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SUMMARY

Forests absorb a large fraction of anthropogenic
CO2 emission, but their ability to continue to act as
a sink under climate change depends in part on plant
species undergoing rapid adaptation. Yet models of
forest response to climate change currently ignore
local adaptation as a response mechanism. Thus,
considering the evolution of intraspecific trait varia-
tion is necessary for reliable, long-term species and
climate projections. Here, we combine ecophysi-
ology and predictive climate modeling with analyses
of genomic variation to determine whether sugar and
starch storage, energy reserves for trees under
extreme conditions, have the heritable variation and
genetic diversity necessary to evolve in response to
climate change within populations of black cotton-
wood (Populus trichocarpa). Despite current pat-
terns of local adaptation and extensive range-wide
heritable variation in storage, we demonstrate that
adaptive evolution in response to climate change
will be limited by a lack of heritable variation within
northern populations and by a need for extreme ge-
netic changes in southern populations. Our method
can help design more targeted species management
interventions and highlights the power of using
genomic tools in ecological prediction to scale from
molecular to regional processes to determine the
ability of a species to respond to future climates.

INTRODUCTION

Rates of forest tree mortality are increasing across large regions

of the globe as a result of shifting drought regimes, extreme tem-

peratures, and pest outbreaks associated with global change

[1–4]. The rise in number and intensity of these climate-related

selective pressures means adaptive evolution from local stand-

ing heritable variation will be a core component of species
Curren
persistence strategies, along with migration and acclimation

via plasticity [5, 6]. Adaptive evolution is particularly important,

as tree populations already exhibit a high degree of local adap-

tation [7–9]. Despite high gene flow and long generation times

[10], tree populations are able to undergo rapid adaptation, as

evidenced by the paleoecological record following glaciation

[11, 12]. Furthermore, plasticity and migration are unlikely to

keep pace with climate change. Plastic variation may help plants

temporarily acclimate to new climates, but studies have demon-

strated that plastic variation may not be enough to cope with

predicted change [13, 14] or may even be maladaptive [15]. In

addition, migration rates may be limited due to dispersal rates

and dispersal barriers [16, 17]. Thus, adaptation is a critical pillar

of plant response to climate yet one that is often ignored in our

species projections, despite its demonstrated improvement of

models [18, 19].

Adaptive response is dependent on both the extent of herita-

ble variation underlying an adaptive trait as well as themagnitude

of evolutionary change necessary to meet the demands of un-

precedented environmental change. Therefore, adaptive alleles

must both be present in a population and be at appreciable allele

frequencies to allow rapid evolution in response to rising temper-

atures and shifting precipitation patterns. Without the intraspe-

cific trait variation necessary to evolve, populations will be at

risk of local extinction [20–22]. To predict whether a species

will be able to adapt to future climate, wemust first identify a trait

that is in fact adaptive, second quantify the amount and

geographic distribution of heritable variation in the trait, third

identify the genomic loci and subsequent alleles underlying the

trait, and fourth assess the potential for these alleles to undergo

local adaptive evolution [6, 9, 23, 24]. Here, we take these four

steps to determine the potential for black cottonwood (Populus

trichocarpa) to adapt to climate change through the evolution

of variation in sugar and starch storage, hereafter referred to

as nonstructural carbohydrate (NSC) storage.

The storage of NSCs has been hypothesized to be a key trait in

providing resilience to trees under stress [25–27]. NSCs are labile

sugars and starches stored in the parenchyma cells of woody tis-

sues (stems, roots, etc.) in plants [28, 29]. They can be stored on

the order of days to decades and support metabolic processes

in the dormant season as well as initiate leaf out in the spring
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Figure 1. Common Garden Study Design

(A–C) Genotypes were (A) taken from each of 16 populations and (B) replicated

twice via clonal propagation before being planted out in randomized blocks in

the garden in Clatskanie, OR, as pictured in (C). Populations are color coded

from cool to warm along a north-south axis.

(D) A map depicting the range of black cottonwood (Populus trichocarpa) and

the subset of the range from which ramets were collected for planting in the

common garden (black triangle).
[30]. NSC storage has also recently been thought to serve as a

long-term ‘‘savings bank’’ for trees by allowing them to store

energy in excess of their base demands in case future environ-

mental extremes limit photosynthesis [25–27]. Under this hy-

pothesis, plants would storemore NSCs than needed in a normal

year, which then act as an osmotic metabolic or defense buffer

for trees growing in more stressful environments [26, 31]. Thus,

plants growing in variable or extreme environments would be

predicted to be locally adapted to store more than their counter-

parts in more ideal environments.

Recent studies on NSC storage have focused on the question

of whether or not plants can tap into their stores and prolong life

under stress. Many experimental and observational drought [32–

34] and defoliation studies [35, 36] have demonstrated that

plants can indeed draw down their NSC reserves under stress

to sustain life under certain conditions (i.e., drought or shade),

although some results are equivocal [37]. In addition, an experi-

mental study of 10 tropical species has demonstrated a positive
1448 Current Biology 30, 1447–1453, April 20, 2020
relationship between NSC storage and survival under drought,

demonstrating that individuals who storemore NSCs had higher

stem water potentials and lived longer under stress [27]. Finally,

interspecific studies indicate that average NSC storage can

differ by up to 100% between species, indicating a potential ge-

netic basis for the trait [38]. Together, these studies demonstrate

that NSC stores, and more of them, can confer resilience under

similar photosynthetically limiting stress, as predicted with

climate change. However, no study to date has looked at varia-

tion within a species or across populations.

To evaluate the extent to which NSC storage is locally adapted

and can continue to evolve in response to rapid climate change,

we used a Department of Energy (DOE) common garden of black

cottonwood (Populus trichocarpa) in Eastern Oregon [39]. We

sampled both aboveground (stem) and belowground (root)

woody tissues from 316 individuals, representing 242 genotypes

and 16 populations (Figure 1), to measure heritable variation in

NSC storage and find loci associated with the trait. We sampled

during the dormant season (January), when the phloem is largely

inactive [40, 41] and NSC variation is not impacted by variable

fresh photosynthates. We then used the larger dataset of 860 re-

sequenced genomes across 16 populations to make inferences

about the evolutionary potential of NSC storage [39, 42].
RESULTS AND DISCUSSION

NSC Storage Is Heritable
Black cottonwoods have the NSC storage variation necessary

for adaptive evolution. There is extensive total and heritable vari-

ation in aboveground (mean = 15.6 mg$g�1; sTotal = 6.0 mg$g�1

NSC; sHeritable = 2.8 mg$g�1 NSC) and belowground tissues

(mean = 24.3 mg$g�1; sTotal = 10.0 mg$g�1 NSC; sHeritable =

3.6mg$g�1 NSC). Roots store, on average, 1.6 ± 0.3 times higher

concentrations of NSCs, which is consistent with other studies

[38, 43]. By comparing genetic to total variation, we demonstrate

significant broad-sense heritability underlying both above-

ground and belowground NSC storage concentrations (Figure 1;

H2
aboveground = 0.43 ± 0.1; H2

belowground = 0.32 ± 0.1), indicating

that approximately 1/3 to 1/2 of variation measured in the garden

could be passed onto offspring. NSC heritability is higher than

most other physiological traits measured in the garden (H2
Physi-

olgy Traits = 0.26 ± 0.18) [44] and is on par with other traits thought

to be associated with climate adaptation, such as relative growth

rate (H2
Growth = 0.42 ± 0.1). However, we found no heritability of

variation in the ratio of above- to belowground storage concen-

trations (H2
A/B = 0.04 ± 0.0).

The amount of heritable variation in NSC storage is notable,

with ranges spanning several percentage points for both above-

ground (0.5%–3%; D 2.5%) and belowground (1%–4%; D 3%)

storage. This variation is biologically meaningful, as even a

2%–4% increase in NSC storage can prolong lifespan of tree

seedlings up to 9 days under experimental drought conditions

[27]. Black cottonwood trees are riverine species and highly sen-

sitive to changes in water level [45, 46], and Northwestern North

America is projected to become drier over the next 100 years,

with a significant decrease in the snowpack and precipitation

that maintains river water levels [47]. Thus, the ability to evolve

higher NSC storage concentrations as a back-up fuel source



Figure 2. Population-Level Genetic Varia-

tion in NSC Storage Compared to the

Climate of Origin

(A) A principle components analysis (PCA) of

climate variables; the majority of the variance

(81%) among site climate variables can be ex-

plained by PC1.

(B) Climate variables represent 30-year normal of

parameters describing dryness and temperature,

with PC1 largely indicating a gradient from wet

and cool in the positive values to hot and dry in the

negative range, although PC2 represents a

gradient from warm and wet in the negative values

to cold and dry in the positive values. Each pop-

ulation’s current climate (triangle) and the site of

the common garden (large gray triangle) are indi-

cated. Population color varies from red in the

South to blue in the North as in Figure 1.

(C and D) The results of a correlation analysis be-

tween PC1 and (C) above- and (D) belowground

population-level heritable variation in NSC storage

concentrations are presented on the right.
or a pool for maintaining hydraulic function could be a crucial

survival trait for trees [48].

Climate Shapes NSC Storage
To determine the extent to which variation in NSCs are locally

adapted and shaped by selection, we compare the heritable trait

variation to the neutral genetic variation across populations.

Specifically, we calculate the quantitative genetic trait differenti-

ation among populations (Qst) and compared this to the genomic

differentiation at neutral sites among populations (Fst) [49] (mean;

95% credible interval; aboveground: Qst = 0.31, 0.12–0.56;

belowground: Qst = 0.30, 0.11–0.57; [mean ± SD] Fst = 0.17 ±

0.06). Among populations, NSC storage variation significantly

exceeds background genomic variation in both above and
belowground NSC storage, supporting that divergence in NSC

storage between populations is driven by natural selection (Wil-

coxon test; aboveground: W = 18,675,000, p < 0.001; below-

ground: W = 17,894,000, p < 0.001).

Heritable variation in NSC storage is highly correlated with

major environmental gradients across the range of black

cottonwood, indicating local adaptation. We used a principal-

component analysis (PCA) to reduce the dimensionality of

and control for collinearity among relevant climate variables

(Figures 2 and 3). The first PC describes an axis of colder/

wetter to hotter/drier climates and is significantly correlated

with heritable variation in both above- and belowground NSC

storage (Figures 2 and 3; aboveground: d.f. = 14, r = 0.62,

p = 0.01; belowground: d.f. = 14, r = 0.72, p = 0.002).
Figure 3. Current and Future Climate of

Western North America Mapped in PC1

Space

Maps of (A) climatic variation along PC1 of pre-

sent-day climate (2019) and (B) the difference

along the climatic PC1 axis between the CCSM3

A1B future climate projections (2080) and the

present-day climate. Dots represent populations,

and the triangle is the location of the common

garden in Clatskanie. The entire region is pre-

dicted to move in the more negative direction

along PC1 (i.e., hotter and drier), with larger

changes (darker color) occurring at high elevation

and more southerly sites.
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Figure 4. Using GWAS Results to Assess Adaptive Potential

(A and B) Genome-wide analysis study (GWAS) results for (A) aboveground and (B) belowground total NSC storage.

(C–F) The minor allele frequency (MAF) for the most significant loci in each GWAS (highlighted via a red line) is plotted for each population and 1,060 genomes

(C and E), with the plots directly adjacent (D and F) showing the predicted change in MAF over the next 60 years due to climate change (IPCC A1B scenario).

(G andH) The top row ofmaps illustrate the proportion of loci associated with (G) aboveground and (H) belowground NSC storage that entirely lack theminor allele

altogether (e.g., plot C and plot E; population Skwakwa), with warm colors lacking heritable variation. The bottom row of maps illustrates the average amount of

absolute MAF change predicted under future climate scenarios, with warmer colors requiring greater allele frequency shifts.

See also Table S1 and Figures S2 and S4.
Individuals originating from hotter-drier environments have

greater storage, lending support to the hypothesized relation-

ship between environmental stress and NSC storage [25, 32],

although, in black cottonwood, it is difficult to isolate the effect

of latitude and subsequently phenological timing from climate.

Further, NSC variation is largely uncorrelated with heritable

variation in stem diameter (Figure S1; aboveground: m =

0.02, r = 0.13, p = 0.15; belowground: m = 0.03, r = 0.22, p =

0.04), suggesting that storage is genetically independent of

growth. The geographic patterns of heritable variation in NSC

storage are consistent with trees living at the extreme edge

of their environmental tolerance evolving an adaptive ‘‘bet-

hedging’’ strategy, although additional experiments teasing

apart climate variables, mean versus variance in climate met-

rics, and phenology are needed to hone in on the precise

climate drivers of local adaptation in storage.
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Low Evolutionary Potential under Climate Change due
to Allele Frequency Distributions
Given the existence of heritable variation in NSC storage, we

used a genome-wide association study (GWAS) to identify

candidate loci underlying storage. We find 209 SNPs above

our inclusion cutoff from 111 genes associated with above-

ground NSC storage and 86 SNPs from 50 genes associated

with belowground storage (Figure 4A, 4B, and S2). Aboveground

loci are enriched for several biological and molecular process

gene ontology (GO) terms, such as carbohydrate metabolic

process and catalytic activity, although belowground loci are en-

riched in functions such as transport (Figure S3). In both ana-

lyses, several genes associated with carbohydrate synthesis

and transport were highlighted by our analysis (Table S1). All

subsequent analyses were replicated using both the complete

set of associated SNPs as well as a representative candidate



SNP for each unique gene; both show qualitatively similar

results.

Our goal is to determine whether there is available local herita-

ble variation at loci associated with variation in NSC storage that

will allow for rapid evolution in response to climate change. We

assess the current distribution of allele frequencies across pop-

ulations by calculating the minor allele frequency (MAF), or pro-

portion of individuals with the less common allele, within each

population for each locus associated with aboveground or

belowground NSC storage. This analysis uses the full DOE set

of 860 resequenced black cottonwood genomes. We then trans-

form our 30-year climate normal data, which represent the cur-

rent conditions, into PC space and statistically associate the

climate with population-level allele frequencies using a canoni-

cal-correlation analysis (CCA), which tests associations between

two sets ofmultivariate variables [50] (Figure 3).We used the cor-

relations between allele frequency and current climate to predict

allele patterns under future climate conditions. Specifically, we

used 2,080 projected climate conditions [47] transformed into

PC space for each of our sampled populations to predict the ex-

pected MAF at each locus that would allow for current levels of

local adaptation under future conditions (e.g., Figure 4C–4F;

IPCC A1B scenario, CSM4 model). We also found our results

to be robust to other climate models (Figure S4; IPCC A1B,

CMIP3 23 model ensemble).

Populations at the edges of the black cottonwood range are

vulnerable to extinction over the next 60 years due to insufficient

heritable variation required for adaptive evolution to climate

change. At the northern range limit, populations are entirely

missing alleles associated with greater storage; up to 50% of

loci within a population lack the allelic variation necessary to

respond to warmer and drier climates (Figure 4G and 4H). This

is concerning, given evidence that migration is unlikely to keep

pace with rapid warming [16, 17]. However, our results do pre-

sent opportunities for genetic rescue by identifying the target

populations and alleles for use in assisted migration. Genetic

rescue, or the migration of adaptive alleles into a population,

has enabled rapid adaptation in several animal species (re-

viewed in [51]), and an assisted migration program is already in

effect for the tree species larch [52].

In contrast, southern populations tend to contain the alleles

associated with warmer/drier conditions, but these populations

require extreme changes in allele frequency to adapt to future

climate conditions. MAFs at populations below 50� latitude

are predicted to shift in frequency D0.25–0.5 on average,

although northern populations’ frequencies are only projected

to shift D0.03–0.12 on average (Figure 4I and 4J). The cost of

the required selection in southern populations could result in

local extinctions, as the number of individuals that may die

could cause populations to drop below sustainable numbers

[20, 22, 53, 54]. If the size of a population is reduced below a

critical level, it becomes highly susceptible to extinction by de-

mographic stochasticity, even if the genetic capacity to adapt

to new environmental conditions is present in the population

[20, 22, 53]. Given the rapidity of change is likely to outstrip

generation time in populus (10–15 years to reproductive matu-

rity), phenotypic plasticity may be key in ameliorating the short-

term impacts of climate selection on southern populations [55,

56]. Future studies should examine the degree of plasticity in
NSC storage and the environmental conditions that may induce

higher storage.

Conclusions
We demonstrate the power of incorporating genomic data and

an evolutionary perspective with plant physiology to scale from

molecular measurements to regional predictions and thus better

understand species response to climate change. Black cotton-

wood populations have locally adapted to climate through vari-

ation in NSC storage. However, despite extensive range-wide

heritable intraspecific variation in storage, a lack of allelic varia-

tion locally will significantly limit the ability of this species to

rapidly evolve in response to climate change. We reveal nuances

in what is required for adaptation to occur across the range of a

species that should inform how we design species management

interventions and bring a new perspective to ecological

prediction.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

Acetic Acid VWR BDH20108.292

95% Ethanol VWR 89125-180

Sodium Acetate VWR 200004-240

Alpha-Amylase Sigma Aldrich A4551

Amyloglucosidase Sigma Aldrich 1202332001

Phenol VWR BT135960-100G

Sulfuric Acid VWR BDH3072-2.5LG

PGO Sigma Aldrich P7119

O-dianisidine dihydrochloride Sigma Aldrich D3252

Deposited Data

Total Nonstrucral Carbohydrate concentrations This paper https://github.com/blumsteinm/H2_Qst_Model

Populus trichocarpa sequence data [42] https://genome.jgi.doe.gov/portal/Poptr1_1/Poptr1_1.

download.html

Climate Data of Western North America (WNA) [50] https://sites.ualberta.ca/�ahamann/data/climatewna.html

Software and Algorithms

R v.3.5.1 [57] https://www.r-project.org/

EMMAX [58] https://genome.sph.umich.edu/wiki/EMMAX

STAN/rstan v. 2.18.2 [59] http://www.mc-stan.org

Vegan v.2.5-3 (R package) [60] https://cran.r-project.org/web/packages/vegan/vegan.pdf

Fields v.9.6 [61] https://cran.r-project.org/web/packages/fields/index.html

Gamma hierarchical model This paper https://github.com/blumsteinm/H2_Qst_Model

topGO [62] https://bioconductor.org/packages/release/bioc/html/

topGO.html

GOstats [63] https://bioconductor.org/packages/release/bioc/html/

GOstats.html
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Meghan

Blumstein (blumsteinm@gmail.com). All data and scripts generated by this study have been deposited in (https://github.com/

blumsteinm/H2_Qst_Model).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Samples were collected from a Department of Energy black cottonwood (Populus trichocarpa) common garden, located near Clat-

skanie, Oregon (46.12�N, 123.27�W). The garden contains three randomized blocks of replicated genotypes along an East-West axis

each containing 1,060 unique genotypes for a total of 3,180 individuals in each garden, which originate from 16 different provenances

(referred to here as populations) (Figure 1). Population assignments were taken from a previous publication [64]. Plants in the garden

received no extra water or nutrients after their establishment in the first year. The collection of each accession is described in Slavov

et al. [39]. All individuals were planted in 2009, but one replicate was coppiced in the winter of 2013-2014, thus we only sampled from

the two non-coppiced replicates where individuals were eight years old at the time of sampling

METHOD DETAILS

Field Collection
All samples were collected from January 6th to January 10th 2017, between 7a.m. and 4 p.m. While NSC concentrations are well

known to fluctuate seasonally in predictable ways [38, 65], there is little evidence of diurnal fluctuations in total storage in woody
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tissues, particularly in the dormant season. Carbohydrates may hydrolyze back and forth between sugar and starch over the course

of the day in woody tissues, while the total amount of sugars remains largely unchanged [66]. However, to account for potential dif-

ferences in time of sampling and microenvironment, we sampled in a randomized, hierarchical experimental design. The diameter at

breast height (DBH) was also taken during this period, with the average measuring 155.2mm ± 46.9mm.

We collected above (stem) and below-ground (root) tissue using a 4.3mm increment borer (Haglöf Company Group, Långsele,

Sweden). Stem tissue was taken at DBH and root tissue was taken from major coarse roots approximately 30cm away from the

base of the tree. Samples were kept on dry ice in the field during collection, then shipped to Harvard University in Cambridge,

MA and stored at �80�C.
Sampling was designed to collect aminimum of three unique genotypes (two replicates each) from each of the 16 populations, for a

total of 96 initial trees sampled for assessment of heritability. An additional 220 individuals were collected to increase power for in the

GWAS analysis for a total of 316 individuals from, representing 242 unique genotypes.

NSC Laboratory Preparation
We measured sugar and starch concentrations in the outer 2cm of the stem cores and outer 1.5cm of the root cores. Samples were

first freeze-dried for 24-hours (FreeZone 2.5; Labconco, Kansas City, MO, and Hybrid Vacuum Pump, Vacuubrand, Wertheim, Ger-

many), then ground to a fine powder (mesh 10, Thomas Scientific Wiley Mill, Swedesboro, NJ, USA; SPEX SamplePrep 1600; MiniG,

Metuchen, NJ) and stored in sealed glass vials. Sugar and starch extraction protocols were adapted from [67]

Sugar was extracted from 10 mg of dried tissue using 80% hot ethanol, followed by a colorimetric assay with phenol and sulfuric

acid, and read using a spectrophotometer at 490nm (Thermo Fisher Scientific GENESYS 10S UV-Vis, Waltham, MA). Sugar concen-

trations of mg sugar per g of dry wood were calculated using a 1:1:1 glucose-fructose-galactose standard curve (Sigma Chemicals,

St. Louis, MO).

Starch was extracted using the tissue remaining after sugar extraction. Tissue was solubilized in NAOH, then incubated for

24-hours with alpha-amylase and amyloglucosidase digestive enzymes, which digested starch into glucose. Solutions were then as-

sayed using a PGO-color reagent solution (Sigma chemicals) and read on the spectrophotometer at 525nm. Starch concentrations of

mg glucose-starch-equivalent per g dry wood were calculated based on a glucose standard curve (Sigma Chemicals).

For all lab analyses, at least two internal laboratory standards were included (Quercus rubrum stemwood fromHarvard Forest, MA;

42.01 ± 5.13 mg$g-1 Sugar, 30.17 ± 4.23 mg$g-1 starch). This acid methodology extracts all fructose, glucose, sucrose, and starch,

as well as other oligosaccharides and other glucans [68]. We report these carbohydrates as one combined metric of Total Nonstruc-

tural Carbohydrates (TNC), representing sugar and starch concentrations added together.

QUANTIFICATION AND STATISTICAL ANALYSIS

Spatial Autocorrelation
Logged data were corrected for within-garden spatial autocorrelation using a thin-plate splinemethod (e.g., [64]), using the fields (9.6)

package in R v.3.5.1 [57]. The model intercept was then added back to the residuals and then the exponential of these values was

taken to place them back on a biologically meaningful scale.

Statistical Model
Given variation in our hierarchical sampling regime, we chose to use Bayesian hierarchical modeling to parse variation within and

among populations. All statistical analyses were conducted in R, using the programming language Stan (http://www.mc-stan.org)

[59], accessed via the rstan v.2.18.2 package. All model parameters were assigned noninformative priors (https://github.com/

blumsteinm/H2_Qst_Model). We chose to treat both above and belowground stores as separate traits because they appear to

vary independently in the literature [34, 35] and do not appear to tradeoff within other species [38] or across our populations. We

also calculated the ratio of above to below-ground storage concentrations within trees and examined heritable variation in this trait.

The ratio was calculated as the concentration of root storageminus the concentration of stem storage, divided by the larger of the two

values.

Two different models were run to parse (1) the heritable variation and (2) the variation within and among populations (Nstems = 314,

Nroots = 316). We chose to run two separate models for ease of extracting genetic variation values from the heritability model [e.g., 64,

69] The models took the form of the following hierarchical equations:

Yig = ag + εig (1)
Yigp = ap +agp + εigp (2)

where p is population (i.e., provenance of genotype; Npop = 16), g is genotype (Ng = 245), and i is individual. Both above and below-

ground data were modeled as a gamma distribution as they both had long right tails and no values at or below 0. The random effects

outcomes (a0s) of Equations 1 and 2 were estimated using 6,000 random draws from the posterior distribution of each equation

respectively, using the mean value of draw as each parameter estimate. These estimates for the heritable variation in storage are
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also known as the best linear unbiased predictions (BLUPs). This method was also repeated with our diameter measurements to

calculate the heritable variation in DBH.

Heritability, Qst, and Fst

Both broad-sense heritability (H2) and phenotypic divergence (Qst) were estimated using the Bayesian hierarchical model outputs.

Each parameter required for the H2 and Qst estimates were drawn from the posterior distributions of both Equations 1 and 2 and

used to calculate H2 and Qst 6,000 times (for each of the posterior draws), generating uncertainty bounds for each estimate. H2

was calculated using the random effects variances from Equation 1 as:

s2
Genotype

.�
s2
Genotype + s2

Microenvironment

�
(3)

Genotype variance was taken as the variance among replicates andmicroenvironmental variance was taken as the residual variance

of the model. Qst was calculated via the formula [49, 70]:

s2
Population

.�
2s2

Genotype + s2
Population

�
(4)

Fst estimates were taken from previous work [64], where Fst was calculated in 1-kb windows as (pT-pS)/pT; where pT is SNP diversity

across all individuals and pS is weighted within-population SNP diversity. A nonparametric Wilcoxon t test was performed to test

whether the distribution of Fst values and above and belowground Qst posterior estimates significantly differed. All results are re-

ported in text.

Climate
The past climatic data used to estimate clinal variation in NSC storage were climate-normal layers fit to western North America that

represent 30-year normals (1961-1990) from climateWNA [50]. We chose this dataset in particular because the down-scaling routine

is optimized for our study region and like-formatted (ie. scale and variables) climate projections were available for a multitude of

GCMs and climate scenarios, allowing us to project the environmental clines we identified into future climate space. However, by

using Normals data, we do lose many variables that go beyond means to capture climate stochasticity. All 26 available climate pa-

rameters were highly correlated, thus to reduce dimensionality and account for collinearity among our climatic variables, we used a

principle components analysis (PCA) (Figure 2). Many climate parameters were found to be redundant in our PCA given their high

correlation with other parameters and all parameters analyzed fell along a precipitation or temperature gradient. Thus, we chose

to include only the 8 climate variables with the highest loading values on PC1 and PC2 in our analysis to simplify visualization

(Figure 2).

We then fitted above and belowground NSC storage concentrations population-level heritable variation to the first two principle

components of this ordination space using ‘‘envfit’’ from the vegan v.2.5-3 package [60] and patterns were further teased out using

a linear regression of population-variation against PC1and PC2 as predictors (Figure 2, N = 16).

To get population-level estimates of future climate, we used down-scaled data representing the IPCC’s A1B (moderate) emissions

scenario from the National Center for Atmospheric Research’s CCSM3 global climate model for the year 2080 from climateWNA [50].

We chose to run NCAR’s CCSM3 model as it is part of the North American Multi-Model Ensemble and had available data on clima-

teWNA. CCSM3 predictions are in line with other models in the North American Multi-Model Ensemble as well as the ensemble pre-

dictions [71]. Once acquired, we projected future climate predictions into the PC space fit with current climate and used these values

to assess climate response (Figure 3). In addition, we repeated our analyses using ensemble data for all 23 CMIP3 models from cli-

mateWNA and found no significant differences in our predictions (Figure S4).

Genome-Wide Association Study & Gene Ontology
We performed a genome-wide association study (GWAS) on the spatial-autocorrelation corrected values of heritable variation for

both above and belowground total NSC storage concentrations following the protocol of Zhang et al. [58] and the software EMMAX

with a correction for kinship [72]. We utilized 8,253,066 SNP variants with dataset-wide minor allele frequencies > 0.05, from 917 ac-

cessions, using -log10(P) > = 5 as our inclusion cutoff (Figure 4). We also repeated analyses with more stringent multiple-testing FDR

rate corrections (-log10 = 6 and 6.5) and found them to be robust, but chose to use the threshold of -log10 = 5 given the likely poly-

genic nature of the trait and to more robustly build predictive models. Our analysis uncovered several gene models within 6kb (the

distance at which LD decays in populus [42]) of SNPs with p values above our inclusion cutoff with functions purportedly associated

with carbohydrate synthesis, binding, and transport in both stems, such as Potri.001G134900, Potri.001G226600 and

Potri.003G022900, and roots, such as Potri.006G122000, Potri.007G040700, Potri.011G110800 (Table S1). Genemodels associated

with the production/degradation of secondary compounds and lipids were also uncovered (Table S1). We then performed a gene

ontology (GO) analysis to summarize these results, then aggregate results into GO slim categories (Figure S2). We used the packages

topGO version 1.0 [62] and GOstats version 1.7.4 in R [63] and the P. trichocarpa v.3.1 annotation file from the DOE repository to

conduct the analysis [42, 64].
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Minor Allele Frequency Projections
At each locus associated with aboveground or belowground storage, we calculated the minor allele frequency (MAF) by population.

We then generated a statistical association between the MAF of each population at each locus associated with NSC storage and the

PCs defined in our previous climate analysis via a canonical correlation analysis (CCA) with 4,000 permutations, running above and

belowground loci in separate analyses. CCA is amultivariatemethod commonly used in community ecology to establish relationships

between biological assemblages of species and environment, where here each loci is acting like species. We checked the accuracy

of our model by plotting predicted allele frequencies against actual by population, finding (Figure S3). We then predicted the ex-

pected population-level MAF at each locus given the CCA model and 2080 projected climate PCs for each population. Finally, to

make interpolated maps of our population-level data for ease of viewing, we used a thin-plate spline method from the fields v.9.6

package in R [61] (all results in Figure 4). We also repeated this analysis using genes with representative SNPs, meaning we chose

the most significant SNP from each gene to use as the marker for each gene region.

DATA AND CODE AVAILABILITY

The datasets and code generated during this study are available on github (https://github.com/blumsteinm/H2_Qst_Model).
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