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Abstract 
The environment could alter growth and resistance tradeoffs in plants by affecting the ratio of resource allocation to various competing 
traits. Yet, how and why functional tradeoffs change over time and space is poorly understood particularly in long-lived conifer species. By 
establishing four common-garden test sites for five lodgepole pine populations in western Canada, combined with genomic sequencing, 
we revealed the decoupling pattern and genetic underpinnings of tradeoffs between height growth, drought resistance based on δ13C and 
dendrochronology, and metrics of pest resistance based on pest suitability ratings. Height and δ13C correlation displayed a gradient change 
in magnitude and/or direction along warm-to-cold test sites. All cold test sites across populations showed a positive height and δ13C rela-
tionship. However, we did not observe such a clinal correlation pattern between height or δ13C and pest suitability. Further, we found that 
the study populations exhibiting functional tradeoffs or synergies to various degrees in test sites were driven by non-adaptive evolutionary 
processes rather than adaptive evolution or plasticity. Finally, we found positive genetic relationships between height and drought or pest 
resistance metrics and probed five loci showing potential genetic tradeoffs between northernmost and the other populations. Our findings 
have implications for deciphering the ecological, evolutionary, and genetic bases of the decoupling of functional tradeoffs due to environ-
mental change.
Keywords: common-garden approach, Dendroctonus ponderosae, Endocronartium harknessii, tradeoffs, Pinus contorta, resource allocation

Introduction
The tenet of the life-history theory is that the total resource 
allocated to survival, growth, and reproduction is limited, 
and thus allocation to each life-history trait is constrained by 
tradeoffs among traits that have arisen as a consequence of 
natural selection (Agrawal et al., 2010; Schluter et al., 1991; 
Stearns, 1999). Long-lived woody perennial plants, such as 
coniferous trees, must acquire and allocate limited resources 
such as carbohydrates to increase biomass and to withstand 
various biotic and abiotic stressors, creating potential tradeoffs 
in resource allocation among different traits (Niinemets, 

2010). At the phenotypic level, tradeoffs between growth and 
resistance can influence competitive ability and stress resis-
tance (Kempel et al., 2011; Lind et al., 2013; Strauss et al., 
2002), manifesting their fundamental plant life-history strat-
egies (Grime, 1979; Raffa et al., 2017). On the other hand, 
adaptation to the local environment involves genetic tradeoffs 
between fast growth and resistance to stressors, for instance, 
growth vs. cold hardiness1 (Aitken & Bemmels, 2016; Leites 
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1 The ability of tissues to withstand cold temperatures by preventing 
ice formation inside the cells.
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et al., 2019), growth vs. pathogen (McKown et al., 2014) or 
herbivory (Coley et al., 1985; Fine et al., 2004) resistance, 
and growth vs. survival (Bigler & Veblen, 2009; Wright et 
al., 2003). However, climate change can affect interactions 
among these traits by directly affecting photosynthesis (e.g., 
decreased photosynthesis due to drought) or indirectly regu-
lating pest populations (e.g., accelerated insect development 
due to warming) (Trumbore et al., 2015). Currently, there 
is a limited understanding of the extent to which changing 
environments could alter resource allocation between growth 
traits and biotic and abiotic resistance under stressful con-
ditions. Likewise, it is less known how evolutionary pro-
cesses influence, and genetic tradeoffs might constrain, such 
a change.

Resource allocation theory (Barton & Koricheva, 2010; 
Boege et al., 2007) suggests that plants optimize defen-
sive resource allocation between growth and defense traits 
depending on the available resources. Continuous resource 
allocation is particularly critical for trees that constantly 
grow. Recent research on growth vs. defense highlights the 
outcome of functional tradeoffs between primary and sec-
ondary metabolisms in conifers (Erbilgin et al., 2021; Huang 
et al., 2020; Hussain et al., 2020), as resource availability can 
affect the evolution of the plant metabolites by modulating 
the cost-benefit ratio of defenses. Typically, resource-abun-
dant environments (e.g., warm, wet, nutrient-rich) select 
for higher growth rates at the expense of defenses against 
pests, because tissue damage by herbivores or pathogens 
becomes less costly to fitness in such environments; in con-
trast, resource-poor and stressful environments select for 

slow growth, with high tissue value and thus greater defense 
(Coley et al., 1985; Endara & Coley, 2011). Consequently, 
the magnitude of functional tradeoffs alters by leveraging the 
ratio of resource allocation to growth and defense through 
molecular regulation.

In this study, we selected five populations of lodgepole pine 
(Pinus contorta Dougl. ex. Loud. var latifolia Englm.) estab-
lished in four common-garden progeny trial test sites (Figure 
1A). The populations and test sites were arrayed in a cold-to-
warm cline based on temperature (Supplementary Table S1). 
Our goal was to examine the pattern, evolutionary cause, and 
genetic basis of changes in trait coordination at test sites to 
elucidate the hierarchical allocation of resources to several 
phenotypic traits at the mature tree stage (>35 yr) in multiple 
different environments, including tree height growth, drought 
resistance based on water-use efficiency inferred from carbon 
isotope composition (δ13C) and dendrochronological analy-
sis, and metrics of pest resistance based on host suitability 
to two most abundant pest species. Western gall rust (WGR; 
Endocronartium harknessii Hirats.) is an important fungal 
disease on lodgepole pine and widespread across the study 
region. The second pest studied is the mountain pine bee-
tle (MPB; Dendroctonus ponderosae Hopkins)—one of the 
most important agents of lodgepole pine mortality in west-
ern North America (e.g., [Erbilgin, 2019; Raffa et al., 2008]). 
Specifically, we sought to test for the following three hypoth-
eses: (a) the decoupling of height growth and δ13C or pest 
resistance metrics tradeoffs occurs more likely in cold (stress-
ful) relative to warm (favorable) growing conditions; (b) evo-
lutionary processes driving population divergence modulate 
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Figure 1. Field sites and experimental design of Pinus contorta. (A) Geographic coordinates of five study populations (filled circles) and four progeny 
test sites (triangles). Full location names are used for population sites, and four capital letters represent a test site throughout the study. According to 
site mean annual temperature (Supplementary Figure S1 and Supplementary Table S1), we defined that “cold-to-warm” test sites are TIME, SWAN, 
VIRG, and JUDY, respectively; “cold-to-warm” populations are Inverness River, Deer Mtn, Swan Hills, Virginia Hills, and Judy Creek, respectively. A cold-
to-warm cline was depicted on the graph. (B) Each test site followed sets nested in replicate design, containing a total of five replicates in each site. 
Each replicate contained 21 sets with 12 families per set and four individuals per family planted in a 2.5 m grid.
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functional tradeoffs with population variation; and (c) trait 
coordination is shaped by a common genetic basis of multi-
trait associative variants and genetic tradeoffs.

Considering the resource allocation hypothesis, resource 
investment in plant resistance would increase in environmen-
tally stressful conditions due to limited resources available. 
We, therefore, expect that height growth and δ13C tradeoffs 
mitigate or even switch to synergistic relationships in cold 
test sites. On the contrary, more resource allocation to height 
growth would gain greater fitness benefits under favorable 
conditions, pushing lower investment in δ13C and thus main-
taining or even steepening their tradeoffs in warm test sites. 
Due to the specificity, conditionality, and complexity of pest 
attacks (Erbilgin, 2019), we do not expect a pronounced 
increase in resource allocation to pest resistance in cold test 
sites and thus a clinal change in the height and pest resistance 
relationship along test sites.

In quest of understanding functional tradeoffs to various 
degrees in the study populations, we assume that a popula-
tion may be composed of phenotypically plastic genotypes, 
which produce different phenotypic trait values in fluctuating 
environments (Gavrilets & Scheiner, 1993; Moran, 1992); 
alternatively, a population may consist of genetically differen-
tiated individuals, each having fixed phenotypes across envi-
ronmental conditions (Moran, 1992). Either plastic strategy 
allows a population to adjust trait coordination with envi-
ronmental variation. Evidence has revealed that adaptive, 
plastic, and neutral evolutionary processes drive phenotypic 
divergence in forest trees (Albert et al., 2011; Kawecki & 
Ebert, 2004). We, therefore, expect that both phenotypic 
plasticity and evolutionary mechanisms (divergent/stabilizing 
selection, gene flow, and/or genetic drift) drive populations 
with variable responses in trait coordination under changing 
environments.

Finally, by modeling trait relationships based on genetic 
variants peak associated with both height and focal resis-
tance traits, we investigated the idea of a common genetic 
basis of functional coordination. As a locus can have more 
than two functionally distinct haplotypes (allelic heteroge-
neity), there are numerous examples of genetic clines along 
environmental gradients that are related to phenotypic trait 
variation (e.g., a plant defense locus GS-ELONG [Züst et 
al., 2012] and flowering time variation loci—FRIGIDA locus 
and its epistatic interaction with the FLC locus [Caicedo et 
al., 2004; Stinchcombe et al., 2004]). A dual role of a locus is 
also reflected by increasing fitness via one trait but reducing it 
through a second; as such, the locus has pleiotropically antag-
onistic effects (Rose, 1983) causing functional tradeoffs. Here, 
we want to identify single nucleotide polymorphisms (SNPs) 
that are likely subjected to functional tradeoffs between cold 
vs. warm populations, whereby finding corresponding genes 
harboring those SNPs.

Material and methods
Plant material and experimental design
We selected five lodgepole pine provenances (populations 
hereafter), representing a total of 224 maternal half-sib fam-
ilies, grown in four progeny test sites (>35 yr) located along 
various climatic gradients in central Alberta, Canada (53–59 
families from each site used for this study; Supplementary 
Table S1). All families were divided into 21 sets, each con-
sisting of about 12 families. At each site, the field design was 

sets nested in five replicates with 21 sets per replicate, and 
families within each set were planted in four-tree row plots 
at a 2.5 × 2.5 m spacing (Figure 1B). All sites were fenced 
and each trial had a border row of trees around the outside. 
Across the four progeny test sites, we chose a total of 1,490 
trees for genotyping and phenotyping.

Variant calling and genotyping
Current year needles from all 1,490 trees were collected in 
the summer of 2017 (35 yr) and stored at −80 °C until being 
transported to Alberta Innovates in Vegreville (aka InnoTech 
Alberta) for DNA extraction. Genomic DNA was extracted 
using a DNeasy 96 Plant Kit (Qiagen, Germany) and the 
quality of DNA was assessed to ensure a minimum of 30 
μl at 30–100  ng/μl. Genotyping-by-sequencing (GBS) was 
then conducted on an Illumina HiSeq2000 at the Institute of 
Biotechnology, Cornell University, following a previous pro-
cedure (Chen et al., 2013; Elshire et al., 2011) with restric-
tion enzyme Pst-1 (CTGCAG). Due to the lack of a lodgepole 
pine reference genome, SNP determination was performed by 
aligning the reads with the Pinus taeda genome assembly v2.0 
with BWA (Li & Durbin, 2009) using TASSEL-GBS (Glaubitz 
et al., 2014). Aligning sequencing reads to the read tags gener-
ated 170,166 SNP markers. For the raw SNP table, the mean 
read depth for all samples was 55.9 (std = 12.3), and 41.4 
(std = 44.2) for the SNPs. There was an average of 62.6% of 
missing data across all loci. SNP data were further filtered by 
using <70% missingness and minor allele frequency (MAF) 
>1%, yielding 25,099 (25.1K) SNPs for downstream analy-
ses. Missing data were imputed using the mean allele.

Phenotypic measurements
Detailed phenotypic trait measurement procedures are 
described in the Supplementary Methods S1. Concisely, 
height growth (m) was measured at age 35-yr with a clinome-
ter. Carbon isotope ratio (δ13C, in ‰) analysis was performed 
at Alberta Innovates in Victoria, using outside slabs cut and 
ground from the 5 mm increment cores taken from the north 
side of each tree at approximately breast height (1.3 m) at 
age 35. Samples were analyzed using an established method 
on a MAT253 Mass Spectrometer with Conflo IV interface 
(Thermo Fisher Scientific, Waltham, MA, USA) and a Fisons 
NA1500 EA (Fisons Instruments, Milano, Italy). We assessed 
the severity of WGR infection in the test sites by a qualita-
tive scoring system with discrete categories ranging from no 
gall symptoms to deceased (four tiers) for all trees sampled 
at age 36-yr. We also investigated these trees’ suitability for 
MPB. Host tree suitability to the beetles was evaluated by 
quantifying defense chemicals (constitutive monoterpenes) 
using a Gas Chromatography/Flame Ionization Detector 
(Agilent Tech., Santa Clara, CA, USA) based on cambial 
tissues collected by a hole punch when trees were actively 
growing, coinciding with MPB flight in western Canada. 
Then, we tested the response of MPB tunneling in media 
amended with various host chemical profiles (relative con-
centrations and proportions of individual monoterpenes in 
the mixture) reported by Ullah et al. (2021). A cutoff of four 
categories was used to classify trees with different MPB suit-
ability levels (see Supplementary Methods S1-(3) for details). 
This experiment described above only focused on the role 
of host constitutive monoterpenes on the tunneling/feed-
ing activities of MPB and did not incorporate the induced 
monoterpenes in beetle responses. In addition, we performed 
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dendrochronological analysis to calculate drought resistance 
indices based on changes in tree-ring width before and after 
a drought event (Supplementary Methods S1-(4)).

Data analysis
Phenotypic adjustments
To adjust phenotypic traits, by removing design and spatial 
effects, we analyzed each trait in each test site using a spatial 
model with a first-order autoregressive residual (co)variance 
structure (AR1 × AR1). The analysis was achieved by the fol-
lowing pedigree-based mixed model with a spatial autocor-
relation to predict each trait:

y = Xβ+ Zrur + Zsus + Zaua + ε (1)

where y is the vector of individual-tree trait observations, β 
is the vector of fixed effects for populations; ur is the vec-
tor of random replicate effects distributed as ur ∼ N (0, Iσ2

r ),  
where I is the identity matrix and σ2

r  is the replicate vari-
ance; us is the vector of random set effects distributed as 
us ∼ N (0, Iσ2

s ), where σ2
s  is the set variance; ua is the vector of 

random effects that represents the genetic effects distributed 
as ua ∼ N

(
0,Aσ2

a

)
, where A is the average numerator rela-

tionship matrix derived from the pedigree information and σ2
a 

is the additive genetic variance; and ε is the vector of random 
residuals, partitioned into spatially dependent (ξ) and inde-
pendent (η) components. The residual (co)variance matrix is 
expressed as σ2

ξ [AR1(ρcol)⊗ AR1(ρrow)] + σ2
ηI, where σ2

ξ is 
the spatially dependent variance, σ2

η is the spatially indepen-
dent variance, AR1(ρ) is the first-order autoregressive cor-
relation process, ρcol  and ρrow are autocorrelation parameters 
for tree column and row positions in a test site, respectively, 
and ⊗ denotes the Kronecker product. The X, Zr, Zs, and Za 
terms denote the incidence matrices for respective model-ef-
fects. As we sampled 1–2 trees from each plot, we did not 
consider plot effects in the model. A log-transformation was 
applied to WGR and MPB data before the adjustment. The 
adjusted phenotypic traits were obtained for each tree at each 
site by subtracting the estimated replicate, set, and autore-
gressive residual effects (i.e., ξ term in the model). We used 
the “remlf90” function in breedR ver. 0.12.5 in R ver. 4.0.0 
(R Core Team, 2020) to fit the model with the Expectation-
Maximization REML algorithm. The adjusted trait data were 
used for all subsequent analyses.

Phenotype differentiation, correlation, and coordination
We performed one-way ANOVAs (population) to test for 
phenotypic differentiation for each focal trait and inter-
population difference at each test site and all sites pooled 
using the Tukey’s HSD post-hoc method implemented 
by the “TukeyHSD” function in the R package stats ver. 
3.6.2. We used a correlation-based approach to investigate 
inter-trait relationship for each combination of population 
and test site. The correlation between traits, X and Y, was  
calculated as,

r (X, Y) =
cov(X, Y)√
var (X) var(Y)

To explore the pattern of trait coordination, we carried out 
a PCA based on phenotypic data of all four focal traits and 
genomic data, and performed a clustering analysis (Ward’s 
method) for individuals based on phenotypic data using 
FactoMineR ver. 2.2 (Lê et al., 2008).

Estimation of phenotypic plasticity
We employed linear mixed effect models (LMMs) for each 
focal trait to disentangle the genetic (family; G), planting envi-
ronment (test site; E), and interactions thereof (G × E) effects 
by estimating the fixed effect of test site and the random 
effects of family and family-by-test site interaction using the 
univariate REML-LMMs in the R package lme4 ver. 1.1.23 
(Bates et al., 2015). We constructed the model (Equation 2) 
by specifying random intercepts for the family and family by 
test site (i.e., G × E) effects, such that the two random effects 
allow for an overall shift in level for each family and a sepa-
rate shift for each combination of family and test site.

trait ∼ −1+ test_site+ (1|family) + (1|family : test_site) (2)

Statistical significance was calculated using likelihood-ratio 
tests for the random effects and an F-test with Satterthwaite-
approximation degrees of freedom for the fixed effect using 
the R package lmerTest ver. 3.1.2 (Kuznetsova et al., 2017). 
The proportion of variance explained (PVE) was reported 
for all random effects. We furthermore estimated PVE by 
fixed and random effects for each trait using the “rptGauss-
ian” function in the R package rptR ver. 0.9.22 (Stoffel et 
al., 2017). The way this package estimates PVE for an effect 
can be considered equivalent to a goodness-of-fit or R2 
(Nakagawa and Schielzeth, 2013). We used the same REML-
LMM but without the G × E term to compute the PVE for G 
and E effects, as the interaction effect has been included as 
part of the test site effect repeatability according to Schielzeth 
and Nakagawa (2013). We used 5,000 parametric bootstrap-
ping iterations for the confidence interval (CI) estimation and 
5,000 permutations for the significance test.

Population genetic structure
To decipher genetic structure, we calculated the pairwise 
genomic distances between individuals using a Euclidean dis-
tance estimated by the “dist” function in the R package stats 
ver. 3.6.2. We then visualized the genomic distance among 
individuals by implementing a principal coordinate analysis 
(PCoA) using the “dudi.pco” function in the R package ade4 
ver. 1.7-15 (Dray & Dufour, 2007).

Heritability and test for evolutionary causes of phenotypic 
divergence
We employed a multi-trait single-site genomic best linear 
unbiased prediction approach to estimate genetic compo-
nents, VA and Vε, for genomic-based heritability h2 estima-
tion (Supplementary Methods S2). We used the approach 
developed by Ovaskainen et al. (2011) to test for signals of 
phenotypic selection, which allows for differentiating natural 
selection and genetic drift as the cause of population diver-
gence. This approach first analyzes genotypic data under a 
neutral model that assumes that the genes coding for a target 
trait are as divergent as neutral markers (i.e., QST = FST). This 
model therefore considers the population mean genetic addi-
tive values to follow a multivariate normal distribution, with 
the covariance between pairs of population means in propor-
tion to the pairwise average co-ancestry between populations 
(i.e., neutrality for a trait):

AP ∼ N (0, 2GA ⊗ θP) (3)

where AP is the vector of population means, GA is the ances-
tral variance–covariance matrix of the traits in question, 
and θP is the population-to-population co-ancestry matrix. 
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Subsequently, the approach uses a Bayesian mixed-effects 
“animal” model for each trait (phenotypic data) to decom-
pose the additive genetic values into population and individ-
ual effects.

Prior to the use of the method to compare the probabil-
ity distribution of predicted and observed mean additive 
genetic values, we used genotypic data and the admixture 
F-model (AFM) for neutral divergence among populations 
implemented in the R package RAFM ver. 1.2 (Karhunen & 
Ovaskainen, 2012) to estimate θP and FST for each pair of 
populations. The AFM assumes that the current populations 
are derived from a single non-sampled ancestral population 
(Karhunen & Ovaskainen, 2012; Ovaskainen et al., 2011). 
We fitted both AFM and DRIFTSEL models with 85,000 
Markov chain Monte Carlo (MCMC) iterations, discarded 
a burn-in of 55,000 iterations, and thinned the remaining by 
30 to provide 1,000 samples from the posterior distribution. 
Increasing to this sample size was based on the assessment of 
convergence by drawing the Monte Carlo traces of the co-an-
cestry coefficients. We conducted three independent runs for 
each trait and combinations thereof. The presence of selection 
was determined by a neutrality test based on S statistics. The S 
estimates provided the posterior probability that the observed 
population divergence arises under divergent selection (S ≈ 
1), stabilizing selection (S ≈ 0) or genetic drift (intermediate 
S values ≈ 0.5) (Ovaskainen et al., 2011). Due to the com-
putational demands of analyzing the full dataset, we used a 
subset of 3,864 biallelic SNPs for this analysis by imposing 
more stringent filtering parameters of MAF ≥1%, missingness 
≤10%, and DP ≥140 on the 25.1K SNPs.

Phenotype–genotype-environment associations
A genetic relationship matrix (i.e., G-matrix) consists of the 
additive genetic variances and covariances of multiple traits, 
providing a statistical summary of the amount and shape of 
genetic variation within populations. It is integral to under-
standing multivariate evolution in quantitative traits (Lande 
1979, 1980). We first generated a G-matrix based on the 
25.1K SNPs using the VanRaden (2008) method:

G =
WWT

2
∑mi

1 pi(1 − pi) (4)

where W  is the SNP marker incidence matrix assuming W ⊂ 
{−1, 0, 1} and pi is the allele frequency of the ith marker pres-
ent in the W  matrix.

To probe putative causal genomic markers underlying trait 
variation, we carried out genome-wide association study 
(GWAS) tests using an LMM of the EIGENSTRAT algorithm 
(Price et al., 2006) and a fixed and random model circulating 
probability unification (FarmCPU; ref. [Liu et al., 2016]). While 
the LMM tests one marker at a time, FarmCPU performs marker 
tests using other associative markers as covariate in a fixed effect 
model (Liu et al., 2016). The G-matrix was used as covariates to 
account for the relatedness between individuals. As the degree 
to which growth and pest defenses associated loci vary in effect 
across space and time (e.g., [Atkinson & Urwin, 2012; Colhoun, 
1973; Kelly, 1992]) and the statistical power of detecting asso-
ciative markers varies with the method used (Solovieff et al., 
2013), we selected peak-associated markers for each category 
of the traits (i.e., height, drought resistance, and pest suitability) 
at α = 0.05 from either GWAS method. We finally retained 335 
candidate SNPs peak associated with all three trait categories.

To test whether trait-associated SNPs are under selec-
tion by the environment, we used a multivariate associa-
tion approach—redundancy analysis (RDA; [Legendre & 
Legendre, 1998]). This is an efficient constrained ordination 
approach to identify genetic variation underlying local adap-
tation and has recently been shown to outperform mixed 
model-based methods, as well as Random Forest, a machine-
learning-based method, in identifying loci associated with 
environmental variation (Capblancq et al., 2018; Forester 
et al., 2018). Here we performed an RDA to detect SNPs 
under selection by the climate of origin using the R pack-
age VEGAN ver. 2.5-6 (Oksanen et al., 2017). We used the 
same set of filtered SNPs as in GWAS and climatic data were 
obtained from ClimateNA ver.6.2.0 (Wang et al., 2016). To 
reduce the number of climatic variables used, we ran a prin-
cipal component analysis (PCA) for all climatic variables (N 
= 219) and chose the top 20 climatic variables based on the 
eigenvector of the first principal component (53.4% of total 
inertia; Supplementary Figure S10B). Each of these climatic 
variables had an absolute eigenvalue of no less than 0.788 
on the first principal component. The significance of the RDA 
model was assessed using 9,999 permutations.

Investigation of the genetic basis of trait coordination
As complex traits are governed by many small-effect loci, over-
lapped associative loci due to selection, pleiotropy or genetic 
linkage could be used as an indication of shared genetic bases. 
We used the 335 peak-associated SNPs to investigate genetic 
bases of focal traits coordination. We constructed general-
ized additive models (GAM; i.e., generalized linear models 
with the addition of tensor product smoothing functions of 
covariates) with an identity link function by using the small-
est p-values (i.e., strength of association signal) for those 
selected markers in each trait category, where −log(p) values 
for height were modeled as a function of those for drought or 
pest resistance metrics. We cross validated the model by ran-
domly assigning 75% of the data to train the model and using 
the remaining 25% for model validation for each of 5,000 
bootstrapped model runs. We assessed model fit and reliabil-
ity by cross-validation statistics (e.g., AIC, explained devi-
ance) and the Pearson’s correlation coefficients for each of 
the bootstrapped samples. The model was implemented using 
the R package mgcv ver. 1.8.28 (Wood, 2011) and MASS ver. 
7.3.51.5 (Venables & Ripley, 2002). In addition, we visual-
ized association signal relationships between traits by per-
forming thin-plate spline nonparametric regressions using the 
“Tps” function in the R package fields ver.10.3 (Nychka et 
al., 2015). Smoothing parameters for each spline were chosen 
to minimize the generalized cross-validation score.

Results
Trait coordination differed in warm vs. cold 
populations
All traits showed significant differences between popula-
tions (p < .05) based on one-way ANOVAs (Supplementary 
Table S2). Tukey’s HSD test showed that populations orig-
inating from warm sites were different from those from 
cold sites (e.g., Judy Creek and Virginia Hills vs. Deer Mtn) 
in height and δ13C (Supplementary Figure S3). This pattern 
was corroborated by a PCA, in which the first axis (30% 
of the inertia) separated Judy Creek and Virginia Hills vs. 
the other three populations on its positive vs. negative side, 
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respectively (Supplementary Figure S4A). However, there was 
no clear interpopulation pattern of the two defense traits. In 
addition, by clustering all individuals based on focal traits 
(Supplementary Figure S5A and B), we found that trees taller 
than 13.9 ± 0.04 m had greater δ13C (all p < .05 in paired 
comparisons; Supplementary Figure S5C). The infection 
severity of WGR was less in both tall and short (12.1 ± 0.04 
m) trees relative to that of medium-sized (13.1 ± 0.05 m) trees 
(p < .05; Supplementary Figure S5C); small trees appeared 
to have the highest MPB suitability (Supplementary Figure 
S5C). Nonetheless, we did not find that individuals from one 
clustering group pertained to a single population.

Decoupling of functional tradeoffs more likely in 
cold vs. warm populations and test sites
Pairwise trait correlations showed variation in the size and 
direction of correlation, depending on population and test 
site (Figure 2). The three warm populations—Swan Hills, 
Virginia Hills, and Judy Creek—at test sites geographically 
proximal to their original locations (Figure 1A) had less 
changes in correlative magnitude than the two cold popula-
tions—Inverness River and Deer Mtn—in the same test sites 
(Figure 2). The height and δ13C correlation displayed a gradi-
ent in strength and a negative-to-positive change in direction 
along the warm-to-cold test sites for Inverness River, Virginia 
Hills, and Judy Creek populations (Figure 2). This clinal pat-
tern was not evident for the correlations between height or 
δ13C and either pest (Figure 2). Moreover, the warm test sites 
(e.g., JUDY and VIRG) were more likely to generate nega-
tive correlations between focal traits than cold test sites (e.g., 
SWAN and TIME) (Figure 2). In addition, host suitability to 
the two pests had opposite relationships in warm sites across 
populations except Judy Creek (Figure 2).

Genetic drift drove the phenotypic divergence of 
study populations
No difference in trait plastic responses among families
We found significant genetic variation among families for all 
focal traits (p < .05; Supplementary Table S3). PVE by family 
was ca. 30% for height, 15% for δ13C and WGR, and 10% for 
MPB (Supplementary Table S3 and Figure 3A), in accordance 
with high variability in effect size of the family (G) effect 
(Figure 3B). We note that family was a better choice than 
population for genetic variation partitioning, as some fami-
lies from different populations did not show significant trait 
variation (p > .05 using a Scott–Knott test; Supplementary 
Figure S2). All traits except MPB showed a significant plastic 
response to test sites (p < .05; Supplementary Table S3) and 
PVE by test sites was relatively high in height (12.5%) and 
δ13C (19.3%) (Supplementary Table S3 and Figure 3A). The 
effect size of test sites for all traits except MPB was signif-
icant (Figure 3B). This indicates a plastic response in these 
traits. However, G × E interactions were not significant in 
all traits and corresponding PVE was as low as 0%–2.3% 
(Supplementary Table S3 and Figure 3A and B), indicating 
that plastic responses did not differ among families.

No remarkedly discrete population structure
The pedigree structure identified through genomic relation-
ships showed that the trees sampled had a mean related-
ness coefficient of 0.006 (Supplementary Figure S6). PCoA 
of the genomic distances between trees showed overlapped 

variation with little indication of discrete population struc-
ture (Supplementary Figure S7). This pattern was similar 
across all first six PCoA axes (3.6% of the genomic varia-
tion explained). Relatively, Judy Creek and Deer Mtn had 
more differences than the other populations, according to 
the first four principal components (Supplementary Figure 
S4B). Furthermore, demographic distances between popula-
tions were low (θ = 0.134–0.273; Table 1), indicating globally 
large effective population size (Ne). The co-ancestry estimates 
within populations (diagonal elements of the θP matrix) indi-
cated that Judy Creek had the lowest θ and thus the highest Ne 
(Table 1). The highest between-population co-ancestry coef-
ficients were Deer Mtn—Inverness River followed by Deer 
Mtn—Swan Hills and Inverness River—Judy Creek (Table 1), 
indicating that the highest gene flow occurred between Deer 
Mtn and Inverness River and that these two populations had 
high gene flow with Swan Hills and Judy Creek, respectively. 
In addition, we estimated a posterior median FST value of 
0.081 with 95% central posterior CI of [0.080, 0.082] across 
populations (Supplementary Figure S8).

Focal traits under weak natural selection
All traits across test sites had an intermediate heritability 
of ca. 0.45 on average (Supplementary Table S4), indicating 
significant additive genetic variation and that these traits are 
under genetic control. The signal of natural selection by S sta-
tistics showed that all S values of the focal traits and their 
combinations were ca. 0.5 (Supplementary Table S5), indicat-
ing that genetic drift rather than natural selection underpins 
phenotype-level population differentiation.

Genetic basis of trait coordination
There was an intermediate, positive correlation between 
height and δ13C (Pearson’s r = 0.302, p < .05; Figure 4A), 
whereas correlations between pest suitability and height or 
pest suitability and δ13C were relatively low and non-signifi-
cant (all |r| < 0.05, p > .05; Figure 4A). Consistently, the num-
ber of associative SNPs in height and δ13C was four to five 
times as high as that of pest suitability (Figure 4A).

We discovered 335 peak-associated SNPs with all three cate-
gories of focal traits (Supplementary Figure S9A). Most of these 
SNPs had an associative −log10(p) of 1.7 with each trait category 
(Supplementary Figure S9B). By fitting association signals using 
−log(p) values through a GAM, we found that these SNPs were 
highly associated with both height and δ13C (Figure 4B). There 
were positive correlative trends in pest suitability vs. height or 
δ13C (r = 0.04–0.05 but p > .05), albeit no pronounced pattern 
or significant relationship (Figure 4B). Cross-validation and a χ2 
goodness-of-fit test confirmed the fit of a normal distribution in 
our data (Supplementary Table S6), and an intermediate correla-
tion between the predicted and observed associations suggests 
the ability of the model to capture their primary relationships 
(Supplementary Table S6). In addition, when contouring δ13C 
against suitability to either pest, we found a positive relation-
ship for WGR and negative relationship for MPB (Figure 4C). 
Further, we probed five variants of different allele frequencies 
between Deer Mtn and the other four populations, indicating 
potential genetic tradeoffs between a cold (northernmost) and 
warm populations (Figure 4D). We found these five loci were 
located within intergenic region. By searching for the flank 
genomic sequences (5 Kb) of the five SNPs, we identified a 
malate dehydrogenase and seven unannotated genes that might 
have a relatedness with those SNPs.
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In addition, we tested whether trait-associated SNPs are 
under selection by the environment across populations. The 
RDA model explained a small but significant amount of 
overall genetic variance (adj. R2 = 0.07, p < .001 based on 
a permutation test). The first two axes of the RDA projec-
tion represented 23.3% and 21.9% of the explained vari-
ance, respectively. Overall, 23.3% of the 25.1K SNPs were 
outliers and deemed under selection (gray dots in Figure 4E), 
of which 68 were also associated with focal traits [−log10(p) 

> 5.7 and with blue highlight in Figure 4E]. We identified a 
temperature-based selective gradient corresponding to multi-
ple temperature indexes, such as the top five negatively and 
positively associated variables with RDA1 (Supplementary 
Figure S10). Based on allele frequencies of the SNPs under 
selection, the populations could be classified into two main 
groups (Supplementary Figure S11), in line with their niche 
environmental differences (e.g., the two groups of two cold 
vs. three warm populations).

Figure 2. Linear correlation between focal traits of Pinus contorta in population by test site. Red and black colors represent positive and negative 
relationships, respectively. Negative correlations represent phenotypic tradeoffs. Plots in box show the regression lines across all 20 combinations (i.e., 
five populations × four test sites) using standardized trait values by combination. Beneath are scatter plots with error bars for slope values in positive 
and negative relationship categories. Heat maps unravel correlations in each population and test site combination in detail. Point size and color depth 
are proportional to correlative strength.
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Discussion
By integrating phenotypic information of trait co-occurrence 
with genomic analysis, this large-scale study overcame the 
limitations of space-for-time substitutions (e.g., [Damgaard, 
2019; Pickett, 1989]) to elucidate how and why the decou-
pling of functional tradeoffs occurs and varies in popula-
tions and test sites. While recent efforts have been made to 
demonstrate variable growth-resistance relationships, we 
tested for the hypothesis that limited resources in cold test 
sites are allocated in priority to water-use efficiency (δ13C) at 
the expense of height growth, leading to flattening tradeoffs 
or even synergistic relationships. However, resource alloca-
tion to pest resistance metrics measured did not vary between 
cold and warm test sites. We found an opposing trend in two 
constitutive defenses against WGR and MPB along warm-
to-cold test sites. Further, the study populations having func-
tional tradeoffs of different magnitudes are attributable to 
non-adaptive evolutionary processes (genetic drift and gene 
flow), rather than phenotypic plasticity or adaptive evolution, 

which drive the divergence of these populations. Finally, we 
found positive genetic relationships among height growth, 
drought, and pest resistance metrics based on the strength 
of multi-trait peak-association signals. We probed five SNPs 
of potential genetic tradeoffs between a cold (northernmost) 
and warm populations and found a dehydrogenase gene that 
might relate to one such SNP.

Insights into functional coordination: tradeoffs vs. 
synergies
The current study revealed the decoupling of tradeoffs 
between height and δ13C in cold test sites (e.g., SWAN and 
TIME) across all five lodgepole pine populations investi-
gated and two cold populations (e.g., Deer Mtn and Swan 
Hills) in warm test sites (e.g., JUDY and VIRG). This indi-
cates that stressful growing conditions (e.g., coldness) could 
decouple a functional tradeoff and even generate a synergis-
tic relationship, and that variation in population’s sensitivity 
to favorable conditions (e.g., warmness) leads to differences 

Figure 3. Reaction norms and effect size for family differences in focal traits in the four test sites of Pinus contorta. (A) Horizontal lines show family-
level norms of reaction for a given trait. Families in MAT-decreasing order at site-of-origin are delineated with a red–green gradient on the graph. 
Percentage of variance explained by family (G), planting environment of test sites (E), and G × E interactions is shown next to each panel. More details 
about variance decomposition are given in Supplementary Table S6. (B) Effect size of G (fixed), E (random), and G × E (random) effects. Red or blue 
color indicates negative or positive point estimates, respectively. The effect size estimates (G and G × E) are displayed by family horizontally.

Table 1. Co-ancestry matrix of five Pinus contorta populations sampled in Alberta, Canada.

Population Judy Creek Virginia Hills Swan Hills Inverness River Deer Mtn 

Judy Creek 0.134 [0.132, 0.136]

Virginia Hills 0.080 [0.078, 0.081] 0.138 [0.136, 0.140]

Swan Hills 0.114 [0.113, 0.115] 0.112 [0.111, 0.113] 0.273 [0.267, 0.280]

Inverness River 0.125 [0.122, 0.128] 0.122 [0.119, 0.125] 0.107 [0.103, 0.111] 0.233 [0.226, 0.240]

Deer Mtn 0.097 [0.095, 0.098] 0.095 [0.094, 0.097] 0.125 [0.123, 0.126] 0.141 [0.138, 0.144] 0.141 [0.139, 0.143]

The co-ancestry coefficients (i.e., demographic distance) between populations were estimated by an admixture F-model using DRIFTSEL. The diagonal 
and lower diagonal elements give the within- and among-population co-ancestry coefficients, respectively. Median values are shown with 95% CIs in 
parentheses.
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in the magnitude of trait relationships between populations. 
While a global intraspecies study showed that height and 
δ13C were positively correlated (Fardusi et al., 2016), other 
studies on tree species showed their positive relatedness 
(e.g. in Populus spp. [Gornall & Guy, 2007], Quercus spp. 
[Ramírez-Valiente et al., 2020], and Betula spp. [Tenkanen et 
al., 2019]). Together, prior knowledge agrees with our finding 
of a positive height-δ13C correlation in 14 of 20 tests by sites 
and populations (Figure 2), indicating that increasing δ13C 
can compensate for the negative effect of stress due to water 
deficit. Nonetheless, previous studies have also documented 
negative genetic correlations between height and δ13C, such 
as in P. taeda (Cumbie et al., 2011) and Pinus caribaea (Xu 
et al., 2000), indicating the underpinning of their poten-
tial genetic tradeoffs. Altogether, these results suggest that 
changes in resource allocation to growth and δ13C constitutes 
an important mechanism in mitigating the detrimental effects 
of stressful growing conditions (e.g., drought or cold spells) 
on water-use efficiency and tree survival.

Our interpretation about the change to synergistic height-
δ13C relationship in cold test sites was mainly based on the 

resource allocation hypothesis. From warm-to-cold test sites 
(JUDY and VIRG vs. TIME and SWAN), height, on average, 
decreased by 6.6% (Δ = 0.895 m divided by a mean of 13.5 
m), whereas the decrement of δ13C value was only 1.8% (Δ 
= −0.462‰ over −25.5‰) (calculation based on point effect 
size estimates in Figure 3B). These results indicate that in cold 
relative to warm test sites, the extent of decrease in height 
growth was three times as high as that in water-use efficiency 
based on δ13C. As such, our finds support that the resources 
are allocated more to water-use efficiency (i.e., increased ratio 
of CO2 assimilation to transpiration) under stressful condi-
tions at the expense of height growth. This change reflects 
that carbon fixation under stress is used primarily for plant 
survival rather than vegetative growth.

Whether growth-defense relationships display tradeoffs 
or synergies depend on the biotic and abiotic context (Züst 
& Agrawal, 2017). Decoupling of growth-defense tradeoffs 
could occur by conditionally inducing defense response genes 
(Karasov et al., 2017). Changes in environmental conditions 
might give rise to opposite growth-defense relationships over 
time. Previous findings did not demonstrate tradeoff between 

Figure 4. Investigations of the genetic basis of trait coordination and allelic tradeoffs between populations of Pinus contorta. (A) Pearson’s correlation 
coefficients among four focal traits: height growth, drought resistance, and WGR/MPB pests. The size of nodes indicates the relative genetic basis 
of each trait (i.e., the number of peak-associated SNPs for each trait in ratio; see Supplementary Figure S9A) and the thickness of edge lines reflects 
correlation strength. Positive or negative correlations are shown as dark or light gray lines, respectively. (B) Contour plot displaying predicted SNP-height 
association strength by using the strength of associations of the same markers with drought resistance and pest suitability/severity. −log10(p) values 
for selected 335 SNPs peak associated with the three categories of traits based on GWAS (Supplementary Figure S9A) were used to construct GAMs 
(see Supplementary Table S6 for model fit statistics). The 335 data points were marked in black and two white points mark the 25th and 75th percentiles 
of the data. Density plot for −log10(p) of these SNPs is displayed in Supplementary Figure S9A. (C) Two-dimensional contour plots with colors and 
contour lines show associations of trait combinations (based on the FarmCPU approach). The color gradient is for height and the 335 data points were 
marked on the plot. As in (B), axis values and gradient bars are association signals based on −log10(p); the only difference here is that we considered 
two pests separately. (D) Population mean minor allele frequency by SNP locus. We identified five SNPs with interpopulation Δ[allelic frequency] ≥ 0.55 (i.e., at 
least more than one allelic difference in a biallelic locus) as highlighted in red. (E) Manhattan plot showing the results of SNP-climate associations. Loci 
under selection by climate, that is −log10(p) > 5.7, are distinguished in gray (N = 5,847), otherwise, in black. The 335 associated SNPs are highlighted 
in blue, of which 68 SNPs were under selection. The five SNPs showing potential allelic tradeoffs as indicated in (D) were marked by red asterisks 
on the graph. Locus information about the five SNPs includes APFE030845957.1_207031, APFE031507271.1_114818, APFE030130672.1_15992, 
APFE030586094.1_187779, and APFE030744328.1_248543. Refer to supplemental documents for the upstream/downstream flank genomic 
sequences (5 Kb) of the five SNPs.
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growth and chemical/anatomical defenses in Pinus (Kichas  
et al., 2021; Mason et al., 2019), in part due to strong genetic 
and environment interactions as suggested by significant cor-
relation for populations in specific test sites but weak cor-
relations across populations and test sites (Figure 2 vs. Figure 
4A). Abiotic stress such as drought could limit tree growth, 
which could reduce resource allocation to defenses (Huang et 
al., 2020; Hussain et al., 2020; McDowell et al., 2011; Sala et 
al., 2012). While drought-stressed trees have shown reduced 
tree defenses against some insect guilds (Bentz et al., 2010; 
Berner et al., 2017; Kolb et al., 2019), there are other insect 
guilds that can perform better on well hydrated than drought-
stricken trees (e.g. [Kolb et al., 2016]).

Furthermore, there are often instances where resistance to 
pathogens vs. herbivores diverges (e.g. [Ballhorn, 2011; Erb et 
al., 2011]). Consistently, our study suggested nearly contrast-
ing patterns in plant responses to pathogenesis vs. herbivory 
stressors (WGR vs. MPB) along a cold-to-warm test site gra-
dient, indicating that resource allocation to pest resistance 
varies depending on the resource availability and pest types. 
These results are expected, as individual pests and their activ-
ities are closely tied with specific climatic conditions, such as 
precipitation and temperature, both of which can differen-
tially influence both host plant susceptibility to organisms 
and the biology of an organism (Hicke et al., 2012; Jamieson 
et al., 2012). For example, lodgepole pine stands at high ele-
vations appear to be less suitable to MPB due in part to harm-
ful effects of climate on the beetle biology at higher elevations 
(Amman & Baker, 1973) and improved defense capacity 
(Mullin et al., 2021). This agrees with the general idea that 
plants at lower elevations likely experience higher levels of 
herbivory and thus select for greater defenses (Galmán et al., 
2018; Zangerl & Rutledge, 1996). We observed the highest 
WGR severity in a wet, warm test site (i.e., VIRG), suggesting 
that the infection severity is contingent on weather conditions. 
Broadly, pest species need to survive cold temperatures (i.e., 
overwintering) such that growth, development, and repro-
duction can resume when environmental conditions become 
more favorable. As a result, many pest species have seasonal 
migration in annual cycles (Chapman et al., 2015) and cold 
temperatures may become a limiting factor for pest survival 
and subsequent spread. Furthermore, as infection can expand 
among trees and might differ between years with different 
environments, the observed WGR severity is likely a conse-
quence of repeated infection on trees over multiple years.

Other than the environment, genetic differences in pest 
resistance may result in different host susceptibility to pest 
species. Indeed, plant responses to a phytopathogen and an 
insect herbivore (e.g., WGR and MPB) are mediated by dif-
ferent phytohormonal signaling pathways (Erb et al., 2012). 
The rusts are considered a (hemi-)biotrophic pathogen and 
plant defenses against biotic pathogens are usually mediated 
through the salicylic acid-dependent pathway. This pathway 
leads to the production of antimicrobial molecules (e.g., 
pathogenesis-related proteins and phytoalexins) and the 
induction of hypersensitive responses, often associated with 
programmed cell death in the infected area, which hinders 
pathogen colonization (Bonello et al., 2006). In contrast, 
insect herbivory (e.g., MPB) usually triggers jasmonic acid 
and/or ethylene pathways in plants, resulting in the synthesis 
of different classes of defense metabolites including terpenes 
which are important components of tree resistance to bark 
beetles attacks (Raffa et al., 2008; Ullah et al., 2021). Overall, 

tree defense against bark beetles is multipartite involving 
multiple classes of chemical compounds, anatomical, and 
hypersensitive mechanisms that can be expressed as consti-
tutively or induced (Erbilgin, 2019; Franceschi et al., 2005; 
Kolosova & Bohlmann, 2012; Raffa et al., 2005). As such, 
multiple traits operate in unison against various processes 
and elements of attack instead of a single class of compounds 
conferring tree resistance against bark beetles.

Lastly, tree size may affect pest-host interacting behav-
ior with smaller trees likely having a lower resistance to 
pest attacks, but larger trees being more desirable targets 
on account of their thicker phloem (representing greater 
resource for colonizing beetles) providing greater nourish-
ment (e.g., MPB cases; ref. [Raffa et al., 2008]). Bark bee-
tles are typically associated with trees with compromised 
defenses, in line with the trend of the highest MPB suitability 
in small trees or larger trees attacked by other insects and 
pathogens. The aforementioned pattern may be applicable 
only to endemic periods between outbreaks; during out-
breaks, MPB does not discriminate between trees with com-
promised defenses (e.g., [Boone et al., 2011]). In addition, 
the finding of the highest WGR severity in medium-sized 
trees suggests a tradeoff between host vulnerability and 
nutrient availability.

Non-adaptive process modulates population 
functional tradeoffs of variable magnitudes
Typically, sources of genetic differentiation include adaptive 
(e.g., natural selection) and non-adaptive (e.g., genetic drift, 
gene flow, and mutation) evolutionary processes. We identi-
fied nearly a quarter of the 25.1K SNPs (23.3%) as imprints 
of local adaptation, but further results showed that shifts in 
allele frequencies in populations were the consequence of 
genetic drift rather than natural selection. This indicates that 
differences in the study populations, originating mainly from 
two seed zones (mixed wood and foothills; Supplementary 
Table S1), were not driven by adaptive evolution. We observed 
that the decoupling of functional tradeoffs varied in popula-
tions in the same test site, and found that this discrepancy 
was engendered by random evolutionary processes—genetic 
drift and gene flow. This indicates that random changes in 
allele frequency over time could affect resource allocation 
to phenotypic traits. In addition to evolutionary processes, 
plastic responses could drive phenotypic trait divergence of 
forest trees (Albert et al., 2011; Kawecki & Ebert, 2004). 
We found that all focal traits had strong plasticity across test 
sites, suggesting their ability to acclimate, but none of these 
traits showed significantly different plastic responses among 
families. This result could reflect either congruent selection 
on plasticity across families or constraints on the evolution of 
plasticity in focal traits in response to spatially heterogeneous 
selection.

Genetic basis of functional coordination
The use of a GBS method for genomic sequencing has the 
disadvantage of missing most variants across the genome 
(Lowry et al., 2017). Given conifer genome sizes of 20–30 
Gb such as P. taeda of 22 Gb (https://treegenesdb.org/), the 
variant density of this study is equivalent to one SNP per 
1  Mb. This sparse density of variants across the genome 
limits our ability to capture trait associative loci. Due to 
this limitation, we did not rely on identifying significantly 
associative variants but utilized a modeling approach based 
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on the signal strength of multi-trait peak associations to 
investigate genetic relationship of focal phenotypic traits. 
Moreover, we probed five SNPs with mean allele frequency 
difference of 0.55 between a cold (northernmost) and 
warm populations, indicating potential genetic tradeoffs, 
and found one SNP might relate to a dehydrogenase. In the 
future, we could experimentally test for genetic tradeoffs by 
demonstrating that alleles at the SNP or candidate gene have 
a fitness advantage in its home environment, but suffer a 
fitness cost when transplanted to a different environment 
(Mitchell-Olds et al., 2007).

In conclusion, by testing for the resource allocation 
hypothesis, identifying the cause of population divergence, 
and demonstrating genomic underpinnings of trait coordi-
nation based on four common-garden experiments for five 
lodgepole pine populations, the study integrated ecological, 
evolutionary, and genetic mechanisms to elucidate the eco-
logical pattern, evolutionary drivers, and genetic basis of 
trait coordination, or rather, the decoupling of functional 
tradeoffs.
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