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Abstract
Premise: Leaves lose water in parallel between stomata and the cuticle. Plants regulate
stomata to reduce leaf water loss in response to atmospheric demand. However, water may
still be lost through leaky stomata and the cuticle, as measured by minimum leaf con-
ductance (gmin). We compared gmin between co‐occurring diploid and triploid individuals
of Populus tremuloides to determine whether ploidy, leaf traits, or microclimate explain
variation in gmin. We hypothesized that gmin may increase with increasing ploidy because
higher ploidy influences traits related to plant water loss, resulting in greater triploid
water loss.
Methods: We measured gmin in five leaves each of 32 aspen genets in Colorado. We
also measured traits associated with plant water‐use and structure. We then assessed
predictors of differences in gmin, including ploidy level.
Results: Minimum leaf conductance differed by ploidy level, with higher gmin in
triploids than in diploids. Although leaf area and surface‐area‐to‐volume ratio were
significant predictors of gmin, neither variable accounted for the difference by ploidy
level. Slope and aspect explained additional variation in gmin, suggesting important
microsite effects. However, ploidy level remained a significant predictor of gmin across
all models, indicating the effect on gmin is robust and not due to covariation with
structural traits and topography.
Conclusions: Triploids consistently had higher gmin than diploids across models;
accounting for structural traits and topography. Higher gmin in triploids is consistent
with hypothesized physical or genetic effects of a larger genome on leaf traits,
resulting in differential drought vulnerability across ploidy levels.

K E YWORD S

drought tolerance, gmin, leaf traits, minimum leaf conductance, polyploidy, Populus tremuloides, ploidy
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Climate change increases the frequency and intensity of
drought and heat waves, with significant impacts on tree
physiology and mortality (Breshears et al., 2005; Adams
et al., 2010; Allen et al., 2010, 2015; Brodribb et al., 2020;
Brodribb, 2020). A key axis of plant response is regulation
of water loss through leaf stomatal behavior (Choat
et al., 2012; Choat, 2013; Brodribb et al., 2020; Brodribb,
2020). In response to drought, stomata close to minimize
water loss and plant water stress (Jarvis, 1976; Farquhar,
1978). However, plants also lose water through the cuticle

(gcuti) (Boyer et al., 1997; Riederer and Schreiber, 2001) and
through stomatal leaks when stomata are incompletely
closed (Schuster et al., 2017). The sum of these two pro-
cesses is termed minimum leaf conductance (gmin)
(Kerstiens, 1996a, 1996b). This additional flux after stomatal
closure becomes important during extreme heat and
drought when uncontrolled water loss can accelerate
hydraulic failure (Sinclair and Ludlow, 1986; Barnard and
Bauerle, 2013; Sperry et al., 2016; Duursma et al., 2019;
Cochard, 2021; Wang et al., 2024).
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Studies have identified some sources of variation in gmin.
For example, gmin varies substantially among species (Brodribb
et al., 2014; Schuster et al., 2017; Duursma et al., 2019; Roddy
et al., 2023; Wang et al., 2024). In other findings, gmin some-
times increases with increasing temperature (Duursma
et al., 2019; Wang et al., 2024; Garen and Michaletz, 2025).
Additionally, plants acclimated or adapted to drought stress
tend to have lower gmin to reduce water loss (Bengtson
et al., 1978; Kerstiens, 1996a; James et al., 2008). However, high
gmin may be advantageous during drought conditions because
water loss through the cuticle can help plants cool during high
temperatures (Slot et al., 2021; Blonder et al., 2023; Garen and
Michaletz, 2025). Within species, gmin can vary by age (Kane
et al., 2020). Genetic factors may also influence gmin within
species (Kerstiens, 1996a, b; James et al., 2008). For example,
low gmin has long been a key trait in breeding drought‐tolerant
crops, with comparisons of gmin across genotypes revealing
high intraspecific variation (James et al., 2008) and plasticity
(Duursma et al., 2019). Although interest in understanding the
sources of variation has increased (Duursma et al., 2019; Burlett
et al., 2025; Garen and Michaletz, 2025; Liao et al., 2025), the
mechanisms underlying variation in gmin remain unclear.

In this study, we aimed to understand whether gmin differs
by ploidy level in quaking aspen (Populus tremuloides Michx.;
Salicaceae). Aspen is the most widespread tree species in North
America, spanning from northern Canada to southern Mexico
(DeByle and Winokur, 1985; Mitton and Grant, 1996). Aspen
is also a foundation species because it plays a disproportionate
role in promoting biodiversity, sequestering carbon, and pro-
viding other ecosystem services (Rogers et al., 2020). Aspen
forests are experiencing widespread mortality in many areas of
their southwestern range due to insects, fungal pathogens,
increasing temperature, and drought (Anderegg et al., 2013;
Kulakowski et al., 2013; Park Williams et al., 2013; Dudley
et al., 2015; Worrall et al., 2013, 2015). There appears to be
considerable geographic variation in aspen responses to climate
change, which may be driven by phenotypic variation in traits,
including gmin (Anderegg et al., 2012, 2013; Tai et al., 2017).

Aspen occurs in two ploidy levels: diploid and triploid
(Jelinski and Cheliak, 1992). Triploids are common in the
southwestern range (Mock et al., 2012; Dixon and
DeWald, 2015), while in the northeastern range, diploids
almost exclusively occur (Goessen et al., 2022). Diploids and
triploids commonly co‐occur geographically at scales of
<100 m in the Intermountain West of the United States
(Mock et al., 2008; Bishop et al., 2019). Triploids are more
commonly found on south‐facing slopes at lower elevations
in warmer, drier microclimates, with earlier snowmelt dates
than on north‐facing slopes (Blonder et al., 2020, 2021).
Diploids are typically located at higher elevations in cooler,
wetter environments (Mock et al., 2012).

Several traits in triploid aspen differ from those in diploid
aspen (Greer et al., 2018), consistent with hypothesized nu-
cleotypic effects resulting from whole‐genome duplication
(Bennett et al., 1971). Triploids grow taller and faster, have
larger leaves, and higher photosynthetic rates (Greer et al.,
2018). Triploids have higher intrinsic water‐use efficiency than

diploids but have higher stomatal conductance and are less
sensitive to increasing vapor pressure deficit. Triploids also
have larger stomatal sizes, a trait that may make them less
resilient to drought stress than diploids (Greer et al., 2018).
These results may help explain the higher mortality rates in
triploids in some populations (Blonder et al., 2020, 2021).

This system provides a model for understanding intra-
specific gmin variation across ploidy levels because it allows
us to separate the effects of ploidy level from local topo-
graphic variation. Assessing the impact of intraspecific
ploidy level on gmin will provide insight into this non-
stomatal water‐loss pathway, especially since gmin can be a
determinant of drought tolerance, with implications for
aspen forest mortality and land management.

Here, we conducted an observational study while sta-
tistically controlling for microclimate effects to understand
how gmin would differ between ploidy levels in similar en-
vironments. We also aimed to understand whether any leaf
traits are associated with gmin. First, we tested whether gmin

is associated with ploidy and leaf structural traits. Then, we
tested whether topographic variables explain additional
variation in gmin and whether ploidy effects persist after
accounting for these microclimatic proxies.

We hypothesized that triploid leaves have higher gmin

than diploid leaves because polyploidy can increase cell size
and alter leaf structural organization via whole‐genome
duplication. Because gmin reflects residual diffusion of water
vapor across the epidermis and cuticle after (potentially
incomplete) stomatal closure, traits that describe structural
allocation per unit area can influence gmin. Because leaf mass
per unit area (LMA) equals the product of tissue density and
thickness (LMA= ρT), thicker triploid leaves at similar LMA
imply reduced bulk tissue density. Reduced structural density
is expected to lower diffusion resistance across the epidermis
and increase residual water loss. We therefore predict that
gmin will be higher in triploids and will covary negatively with
tissue density and positively with leaf thickness, independent
of external surface‐area‐to‐volume geometry.

MATERIALS AND METHODS

Study sites and genet selection

For our study, we used a subset of the plots established in
the summer of 2018 and studied by Blonder et al. (2021),
located across ~400 km2 of the upper Gunnison River wa-
tershed, southwestern Colorado Rocky Mountains, United
States (Figure 1A). Blonder et al. (2021) selected the plots to
span a range of environments and watersheds, including the
Middle East River, Oh‐Be‐Joyful Creek, Slate River, Wash-
ington Gulch, and Coal Creek. At each plot, a living and
standing aspen ramet with a minimum diameter of 5 cm at
breast height was permanently tagged and assigned an
identification number. The ploidy level of a focal ramet was
determined by genotyping‐by‐sequencing in a previous
study (Gompert and Mock, 2017).
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F IGURE 1 (A) Map of the geographic distribution of aspen across its range (green shading). The study area is marked by a black rectangle; inset
(bottom left) shows location of focal genets of this study in the Upper Gunnison River watershed in southwestern Colorado. Examples of (B) diploid and
(C) triploid aspen genets included in the study.
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In July 2021, we selected 32 of the 503 plots for our study
(Figure 1A). Plots of similar elevation (16 diploid and 16 trip-
loid) were chosen to minimize environmental variation because
our study was observational rather than a common‐garden
study. Sites were also selected based on accessibility to ensure
the safety of the field crew (e.g., closer proximity to the road or
trail, to avoid excessive bushwacking) and shorter driving dis-
tance from the laboratory (less water loss during transport).

Topographic data were obtained from LiDAR data collected
in June 2018, covering the area at 1‐m spatial resolution
(Chadwick et al., 2020). These data were used to calculate ele-
vation, slope, and cosine aspect (−1 = south‐facing; +1 = north‐
facing) (Goulden et al., 2020). In the genets selected for this
experiment, slopes differed significantly by ploidy level
(Appendix S1: Table S1, Figure S1). Diploids occurred on slopes
of 28° ± 8.67 (mean ± SD), whereas triploids occurred on slopes
of 16° ± 6.39 (Appendix S1: Table S2). The cosine aspect
(diploids: –0.64 ± 0.38; triploids: –0.70 ± 0.34) and mean eleva-
tion (diploids: 2936 ± 67m; triploids: 2961 ± 20m) of the genets
of each ploidy level were not significantly different (Appendix
S1: Table S1, Figure S1). Elevations ranged from 2918 to 2996m
a.s.l. for triploids and from 2853 to 3129m for diploids.

Branch collection

An aspen ramet in the center of each plot was previously
marked by Blonder et al. (2021). In July 2021, one sunlit
upper‐canopy branch was collected pre‐dawn from this ramet
using a pole pruner or, when necessary, a slingshot and rope
(Figure 1B, C). We ensured each collected branch was at least
1m long to avoid open vessels (Sperry et al., 1991). Upon
collection, each branch was immediately sprayed with dis-
tilled water and placed inside a black 100‐L plastic bag with
moist paper towels to retain moisture. Branches were trans-
ported to the laboratory within an hour of collection. Once in
the laboratory, each branch was placed in a bucket filled with
distilled water, and the proximal end was recut in short
sections multiple times under water to prevent loss of
hydraulic function. Black plastic bags were placed over the
branches to avoid desiccation and exposure to sunlight. The
branches were left in water overnight to rehydrate.

Minimum leaf conductance

The morning after branch collection, we assayed gmin using
the bench‐drying protocol (Sack and Scoffoni, 2010) as
commonly used in other studies (e.g., Pratt et al., 2005;
Scoffoni et al., 2011) and described below.

Leaf selection, preparation, and measurement of
area and mass

Five healthy, fully expanded, mature leaves with no visually
apparent insect or microbial damage were selected from

each collected branch. Leaves were cut from the distal end
of the branch where the petiole meets the branch node using
a razor blade, lightly cleaned with distilled water, and gently
patted dry. We first weighed the fresh leaf to obtain the
fresh mass (g). Then we measured the area of the detached
leaf and petiole (cm2) by analyzing a photograph of the leaf
using Leafscan (Version 1.3.21, Anderson and Rosas‐
Anderson, 2017) on a mobile phone (iPhone 12, Apple,
Cupertino, CA, USA). We then immediately sealed the
petioles with Parafilm (Bemis Co., Neenah, WI, USA) to
prevent water loss through the petioles.

Rate of leaf water loss and minimum conductance

We hung leaves on a clothesline, using clothespins
attached to the excess Parafilm on the petioles to avoid leaf
damage. Two EL‐USB‐2+ data loggers (Lascar Electronics,
Essex, UK) were used to continuously record air temper-
ature and relative humidity in the laboratory throughout
the dry‐down measurements. These values were then
averaged over the dry‐down and, along with the local
atmospheric pressure (Weather Underground station ID
KCOCREST46, Crested Butte, CO, USA), were used to
calculate the mole fraction vapor pressure deficit. Fans
were placed under the leaves to reduce the boundary layer
and dry the leaves until stomatal closure. After 2 h, each
leaf was removed from the clothesline every 10–15 min,
weighed using a balance (USS‐DBS3‐2, U.S. Solid Analyt-
ical Balance, Cleveland, OH, USA), and then re‐pinned
until the next measurement to determine the rate of water
loss. This process was repeated for at least 2 h.

Leaves were repeatedly weighed as they dried. Hygen
(1951) showed that after a leaf is detached and stomata
close, a linear decline in mass occurs due to water loss. We
estimated gmin as the slope of a linear regression on the
linear component of the dry‐down data (Sinclair and
Ludlow, 1986). Because stomata may still be closing during
the measurement period, we identified the time range after
all stomata closed, during which the rate of water loss was
stable (Scoffoni et al., 2011; Schuster et al., 2017; Slot
et al., 2021). We first identified leaves with a decline in
water‐loss rate exceeding 4 × 10–7 g m–2 s–2, indicating that
stomata had not fully closed when measurements began. We
then removed the initial outliers, defined as water loss that
exceeded twice the standard deviation of the final four water
loss measurements, from the data for these leaves. We cal-
culated gmin (mmol m–2 s–1) as the rate of water loss per unit
leaf area per unit time, divided by the mole fraction of the
vapor pressure deficit, within the stable interval.

Leaf traits

Leaf traits were calculated from direct measurements
obtained during the gmin assay. The traits and the calcu-
lations are in Table 1. Leaf area (LA, m2) was measured
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directly and converted to square meter to match the units
of gmin. Leaf thickness (LT, µm) was estimated from fresh
mass per unit area, assuming water density. Although
direct micrometer measurements would provide greater
precision, this approach provides a standardized proxy
for comparative analyses (Vile et al., 2005). Leaves were
oven‐dried at 65°C for 72 h to constant mass before
weighing to obtain dry mass (g) (Pérez‐Harguindeguy
et al., 2013). Leaf water content (LWC, g g–1) was cal-
culated as water mass (fresh mass minus dry mass)
divided by dry mass (Pacey et al., 2020). Leaf mass per
area (LMA, g m–2) was derived as dry mass divided by
LA, and leaf density (LD, g m–3) was calculated as LMA
divided by LT (Witkowski and Lamont, 1991). The leaf
surface‐area‐to‐volume ratio (SA/V, m–1) was also cal-
culated. To obtain the surface area, we multiplied the LA
by 2 (accounting for the top and bottom leaf surface) for
each leaf surface. To obtain volume, we divided dry mass
by LD (Shipley and Vu, 2002).

Statistical analyses

All analyses were performed in R version 4.2.3 (R Core
Team, 2023). To test for overall differences in trait data (LA,
LD, LMA, LT, LWC, and SA/V) between ploidy levels, we
performed a multivariate permutational analysis of variance
(PERMANOVA) using the function adonis2 in the R
package vegan 2.4‐6 (Oksanen et al., 2018), accounting for
the nonindependence of leaves collected from the same
genet using the strata argument. Using the function
prcomp, we also performed a principal component analysis
(PCA) to visualize the axes of greatest variation in the trait
data after scaling and centering.

Collinearity diagnosis

Predictor variables may be collinear, leading to incorrect
parameter estimates (Dormann et al., 2013). Before model
fitting, we assessed predictor collinearity using variance
inflation factors (VIFs) from the R package car 3.1‐3

(Fox et al., 2024). Traits LD, LWC, LT, and LMA were
excluded from the best model because their VIFs exceeded
5, indicating collinearity among the predictor variables
(Zuur et al., 2010). The ratio SA/V is mathematically related
to LT (SA/V = 2/LT; Mauseth, 2000) and provided identical
model results, but we retained SA/V because it expresses
leaf structure as a ratio of evaporative surface to internal
water volume, making it a more intuitive descriptor of the
structural basis for passive water loss. After excluding these
traits, the predictor variables with VIF less than 5 were leaf
area (VIF = 1.092), SA/V (VIF = 1.124) and ploidy level
(VIF = 1.049).

Linear mixed models

To test for individual trait differences by ploidy level, we used
linear mixed‐effects models using the R package lme4 1.1‐37
(Bates et al., 2024) with ploidy as a fixed effect and genet as a
random effect to account for the nonindependence of leaves
collected from the same genet. F‐tests were performed using
the R package lmerTest 3.1‐3 (Kuznetsova et al., 2017) with a
Satterthwaite correction for degrees of freedom. Traits were
log10‐transformed to reduce the influence of outliers.

To identify the most parsimonious predictors of gmin,
we compared models with different combinations of the
retained traits and topographic variables (elevation,
slope, cosine aspect) using the second‐order Akaike
information criterion (AICc). The AICc prevents over-
fitting given the small sample size in our data (Anderson
and Burnham, 2002). Ploidy level was included and ex-
cluded as a fixed effect to assess whether it improved
model fit. In all models, genet was included as a random
effect. We used the R package MuMIn 1.48.11
(Bartoń, 2025) to calculate marginal R2 (variance ex-
plained by fixed effects only) and conditional R2

(variance explained by the full model including random
effects) for the model with the lowest AICc. Several
topographic and leaf traits showed apparent relation-
ships with gmin (Figure 2), but these predictors were not
retained in the final model based on the AICc. For the
list of candidate models, see Table 2.

TABLE 1 Leaf traits, abbreviation, units, definitions, and calculations.

Trait Abbreviation Units Definition Calculation

Minimum leaf conductance gmin mmol m–2 s–1 Minimum water loss of leaf per unit area Water loss/LA/time

Leaf area LA m2 Area of fresh, expanded leaf Direct measurement

Leaf density LD g m–3 Leaf material per volume LMA/LT

Leaf mass per area LMA g m–2 Leaf dry mass per area Dry mass/LA

Leaf thickness LT µm Leaf volume per area Fresh mass/Density of water/LA

Leaf water content LWC g g–1 Fraction of leaf mass that is water (Fresh mass – Dry mass)/Dry mass

Surface‐area‐to‐volume ratio SA/V m–1 Total area of leaf per volume LA × 2 (for each side of the leaf)/Volume
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The R package emmeans 1.11.1 (Lenth, 2025) was used
to calculate the estimated marginal means and standard
error of gmin for each ploidy level, holding the topographic
variables at their mean values. Model assumptions were
verified by inspecting scaled residuals simulated from the

fitted model using the R package DHARMa 0.4.7.
(Hartig, 2024), including tests for uniformity, dispersion,
and outliers. Predicted relationships from the most parsi-
monious model were visualized using the R package ggef-
fects 2.3.1 (Lüdecke, 2018).

A B C

F IGURE 2 Relationship between gmin and ploidy level of aspen across values of all topographic predictors (A) cosine aspect, (B) elevation, (C) slope.
Scatterplots display the relationship between gmin and the variables for triploid (red) and diploid (blue) genets. Each plot includes a regression line and a 95%
confidence interval by ploidy level. Points indicate a leaf measurement. Boxplots at the margins show the distribution of each variable by ploidy level.
Significant differences in topography and gmin by ploidy level are indicated by ***P < 0.001 and ns = not significant.

TABLE 2 List of models for predicting gmin of P. tremuloides leaves with ploidy level, leaf traits, topographic variables, and the combination of the
above as predictor variables. Only the AICc and R R/M

2
C
2 of the best model are reported.

Model Predictor variables AICc R R/2 2
M C

Ploidy level + Leaf traits Full model ploidy level + log10 (LA) + log10 (LD) + log10 (LT) + log10 (LMA) + log10
(LWC) + log10 (SA/V) + (1 | genet)

Best
model

ploidy level + log10 (LA) + log10 (SA/V) + (1 | genet) –195.47 13.1/63.4

Ploidy level + Topographic
variables

Full model ploidy level + slope + cosine aspect + elevation + (1 | genet)

Best
model

ploidy level + slope + cosine aspect + (1 | genet) –187.65 22.6/61.6

Ploidy level + Leaf traits +
Topographic variables

Full model ploidy level + log10 (LA) + log10 (LD) + log10 (LT) + log10 (LMA) + log10
(LWC) + log10 (SA/V) + slope + cosine aspect + elevation + (1 | genet)

Best
model

ploidy level + log10 (SA/V) + log10 (LA) + slope + cosine aspect + (1 | genet) –184.38 24.6/64.5
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RESULTS

Trait differences by ploidy level

Overall, triploid and diploid genets differed in their trait space
(PERMANOVA, F1,30 = 3.80, R

2 = 0.113, P= 0.001), indicating
leaf structural traits associated with water loss differed by ploidy
level. The first two axes of the PCA explained 87% of the var-
iance (Figure 4). The first principal component, which ac-
counted for 48% of the variance, had strong positive loadings
for LMA, LT, and a strong negative loading for SA/V
(Appendix S2). The second principal component, accounting
for 39% of the variance, had strong positive loadings for LWC
and LA and a strong negative loading for LD (Appendix S2).
Additionally, when each trait was considered alone, LT and
LWC were greater in triploids than diploids, whereas LD and
SA/V were greater in diploids than triploids (Appendix S3). LA
and LMA did not differ by ploidy level (Appendix S4).

Effects of ploidy and traits on gmin

In the final leaf trait model, LA, SA/V, and ploidy level received
high model weights (Appendix S5: Table S5). In this model, LA,
SA/V, and ploidy level explained 63% of the variation
(conditional R2 = 0.634) in gmin when including the random
effect (genet) and 13% of the variation (marginal R2 = 0.131)
(Table 2). Parameter estimates showed a negative association
between LA and gmin (estimate = –0.19 ± 0.09mmolm–2s–1,
mean ± SE, 95% CI reported in Table 3, Figure 5B). Parameter
estimates showed a negative association between SA/V and gmin

(estimate = –0.53 ± 0.28mmolm–2s–1, mean ± SE, 95% CI

reported in Table 3, Figure 5A). In this model, we found gmin

was 24% greater in triploids (4.00 ± 0.29mmolm–2s–1, mean ±
SE) than in diploids (3.24 ± 0.24mmolm–2s–1, mean ± SE).

Effects of ploidy and topography on gmin

We then used a linear mixed model to determine whether
ploidy level and topography were associated with gmin. Slope
and cosine aspect explained 62.3% of the variation
(conditional R2 = 0.623) in gmin when including the random
effect (genet) and 22.5% of the variation (marginal
R2 = 0.225) in gmin (Table 2). In this model, ploidy level,
slope, and cosine aspect received high model weights,
whereas elevation received little support (Appendix S6:
Table S6). Model‐averaged estimates indicated that gmin

increased with slope and with greater south‐facing aspect
(Figure 5C, D). Triploid leaves maintained higher gmin

across all supported models. With conditioning on the
mean values of the topographic variables in the linear
mixed‐effects model, model predictions indicated gmin was
51% greater in triploids (4.67 ± 0.28 mmol m–2s–1, mean ±
SE) than in diploids (3.09 ± 0.28 mmol m–2s–1, mean ± SE).

Effects of ploidy, traits and topography on gmin

Finally, we compared models that combined leaf traits,
topographic variables, and ploidy level to determine which
parameters explained the most variation in gmin. The top‐
ranked model included ploidy level, leaf area, surface‐area‐
to‐volume ratio, slope, and cosine aspect, with ΔAICc <2

TABLE 3 Coefficient estimates from the best model with corresponding standard error (SE), 95% confidence intervals (CI) and P‐values (Pr(>|t | )).
Values were log10‐transformed.

Model Predictor Estimate SE 95% CI P

Ploidy level + Leaf traits Intercept 2.841 1.167 0.548–5.097 0.016

Ploidy level 0.092 0.045 0.004–0.179 0.051

log10 (SA/V) −0.528 0.284 –1.078–0.030 0.065

log10 (LA) –0.191 0.086 –0.357–0.022 0.028

Ploidy level + Topographic variables Intercept 0.362 0.079 0.212–0.512 <0.001

Ploidy level 0.214 0.056 0.108–0.319 0.0006

Cosine aspect 0.159 0.065 0.036–0.283 0.021

Slope 0.009 0.003 0.003–0.015 0.008

Ploidy level + Leaf traits + Topographic variables Intercept 2.483 1.177 0.138–4.701 0.037

Ploidy level 0.209 0.057 0.102–0.315 0.001

log10 (SA/V) –0.477 0.283 –1.011–0.086 0.094

log10 (LA) –0.161 0.085 –0.322–0.009 0.060

Cosine aspect 0.156 0.067 0.026–0.276 0.028

Slope 0.008 0.003 0.002–0.014 0.022
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relative to all simpler alternatives (Appendix S6: Table S7).
Together, this combination of predictors had the highest
cumulative model weight (AICc weight = 0.849) and pro-
duced consistent effect directions across the model set. In
models including only ploidy level and structural traits,
predicted gmin was 24% higher in triploids. After we ac-
counted for topography and ploidy level, predicted gmin was
approximately 51% higher in triploids.

Together, these variables explained 25% (marginal
R2 = 0.246) of the variation in gmin and 65% (conditional
R2 = 0.645) of the variation when including the random
effect (genet) (Table 2). The difference between marginal
and conditional R2 indicates that substantial variation in
gmin occurs among genets and remains unexplained by the
measured fixed effects. Model‐averaged predictions indi-
cated that triploid (4.51 ± 0.37 mmol m–2s–1, mean ± SE,
95% CI in Table 3) leaves maintained approximately 56.4%
higher gmin than diploid (2.88 ± 0.24 mmol m–2s–1, mean ±
SE, 95% CI in Table 3) leaves after accounting for trait
variation and topography.

DISCUSSION

Our study identified factors associated with variability in
minimum leaf conductance (gmin) in P. tremuloides leaves.
Triploid leaves consistently had higher gmin across the
supported model set, and ploidy level received high model
weight in all candidate models. This pattern persisted after
accounting for leaf structural traits and after controlling for
slope and aspect, indicating that genome duplication is a
strong and independent predictor of unavoidable water loss.
We also found that gmin covaried with leaf area (LA) and
surface‐area‐to‐volume ratio (SA/V), consistent with the
idea that geometric and anatomical shifts associated with
polyploidy influence diffusion pathways and leaf water flux.
Topography further modified gmin, underscoring the inter-
action between microclimate and genomic variation in
shaping drought‐response strategies. These findings support
our proposed hypothesis that gmin differs by ploidy level and
is associated with leaf structural traits.

Implications of potential cell‐size differences

Our results demonstrate differences in gmin across ploidy
levels, with triploid leaves losing more water per unit area
than diploid leaves. Polyploids may have adjustments in
gene expression that may accommodate increased cell size
and metabolic demands, which can affect phenotypic ex-
pression and physiology (Stebbins, 1971; Doyle and
Coate, 2019). Ploidy level, cell size differences, and related
gene expression may thus drive variation in leaf morpho-
logical traits. In this species, we found that LMA and LA do
not differ by ploidy level, whereas LD, LT, LWC, and SA/V
do (Appendix S4). However, other studies have shown that
aspen triploids have statistically significantly larger leaves,

and so the lack of a detected difference across ploidy levels
may be due to our small sample size (Willis et al., 2016;
Greer et al., 2018; Barceló‐Anguiano et al., 2021).

The SA/V was associated with variation in gmin, but it did
not explain the higher gmin of triploid leaves. Diploid leaves
had greater SA/V than triploid leaves, whereas triploid leaves
had greater gmin (Appendix S3). This mismatch indicates that
external leaf geometry alone cannot account for the difference
in gmin across ploidy levels. Instead, the higher gmin of tri-
ploids may reflect tissue‐level or epidermal properties not
captured by bulk SA/V, such as cuticle composition, stomatal
leakage, epidermal anatomy, or mesophyll organization.

Although we did not detect a significant effect of ploidy
level on LA (Appendix S4), triploid leaves were 12% larger
than diploid leaves (Appendix S6). Greer et al. (2018) found
that triploids have a greater LA than diploids. LA was
negatively associated with gmin in both diploid and triploid
leaves (Figure 3A), and the relationship was consistent in
model estimates (Figure 5B). Leaf area may be associated
with variation in gmin because, per unit area, smaller leaves
lose water faster than larger leaves (Wang et al., 2019). In
leaves, the boundary layer provides resistance to water
vapor diffusion (Schönherr, 1982; Nobel, 1999), and the
thickness of the leaf boundary layer is proportional to
the surface area of the leaf (Leigh et al., 2017) relative to the
direction of wind (Daudet et al., 1999). Although a larger
surface area means more water can be lost, larger leaves may
have greater boundary‐layer resistance than smaller leaves
(Nobel, 1999) because smaller leaves have a thinner
boundary layer. In contrast, larger leaves have a thicker
boundary layer. However, studies suggest the boundary
layer plays a lesser role in water loss in P. tremuloides leaves
due to fluttering (Roden and Pearcy, 1993), suggesting that
LA does not drive resistance to water loss and may not
explain the higher gmin in triploids compared to diploids.

Although LT was not associated with variation in gmin,
triploids have greater LT (Appendix S3). Polyploids often
have thicker leaves than diploids (Xue et al., 2017) due to
anatomical differences, and ploidy‐induced leaf anatomical
changes may modify diffusion pathways for water vapor
(Wilson et al., 2021; Šmarda et al., 2023). Leaves lose water
when water flows from the xylem to spongy mesophyll cells
through the bundle sheath made by parenchyma cells, where
water then evaporates from the surface of the mesophyll
(Sack and Holbrook, 2006). Cell types such as epidermal cells
and mesophyll parenchyma (Chen et al., 2021) are larger in
polyploids, leading to thicker leaves. Polyploids have larger
cells (Pacey et al., 2022). Larger cells have a greater water
storage capacity and may result in a higher LWC, as seen in
the triploid leaves we measured (Appendix S3). Additionally,
larger cells may lead to more efficient water transport
because they can change shape and be packed more tightly,
leaving less airspace in leaves for faster diffusion of water
vapor from mesophyll cells (Wilson et al., 2021). Previous
studies have found a positive relationship between LT and
hydraulic conductance, where water transport is more effi-
cient when there are larger air spaces in the mesophyll cells

8 of 16 | MINIMUM LEAF CONDUCTANCE DIFFERS BY PLOIDY LEVEL

 15372197, 2026, 7, D
ow

nloaded from
 https://bsapubs.onlinelibrary.w

iley.com
/doi/10.1002/ajb2.70235 by U

niversity O
f C

alifornia - B
erkeley, W

iley O
nline L

ibrary on [28/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



close to bundle sheath cells, leading to faster diffusion of
water vapor from mesophyll cells through leaky stomata or
a permeable cuticle (Oguchi et al., 2018).

Although polyploidy can alter cell size and packing in
other systems (Comai, 2005; Beaulieu et al., 2008), we did
not directly measure leaf anatomy. Therefore, mechanistic
interpretations linking ploidy to cellular organization
remain hypotheses requiring anatomical validation. On the
other hand, larger cells do not necessarily mean larger
surface area because polyploids may have fewer cells per leaf
(Robinson et al., 2018). In this case, water transport may not
be more efficient, but since other studies have reported that
cell number does not differ by ploidy level in Populus
polyploids (Zhang et al., 2019), greater LT in triploids may
make water loss more efficient.

Other studies have found that lower gmin is correla-
ted with higher LMA (Reich, 2014; Slot et al., 2021)
because LMA is a proxy for leaf construction and cost

(Wright et al., 2004). Although triploid aspen leaves have
been reported to have a lower LMA (Greer et al., 2018), in
our study, we found no association between LMA and gmin

(Figure 3C) or a significant difference in LMA by ploidy
level (Appendix S4). Our findings imply that while gmin

varies by ploidy level, overall leaf construction costs do not.
Leaf mass per area consists of two other components: LD
and LT. Similar LMA values can be obtained when LD and
LT values are inversely related. In our study, triploid leaves
had lower LD and higher LT than diploid leaves (Appendix
S3). These findings are consistent with cell‐size differences:
Whole‐genome duplication increases cell volume, resulting
in less densely packed cells and reduced LD. However,
larger cells increase overall leaf thickness, as we see in tri-
ploids (Appendix S4). Per unit area, the cost to build leaves
is the same, but the construction can differ by ploidy level.
These findings suggest the relationship between LMA and
gmin may also depend on the other components of LMA.

A B C

D E F

F IGURE 3 Relationship between gmin and all trait predictors (A) leaf area (m2), (B) leaf density (g m–3), (C) leaf mass per area (g m–2), (D) leaf water
content (g g–1), (E) leaf thickness (µm), and (F) surface‐area‐to‐volume ratio (m–1) for each ploidy level of aspen. Scatterplots display the relationship
between gmin and the variables for triploid (red) and diploid (blue) genets. Each plot includes a regression line and a 95% confidence interval by ploidy level.
Boxplots are added to the margins to show the marginal distribution of each variable by ploidy level. The boxplots on the y‐axis correspond to the marginal
distribution of gmin. Boxplots and points in blue correspond to diploid leaves. Boxplots and points in red correspond to triploid leaves. Significant differences
in trait by ploidy level are indicated by *P < 0.05, ***P < 0.001, and ns = not significant.
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F IGURE 4 PCA of variation in leaf traits in aspen. Diploids and triploids differ in functional trait space occupancy. Principal component analysis (PCA)
of variation in leaf traits in P. tremuloides. The PCA is based on 160 leaves from 32 genets (N = 5 leaves per genet). Traits corresponding to diploid leaves are
blue circles, and traits corresponding to triploid leaves are red circles. Vectors indicate the trait loadings on each axis. Each vector is labeled with the
abbreviated trait it represents, and its length indicates the correlation with each axis. LA: leaf area (m2), LD: leaf density (g m−3), LMA: leaf mass per area
(g m−2), LT: leaf thickness (µm), LWC: leaf water content (g g−1), and SA/V: surface‐area‐to‐volume ratio (m−1).

A B

C D

F IGURE 5 Model‐predicted gmin between (A) surface‐area‐to‐volume ratio (SA/V; m–1) by ploidy level, (B) leaf area (LA; m2) by ploidy level,
(C) cosine aspect by ploidy level, and (D) slope by ploidy level of aspen. Each plot includes a regression line and a 95% confidence interval by ploidy level.
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Effects of topography

Differences in environments occupied by each ploidy level
can complicate interpretations of trait differences among
naturally occurring populations (Trugman et al., 2021)
because different environments may select for individuals
with different phenotypes. In this plot network, diploids are
more common in higher elevations and steeper slopes.
Although ploidy level did not differ significantly in cosine
aspect or elevation, diploid aspen genets were on slopes 73%
steeper than the slopes where triploid aspen genets were
found (Appendix S1: Table S2). The angle of a slope, along
with its aspect, influences water availability (Badano
et al., 2005), especially in headwater valleys where snowmelt
is a primary moisture source. The slope steepness also
influences solar radiation and soil characteristics (Barbour
and Billings, 2000). Although soil moisture was not mea-
sured, we infer that water availability may differ between the
genets we sampled. We might have sampled diploids in
environments with less access to water, causing more
drought stress. Plants experiencing greater water limitations
may invest in different traits not measured in our study that
could minimize gmin. The potential mechanisms underlying
this relationship are discussed further in the next section.

However, because we controlled for elevation, we may
have sampled triploids above their ideal niche in cooler
environments and diploids below it in warmer environ-
ments. Nonetheless, triploids maintained greater gmin than
diploids, suggesting the difference between triploid and
diploid gmin may actually be larger than reported. Still,
studying natural populations in situ is key to improving
our understanding of plant responses to climate change,
especially in keystone species like P. tremuloides.

Untested hypotheses

Ploidy level was the strongest predictor of gmin, and
although several structural traits differed by ploidy level,
they explained only a marginal amount of variation in gmin.
Several untested hypotheses may also contribute to differ-
ences in gmin across ploidy levels. Below, we discuss other
possible contributions of minimum leaf conductance that
are yet to be tested.

Cuticle and stomata effects

The cuticle and leaky stomata are the potential sources of
water loss in gmin, but our study cannot decouple their
contributions. However, differences in ploidy may contrib-
ute to the different amounts of water loss in triploid and
diploid P. tremuloides leaves.

For example, the thickness of the cuticle may be nega-
tively correlated with water loss, but experimental evidence
supporting this assumption is mixed (Riederer and
Schreiber, 2001). Studies that measured cuticle thickness and

water loss in other species did not find a relationship
(Kamp, 1930; Schönherr, 1982; Lendzian and Kerstiens,
1991). Other findings suggest epicuticular wax deposition
rates, crystallization patterns and chemical composition acts
as the actual barrier against desiccation (Schönherr, 1982;
Schönherr and Riederer, 1989; Parsons et al., 2012; Grünhofer
et al., 2024). However, other studies report that differences in
amount and chemical composition of wax did not influence
gmin (Shellakkutti et al., 2022). In another study, auto-
tetraploid leaves retained water better than diploid leaves due
to differences in leaf cuticular wax, resulting from differential
gene expression by ploidy level (Li et al., 2024). In this study,
diploid and autotetraploid leaves contained different wax and
crystalloid contents, reducing the cuticle permeability of au-
totetraploids relative to diploids. However, in our study,
polyploids (triploids) had a higher gmin, suggesting greater
water loss. Without measurements of cuticle thickness and
leaf wax composition in triploid and diploid aspen, it is
unclear how these traits may differ and influence gmin.

Triploid aspen leaves may also have a higher gmin than
diploid aspen leaves because of different stomatal traits. In
aspen triploids, greater guard cell size and length may
contribute to higher gmin values via “leaky” or incomplete
stomatal closure, as seen via foliar water uptake in poly-
ploid coast redwoods, Sequoia sempervirens (Noss, 2000;
Burgess and Dawson, 2004). Aspen triploid leaves have
greater stomatal size and density than diploid leaves (Greer
et al., 2018). Even if cuticle traits did not differ by ploidy
level, we hypothesized that triploid leaves have a greater
gmin because their stomatal traits increase the chance of
water loss via incomplete stomatal closure, contributing to
a greater minimum leaf conductance in triploids than
diploids (Kerstiens, 1996a, 1996b).

Leaf age

Leaf age correlates with variation in cuticular conductance.
In Quercus rubra leaves, younger leaves lose more water
through the cuticle than through stomata, while older leaves
lose more water through stomata (Kane et al., 2020). Phe-
nological differences by ploidy level have been reported in
other studies (Comai, 2005; Van de Peer et al., 2021),
including in aspen (Blonder et al., 2023), but the impact of
leaf age across species and ploidy level remains unclear. To
minimize any differences in leaf age, we collected triploid
and diploid leaves simultaneously at the same time of year.
We also ensured the measured leaves were fully expanded,
mature, and healthy.

Study limitations

We identified an association between ploidy level and gmin,
but did not identify the full causal mechanism underlying that
association. The observational design does not fully account
for environmental variation. Specifically, we are unable to
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fully rule out differential habitat selection by diploids and
triploids, which may occupy distinct microclimates that
influence leaf traits. Additionally, our study is limited to one
growing season. Leaf traits may be influenced by antecedent
climatic conditions (Meier and Leuschner, 2008), and in
some years, the effects of topographical differences may be
magnified. For instance, water stress in dry years can be ex-
acerbated by topography (Esteban et al., 2021). Therefore,
multiyear measurements across wet and dry years are needed
to determine whether the ploidy effect on gmin is similar
across climatic conditions. We suggest future research using
multiyear data spanning climatic extremes to better dis-
entangle the relative influence of ploidy level, topography,
and structural traits on gmin.

Implications for mortality

It is difficult to predict whether polyploids will do better
or worse under intensifying drought conditions, although
a common hypothesis is that polyploids are better adapted
to stressful conditions (Stebbins, 1985; Otto and
Whitton, 2000; Brochmann et al., 2004; Edgeloe et al.,
2022; Ræbild et al., 2024; Sobhanian et al., 2026). Triploid
trees in these plots are less resilient to drought and have
higher rates of aboveground mortality than diploids
(Blonder et al., 2021). Cochard (2021) proposed a general
hypothesis beyond P. tremuloides: Minimum leaf con-
ductance may be a critical mechanism underlying tree
mortality from heat waves and drought, with high tem-
peratures triggering a cuticle phase transition that causes
excessive water loss via gmin, leading to uncontrolled cav-
itation and hydraulic failure. In aspen, the variation in gmin

observed may therefore influence its mortality risk. Ploidy
level affects mortality risk in the species, with triploids
having a higher mortality risk than diploids, consistent
with this hypothesis (Blonder et al., 2021).

As a continuous source of water loss, gmin provides
insights into plant vulnerability. Whereas agronomists use
gmin as a key breeding trait for improving drought toler-
ance in crops (Sinclair and Ludlow, 1986), gmin could be an
informative trait for ecologists to evaluate the effects of
climate change and drought on forest ecosystems and
aspen distribution. Since our results show triploid trees
have a greater gmin than diploid trees, water loss will not
only be underestimated if models do not account for gmin,
especially in biomes where ambient temperature and vapor
pressure deficit increase (Barkhordarian et al., 2019), but
the error will be even more significant in forest stands
dominated by triploid trees.

CONCLUSIONS

This study highlights polyploidy as an important driver of
hydraulic variation in quaking aspen. Polyploidy can
influence leaf structure and water flux, and these effects

remain detectable even in co‐occurring individuals exposed
to similar environments. These findings add to the growing
understanding of the predictors of gmin and point to the
value of future mechanistic studies to explore the processes
underlying this variation, in this and other species.

AUTHOR CONTRIBUTIONS
J.N. and R.M.C.H. designed the study and collected the
data. Karen Mock and Jim Walton provided genetic
analyses. J.N. and R.M.C.H. organized the data. J.N.,
R.M.C.H. and J.M.P. analyzed the data and wrote the first
draft. B.W.B. and B.J.E. provided guidance and support
throughout all stages of the data collection, analyses, and
manuscript writing. All authors contributed to revisions
of the manuscript. B.W.B. and R.M.C.H. were supported
by the U.S. Department of Agriculture NIFA grant #2022‐
67019‐36366. R.M.C.H. was supported by the National
Science Foundation Postdoctoral Research Fellowship
#2011030 and the Ford Foundation. B.W.B. was also
supported by the Rocky Mountain Biological Laboratory
via the Johnson family endowment and the Navjot Sodhi
fellowship. J.N. was supported by the National Science
Foundation Graduate Research Fellowship #2020300359,
the Rocky Mountain Biological Laboratory via the Jean H.
Langenheim Graduate Fellowship, and the Rocky Moun-
tain Biological Laboratory Graduate Fellowship.

ACKNOWLEDGMENTS
This study was conducted on the traditional and unceded land
of the Ute people. We thank April Bermudez, Sarah Poke-
waldt, Cipatli Jimenez, Veronica Zepeda, and Sophie Buchholz
for their help with data collection and measurements. We
thank the staff at the Rocky Mountain Biological Laboratory,
including billy barr, Kelly Sudderth, Jennie Reithel, Katie
Harper, and Brett Biebuyck. Rose Birkhoff and Claire E.
Willing provided valuable feedback on earlier manuscript
drafts. We also thank Adam Roddy and three anonymous
reviewers for valuable comments and suggestions. Research
permits for this study were coordinated with the U.S. Forest
Service by the Rocky Mountain Biological Laboratory.

DATA AVAILABILITY STATEMENT
The final data sets are available at Open Science Framework
(OSF) https://osf.io/g5vs2. The code necessary to access the
data, the calculations, and statistical tests are available in an
open GitHub repository https://github.com/JocelynNavarro/
Aspen_Gmin.

ORCID
Jocelyn Navarro https://orcid.org/0000-0001-5699-097X
Roxanne M. Cruz‐de Hoyos https://orcid.org/0000-0002-
4996-6354
John M. Powers https://orcid.org/0000-0001-9926-4548
Benjamin Wong Blonder https://orcid.org/0000-0002-
5061-2385
Brian J. Enquist https://orcid.org/0000-0002-6124-7096

12 of 16 | MINIMUM LEAF CONDUCTANCE DIFFERS BY PLOIDY LEVEL

 15372197, 2026, 7, D
ow

nloaded from
 https://bsapubs.onlinelibrary.w

iley.com
/doi/10.1002/ajb2.70235 by U

niversity O
f C

alifornia - B
erkeley, W

iley O
nline L

ibrary on [28/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://osf.io/g5vs2
https://github.com/JocelynNavarro/Aspen_Gmin
https://github.com/JocelynNavarro/Aspen_Gmin
https://orcid.org/0000-0001-5699-097X
https://orcid.org/0000-0002-4996-6354
https://orcid.org/0000-0002-4996-6354
https://orcid.org/0000-0001-9926-4548
https://orcid.org/0000-0002-5061-2385
https://orcid.org/0000-0002-5061-2385
https://orcid.org/0000-0002-6124-7096


REFERENCES
Adams, H. D., A. K. Macalady, D. D. Breshears, C. D. Allen,

N. L. Stephenson, S. R. Saleska, T. E. Huxman, and N. G. McDowell.
2010. Climate‐induced tree mortality: earth system consequences.
Eos, Transactions American Geophysical Union 91: 153–154.

Allen, C. D., D. D. Breshears, and N. G. McDowell. 2015. On
underestimation of global vulnerability to tree mortality and
forest die‐off from hotter drought in the Anthropocene. Ecosphere
6: art129.

Allen, C. D., A. K. Macalady, H. Chenchouni, D. Bachelet, N. McDowell,
M. Vennetier, T. Kitzberger, et al. 2010. A global overview of
drought and heat‐induced tree mortality reveals emerging climate
change risks for forests. Forest Ecology and Management 259:
660–684.

Anderegg, L. D. L., W. R. L. Anderegg, J. Abatzoglou, A. M. Hausladen,
and J. A. Berry. 2013. Drought characteristics’ role in widespread
aspen forest mortality across Colorado, USA. Global Change Biology
19: 1526–1537.

Anderegg, W. R. L., L. D. L. Anderegg, C. Sherman, and D. S. Karp. 2012.
Effects of widespread drought‐induced aspen mortality on understory
plants. Conservation Biology 26: 1082–1090.

Anderson, C. J., and P. J. Rosas‐Anderson. 2017. Leafscan version 1.3.21.
[Mobile application software]. Website: https://itunes.apple.com/app/
id1254892230

Anderson, D. R., and K. P. Burnham. 2002. Avoiding pitfalls when using
information‐theoretic methods. Journal of Wildlife Management 66:
912–918.

Badano, E. I., L. A. Cavieres, M. A. Molina‐Montenegro, and C. L. Quiroz.
2005. Slope aspect influences plant association patterns in the Med-
iterranean matorral of central Chile. Journal of Arid Environments 62:
93–108.

Barbour, M. G., and W. D. Billings. 2000. North American terrestrial
vegetation, 2nd ed. Cambridge University Press, Cambridge, UK.

Barceló‐Anguiano, M., N. M. Holbrook, J. I. Hormaza, and J. M. Losada.
2021. Changes in ploidy affect vascular allometry and hydraulic
function in Mangifera indica trees. Plant Journal 108: 541–554.

Barkhordarian, A., S. S. Saatchi, A. Behrangi, P. C. Loikith, and
C. R. Mechoso. 2019. A recent systematic increase in vapor pressure
deficit over tropical South America. Scientific Reports 9: 15331.

Barnard, D. M., and W. L. Bauerle. 2013. The implications of minimum
stomatal conductance on modeling water flux in forest canopies.
Journal of Geophysical Research: Biogeosciences 118: 1322–1333.

Bartoń, K. 2025. MuMIn: Multi‐model inference, R package version
1.48.11. Website https://CRAN.R-project.org/package=MuMIn

Bates, D., M. Maechler, B. Bolker, and S. Walker. 2024. lme4: Linear mixed‐
effects models using ‘Eigen’ and S4, R package version 1.1–37.
Website https://CRAN.R-project.org/package=lme4

Beaulieu, J. M., I. J. Leitch, S. Patel, A. Pendharkar, and C. A. Knight. 2008.
Genome size is a strong predictor of cell size and stomatal density in
angiosperms. New Phytologist 179: 975–986.

Bengtson, C., S. Larsson, and C. Liljenberg. 1978. Effects of water stress on
cuticular transpiration rate and amount and composition of epicu-
ticular wax in seedlings of six oat varieties. Physiologia Plantarum 44:
319–324.

Bennett, M. D., V. Chapman, and R. Riley. 1971. The duration of meiosis in
pollen mother cells of wheat, rye and triticale. Proceedings of the Royal
Society of London, B, Biological Sciences 178: 259–275.

Bishop, M., T. J. Furniss, K. E. Mock, and J. A. Lutz. 2019. Genetic and
spatial structuring of Populus tremuloides in a mixed‐species forest of
southwestern Utah, USA. Western North American Naturalist 79:
63–71.

Blonder, B., B. J. Graae, B. Greer, M. Haagsma, K. Helsen, R. E. Kapás,
H. Pai, et al. 2020. Remote sensing of ploidy level in quaking aspen
(Populus tremuloides Michx.). Journal of Ecology 108: 175–188.

Blonder, B., C. A. Ray, J. A. Walton, M. Castaneda, K. D. Chadwick,
M. O. Clyne, P. Gaüzère, et al. 2021. Cytotype and genotype predict
mortality and recruitment in Colorado quaking aspen (Populus tre-
muloides). Ecological Applications 31: e02438.

Blonder, B. W., L. M. T. Aparecido, K. R. Hultine, D. Lombardozzi,
S. T. Michaletz, B. C. Posch, M. Slot, and K. Winter. 2023. Plant
water use theory should incorporate hypotheses about extreme en-
vironments, population ecology, and community ecology. New
Phytologist 238: 2271–2283.

Boyer, J. S., S. C. Wong, and G. D. Farquhar. 1997. CO2 and water vapor
exchange across leaf cuticle (epidermis) at various water potentials.
Plant Physiology 114: 185–191.

Breshears, D. D., N. S. Cobb, P. M. Rich, K. P. Price, C. D. Allen,
R. G. Balice, W. H. Romme, et al. 2005. Regional vegetation die‐off in
response to global‐change‐type drought. Proceedings of the National
Academy of Sciences 102: 15144–15148.

Brochmann, C., A. K. Brysting, I. G. Alsos, L. Borgen, H. H. Grundt,
A.‐C. Scheen, and R. Elven. 2004. Polyploidy in arctic plants.
Biological Journal of the Linnean Society 82: 521–536.

Brodribb, T. J. 2020. Learning from a century of droughts. Nature
Ecology & Evolution 4: 1007–1008.

Brodribb, T. J., S. A. M. McAdam, G. J. Jordan, and S. C. V. Martins. 2014.
Conifer species adapt to low‐rainfall climates by following one of two
divergent pathways. Proceedings of the National Academy of Sciences,
USA 111: 14489–14493.

Brodribb, T. J., J. Powers, H. Cochard, and B. Choat. 2020. Hanging by a
thread? Forests and drought. Science 368: 261–266.

Burgess, S. S. O., and T. E. Dawson. 2004. The contribution of fog to the
water relations of Sequoia sempervirens (D. Don): foliar uptake and
prevention of dehydration. Plant, Cell & Environment 27: 1023–1034.

Burlett, R., S. Trueba, X. P. Bouteiller, G. Forget, J. M. Torres‐Ruiz,
N. K. Martin‐StPaul, C. Parise, et al. 2025. Minimum leaf conduct-
ance during drought: unravelling its variability and impact on plant
survival. New Phytologist 246: 1001–1014.

Chadwick, K. D., P. G. Brodrick, K. Grant, T. Goulden, A. Henderson,
N. Falco, H. Wainwright, et al. 2020. Integrating airborne remote
sensing and field campaigns for ecology and Earth system science.
Methods in Ecology and Evolution 11: 1492–1508.

Chen, T., Y. Sheng, Z. Hao, X. Long, F. Fu, Y. Liu, Z. Tang, et al. 2021.
Transcriptome and proteome analysis suggest enhanced photo-
synthesis in tetraploid Liriodendron sino‐americanum. Tree Physiology
41: 1953–1971.

Choat, B. 2013. Predicting thresholds of drought‐induced mortality in
woody plant species. Tree Physiology 33: 669–671.

Choat, B., S. Jansen, T. J. Brodribb, H. Cochard, S. Delzon, R. Bhaskar,
S. J. Bucci, et al. 2012. Global convergence in the vulnerability of
forests to drought. Nature 491: 752–755.

Cochard, H. 2021. A new mechanism for tree mortality due to drought and
heatwaves. Peer Community Journal 1: e36.

Comai, L. 2005. The advantages and disadvantages of being polyploid.
Nature Reviews Genetics 6: 836–846.

Daudet, F. A., X. Le Roux, H. Sinoquet, and B. Adam. 1999. Wind speed
and leaf boundary layer conductance variation within tree crown:
Consequences on leaf‐to‐atmosphere coupling and tree functions.
Agricultural and Forest Meteorology 97: 171–185.

DeByle, N. V., and R. P. Winokur. 1985. Aspen: Ecology and management
in the western United States. General Technical Report RM‐119. U.S.
Department of Agriculture Forest Service, Rocky Mountain Forest
and Range Experiment Station, Fort Collins, CO, USA.

Dixon, G. B., and L. E. DeWald. 2015. Microsatellite survey reveals possible link
between triploidy and mortality of quaking aspen in Kaibab National
Forest, Arizona. Canadian Journal of Forest Research 45: 1369–1375.

Dormann, C. F., J. Elith, S. Bacher, C. Buchmann, G. Carl, G. Carré,
J. R. G. Marquéz, et al. 2013. Collinearity: a review of methods to deal
with it and a simulation study evaluating their performance.
Ecography 36: 27–46.

Doyle, J. J., and J. E. Coate. 2019. Polyploidy, the nucleotype, and novelty:
the impact of genome doubling on the biology of the cell.
International Journal of Plant Sciences 180: 1–52.

Dudley, M. M., K. S. Burns, and W. R. Jacobi. 2015. Aspen mortality in the
Colorado and southern Wyoming Rocky Mountains: Extent, severity,
and causal factors. Forest Ecology and Management 353: 240–259.

MINIMUM LEAF CONDUCTANCE DIFFERS BY PLOIDY LEVEL | 13 of 16

 15372197, 2026, 7, D
ow

nloaded from
 https://bsapubs.onlinelibrary.w

iley.com
/doi/10.1002/ajb2.70235 by U

niversity O
f C

alifornia - B
erkeley, W

iley O
nline L

ibrary on [28/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://itunes.apple.com/app/id1254892230
https://itunes.apple.com/app/id1254892230
https://CRAN.R-project.org/package=MuMIn
https://CRAN.R-project.org/package=lme4


Duursma, R. A., C. J. Blackman, R. Lopéz, N. K. Martin‐StPaul,
H. Cochard, and B. E. Medlyn. 2019. On the minimum leaf con-
ductance: its role in models of plant water use, and ecological and
environmental controls. New Phytologist 221: 693–705.

Edgeloe, J. M., A. A. Severn‐Ellis, P. E. Bayer, S. Mehravi, M. F. Breed,
S. L. Krauss, J. Batley, et al. 2022. Extensive polyploid clonality was a
successful strategy for seagrass to expand into a newly submerged
environment. Proceedings of the Royal Society, B, Biological Sciences
289: 20220538.

Esteban, E. J. L., C. V. Castilho, K. L. Melgaço, and F. R. C. Costa. 2021.
The other side of droughts: wet extremes and topography as buffers of
negative drought effects in an Amazonian forest. New Phytologist 229:
1995–2006.

Farquhar, G. 1978. Feedforward responses of stomata to humidity.
Australian Journal of Plant Physiology 5: 787–800.

Fox, J., S. Weisberg, and B. Price. 2024. car: Companion to applied
regression. R package version 3.1‐3. Website https://CRAN.R-project.
org/package=car

Garen, J. C., and S. T. Michaletz. 2025. Temperature governs the relative
contributions of cuticle and stomata to leaf minimum conductance.
New Phytologist 245: 1911–1923.

Goessen, R., N. Isabel, C. Wehenkel, N. Pavy, L. Tischenko, L. Touchette,
I. Giguère, et al. 2022. Coping with environmental constraints:
Geographically divergent adaptive evolution and germination plas-
ticity in the transcontinental Populus tremuloides. Plants, People,
Planet 4: 638–654.

Gompert, Z., and K. E. Mock. 2017. Detection of individual ploidy levels
with genotyping‐by‐sequencing (GBS) analysis. Molecular Ecology
Resources 17: 1156–1167.

Goulden, T., B. Hass, E. Brodie, K. D. Chadwick, N. Falco, K. Maher,
H. Wainwright, and K. Williams. 2020. NEON AOP survey of Upper
East River CO watersheds: LAZ files, LiDAR surface elevation, terrain
elevation, and canopy height rasters [data set]. Watershed Function
Scientific Focus Area [SFA], Lawrence Berkeley National Laboratory,
Berkeley, CA, USA. Available at https://doi.org/10.15485/1617203

Greer, B. T., C. Still, G. L. Cullinan, J. R. Brooks, and F. C. Meinzer.
2018. Polyploidy influences plant–environment interactions in
quaking aspen (Populus tremuloides Michx.). Tree Physiology 38:
630–640.

Grünhofer, P., L. Herzig, Q. Zhang, S. Vitt, T. Stöcker, Y. Malkowsky,
T. Brügmann, et al. 2024. Changes in wax composition but not
amount enhance cuticular transpiration. Plant, Cell & Environment
47: 91–105.

Hartig, F. 2024. DHARMa: Residual diagnostics for hierarchical (multi‐
level/mixed) regression models. R package version 0.4.7. Website
https://CRAN.R-project.org/package=DHARMa

Hygen, G. 1951. Studies in plant transpiration I. Physiologia Plantarum 4:
57‐183.

James, A. T., R. J. Lawn, and M. Cooper. 2008. Genotypic variation for
drought stress response traits in soybean. I. Variation in soybean and
wild Glycine spp. for epidermal conductance, osmotic potential, and
relative water content. Australian Journal of Agricultural Research 59:
656–669.

Jarvis, P. G. 1976. The interpretation of the variations in leaf water
potential and stomatal conductance found in canopies in the field.
Philosophical Transactions of the Royal Society, B, Biological Sciences
273: 593–610.

Jelinski, D. E., and W. M. Cheliak. 1992. Genetic diversity and spatial
subdivision of Populus tremuloides (Salicaceae) in a heterogeneous
landscape. American Journal of Botany 79: 728–736.

Kamp, H. 1930. Untersuchungen über Kutikularbau und kutikuläre
Transpiration von Blättern. Jahrbücher für wissenschaftliche Botanik
72: 403–465.

Kane, C. N., G. J. Jordan, S. Jansen, and S. A. M. McAdam. 2020. A
permeable cuticle, not open stomata, is the primary source of water
loss from expanding leaves. Frontiers in Plant Science 11: 774.

Kerstiens, G. 1996a. Cuticular water permeability and its physiological
significance. Journal of Experimental Botany 47: 1813–1832.

Kerstiens, G. 1996b. Signalling across the divide: a wider perspective of
cuticular structure—function relationships. Trends in Plant Science 1:
125–129.

Kulakowski, D., M. W. Kaye, and D. M. Kashian. 2013. Long‐term aspen
cover change in the western US. Forest Ecology and Management 299:
52–59.

Kuznetsova, A., P. B. Brockhoff, and R. H. B. Christensen. 2017. lmerTest
package: tests in linear mixed effects models. Journal of Statistical
Software 82: 1–26.

Leigh, A., S. Sevanto, J. D. Close, and A. B Nicotra. 2017. The influence
of leaf size and shape on leaf thermal dynamics: does theory hold
up under natural conditions? Plant, Cell & Environment 40:
237–248.

Lendzian, K. J., and G. Kerstiens. 1991. Sorption and transport of gases and
vapors in plant cuticles. In: G. W. Ware [ed.], Reviews of environ-
mental contamination and toxicology: continuation of residue re-
views, 65–128. Springer, NY, NY, USA.

Lenth, R. V. 2025. emmeans: Estimated marginal means, aka least‐squares
means. R package version 1.11.1. Website https://CRAN.R-project.
org/package=emmeans

Li, M., C. Zhang, L. Hou, X. Liu, H. Zhao, X. Pang, W. Bo, and Y. Li. 2024.
Differences in leaf cuticular wax induced by whole‐genome duplica-
tion in autotetraploid sour jujube. Horticultural Plant Journal 10:
66–76.

Liao, L., X. Liu, X. Liang, Q. Li, W. Tang, P. He, H. Liu, and Q. Ye. 2025.
Minimum leaf conductance varied across 39 sub‐tropical woody
species with contrasting light requirement strategies. Journal of
Experimental Botany 76: 6114–6125.

Lüdecke, D. 2018. ggeffects: Tidy data frames of marginal effects from
regression models. Journal of Open Source Software 3: 772.

Mauseth, J. D. 2000. Theoretical aspects of surface‐to‐volume ratios and
water‐storage capacities of succulent shoots. American Journal of
Botany 87: 1107–1115.

Meier, I. C., and C. Leuschner. 2008. Belowground drought response of
European beech: fine root biomass and carbon partitioning in 14
mature stands across a precipitation gradient. Global Change Biology
14: 2081–2095.

Mitton, J. B., and M. C. Grant. 1996. Genetic variation and the natural
history of quaking aspen. BioScience 46: 25–32.

Mock, K. E., C. M. Callahan, M. N. Islam‐Faridi, J. D. Shaw, H. S. Rai,
S. C. Sanderson, C. A. Rowe, et al. 2012. Widespread triploidy in western
North American aspen (Populus tremuloides). PLoS One 7: e48406.

Mock, K. E., C. A. Rowe, M. B. Hooten, J. Dewoody, and V. D. Hipkins.
2008. Clonal dynamics in western North American aspen (Populus
tremuloides). Molecular Ecology 17: 4827–4844.

Nobel, P. S. 1999. Physicochemical & environmental plant physiology.
Academic Press, Cambridge, MA, USA.

Noss, R. F. 2000. The Redwood Forest: history, ecology, and conservation
of the coast redwoods. Island Press, Chicago, IL, USA.

Oguchi, R., Y. Onoda, I. Terashima, and D. Tholen. 2018. Leaf anatomy
and function. In W. W. Adams III and I. Terashima [eds.], The leaf: a
platform for performing photosynthesis, 97–139. Springer Interna-
tional, Cham, Switzerland.

Oksanen, J., G. Blanchet, M. Friendly, R. Kindt, P. Legendre, D. McGlinn,
P. R. Minchin, et al. 2018. vegan: community ecology package. R
package version 2.4‐6. Website https://CRAN.R-project.org/package=
vegan

Otto, S. P., and J. Whitton. 2000. Polyploid incidence and evolution.
Annual Review of Genetics 34: 401–437.

Pacey, E. K., H. Maherali, and B. C. Husband. 2020. The influence of
experimentally induced polyploidy on the relationships between en-
dopolyploidy and plant function in Arabidopsis thaliana. Ecology and
Evolution 10: 198–216.

Pacey, E. K., H. Maherali, and B. C. Husband. 2022. Polyploidy increases
storage but decreases structural stability in Arabidopsis thaliana.
Current Biology 32: 4057–4063.e3.

Park Williams, A., C. D. Allen, A. K. Macalady, D. Griffin,
C. A. Woodhouse, D. M. Meko, T. W. Swetnam, et al. 2013.

14 of 16 | MINIMUM LEAF CONDUCTANCE DIFFERS BY PLOIDY LEVEL

 15372197, 2026, 7, D
ow

nloaded from
 https://bsapubs.onlinelibrary.w

iley.com
/doi/10.1002/ajb2.70235 by U

niversity O
f C

alifornia - B
erkeley, W

iley O
nline L

ibrary on [28/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://CRAN.R-project.org/package=car
https://CRAN.R-project.org/package=car
https://doi.org/10.15485/1617203
https://CRAN.R-project.org/package=DHARMa
https://CRAN.R-project.org/package=emmeans
https://CRAN.R-project.org/package=emmeans
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan


Temperature as a potent driver of regional forest drought stress and
tree mortality. Nature Climate Change 3: 292–297.

Parsons, E. P., S. Popopvsky, G. T. Lohrey, S. Lü, S. Alkalai‐Tuvia,
Y. Perzelan, I. Paran, et al. 2012. Fruit cuticle lipid composition and
fruit post‐harvest water loss in an advanced backcross generation of
pepper (Capsicum sp.). Physiologia Plantarum 146: 15–25.

Pérez‐Harguindeguy, N., S. Díaz, E. Garnier, S. Lavorel, H. Poorter,
P. Jaureguiberry, M. S. Bret‐Harte, et al. 2013. New handbook for
standardised measurement of plant functional traits worldwide.
Australian Journal of Botany 61: 167–234.

Pratt, R. B., F. W. Ewers, M. C. Lawson, A. L. Jacobsen, M. M. Brediger,
and S. D. Davis. 2005. Mechanisms for tolerating freeze–thaw stress
of two evergreen chaparral species: Rhus ovata and Malosma laurina
(Anacardiaceae). American Journal of Botany 92: 1102–1113.

R Core Team. 2023. R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria.
Website https://www.R-project.org

Ræbild, A., K. Anamthawat‐Jónsson, U. Egertsdotter, J. Immanen,
A. M. Jensen, A. Koutouleas, H. J. Martens, et al. 2024. Polyploidy – A
tool in adapting trees to future climate changes? A review of poly-
ploidy in trees. Forest Ecology and Management 560: 121767.

Reich, P. B. 2014. The world‐wide ‘fast–slow’ plant economics spectrum: a
traits manifesto. Journal of Ecology 102: 275–301.

Riederer, M., and L. Schreiber. 2001. Protecting against water loss: analysis
of the barrier properties of plant cuticles. Journal of Experimental
Botany 52: 2023–2032.

Robinson, D. O., J. E. Coate, A. Singh, L. Hong, M. Bush, J. J. Doyle, and
A. H. K. Roeder. 2018. Ploidy and size at multiple scales in the
Arabidopsis sepal. Plant Cell 30: 2308–2329.

Roddy, A. B., C. M. Guilliams, P. V. A. Fine, S. Mambelli, T. E. Dawson,
and K. A. Simonin. 2023. Flowers are leakier than leaves but cheaper
to build. New Phytologist 239: 2076–2082.

Roden, J. S., and R. W. Pearcy. 1993. Effect of leaf flutter on the light
environment of poplars. Oecologia 93: 201–207.

Rogers, P. C., B. D. Pinno, J. Šebesta, B. R. Albrectsen, G. Li, N. Ivanova,
A. Kusbach, et al. 2020. A global view of aspen: conservation science
for widespread keystone systems. Global Ecology and Conservation 21:
e00828.

Sack, L., and N. M. Holbrook. 2006. Leaf hydraulics. Annual Review of
Plant Biology 57: 361–381.

Sack, L., and C. Scoffoni. 2010. Minimum epidermal conductance (gmin,
a.k.a. cuticular conductance). PROMETHEUS. Website https://
prometheusprotocols.net/function/gas-exchange-and-chlorophyll-
fluorescence/stomatal-and-non-stomatal-conductance-and-
transpiration/minimum-epidermal-conductance-gmin-a-k-a-
cuticular-conductance/ [accessed 23 June 2025].

Schönherr, J. 1982. Resistance of plant surfaces to water loss: transport
properties of cutin, suberin and associated lipids. In O. L. Lange, P. S.
Nobel, C. B. Osmond, and H. Ziegler [eds.], Physiological plant
ecology II: Water relations and carbon assimilation, 153–179.
Springer, Berlin, Germany.

Schönherr, J., and M. Riederer. 1989. Foliar penetration and accumulation
of organic chemicals in plant cuticles. In G. W. Ware [ed.], Reviews of
environmental contamination and toxicology, 1–70. Springer, NY,
NY, USA.

Schuster, A.‐C., M. Burghardt, and M. Riederer. 2017. The ecophysiology of
leaf cuticular transpiration: Are cuticular water permeabilities adapted
to ecological conditions? Journal of Experimental Botany 68: 5271–5279.

Scoffoni, C., M. Rawls, A. McKown, H. Cochard, and L. Sack. 2011. Decline
of leaf hydraulic conductance with dehydration: relationship to leaf
size and venation architecture. Plant Physiology 156: 832–843.

Shellakkutti, N., P. D. Thangamani, K. Suresh, J. Baales, V. Zeisler‐Diehl,
A. Klaus, F. Hochholdinger, et al. 2022. Cuticular transpiration is not
affected by enhanced wax and cutin amounts in response to osmotic
stress in barley. Physiologia Plantarum 174: e13735.

Shipley, B., and T.‐T. Vu. 2002. Dry matter content as a measure of dry
matter concentration in plants and their parts. New Phytologist 153:
359–364.

Sinclair, T., and M. Ludlow. 1986. Influence of soil water supply on the
plant water balance of four tropical grain legumes. Australian Journal
of Plant Physiology 13: 329–341.

Slot, M., T. Nardwattanawong, G. G. Hernández, A. Bueno, M. Riederer,
and K. Winter. 2021. Large differences in leaf cuticle conductance and
its temperature response among 24 tropical tree species from across a
rainfall gradient. New Phytologist 232: 1618–1631.

Šmarda, P., K. Klem, O. Knápek, B. Veselá, K. Veselá, P. Holub, V. Kuchař,
et al. 2023. Growth, physiology, and stomatal parameters of plant
polyploids grown under ice age, present‐day, and future CO2 con-
centrations. New Phytologist 239: 399–414.

Sobhanian, H., W.‐Y. Song, P. S. Soltis, D. E. Soltis, and S. Chen. 2026.
Polyploidy and plant resilience to environmental stresses: Molec-
ular mechanisms and future applications. Plant Communications 7:
101748.

Sperry, J. S., A. H. Perry, and J. E. M. Sullivan. 1991. Pit membrane degra-
dation and air‐embolism formation in ageing xylem vessels of Populus
tremuloides Michx. Journal of Experimental Botany 42: 1399–1406.

Sperry, J. S., Y. Wang, B. T. Wolfe, D. S. Mackay, W. R. L. Anderegg,
N. G. McDowell, and W. T. Pockman. 2016. Pragmatic hydraulic
theory predicts stomatal responses to climatic water deficits. New
Phytologist 212: 577–589.

Stebbins, G. L. 1971. Relationships between adaptive radiation, speciation
and major evolutionary trends. Taxon 20: 3–16.

Stebbins, G. L. 1985. Polyploidy, hybridization, and the invasion of new
habitats. Annals of the Missouri Botanical Garden 72: 824–832.

Tai, X., D. S. Mackay, W. R. L. Anderegg, J. S. Sperry, and P. D. Brooks.
2017. Plant hydraulics improves and topography mediates prediction
of aspen mortality in southwestern USA. New Phytologist 213: 113–127.

Trugman, A. T., L. D. L. Anderegg, W. R. L. Anderegg, A. J. Das, and
N. L. Stephenson. 2021. Why is tree drought mortality so hard to
predict? Trends in Ecology & Evolution 36: 520–532.

Van de Peer, Y., T.‐L. Ashman, P. S. Soltis, and D. E. Soltis. 2021. Poly-
ploidy: an evolutionary and ecological force in stressful times. Plant
Cell 33: 11–26.

Vile, D., E. Garnier, B. Shipley, G. Laurent, M.‐L. Navas, C. Roumet,
S. Lavorel, et al. 2005. Specific leaf area and dry matter content es-
timate thickness in laminar leaves. Annals of Botany 96: 1129–1136.

Wang, C., J. He, T.‐H. Zhao, Y. Cao, G. Wang, B. Sun, X. Yan, et al. 2019.
The smaller the leaf is, the faster the leaf water loses in a temperate
forest. Frontiers in Plant Science 10: 58.

Wang, S., G. Hoch, G. Grun, and A. Kahmen. 2024. Water loss after
stomatal closure: quantifying leaf minimum conductance and mini-
mal water use in nine temperate European tree species during a
severe drought. Tree Physiology 44: tpae027.

Willis, L., Y. Refahi, R. Wightman, B. Landrein, J. Teles, K. C. Huang,
E. M. Meyerowitz, and H. Jönsson. 2016. Cell size and growth reg-
ulation in the Arabidopsis thaliana apical stem cell niche. Proceedings
of the National Academy of Sciences, USA 113: E8238–E8246.

Wilson, M. J., M. Fradera‐Soler, R. Summers, C. J. Sturrock, and
A. J. Fleming. 2021. Ploidy influences wheat mesophyll cell geometry,
packing and leaf function. Plant Direct 5: e00314.

Witkowski, E. T. F., and B. B. Lamont. 1991. Leaf specific mass confounds
leaf density and thickness. Oecologia 88: 486–493.

Worrall, J. J., A. G. Keck, and S. B. Marchetti. 2015. Populus tremuloides
stands continue to deteriorate after drought‐incited sudden aspen
decline. Canadian Journal of Forest Research 45: 1768–1774.

Worrall, J. J., G. E. Rehfeldt, A. Hamann, E. H. Hogg, S. B. Marchetti,
M. Michaelian, and L. K. Gray. 2013. Recent declines of Populus
tremuloides in North America linked to climate. Forest Ecology and
Management 299: 35–51.

Wright, I. J., P. B. Reich, M. Westoby, D. D. Ackerly, Z. Baruch, F. Bongers,
J. Cavender‐Bares, et al. 2004. The worldwide leaf economics spec-
trum. Nature 428: 821–827.

Xue, H., B. Zhang, J.‐R. Tian, M.‐M. Chen, Y.‐Y. Zhang, Z.‐H. Zhang, and
Y. Ma. 2017. Comparison of the morphology, growth and develop-
ment of diploid and autotetraploid ‘Hanfu’ apple trees. Scientia
Horticulturae 225: 277–285.

MINIMUM LEAF CONDUCTANCE DIFFERS BY PLOIDY LEVEL | 15 of 16

 15372197, 2026, 7, D
ow

nloaded from
 https://bsapubs.onlinelibrary.w

iley.com
/doi/10.1002/ajb2.70235 by U

niversity O
f C

alifornia - B
erkeley, W

iley O
nline L

ibrary on [28/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.R-project.org
https://prometheusprotocols.net/function/gas-exchange-and-chlorophyll-fluorescence/stomatal-and-non-stomatal-conductance-and-transpiration/minimum-epidermal-conductance-gmin-a-k-a-cuticular-conductance/
https://prometheusprotocols.net/function/gas-exchange-and-chlorophyll-fluorescence/stomatal-and-non-stomatal-conductance-and-transpiration/minimum-epidermal-conductance-gmin-a-k-a-cuticular-conductance/
https://prometheusprotocols.net/function/gas-exchange-and-chlorophyll-fluorescence/stomatal-and-non-stomatal-conductance-and-transpiration/minimum-epidermal-conductance-gmin-a-k-a-cuticular-conductance/
https://prometheusprotocols.net/function/gas-exchange-and-chlorophyll-fluorescence/stomatal-and-non-stomatal-conductance-and-transpiration/minimum-epidermal-conductance-gmin-a-k-a-cuticular-conductance/
https://prometheusprotocols.net/function/gas-exchange-and-chlorophyll-fluorescence/stomatal-and-non-stomatal-conductance-and-transpiration/minimum-epidermal-conductance-gmin-a-k-a-cuticular-conductance/


Zhang, Y., B. Wang, S. Qi, M. Dong, Z. Wang, Y. Li, S. Chen, et al. 2019.
Ploidy and hybridity effects on leaf size, cell size and related genes
expression in triploids, diploids and their parents in Populus. Planta
249: 635–646.

Zuur, A. F., E. N. Ieno, and C. S. Elphick. 2010. A protocol for data
exploration to avoid common statistical problems.Methods in Ecology
and Evolution 1: 3–14.

SUPPORTING INFORMATION
Additional supporting information can be found online in
the Supporting Information section at the end of this article.

Appendix S1: Supplemental Tables 1 and 2 and Figure S1.

Appendix S2: Supplemental Table 3.

Appendix S3: Supplemental Figure S2.

Appendix S4: Supplemental Table 4.

Appendix S5: Supplemental Table 5.

Appendix S6: Supplemental Tables S6–S8.

How to cite this article: Navarro, J., R. M. Cruz‐de
Hoyos, J. M. Powers, B. W. Blonder, and B. J. Enquist.
2026. Ploidy level predicts differences in minimum
leaf conductance in quaking aspen, Populus
tremuloides. American Journal of Botany 113(7):
e70235. https://doi.org/10.1002/ajb2.70235

16 of 16 | MINIMUM LEAF CONDUCTANCE DIFFERS BY PLOIDY LEVEL

 15372197, 2026, 7, D
ow

nloaded from
 https://bsapubs.onlinelibrary.w

iley.com
/doi/10.1002/ajb2.70235 by U

niversity O
f C

alifornia - B
erkeley, W

iley O
nline L

ibrary on [28/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/ajb2.70235

	Ploidy level predicts differences in minimum leaf conductance in quaking aspen, Populus tremuloides
	MATERIALS AND METHODS
	Study sites and genet selection
	Branch collection
	Minimum leaf conductance
	Leaf selection, preparation, and measurement of area and mass
	Rate of leaf water loss and minimum conductance

	Leaf traits
	Statistical analyses
	Collinearity diagnosis
	Linear mixed models


	RESULTS
	Trait differences by ploidy level
	Effects of ploidy and traits on gmin
	Effects of ploidy and topography on gmin
	Effects of ploidy, traits and topography on gmin

	DISCUSSION
	Implications of potential cell-size differences
	Effects of topography
	Untested hypotheses
	Cuticle and stomata effects
	Leaf age

	Study limitations
	Implications for mortality

	CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION




