has previously been reported to be a
faster-growing species (Larcheveque ez 2/, 2011; Suarez-Gonzalez
et al., 2017). Admixed genotypes with majority P. trichocarpa
ancestry had maximum heights intermediate to the two parental
species, while admixed majority P. balsamifera genotypes had
responses more similar to parental P. balsamifera genotypes.

Rangewide projections of future fitness changes

Our full model (Model 1) predicts increased growth and survival
under climates with MCMT temperatures warmer than the cli-
mate of origin (Figs 5d—f, S14). However, we are limited in our
ability to predict responses to multivariate changes in climate.
Here, we focus on the relative performance of genotypes rather
than absolute changes in performance metrics. Predictions of the
best-performing genotype under historic values of MCMT
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Fig. 4 Comparison of performance among models predicting the yearly growth increment for admixed Populus trichocarpa and Populus balsamifera
genotypes planted in common garden environments. Performance was compared among the full model and those excluding provenance climate as
represented by mean coldest month temperature (MCMT), or genetic structure represented by genetic PCs (Table 1). Model predictive ability was
estimated as the Pearson correlation (r) between predicted and observed growth increments for each garden and year predicted using the leave-one-out
models, in which growth increments were predicted for a single year and garden using a model trained on other gardens. The model including genetic data
without home temperature data resulted in better predictive ability than the model with temperature data alone (pairwise Wilcoxon test, P = 0.0039).
Other comparisons with the overall model and with random effects included are shown in Supporting Information Fig. $13. **, P <0.01; ns, not
significant. In violin plots, points show the actual value for each garden and year, jittered horizontally. Violin shapes show frequency distributions, and

horizontal lines indicate medians.

generally follow previously described species ranges, with
P. trichocarpa occurring along the west coast of North America
and P. balsamifera occurring in the more northern and interior
regions of the continent (Figs 6, S15). Hybrid genotypes are pre-
dicted to outcompete parental species in intermediate regions of
the contact zone, particularly in central British Columbia, where
sampled genotypes exhibited high levels of admixture. Under
future climates (2041-2070 for a ‘middle-of-the-road’” emissions
scenario), the model predicts shifts in the best-performing geno-
type following the two species’ climatic preferences: the regions
suitable for P. trichocarpa and its backcrosses will shift northward
as the climate warms (Fig. 6).

Discussion

Using 17 common gardens with Populus genotypes which origi-
nated from a hybrid zone spanning a broad temperature range,
we evaluated the genotype-specific response to warming winter
temperatures and predicted future responses across the hybrid
zone. We found that: fitness metrics and reaction norms varied
among genotypes due to species ancestry and region of origin,
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consistent with a trade-off between cold tolerance and growth
potential in warmer environments; hybrids displayed reaction
norms and temperature optima intermediate between their par-
ental species, suggesting that warming temperatures could favor
movement of the hybrid zone; and a significant variance in
growth explained by genetic structure illustrates the importance
of genetic variation in predicting responses to climate change.

Question 1: Do genotypes from different climates vary in
fitness responses across environments?

Local adaptation to climate can shape not only traits but also
their reaction norms across environments, contributing to varia-
tion in plastic responses within and across species (Patsiou
et al., 2020). We found that poplar growth and survival across
common garden environments were predicted by species ancestry
and by genetic differences associated with a northern and south-
ern region within each species (Fig. 2), illustrating that genetic
variation will contribute to spatially varying responses to warm-
ing temperatures (Patsiou er al, 2020; Martinez del Castillo
et al., 2024). Performance traits varied along a continuous
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Fig.5 Variation in predicted reaction norms in response to mean coldest month temperature (MCMT) across admixed Populus genotypes. The reaction
norm of each genotype is shown as a separate line colored by species ancestry, with green indicating Populus trichocarpa and blue indicating Populus
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balsamifera. Predictions for the overall model (a, d) incorporate both yearly growth increment in centimeters (cm) and the probability of mortality;
predictions for the conditional model (b, e) only predict growth, ignoring the probability of zeros arising from other processes including mortality; and
predictions for the zero-inflated model (c, f) predict the probability of zeros arising from mortality. (a—c) Responses across the range of MCMT values at
garden and home climates. Actual values of home climates (I) and garden climates (circle) used for model training are shown on the x-axis. (d, ) Responses
based on distance from climate of origin (garden-home MCMT); positive values indicate a warmer climate and negative values indicate a colder climate. If
genotypes perform best in environments similar to their home environment, growth should be highest and mortality should be lowest when the transfer

distance is O.

ancestry gradient between the two parental species, consistent
with their climatic niches. In general, individuals with greater
P. trichocarpa ancestry had greater overall growth, but these geno-
types experienced lower growth and increased mortality in cold,
continental environments typical of the P. balsamifera range
(Fig. 5). In addition, genotypes from the three southernmost
transects had higher maximum yearly growth than those from the
two northern transects (as described by genetic PC3). This is con-
sistent with a trade-off between growth potential and cold toler-
ance often observed in temperate or boreal tree species, likely
enabling P. balsamifera to outcompete P. trichocarpa in colder
regions (Leites er al, 2012; Menon er al, 2015; Rehfeldt
et al., 2018). While no G'X E terms were significant in the model
based on 2yr of data, the effect of garden MCMT? X genetic
PC2 and was significant when only measurements from 2021
were included in the model (Fig. S6). This result suggests a weak
effect of genetic variation between two P. trichocarpa lineages on

© 2025 The Author(s).
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the plastic response to winter temperatures, which may be par-
tially explained by maternal effects expressed in the first year of
growth. Additionally, optimum temperatures varied for each gen-
otype, with P. rrichocarpa individuals reaching maximum growth
in warmer environments than P. balsamifera (Fig. 5). This sug-
gests that selection associated with minimum temperatures may
be acting to produce different plastic responses across the range
of both species and their hybrid zone. While the majority of
P. balsamifera genotypes had lower overall growth, their climatic
range appeared to be wider (Fig. 5), perhaps reflecting adaptation
to more continental climates with larger annual temperature
ranges (Fig. 1). Generally, the response of hybrid genotypes was
intermediate between the parental species; however, some hybrid
genotypes have a reduced probability of mortality at lower tem-
peratures (Fig. 5), suggesting that introgression could promote
increased cold hardiness (Hamilton e 4/, 2013). However, the
effects of species ancestry and geography may be difficult to
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Fig. 6 Maps showing the predicted shift in species ancestry in the Populus hybrid zone, based on genotype-specific responses to mean coldest month
temperature (MCMT). In (a, b), the color of the base layer shows the species ancestry of the studied genotype which is predicted to have the highest
fitness (as measured by growth and mortality) in that location under historic (a) and future climates (b). (c) The change in optimal species ancestry between
future (b) and historic (a) climates, indicating regions where increased Populus trichocarpa ancestry is expected to be beneficial in green, and regions with
no change in gray. As MCMT increases, we predict that genotypes with higher P. trichocarpa ancestry may be able to outcompete genotypes with higher
Populus balsamifera ancestry in some portions of the P. balsamifera range, favoring a northeastern shift of the P. trichocarpa range and the hybrid zone
and into historically colder, more continental regions. Regions with MCMT values outside of the range measured in the common gardens (—13.05°C to
10.85°C) are masked and colored white. Actual ancestry of collected genotypes is shown as circles. Species ranges are shown as dark blue and green
outlines (Little, 1971). The same predictions are mapped across North America, including the common garden sites (Supporting Information Fig. $15).

disentangle, as genotypes from the coldest part of the sampled
range (Alaska and northern British Columbia) are admixed
(Fig. S1).

In this study, we found that most genotypes reached their fit-
ness optima in environments that were warmer than their climate
of origin (Fig. 6), and that genotypes planted at sites having
MCMT values similar to their home site did not always perform
better than other, nonlocal genotypes (Fig. S16). Taken together,
these results suggest genotypes may not be locally adapted to win-
ter temperatures alone when considering either the ‘home vs
away’ or ‘local vs foreign’ criteria (Kawecki & Ebert, 2004). This
decoupling between the physiological optimum, the climate in
which genotypes reach their maximum growth rate, and the eco-
logical optimum, the climate in which they exist in the ecosys-
tem, has been previously observed for temperate tree species
(Rehfeldt ez al., 2018). Higher growth rates in nonlocal environ-
ments do not necessarily indicate a lack of local adaptation
(Kawecki & Ebert, 2004), but provide important context for pre-
dicting responses to climate change, which often assume optimal
performance in local climates. Instead, we found that most geno-
types, when in gardens with temperatures similar to their climate
of origin, were outperformed by a small number of primarily
P. trichocarpa genotypes. These genotypes may be ideal for plant-
ing as part of restoration projects using assisted gene flow or for
biofuel production across diverse environments, particularly
under increasingly variable and unpredictable climate futures
(Sannigrahi er al., 2010; Porth & El-Kassaby, 2015; Mahoney
et al., 2019). However, if increased growth corresponds to a lack
of cold tolerance or lower survival and fecundity (Leites
et al., 2012, 2019; Yeaman et al., 2016; Rehfeldt ez al, 2018;
Mahony et al., 2020), caution is warranted when planting in
locations susceptible to cold stress. Further work comparing the
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cold tolerance of these genotypes could determine the lower tem-
perature limits where they are likely to be successful, while reci-
procal transplants could be used to test whether local genotypes
outperform nonlocal genotypes. Regardless of the mechanisms
underlying genetic variation in fitness proxies, the large differ-
ences in responses to temperature illustrate the benefit of measur-
ing reaction norms across wide geographic regions within and
among species.

Our predictions of increased growth under warming climates
for these Populus genotypes raise the question: Is active conserva-
tion and management of poplar in this region necessary, or
should we prioritize species more vulnerable to increased tem-
peratures? Predictions of increased growth should be treated with
caution, as they only represent aboveground height and mortality
in the first 2 yr of growth and exclude reproductive fitness mea-
sures and belowground biomass (Fischer ez al., 2007). Addition-
ally, we only modeled growth over two growing seasons, in
relatively warm climates and with irrigation during the first year,
limiting the selective response to cold or drought stresses. In nat-
ural environments, major selective weather events may occur only
rarely; for example, an unusually cold winter could favor slower
growing but cold-tolerant genotypes over longer timescales than
studied here (Rehfeldt ez al, 2018; Lowry ez al., 2019). In this
case, our dataset benefit  that
P. balsamifera has in colder regions. Similarly, if warming winters

may underestimate the

are accompanied by summer heat waves, the benefits of warming
we observe may not persist long-term in wild populations. Preci-
pitation levels and timing will also shift with climate change, and
these changes can compound with temperature stresses (Arend
et al., 2013; Gantois, 2022; Zandalinas & Mittler, 2022). How-
ever, we were unable to assess the effects of precipitation because
most gardens were irrigated in the first year to allow seedling

© 2025 The Author(s).

New Phytologist © 2025 New Phytologist Foundation.

:sdny) suonipuo)) pue swd ], a1 39S *[Sz0T/T1/L1] U0 Areiqry auruQ ASip KsIoAtun a1elg erueAjAsuudd Aq £820, ydu/1111°01/10p/wod Kapim*Arerqipauruo yduy/:sdny woiy papeoumod ‘0 ‘LE186911

19)/W00" K[ 1AM”

ASUIIT suowwo)) aanear) ajqearjdde ayy £q pauraA0F aIe sa[onIR Y SN Jo sanI 10J AIRIqIT aul[uQ A3[IA| UO (SUONIPUOD-P!



New
Phytologist

establishment. We also did not consider biotic factors such as
competition with more cold-hardy conifers or pathogen pressure
(e.g. Melampsora spp.) that may exclude Populus from warmer
climates (La Mantia et al, 2013; McKown et al, 2014b;
Suarez-Gonzalez et al., 2018a), interactions with belowground
communities (Fischer e al, 2014), or shifts in herbivore pre-
sence. If biotic interactions shift along with climate change, over-
all fitness could decrease even if higher temperatures favor faster
aboveground growth. Lastly, our predictions of the response to
climate are limited by the training data used to create the model
— in this case, the climatic range of the common gardens (Rogers
& Holland, 2021). Because genotypes were largely planted in cli-
mates warmer than their climate of origin, most temperature
variables (including multivariate PC axes) had little overlap
between home and garden climates, limiting our ability to make
predictions for growth and mortality in the colder historic cli-
mates of origin. We choose to use MCMT as the predictor vari-
able because of its biological importance in past studies (Leites
et al, 2012, 2019; Yeaman et al., 2016; Rehfeldt et al, 2018;
Mahony et al., 2020) and because garden climates included tem-
peratures matching historic home climates for both P. balsamifera
and P. trichocarpa genotypes (Figs 1b,c, 5). Given the limitation
of our predictions for the coldest part of the hybrid zone and the
potential effects of precipitation, testing how native poplar popu-
lations are responding to climate change in situ could comple-
ment common garden studies (Sharma ez al., 2022; Astigarraga
et al., 2024; Martinez del Castillo et /., 2024).

Question 2: How will warming temperatures alter the
geography of the two species and their hybrid zone?

Geographic variation in the magnitude of climate change and dif-
ferences in phenotypic plasticity among genotypes could alter
local competition dynamics among genotypes and lead to range
shifts for the two species and their hybrid zone. While we predict
that local poplar populations across the sampled region could
experience increased growth and decreased mortality from war-
mer winter temperatures, they must contend with competition
from nonlocal genotypes that may have greater fitness than local
genotypes under novel climates. Species ranges are already begin-
ning to shift in response to climate change (Parmesan, 2006; Bell
et al., 2014; Astigarraga er al., 2024) and multi-species hybrid
zones may also shift (Taylor er al, 2014, 2015; Billerman
et al., 2016; Hamilton & Miller, 2016; Wielstra, 2019; Alexan-
der et al., 2022). In this poplar hybrid zone, regions where parti-
cular genomic backgrounds dominate may shift under climate
change. For example, under higher minimum winter tempera-
tures, P. balsamifera may be outcompeted by less cold-tolerant
but faster-growing genotypes with higher P. trichocarpa ancestry
(Fig. 6). However, such shifts in genetic composition would rely
on gene flow or migration being fast enough to track climate
change, ecither through dispersal of genotypes, seeds or
wind-dispersed pollen (Corlett & Westcott, 2013). While Popu-
lus can likely disperse over long distances via wind dispersal or
river-dispersed vegetative material (Kling & Ackerly, 2021), geo-
graphic barriers to gene flow persist across the hybrid zone,

© 2025 The Author(s).
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particularly in mountainous regions (Bolte ez al., 2024). Our
model predicts that parental P. trichocarpa genotypes may begin
to outcompete P. trichocarpa backcrosses in central British
Columbia, a region with high gene flow (Bolte ez al, 2024), so
this region may see shifts in the genetic composition of poplars
(Fig. 6). Conversely, while the regions where P. trichocarpa ances-
try is favored are predicted to shift to the northeast in Alberta,
the Rocky Mountains are a barrier to gene flow that may prevent
their dispersal (Bolte e¢# al., 2024). Our model also predicts that
backcrossed P. balsamiféra genotypes would perform better than
parental P. balsamifera in northern, interior North America
within the core of the species distribution (Fig. 6). However, the
reaction norms of parental and backcrossed P. balsamifera are
very similar (Fig. 5a) and because we have limited data for paren-
tal P. balsamifera genotypes and their growth in cold climates, we
interpret these as regions where increased P. balsamifera ancestry
is beneficial, not necessarily that backcrosses will be significantly
more successful than parental genotypes.

Spatial changes in the location of the hybrid zone could pro-
vide an opportunity for adaptive introgression to occur, enabling
individual alleles and novel allelic combinations to track climate
change. Ancient and contemporary introgression can allow spe-
cies to persist as environments change (Kremer & Hipp, 2020;
Leroy et al., 2020; O’Donnell et al., 2021; Buck et al., 2023;
Yang et al., 2023). The presence of admixed genotypes in inter-
mediate climates in this Populus hybrid zone and the reaction
norms that are intermediate between the two parental species are
consistent with the bounded hybrid superioritcy model, in
which hybrids have higher fitness than either parental species in
intermediate climates (Hamilton ez 4/, 2013; De La
Torre et al, 2014; Bolte et al, 2024). Movement of the
P. trichocarpa X P. balsamifera hybrid zone could allow genes to
move across species boundaries at new contact zones, increasing
the levels of standing genetic variation in these regions and facili-
tating introgression of alleles that are beneficial under novel cli-
mates.

Question 3: What information is needed to predict climate
change responses in trees?

Like generations of provenance studies, we find that the tempera-
ture of the planting site had the greatest effect in determining
growth, illustrating the continued value that common garden
experiments will have in predicting organisms’ responses to cli-
mate change (O’Neill ez al, 2008; Wang et al., 2010; Leites
et al., 2012; Browne et al., 2019; Leites & Benito Garzén, 2023;
Ye et al., 2023). Understanding how growth and survival vary
across species, populations, and environments will be essential to
predicting shifts in the performance and carbon sequestration
abilities of trees under changing climates. We show that a model
including genetic PCs but not climate of origin significantly
improved predictions of growth compared with a model contain-
ing only home and garden climates (Fig. 5), suggesting that uni-
versal transfer functions for predicting tree growth (O’Neill
et al., 2008; Wang et al., 2010) could benefit from genetic infor-
mation, as found by other studies (Mahony ez al, 2020;

New Phytologist (2025)
www.newphytologist.com

.

:sdny) suonipuo)) pue swd ], Yy 39S *[Sz0T/T1/L1] U0 Areiqry auruQ KSip KIsIoAtun a1erg erueAjAsuudd Aq 28,0, ydu/1111°01/10p/wod Kapim:Areiqipauruo yduy/:sdny woij papeojumoy

SULIR)/WOD KI[IM”.

ASUIIT suowwo)) aanear) ajqearjdde ayy £q pauraA0F aIe sa[onIR Y SN Jo sanI 10J AIRIqIT aul[uQ A3[IA| UO (SUONIPUOD-P!



s o

Archambeau er al, 2022; Putra et al, 2023; Li et al., 2025).
Furthermore, the model that included genetic information but
not climate of origin predicted growth equally as well as the full
model, suggesting genetic structure may be used to effectively
model responses to climate in this system. Genetic isolation-by-
environment is stronger than isolation-by-distance in this system
(Bolte et al., 2024), suggesting environmental adaptation drives
much of the observed genetic structure. Conversely, in species
with high gene flow and less structured populations, adaptation
to climate may be the primary factor contributing to intraspecific
variation, and genetic structure may not be as effective in predict-
ing responses.

Conclusions

By characterizing genotype-specific reaction norms across 17
common garden environments, we were able to predict which
genotypes should have the highest performance in historic and
future climates across the hybrid zone, identifying regions where
the contact zone is favored to shift under warming winter tem-
peratures. If migration and gene flow are able to track climate
change, a moving hybrid zone could facilitate adaptive introgres-
sion of alleles beneficial under novel climates, enabling poplar
populations to persist in their ecosystems even as their genetic
makeup may change.
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Dataset S1 Phenotypic, climatic, and genetic data from indivi-
duals in the mini gardens.

Dataset S2 Phenotypic, climatic, and genetic data from indivi-
duals in the maxi gardens.

Dataset S3 Code and outputs from analysis scripts (html files in
Rmarkdown format).

Fig. S1 Principle components plot based on whole-genome data
for genotypes included in this study.
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Fig. S2 Variation in growth increment across gardens and years.

Fig. 83 Quadratic response of yearly growth increment to garden
MCMT for each year from 2021 to 2023.

Fig. S4 Quadratic response of 2021 growth increment to garden
MCMT and TD, plotted as climate transfer distance.

Fig. S5 Estimates of the random intercepts of garden sites, block,
genotype, and year for Model 1.

Fig. S6 Comparison of model effects when each year
(2021-2023) is analyzed separately.

Fig. 87 Correlation between actual growth and predicted growth
estimated from Model 1 across all 17 common gardens.

Fig. S8 Relationship between actual survival and the probability
of mortality predicted from Model 1 across all 17 common gar-
dens.

Fig. 89 Correlation between actual growth and predicted growth
estimated for each garden and year from leave-one-out cross-vali-
dation predictions.

Fig. $10 Relationship between actual survival and the probability
of mortality estimated for each garden and year from leave-one-
out cross-validation predictions.

Fig. S11 Correlation between actual growth and predicted
growth estimated for the maxi gardens.

Fig. S12 Relationship between actual survival and the probability
of mortality estimated for the maxi gardens.

Fig. S13 Comparison of performance among the full model
(Model 1) and those excluding provenance climate or genetic
structure, shown for four categories of predictions.

Fig. S14 Predicted increases in mean coldest month temperature
(MCMT) and the resulting predicted change in fitness metrics
for each genotype at its home site.

Fig. S15 Maps showing the species ancestry of the studied geno-
type which is predicted to have highest fitness under historic and
future climate across North America, including home and garden
sites.

Fig. S16 Predicted reaction norms plotted separately for each
genotype to show their relationship with climate of origin.

Methods S1 Additional methods with R code for Model 1 and
details on model evaluation.

Table S1 List of common garden sites and abbreviations.
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Table S2 Comparison of Akaike information criterion (AIC)
scores across models predicting growth and mortality using dif-
ferent climate variables.

Table S3 Fixed effects of the Model 1, the linear mixed-effect
model predicting yearly growth increment and mortality prob-

ability.

Table S4 Random effects of Model 1, the linear mixed-effect
model predicting yearly growth increment and mortality prob-
ability.
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