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Abstract
Background and Aims: At the population level, genetic diversity is a key determinant of a tree species’ capacity to cope with
stress. However, little is known about the relative importance of the different components of genetic diversity for tree stress
responses. We compared how two sources of genetic diversity, genotype and cytotype (i.e. differences in ploidy levels) influence
growth, phytochemical, and physiological traits of Populus tremuloides in the presence and absence of environmental stress.

Methods: In a series of field studies, we first assessed variation in traits across diploid and triploid aspen genotypes from Utah
and Wisconsin under nonstressed conditions. In two follow-up experiments, we exposed diploid and triploid aspen genotypes
from Wisconsin to individual and interactive drought stress and defoliation treatments and quantified trait variations under
stress.

Key Results: We found that 1) tree growth and associated traits did not differ significantly between ploidy levels under
nonstressed conditions. Instead, variation in tree growth and most other traits was driven by genotypic and population
differences. 2) Genotypic differences were critical for explaining variation of most of functional traits and their responses to
stress. 3) Ploidy level played a subtle role in shaping traits and trait stress responses, as its influence was typically obscured by
genotypic differences. 4) As an exception to the third conclusion, we showed that triploid trees expressed minimally higher levels
of foliar defenses, photosynthesis, and rubisco activity under well-watered conditions, and displayed slightly greater drought
resilience than diploids.

Conclusion: Although ploidy level can strongly influence the ecology of tree species, those effects may be relatively small in
contrast to the effects of genotypic variation in highly diverse species.

INTRODUCTION

Climate change-associated drought events are impacting forest ecosystem structure, function and distribution
worldwide at a magnitude and speed unparalleled in human history (Allen et al. 2015; Anderegg et al. 2013a;
Batllori et al. 2020). In coming years, droughts are predicted to further increase in intensity and frequency in
many parts of the world, including temperate regions (Gazol et al. 2017; Lecina-Diaz et al. 2021; Samaniego
et al. 2018). The capacity of many forest trees to persist in future environments will be determined by
mechanisms that enable them to cope with recurrent and intense drought stress on a regular basis.

Drought impacts on forests ecosystems are frequently coupled to other climate change-related stressors (Mil-
lar and Stephenson 2015). Drought and warming, for example, can facilitate outbreaks of insect herbivores
(Anderegg et al. 2015; Kolb et al. 2016; Seidl et al. 2017). Consequently, trees must cope with multiple,
potentially interacting abiotic and biotic stressors (Aber et al. 2001; Niinemets 2010). To advance our
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understanding of how climate change affects tree performance, controlled experiments are needed to disen-
tangle the individual and interactive effects of multiple co-occurring stressors and to elucidate the underlying
mechanisms that enable trees to cope with environmental stress.

Genetic diversity is a key determinant of a plant species’ ability to evolve in response to environmental
stress (Estravis-Barcala et al. 2020; Schueler et al. 2013). Conspecific genotypes can vary considerably in
trait expression and phenotypic plasticity - i.e., the capacity to express different phenotypes under different
environmental conditions (Bradshaw 1965; Valladares et al. 2007). Different genotypes from the same plant
species can show marked differences in their responses to abiotic (Albert et al. 2010; Cooper et al. 2019;
Huang et al. 2015; Kreyling et al. 2019) and biotic (Aartsma et al. 2019; Barton et al. 2015; Rubert-Nason
et al. 2015; Silfver et al. 2009; Wurst et al. 2008) stress. Intraspecific genotypic variation is thus an
important element facilitating ecological and evolutionary responses of plant populations to environmental
change (Westerband et al. 2021).

Another less-understood aspect of genetic diversity in plants is polyploidy - i.e., the possession of more
than two paired sets of chromosomes in somatic cells. Naturally occurring polyploid cytotypes can differ
from diploid cytotypes in many traits, including growth, chemistry and physiology (Diallo et al. 2016;
Greer et al. 2018; Li et al. 1996; Meng et al. 2014; Niwa and Sasaki 2003). Polyploidy has long been
considered a mechanism that could increase plant tolerance to stressful environments (Levin 1983; Madlung
2013; Van de Peer et al. 2021; Van de Peer et al. 2017). However, the importance of polyploidy as a stress-
tolerance enhancer is still debated and the mechanisms underlying ploidy-driven stress responses remain
largely unknown (Fox et al. 2020; Van de Peer et al. 2021; Van de Peer et al. 2017).

For plant species or populations with a high intraspecific genotypic and cytotype diversity, both genotype and
cytotype may be important for plant stress adaptation. Yet, the relevance of trait variation due to genotype
relative to variation due to cytotype has rarely been documented (but see Blonder et al. (2021), Wei et al.
(2020)). Few if any results have been published from controlled experiments that simultaneously evaluated
the significance of trait variation due to genotype and cytotype in a climate change context. Trembling
aspen (Populus tremuloides; hereafter “aspen”), the most broadly distributed tree in North America (Elias
and Little 1980), is among the species predicted to be most severely affected by climate change (Anderegg
et al. 2013b; Ashraf et al. 2015; Zolkos et al. 2015). In recent decades, aspen stands have experienced large-
scale declines throughout the Intermountain West of North America (Rehfeldt et al. 2009; Stanke et al.
2021). These declines have been attributed in part to extended drought events and insect outbreaks (Chen
et al. 2018; Worrall et al. 2013). Aspen is characterized by high levels of intraspecific genetic diversity and
phenotypic plasticity (Barker et al. 2019; Mitton and Grant 1996). Aspen is generally diploid (individuals
with two sets of chromosomes). Autopolyploid, triploid genotypes (i.e., triploidy wherein all three sets of
chromosomes derive from the same species rather than from the hybridization of two species) appear to be
common across the western USA but are rare in most other parts of the USA, including the Great Lakes
Region (Every and Wiens 1971; Mock et al. 2012).

Preliminary research suggests that larger aspen clones are frequently triploid (Bishop et al. 2019; Mock
et al. 2008), and that triploids grow faster and differ in photosynthetic capacity when compared with their
diploid counterparts (DeRose et al. 2015; Greer et al. 2018; Mock et al. 2008). Additionally, Blonder et
al. (2021) reported that triploid aspen have reduced recruitment on drought-prone plots relative to diploids.
Finally, Greer et al. (2018) found that triploid aspen may have a lower resilience than diploids to drought
stress, due to larger stomatal size and lower stomal sensitivity to increasing vapor pressure deficit.

The goal of this study was to explore the effects of autopolyploidy levels (cytotype), in the context of conven-
tional genotypic variation among sexually generated individuals, on both trait expression and its plasticity, in
aspen. In the first of three field studies, we assessed variation in growth, biomass allocation, phytochemistry
and leaf physiology across diploid and triploid aspen genotypes from the Intermountain West (Utah, USA)
and the Great Lakes region (Wisconsin, USA). In two follow-up experiments involving the same diploid
and triploid genotypes from Wisconsin, we evaluated plasticity in response to two environmental stressors
that heavily influence aspen performance: drought and defoliation (simulated herbivory). In Experiment 2,
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we assessed how ploidy levels were associated with growth, chemistry, and physiology of trees subjected to
moderate drought stress, defoliation, and their combination. In Experiment 3, we explored how ploidy levels
influenced aspen recovery from prolonged drought stress and pre-drought defoliation. We aimed to disen-
tangle the effects of ploidy level per se from the effects of different genotypes on trait variation. Hence, for
all three experiments, we quantified ploidy effects by using individual genotypes as statistical units, allowing
us to incorporate individual genotypic variation.

MATERIALS AND METHODS

Experimental overview

We conducted three experiments with P. tremuloides planted in outdoor mesocosms in or near Madison,
WI, USA. The first experiment took place at West Madison Agricultural Experiment Station and the others
occurred on the campus of the University of Wisconsin-Madison. In Experiment 1, identical sets of 32 aspen
genotypes, including 16 from Utah and 16 from Wisconsin (eight diploid and eight triploid genotypes from
each location, two ramets per genotype), were planted in each of 15 blocks (Appendix 1). Across these
genotypes, we assessed the manner in which population effects and polyploidy influenced aspen growth, phy-
tochemistry, and physiology in the absence of discernible stress (i.e., full sunlight, ample edaphic resources,
negligible herbivory in all mesocosms).

For Experiments 2 and 3, identical sets of 16 aspen genotypes (eight diploid and eight triploid, one ramet
per genotype) from Wisconsin were grown in each of 22 and ten mesocosms, respectively. In Experiment 2,
we investigated how polyploidy affected aspen growth, chemistry, and physiology when exposed to recurring,
moderate drought stress and simulated herbivory. Trees were exposed to two water (well-watered and
drought-stressed) and two defoliation treatments (0% and 50% defoliation). Drought stress and defoliation
treatments were fully crossed (2 × 2 factorial). Treatment combinations that included defoliation were
replicated five times, whereas treatment combinations with no defoliation were replicated six times (i.e., we
ended up with five droughted/defoliated, five well-watered/defoliated, six droughted/nondefoliated, and six
well-watered/nondefoliated mesocosms).Treatments were spatially blocked (Appendix 1). In Experiment 3,
we explored how ploidy, genotypic differences and pre-drought herbivory affected the recovery of aspen after
an extensive drought treatment. In this experiment, trees were exposed to drought stress, with or without
50% defoliation. Defoliation treatments were replicated five times (i.e., five extensive droughted/defoliated,
and five extensive droughted/nondefoliated mesocosms) (Appendix 1).

Tree propagation and pre-treatment culture

For Experiment 1, root cuttings were collected from various aspen genotypes in two populations, the In-
termountain West (collected in Utah) and the Great Lakes (collected in Wisconsin). The cytotype of each
genotype was determined via flow cytometry as described in Mock et al. (2012) and triploid cytotypes were
confirmed using mitotic chromosome counts. We used micropropagation techniques (similar to Donaldson
and Lindroth (2004)) to generate ramets of aspen genotypes for each experiment. We rooted micro-cuttings
of individual ramets in flats of potting soil (Metro-Mix 350, Sun Gro Horticulture, Agawam, MA, US) and
then transferred them to 66-mL cone-shaped cells (RLC4 Cone-tainer cells, Stuewe & Sons Inc., Tangent
OR, USA). Ramets were grown under these conditions for six weeks during the spring of 2015. In early
June of 2015, we out-planted 30 ramets from each of 32 aspen genotypes at the West Madison Agricultural
Research Station. We planted eight diploid and eight triploid genotypes from each population. We placed
64 ramets, two per genotype, at randomly chosen locations within each of 15 mesocosms. Mesocosms were
80 cm in diameter, had a raised soil bed (15 cm elevation) surrounded by plastic garden edging, and were
covered with a sheet of white plastic (0.025 cm thickness) in order to retain moisture. Plots were watered by
hand and by seasonal precipitation.

For Experiments 2 and 3, we used the same Wisconsin root material collected for Experiment 1. In October
2017, root cuttings from all genotypes were planted in 4-l plastic flats filled with equal parts of torpedo sand
and silt-loam field topsoil (Keleney Topsoil, Madison, Wisconsin, USA). Once root cuttings produced new
shoots, we cut them into sections of ca. 10 cm length. Shoots were individually grown in 0.5-l pots (60%
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torpedo sand, 40% field topsoil) and received 2 g of 6-month-release fertilizer (Nutricote total, Type 100
Blend, NPK 13-13-13, Arystra Lifescience, Broadway, NY, USA). By May 2018, shoots had developed into
~40 cm tall trees. These were planted into outdoor mesocosms (1.5 × 1.5 m) in a 20 cm deep layer of 60%
torpedo sand and 40% field topsoil. One tree of each genotype was planted in each mesocosm (i.e., eight
different diploids and eight different triploids per mesocosm). A randomly selected triploid tree was always
planted next to a randomly selected diploid tree. To minimize potential edge effects, a border of single “buffer
trees” (P. tremuloides) was planted around the experimental trees of each mesocosm. All trees were planted
at a 20 x 20 cm spacing. One week after planting, each tree received 3.5 g of 6-month-release fertilizer. Trees
were watered frequently and allowed to grow for an additional eight weeks before applying the experimental
treatments.

Experimental treatments

All trees were afforded access to similar resource levels, and remained undisturbed, for the entire duration
of Experiment 1. In Experiment 2, eggs of white-marked tussock moths (Orgyia leucostigma) were obtained
from the Canadian Forest Service (Sault Ste. Marie, Ontario, Canada). Eggs and hatched caterpillars were
kept in climate chambers (24 °C, 50–70% humidity, 16:8 L:D light cycle) and were reared on wheat germ
based Bell diet (Bell et al. 1981) to the fourth larval stadium. On July 17-18, 2018 we placed four fourth-
stadium caterpillars onto each of the experimental trees in each of ten mesocosms. Trees in the remaining
12 mesocosms received no larvae. Caterpillars were confined to trees in nylon mesh bags and allowed to
feed on the entire tree for two days. Larvae were then removed and the defoliation was manually completed
to a consistent 50% level across all leaves on all trees, using pinking shears. This method allowed us to
incorporate the cues derived from natural herbivory with a standardized amount of foliar tissue removal
(Stevens et al. 2007). Control trees (no defoliation) were covered with empty mesh bags for two days.

Several strategies were implemented to control the soil water content of the mesocosms in Experiment 2. To
intercept rainfall, we installed transparent, plastic covers over all 22 mesocosms. To prevent infiltration of
water from surrounding soil, the soil layer in each mesocosm was elevated on top of a 7.5-cm high layer of
perforated plastic flats. A layer of root barrier fabric was also placed between the soil layer and the supporting
plastic flats. Finally, the soil surface in each mesocosm was covered with a 6-cm layer of leaf mulch to reduce
evaporative drying. The drought stress treatment was applied to five mesocosms of defoliated trees and six
mesocosms of undefoliated trees. Water was withheld for 7-12 days until most trees began to wilt, whereupon
the mesocosm was watered to soil saturation. This procedure was repeated for 37 days, until the end of the
study. Control mesocosms were watered to saturation every 2-4 days.

In Experiment 3, trees were defoliated (beginning on July 25, 2018, in five of the ten additional mesocosms)
and soil water content was controlled using the same approaches outlined above for Experiment 2, except that,
beginning July 27, 2018, all mesocosms were subjected to an extended drought stress treatment. Namely,
water was withheld until all leaves from at least 12 of the 16 trees in a mesocosm had turned completely
brown and the shoot tip meristems had died, upon which the mesocosm was watered to soil saturation.
Consequently, mesocosms containing nondefoliated trees were re-watered 12-17 days after drought stress
initiation, whereas mesocosms containing defoliated trees were re-watered 17-21 days after drought stress
initiation. Starting with the initial re-watering date, mesocosms were watered frequently for an additional
42 days, at which time all trees were harvested (see below). Because of flooding by an extreme rain event in
the middle of the experiment, two mesocosms of the defoliation treatment were eliminated.

Measurements of tree traits

Tree growth

To account for the typically substantial variation in initial tree size, stem height (h, from soil surface to apical
bud/meristem) and basal diameter (d) of every tree were measured at the beginning of each experiment.
These data were used to calculate initial d2h, which is a metric highly and linearly correlated with tree
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biomass in young aspen (Stevens et al. 2007). Observed genotype-level relationships between initial d2h and
tree weight afforded estimates of the latter for all non-harvested trees at the outset of growth measurement
in Experiment 1. This size proxy also served as an effective covariate in analyses of variation in aboveground
tree weight, which was quantified at the end of Experiments 2 and 3 using a destructive harvest. At harvest,
all tissues were separated, roots (only harvested in Experiment 1) were rinsed free of soil, and fresh leaf area
(without petioles) was measured using an LI-3100 (Li-Cor Biosciences, Lincoln, NE, USA).

In Experiment 1, initial h and d (2 cm above soil surface) were measured on July 23, and 10 trees per
genotype (across six mesocosms) were harvested (including roots) on September 15. Specific leaf area (SLA,
total fresh leaf area/ total leaf dry weight), leaf weight ratio (LWR, total leaf dry weight/ total tree dry
weight [including roots]) and relative growth (RG, the ln of final tree dry weight [including roots] – the ln
of initial tree dry weight [estimated from initial d2h]). In Experiment 2, d (4.5 cm above soil surface) and h
were measured just prior to defoliation and the onset of drought treatment (July 17). Stem height was also
measured on each tree just prior to aboveground destructive harvest on August 27. SLA, total leaf dry weight
and final tree dry weight (without roots) were measured. In Experiment 3, d (4.5 cm above soil surface) and
h were measured just before the onset of defoliation and drought treatments. On September 18, d and
h were again measured for all trees. All trees were harvested 42 days after initial re-watering. In this case,
intact stem sections, newly grown tissue (new side shoots, petioles and leaves that developed after the stress
treatment application), and old leaves that developed before the stress treatments were separated and dried.
Before drying, the surface area of a randomly selected subset of 15-21 newly grown leaves (without petioles)
per tree was measured again using the LI-3100 and the SLA was calculated. All leaves were then dried and
total leaf weight and tree weight (without roots) were calculated.

Phytochemistry

To compare cytotype and genotypic variation in phytochemistry and its response to environmental stress,
leaves were harvested in roughly the middle of Experiments 1 and 2. In Experiment 1, we collected all foliage
from the crowns of 12 trees per genotype (across five mesocosms) on July 23, 2015. In Experiment 2, leaves
were collected evenly across the different treatments on August 17-24, 2018. From each tree, three fully
expanded, young leaves were collected from the upper third of the tree crown. All leaves collected from de-
foliated trees showed signs of damage. In both experiments, leaves were collected under moist soil conditions
and were vacuum-dried to constant mass and then stored at -20°C to preserve labile phytochemical consti-
tuents. Concentrations of condensed tannins were analyzed using the acid butanol method of Porter et al.
(1985) standardized against purified condensed tannins from P. tremuloides. Levels of the salicinoid phenolic
glycosides tremulacin, tremuloidin, salicin and salicortin were quantified using ultra-high-performance liquid
chromatography-mass spectrometry as described by Rubert-Nason et al. (2017). Leaf nitrogen concentra-
tion was measured using near-infrared reflectance spectroscopy (Rubert-Nason et al. 2013) verified against
a subset of the samples analyzed using combustion gas chromatography (Thermo Flash EA1112 elemental
analyzer [Thermo Finnigan, Milan, Italy]).

Leaf physiology

In Experiment 1, we measured light-saturated rates of net photosynthesis (Aarea, μmol m-2 s-1) and stomatal
conductance (gs, mol m-2 s-1) on fully expanded, sunlit leaves from four ramets per genotype, using an LI-
6400XT portable photosynthesis system with a broadleaf cuvette (Li-Cor Biosciences, Lincoln, NE, USA),
during several mornings under clear to partly cloudy skies in late July, 2015. Cuvette temperature was set
at 25°C, photosynthetic photon flux density (PPFD) was 2000 mmol m-2 s-1, and the reference pCO2 was
40 Pa. Relative humidity in the sample cuvette was between 60-70%.

In Experiment 2, pre-dawn leaf water potential (ΨPD), light-saturated Aarea, gs, and the maximum and
operating efficiencies of photosystem II were measured, using the LI-6400XT portable photosynthesis system
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with a pulse amplitude modulation (PAM) fluorometer attached to the broadleaf cuvette, between July 21
and August 26, 2018. All traits were measured during 12 sessions. Each session consisted of two steps that
were executed on the same day. First, ΨPD was measured from each of three trees growing in one mesocosm
of each treatment combination. The selected trees were evenly distributed within a mesocosm and ΨPD from
at least one diploid and one triploid tree was measured per mesocosm. ΨPD was measured between 0400-0530
h using a pressure chamber (PMS Instrument Company, Albany OR, USA). In one additional session, we
quantified ΨPD and leaf physiological traits from only two mesocosms, of which one was exposed to drought
stress and defoliation and the other was exposed to drought stress only. During the experiment, every
mesocosm was selected two or three times for measurements. Mesocosms subjected to drought stress were
measured at different stages of soil dry down. In a second step, leaf gas-exchange and variable chlorophyll
fluorescence were measured on fully expanded, young leaves from all trees growing in the previously selected
mesocosms (i.e., four mesocosms, 16 trees per mesocosm). During measurements, leaves in the cuvette were
exposed to a photosynthetic photon flux of 1800 μmol m-2 s-1. The reference CO2 partial pressure was 40
Pa, and the cuvette temperature was set at 25 °C. We did not control vapor pressure deficit between leaf and
cuvette air, which ranged from 1.4–1.9 kPa. Measurements were taken on sunlit foliage between 0900-1300h.
From August 18 through August 25, gas exchange was also measured at a cuvette CO2 partial pressure
(pCO2) ranging from 7.5 to 25 Pa on sunlit foliage from all trees of three mesocosms that were neither
drought stressed nor defoliated. The observed relationship between photosynthesis(Aarea) and intercellular
pCO2 (C i) was used to estimate V cmax (μmol CO2 m-2 s-1), the maximum velocity of RuBP carboxylation,
employing a trend-fitting method that minimized the total sums of squares for differences between observed
versus predicted A (Long and Bernacchi 2003). Estimates relied on Michaelis–Menten constants for CO2

(K c) and oxygen (K o), as well as photosynthetic compensation pCO2 (Γ*), derived using formulae from
Long and Bernacchi (2003). Because we did not account for the influence of mesophyll conductance on
CO2 diffusion into the chloroplast (Dillaway and Kruger 2010), our derived V cmax values are “apparent”
(Bernacchi et al. 2013) and based on C i rather than chloroplastic pCO2 (C c).

Statistical analyses

For Experiment 1, Linear Mixed Models (LMMs) were used to evaluate the impacts of the explanatory
variables ploidy, geographic origin (population), and their interaction on the various growth, allocational,
morphological and leaf physiological traits. We accounted for genotypic variation by treating the variable
genotype as random intercepts. In addition, block was included as a random intercept in each LMM. Indi-
vidual RG values were normalized for initial tree weight (estimated from initial d2h values). The normalized
values were then used as model response variables. Individual LWR values were normalized for tree dry
weight. Prior to any normalization, the relationship between the response and the normalizing variable was
explored and, if necessary, ln- or square root transformed to meet the model assumptions of normality and
homoscedasticity.

For Experiment 2, LMMs were used to explore the roles of the explanatory variables ploidy, drought, de-
foliation and their interactions on the various growth, allocational, morphological phytochemical and leaf
physiological traits. To account for the effect of genotypic variation, genotype and all possible genotype ×
stress interactions were modeled as random intercepts. In addition, we also included block as a random in-
tercept in our models. Individual values of final above ground tree dry weights were normalized for variation
in individual initial d2h values. The normalized values were then used as model response variables. To assess
aboveground biomass allocation to foliage, total leaf weights were normalized for final tree dry weights. To
quantify how much stem mass a tree allocated to height growth (i.e., how “lanky” a tree was), final height
values were normalized for variation in final stem dry weight.Response and the normalizing variables were ln-
or square root transformed if necessary to meet the model assumptions of normality and homoscedasticity.

The impacts of ploidy, genotype, and defoliation on leaf physiology in Experiment 2 were explored with

6



P
os

te
d

on
A

u
th

or
ea

2
F

eb
20

22
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
63

33
04

06
.6

77
35

34
2/

v
2

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

LMMs as described above. Drought-stress treatments resulted in various soil-dry down stages at different
points in time which could not be reliably modeled with our LMMs models. Therefore, we focused on only
well-watered trees in our analyses. Because physiological trait measurements were taken multiple times from
each tree, average values across all measurements per tree were calculated and used for statistical analyses.
For drought-stressed trees, we examined the relationship between Aarea and ΨPD for each genotype in both
defoliation treatments using a three-parameter, Weibull-type vulnerability curve with the equation:

fi(y) = Amaxe( − (x/b)c)

where x is the absolute value of the difference between ΨPD corresponding to a particular photosynthetic
measurement and the least negative ΨPD observed during the study. The difference was used to avoid
potential overestimation of Amax (or gmax). Multi-parameter Weibull-type vulnerability curves are typically
used to describe how tree trait respond to changes in drought stress, as they account for the often-observed
relative unresponsiveness of trees when experiencing mild stress (Bateman et al. 2018; Vico and Porporato
2008; Wolfe et al. 2016). We calculated for each genotype the curve parameter values Amax , b and c
based on minimization of the sum of squared differences between the observed and predicted values for Aarea

at different stages of drought stress. We then generated LMMs with curve parameter values as response
variables and ploidy, defoliation and their interaction as explanatory variables and genotype as random
intercepts. If necessary, response variables were transformed to meet model assumptions as described above.

In Experiment 3, the effects of ploidy, genotype, and defoliation on tree growth, morphological and alloca-
tional traits were evaluated using LMMs as described above. Individual values of final above ground tree
dry weights and dry weight of newly produced tissue were normalized for initial d2h. Total leaf weight was
normalized for total final tree dry weight.

Analyses were conducted with R 4.0.4 (R Core Team 2021). Linear mixed effects models (LMMs) were
fitted using the “lme4” package (version 1.1-20, Bates et al. (2014)). LMMs were subjected to type III
ANOVAs with Satterthwaite’s method to produce a summary of the F and p statistics. We calculated the
relative explanatory power of individual fixed effects by quantifying the semi-partial R2 to assess the relative
importance of each fixed effect while accounting for all other fixed and random effect terms. The r2beta
function in the package “r2glmm” was used for calculating semi-partial R2 statistics (v. 0.1.2 ,(Jaeger et al.
2017)). We then calculated the proportion of total variance explained by all fixed effects (R2

marginal) and
all random effects (R2

conditional - R2
marginal). Lastly individual random effects were calculated by dividing

the variance for that effect by the total variance. The getvariance function of the “insight” package (v.
0.13.1(Lüdecke et al. 2019)) was used to calculate proportions of model variances explained by the total
fixed effects, the total random effects, and the model residuals as well as for quantifying individual variance
contributions of each random intercept of an LMM. The significance of random effects was tested with log-
likelihood-ratio tests using the ranova function of the “lmerTest” package (v.3.1-3 ) (Kuznetsova et al. 2017).
Weibull curve parameters were generated in Excel solver.

RESULTS

Experiment 1: Ploidy effects on traits of nonstressed trees across populations

After 93 days of growth, genotypes from the Great Lakes, Wisconsin (WI) population, had on average, more
than a 3-fold higher growth rate than those from the Intermountain West, Utah (UT) (Fig. 1, Appendix 2).
Differences between populations explained over 45% of the total observed variation in relative growth (effect
size plot, Fig.1). RG did not differ significantly between ploidy levels (Fig. 1, Appendix 2). Population
differences in LWR indicated that, across ploidy levels, WI genotypes invested on average 72% more in
leaves than did UT genotypes (Fig.1, Appendix 1). Specific leaf area (SLA) averaged 19% higher across WI
genotypes than in UT genotypes (not shown, Appendix 1). LWR and SLA differences between cytotypes
were slight and nonsignificant.

All leaf phytochemical traits differed significantly between populations. Levels of total salicinoid phenolic
glycosides were on average, 17% higher in WI compared with UT genotypes (Fig.1, Appendix 2). WI ge-
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notypes also exceeded UT genotypes with respect to foliar concentrations of individual phenolic glycosides
tremulacin (36%) and salicin (124%). Salicortin levels, however, did not differ between WI and UT genotypes.
Condensed tannin levels were 33% higher (not shown, Appendix 2) and nitrogen levels were 15% higher in
WI than in UT genotypes (Fig. 1, Appendix 2). In no case did measures of phytochemistry differ significantly
between cytotypes.

A population contrast was also observed for light-saturated photosynthesis (29% higher in WI than in UT
genotypes) and stomatal conductance (21% higher in WI than in UT genotypes). Again, however, none of
the leaf physiological parameters differed significantly between ploidy levels (Fig.1, Appendix 2).

Genotypic differences significantly influenced all growth, allocation, phytochemical and leaf physiological
traits. Genotypic differences had a higher explanatory importance for phytochemical and leaf physiological
trait variations than population differences (effect size plots, Fig.1). In contrast, growth traits variations
were driven more by differences between populations than among genotypes.

Experiment 2: Ploidy effects on tree traits and their response to stress

Among Wisconsin genotypes, we found no difference between diploid and triploid trees for any aboveground
growth traits when averaged across all stress treatments (Fig. 2, Appendix 3). In contrast, genotypic diffe-
rences significantly influenced most growth traits. Tree genotype was particularly relevant for determining
final height and SLA and explained 39% and 30% of the total observed variance in these two traits (effect
size plots, Fig. 2).

Tree growth and biomass allocation traits were affected by drought stress, defoliation or their interaction (Fig.
2). At a given tree weight, drought-stressed trees had on average 8% lower leaf weights than did watered trees.
Similarly, defoliation reduced total leaf weight and SLA. For total tree weight we observed significant drought
× defoliation interactions. Nondefoliated, watered trees had 25% greater total weight when compared with
nondefoliated, drought-stressed trees. However, when trees were defoliated, drought-treatment differences
disappeared. Similar, albeit less pronounced interaction effects between drought and defoliation treatments
were also observed for total leaf weight. Cytotypes showed similar responses to drought stress and defoliation
(no significant ploidy × treatment interactions were found). Furthermore, we did not observe any genotype
× treatment interactions.

Concentrations of most chemical compounds did not differ between the cytotypes when averaged across all
treatments (Fig. 3, Appendix 3, 4). The only exception was tremulacin, which was 17% higher in triploid
trees than in diploids (Appendix 4). However, differences in ploidy levels could mainly be attributed to a
single triploid genotype (Appendix 4). Genotypic differences significantly affected most chemical compounds
(Fig. 3, Appendix 3,4). Genotypic effects accounted for 30% of the variation in total salicinoid phenolic
glycosides and almost 50% of the variation in condensed tannins (Fig. 3, effect size plot).

Drought stress and defoliation did not affect concentrations of total phenolic glycoside levels. Drought,
however, led to increased levels of the phenolic glycosides salicortin (7% increase) and salicin (44% increase)
(Appendix 3). Condensed tannin concentrations increased by 25% under drought stress and by 56% in
response to defoliation. Nitrogen levels increased by 11% under drought stress, and decreased minimally
(<5%) due to defoliation. Ploidy levels as well as the different genotypes responded similarly to drought
stress and defoliation (no significant ploidy × treatment or genotype × treatment interactions).

Differences in ploidy affected photosynthetic rates (Fig. 4a) and V cmax (Appendix 5). Well-watered triploids
exhibited 11% higher photosynthetic rates and 23% higher V cmax. Cytotype explained almost 20% of the
total variation in V cmax (Fig. 4a, Appendix 5, effect size plots). No other leaf physiological traits were affected
by cytotype levels. Genotype significantly affected variation of photosynthetic rate, stomatal conductance
and the quantum effeciency of PSII, explaining 10-20% of the variation in all traits (Fig. 4a, Appendix 5).

In well-watered trees, defoliation affected only stomatal conductance, which was 3% higher in defoliated
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than in nondefoliated trees (Appendix 5). No significant ploidy × treatment or genotype × treatment inter-
actions were found. For trees that were exposed to drought stress, we observed similar vulnerability curve
progressions for diploid and triploid trees of the same defoliation treatment. No significant impact of ploidy
or ploidy × defoliation interactions was detected for any curve parameter (Fig. 4b, Appendix 6). However,
defoliation treatments per se significantly affected net photosynthesis and stomatal conductance responses
to drought. Photosynthetic rates of nondefoliated trees plummeted when experiencing ΨPD of -7 bars or
lower. In contrast, photosynthesis rates of defoliated trees decreased more gradually. Defoliated trees were
still photosynthetically active, even when experiencing severe drought stress. Correspondingly, we found sig-
nificant differences between curve parameters describing the defoliated and nondefoliated tree curves (Fig.
4b, Appendix 6).

Experiment 3: Ploidy effects under drought recovery

Diploid and triploid trees differed in growth responses during recovery from extensive drought stress. Across
defoliation treatments, triploids produced 35% more new tissue than did diploid trees (Fig. 5). None of
the other growth traits was affected by cytotype differences (Fig. 5, Appendix 7, 8). In contrast, genotype
significantly affected all growth traits except new tissue production and explained 10-20% of the variation
in the affected traits (Fig.5, Appendix 7, 8).

Trees that were defoliated prior to drought showed higher growth responses during drought recovery than
trees that were not defoliated. Defoliated trees allocated more of their stem mass to height growth (increased
by 10%), produced 45% more new tissue during recovery, and exceeded nondefoliated trees by 19% in total
weight at the end of the experiment (Appendix 7). Defoliation also caused trees to invest more in leaf
production (leaf weight at a given tree weight increased by 30%) and in thicker, smaller leaves (SLA decreased
by 9%) (Fig. 5, Appendix 7). Cytotypes as well as genotypes responded similarly to the defoliation treatment
(no ploidy × treatment or genotype × treatment interactions).

DISCUSSION

In this research, we disentangled two components of genetic diversity, genotypic variation and ploidy level,
and quantified their relevance for growth, biomass allocation, morphology, phytochemistry, and physiological
traits. Population and genotypic differences typically obscured ploidy effects for both a wide array of traits
and responses of those traits to drought and defoliation. One key illustration of this is observed variation
in tree growth, along with it physiological, morphological and allocational determinants, among nonstressed
trees in Experiment 1. Ploidy level had no clearly discernible influence on growth, which differed substantially
across populations as well as genotypes within each population. This variation was consistent with corre-
sponding population/genotype differences in LWR, SLA, and, to a lesser extent, Aarea, the three principal
growth determinants in young trees (Kruger and Volin 2006). Only a few traits, such as drought resilience,
photosynthetic performance and levels of certain chemical defenses, showed subtle, albeit significant, diffe-
rences between diploid and triploid aspen. Our research highlights that, despite the recognized importance
of ploidy for tree ecology, ploidy effects may pale in contrast to genotypic effects in determining functional
trait expression and trait responses to in highly diverse tree species. Similar findings were recently reported
by DeRose et al. (2022) for natural populations of mature aspen in northern Utah.

Tremblingaspen is known for its exceptionally high genetic and trait variation (Callahan et al. 2013; Jelinski
and Cheliak 1992; Mitton and Grant 1996). Our finding that the vast majority of trait variation was driven
by genotypic rather than ploidy differences confirms the well-documented importance of genotypic diversity
for determining tree environmental adaptation and evolution (Petit and Hampe 2006; Westerband et al.
2021).

Regarding ploidy effects on phytochemistry, the observed difference in foliar tremulacin level between triploids
and diploids (Appendix 4) accords with results from studies on other plant systems finding that polyploidy
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can lead to altered secondary chemistry (Gaynor et al. 2020; Park et al. 2021; Te Beest et al. 2012). The ploidy
effect on tremulacin level, however, was moderate (absolute differences of ˜1.5% dw across defoliation and
drought treatments) and mainly driven by a single triploid genotype that showed increased defense levels.
In contrast to our results, DeRose et al. (2022) reported for mature aspen in northern Utah that triploids
exhibited 21% higher levels of salicinoid phenolic glycosides than diploids. Similar to our findings, though,
expression of condensed tannins did not differ between cytotypes (DeRose et al. 2022).

The influence of ploidy level on light-saturated photosynthesis in our Wisconsin genotypes (Fig. 4a) is also
generally consistent with previous findings. Greer et al. (2018) reported that mature triploid aspen clones
in the Rocky Mountains exhibited higher net carbon assimilation rates than did diploid clones. In contrast
to our results, however, the key driver of enhanced photosynthetic performance in mature triploids was
increased stomatal conductance rather than heightened rubisco activity (V cmax, Appendix 5). Regardless,
given the central role that leaf photosynthetic performance plays in plant carbon balance, differences in
photosynthesis between diploid and triploid trees might ultimately drive other trait-level divergences between
the two cytotypes. For example, increased photosynthetic rates in triploids possibly contributed, via greater
availability of assimilated carbon, to higher tremulacin levels in triploid foliage. Enhanced photosynthetic
activity would also likely increase biomass growth in triploids, but corresponding growth differences were not
observed in our study. We acknowledge, however, that our ability to thoroughly assess links between growth
and its determinants is precluded by the absence of data on belowground biomass allocation. Other studies
on mature aspen have found that triploid genotypes exceed diploids in stem growth rates and stem diameter
(DeRose et al. 2015).

The absence of marked cytotype differences in trait response to defoliation and/or recurring drought in
our study (no ploidy × treatment interactions) agrees with results from research on other plant species
such as strawberry, Fragaria vesca (Wei et al. 2020) the herbaceous perennial Rhodohypoxis baurii (Mtileni
et al. 2021), and the annual herb Mercurialis annua (Vilas and Pannell 2017). Yet a growing body of
research documents that polyploidy in plants confers a benefit under environmental stress (Van de Peer et al.
2021). For example, allotetraploid grass (Brachypodium distachyon) (Manzaneda et al. 2012), autotetraploid
Rangpur lime hybids (Citru limonia × Citrus sinensis) (Allario et al. 2013) and polyploid gum Arabic
tree (Acacia senegal) (Diallo et al. 2016) were more drought tolerant than their diploid counterparts. Several
reasons may explain the discrepancy between our results and the aforementioned examples. Firstly, the extent
to which polyploidy can confer increased stress tolerance can differ greatly among plant species and ecological
context (Fox et al. 2020; Van de Peer et al. 2021). Moreover, the importance of cytotype for stress adaptation
may depend on the source of cytotype variation (e.g. polyploids that arise within a species [autopolyploidy]
or from hybridization of two distinct species [allopolyploidy]), the number of multiplied chromosome sets
(triploidy, tetraploidy, etc.) or gene dosage effects (Bastiaanse et al. 2019; Van de Peer et al. 2021; Van de
Peer et al. 2017). Finally, ploidy effects have rarely been explored in the context of intraspecific genotypic
variation. Our findings underscore the importance of considering conventional genotypic variation when
exploring the ecological relevance of ploidy effects in future studies.

Cytotype differences affected trait response to environmental stress only in one case: triploid genotypes dis-
played a slightlygreater drought resilience than did diploid genotypes, as measured via increased production
of new lateral shoot tissue during post-drought recovery (Fig. 5). As a consequence, when growing in regions
frequented by drought, young triploid trees might outcompete young diploid trees. A cytotype difference in
drought resilience could help explain the comparative abundance of triploid clones in the arid regions of
North America (Mock et al. 2012; but see Latutrie et al. (2019)). However, recent studies by Blonder et al.
(2021), Blonder et al. (2022) and (Greer et al. 2018) found that triploid mature aspen appear to be more
susceptible to drought stress than diploids. These findings suggest that cytotype effects on drought-tolerance
in aspen may vary among developmental stages.

Defoliation rivaled or exceeded polyploidy with respect to the magnitude of its positive impact on drought
resilience (Fig. 5, Appendix 7). This outcome can be explained in part by the fact that leaves of defoliated
trees sustained stomatal opening and photosynthesis at soil moisture deficits well beyond the threshold
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causing pronounced stomatal closure (and decreased photosynthesis) in foliage of nondefoliated trees (Fig.
4b, Appendix 6). A similar influence of defoliation on leaf photosynthetic response to water stress has
been observed in other studies (McGraw et al. 1990; Pinkard et al. 2011). It may stem from the effects
of defoliation on the fundamental balance between transpirational demand and moisture supply, which is
thought to exert considerable control over stomatal behavior (Sperry et al. 1998). Consistent with the
observed growth responses of droughted trees in this study (Fig. 2) and others (Jacquet et al. 2014; Pinkard et
al. 2011), a comparative increase in leaf carbon gain would help mitigate the negative effects of defoliation on
biomass growth. Correspondingly, the increase would allow defoliated trees to accumulate more carbohydrate
reserves and, during subsequent drought recovery, invest more resources into biomass production relative to
nondefoliated trees. These phenomena and their underlying mechanisms warrant further investigation, as we
have not found published corroboration of this impact of defoliation impact on drought recovery.

In conclusion, our study shows that in young trembling aspen, genotypic differences were key determinants
of functional trait variation, and the magnitude of that variation obscured potential ploidy effects. Upon
accounting for genotypic effects, only a few traits differed between diploid and triploid trees. Triploid trees
exhibited slightly higher levels of defense and photosynthesis, as well as higher resilience to extended drought
events. Hence, while genotypic differences are key determinants of aspen’s adaptation to environmental stress,
young triploid trees might possess additional subtle advantages when confronted with drought or herbivory.
With the advance of climate change, forests are increasingly exposed to both environmental stressors (Aber
et al. 2001; Seidl et al. 2017). Accordingly, the possibility that herbivore-mediated defoliation, in addition to
genetic determinants, can buffer negative drought effects is an important consideration when assessing the
consequences of future stressors on forest ecosystems.
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FIGURES

Figure 1: This is a caption

• Fig. 1 Genotype means (± SE) (left panels) and effect sizes (right panels) illustrating ploidy level
and source population effects on growth, phytochemical and leaf physiological traits (different boxes).
Genotype means show each of eight different diploid and triploid genotypes from the Great Lakes po-
pulation (Wisconsin) and Intermountain West population (Utah). Data points are horizontally jittered
to reduce overlapping. Statistics for fixed effects and random intercepts are shown in Appendix 2. LWR
= leaf weight ratios (including roots), dw = dry weight.
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Figure 2: Fig 2 Norm of reaction plots (left panels) and effect size plots (right panels) illustrating the effects
of ploidy level, drought stress and defoliation on growth, morphological and allocational traits (different
boxes). Norm of reaction plots show mean (± SE) responses of eight different diploid and triploid genotypes
when exposed to all possible combinations of drought stress and defoliation. Data points are horizontally
jittered to reduce overlapping. The corresponding effect size plots show the relative explanatory importance
of each fixed effect as the partial R2 value and the proportion of variance explained by each random effect in
the trait model. Asterisks indicate statistical significance (p< 0.050). Statistics for fixed effects and random
intercepts are shown in Appendix 3. SLA = specific leaf area , dw = dry weight.

Figure 3: This is a caption

Fig. 3. Norm of reaction plots (left panels) and effect size plots (right panels) illustrating the effects of
ploidy level, drought stress and defoliation on phytochemical traits (different boxes). Norm of reaction plots
show mean (± SE) responses of eight different diploid and triploid genotypes when exposed to all possible
combinations of drought stress and defoliation. Data points are horizontally jittered to reduce overlapping.
The corresponding effect size plots show the relative explanatory importance of each fixed effect as the partial
R2 value and the proportion of variance explained by each random effect in the trait model. Asterisks indicate
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statistical significance (p< 0.050). Statistics for fixed effects and random intercepts are shown in Appendix
3. dw = dry weight.

Figure 4: This is a caption

Fig. 4. a) Genotype mean values (± SE) (left panel) and effect size plot (right panel) illustrating the
effects of ploidy level and defoliation on net photosynthesis (Amax,) in well-watered trees. Mean values are
shown for eight different diploid and triploid genotypes when defoliated or undefoliated. Data points are
horizontally jittered to reduce overlapping. The corresponding effect size plots show the relative explanatory
importance of each fixed effect as the partial R2 value and the proportion of variance explained by each
random effect in the trait model. Asterisks indicate statistical significance (p< 0.050). Statistics for fixed
effects and random intercepts are shown in Appendix 3. b) Photosynthesis vulnerability curves of defoliated
and undefoliated diploid and triploid genotypes. Red trends were generated based on back-transformed means
of ln-transformed genotype values for each of the curve-fitting parameters (Amax, b and c). Transformation
of genotype parameters lessened the undue influence of outlier values. Thin curves represent untransformed,
individual genotypes. The impact of ploidy, defoliation and their interaction on the curve parameters Amax,
b and c was tested in models accounting for genotypic differences. Only values of model variables with P [?]
0.100 are shown.
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Figure 5: This is a caption

Norm of reaction plots (left panels) and effect size plots (right panels) illustrating the effects of ploidy level
and defoliation on growth traits (different boxes) of trees recovering from a prolonged drought treatment.
For each trait, norm of reaction plots show mean (± SE) responses of eight different diploid and triploid
genotypes when recovering from drought and having experienced either defoliation or no defoliation prior
to drought. Data points are horizontally jittered to reduce overlapping. The corresponding effect size plots
show the relative explanatory importance of each fixed effect as the partial R2 value and the proportion of
variance explained by each random effect in the trait model. Asterisks indicate statistical significance (p<
0.050). Statistics for fixed effects and random intercepts are shown in Appendix 8. dw = dry weight.
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