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ABSTRACT

PLASTICITY IN LEAF HYDRAULIC ARCHITECTURE VARIES AMONG GENOTYPES AND
POPULATIONS OF POPULUS FREMONTII

IRIS J. GARTHWAITE

Climate means, extremes, and variability are shifting rapidly, which will continue to result in
mismatches between climate and locally adapted plant traits. Phenotypic plasticity, the ability of
a plant to respond to environmental conditions within a lifetime (e.g., by adjusting the traits of
leaves they make each year), may provide a buffer for plants to persist under rapid environmental
change. We used three common gardens situated across a temperature gradient to investigate
phenotypic plasticity in six populations of Fremont cottonwood (Populus fremontii), an
important riparian tree, collected from across a naturally occurring temperature gradient. We
focused on the plasticity of leaf venation, a multivariate trait that is linked to plant performance
and tolerance of environmental stress. We found that 1) Populations responded differently to a
hotter growing environment, with some increasing and some decreasing the density of their leaf
venation; 2) Within populations, vein density also differed among genotypes in the hottest
growing environment; 3) Locally adapted southern populations trended toward greater vein
density and higher growth in the hottest growing environment compared to northern populations.
Past studies indicate that high vein density is associated with a suite of characteristics that are
likely to support survival in hotter and drier climates (i.e., high leaf hydraulic conductance, high
stomatal density, and drought resistance). Results from this study suggest that different P.

fremontii populations will vary in their capacity to adjust their leaf venation and support growth



in hot environments. Survivorship modeling efforts, restoration project managers, and assisted
migration initiatives should consider genetic stock, growing conditions, and multiple dimensions
of environmental stress early in the research and planning process to improve predictions and

enhance restoration outcomes.
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INTRODUCTION

Climate gradients across the range of a widely distributed plant species often lead to the
evolution of geographic clines or ecotypes, resulting in high levels of intraspecific phenotypic
divergence (Aitken & Whitlock, 2013). Populus fremontii, for example, is distributed across a
broad climate gradient, ranging from the southern Sonoran Desert and the central California
valley to the upper Colorado Plateau (Ikeda et al., 2017). Populations of this foundation riparian
tree species are locally adapted to very different climates within these ecoregions, resulting in a
mosaic of trait expression and ecotypes across the species range (Blasini et al., 2021; Cooper et
al., 2019; Cushman et al., 2014; Grady et al., 2013). Past studies indicate high levels of genetic
differentiation in P. fremontii traits that have consequences for entire communities and
ecosystem processes (LeRoy et al., 2007; Whitham et al., 2008). However, the traits of a
particular genotype or population may also be stable or plastic in response to environmental
signals. Recent studies have shown that some tree traits (such as phenology) are phenotypically
plastic across environments (Cooper et al., 2019). However, it is important to understand
plasticity for a range of traits to accurately predict performance and ecological effects in shifting

environmental conditions.

Phenotypic plasticity allows a genotype to alter a phenotype in response to an environmental
cue. Long-lived trees species are subject to a range of climate extremes during a life span and
phenotypic plasticity is an important mechanism that allows a plant to alter an organ, such as
leaves, to respond to environmental conditions (Nicotra et al., 2010). Phenotypic plasticity is
linked to site-specific environmental variation, and is more likely to evolve in more variable and

predictable climates (Botero et al., 2015; Leung et al., 2020). Phenotypic responses to different



environments are represented by a reaction norm diagram in ecological and evolutionary
literature, with the slope of the reaction norm indicating the magnitude of plasticity for a
particular genotype (Nicotra et al., 2010) (Figure 1). Phenotypic plasticity is widespread in plant
species, and individual genotypes of a species can vary in the magnitude and direction of
plasticity (Franks et al., 2014). For P. fremontii, populations from hotter climates exhibit up to
four times greater plasticity in phenological traits than cold adapted northern populations
(Cooper et al., 2019). Another recent common garden study revealed plastic responses in key
leaf traits (e.g., Leaf Mass per Area) of Eucalyptus camaldulensis subsp. camaldulensi, a native
riparian tree species in Australia (Asao et al., 2020). Phenotypic plasticity studies have been
conducted for multiple plant species but there have been fewer studies of leaf architecture

variation across environments within a single species at the landscape scale.

Leaf architecture traits are a key determinant of plant performance (Sack et al., 2012; Sack &
Scoffoni, 2013) and are particularly important to understand in ecosystems responding to
drought. Leaf veins play a major role in leaf hydraulic conductance, which determines how
efficiently water is transported within a leaf and influences the movement of water throughout
the whole plant vascular system (Brodribb & Holbrook, 2004). While the function of these
networks is homogenous among plant species, the architecture of these ‘superhighways’ varies
widely across species and is thought to be a key innovation in the evolution of angiosperms
(Boyce et al., 2009; de Boer et al., 2012; Sack & Scoffoni, 2013). Angiosperms like P. fremontii
often display a netted venation network with a hierarchy of vein orders that efficiently transports
water, hormones, and nutrients throughout the leaf lamina (Sack & Scoffoni, 2013) (Figure 2).
The unique architecture of these traits varies among and within angiosperm species and can have

important consequences for leaf hydraulic conductance, and resilience to the effects of herbivory



and drought (Read & Stokes, 2006; Scoffoni et al., 2011; Vincent, 1990; Sack et al., 2008)

(Table 1).

A plant must efficiently deliver water to the leaf surface to conduct photosynthesis and grow,
therefore leaf hydraulic function has strong implications for whole plant performance and
survival (Blackman et al., 2009; Brodribb & Holbrook, 2007). Plants often respond to low soil
water availability (i.e., drought) by closing their stomata (Brodribb & Holbrook, 2003), and
while effective, this response limits photosynthesis and growth by reducing gas exchange. Many
plants use several mechanisms to operate near their tolerance thresholds (Brodribb & Holbrook,
2004), likely to reduce drought vulnerability and optimize growth during temporary drought.
Drought vulnerability, a common concern in the American Southwest, is often associated with
measurements of leaf hydraulic vulnerability (P50e) in plant physiology research. Studies have
found that P50iear is strongly positively associated with small and thick conduit dimensions of
minor veins (Blackman et al., 2010). Minor veins are most resistant to embolism induced
hydraulic disruption (Scoffoni & Jansen, 2016) which is likely a function of reticulate
architecture (Sack et al., 2008). Additionally, because minor veins in poplar leaves stay fully
hydrated during hydraulic disruptions of larger veins, the minor veins can act as water storage
pools to aid in recovery and drought tolerance (Muries et al., 2019). While plants can respond to
quickly to hydraulic disruption through stomatal closure, the specific dimensions and spatial
arrangement of leaf architecture phenotypes that can support drought tolerance are constrained

by longer evolutionary time periods.

Past studies have shown strong correlations between environmental factors and venation
traits (Blonder & Enquist, 2014; Critchfield, 1960; Uhl & Mosbrugger, 1999). Studies of vein

traits across different biomes have shown that high venation density values have often evolved in



hot, arid and low elevation climates because factors that reduce water availability and increase
transpiration rates often increase vein density (Blonder et al., 2017; Sack & Scoffoni, 2013).
Within a species, population adaptation to local climates can also lead to intraspecific variation
in venation architecture (Blonder et al., 2013, 2017; Zhang et al., 2018). Overall, very little is
known about how leaf venation is jointly determined by genetics and environment. In this study,
we took a genotype by environment approach to quantify these sources of variation in P.
fremontii leaf architecture traits across a southwestern climatic gradient. Understanding whether
leaf venation is consistently different among locally adapted genotypes or is plastic in response
to climate will help predict how trees from different source populations will respond to climate

change.

Tree populations or genotypes with high levels of plasticity are likely to persist under future
climate warming scenarios if the plasticity is adaptive, meaning that it provides a fitness benefit
(Ghalambor et al., 2007). Current climate projections indicate a 2 to 4°F temperature change in
the US over the next few decades; and droughts in the Southwest are projected to intensify as
precipitation drops in the winter and spring seasons (Walsh et al., 2014). Plants may not be
optimally adapted to these emerging climates and species ranges may contract (Anderson et al.,
2012; Shaw & Etterson, 2012). Migration may be limited by habitat fragmentation and the long
life span of tree species (Aitken et al., 2008; Jump & Pefiuelas, 2005). In this absence of
migration and rapid local adaptation, phenotypic plasticity may help plants quickly respond to
altered climates (Franks et al., 2014; Gibert et al., 2019). Understanding the degree of plasticity
exhibited by P. fremontii genotypes may support adaptive management planning such as assisted
migration, which may be a useful tool for land managers seeking to mitigate maladaptation and

conserve southwest riparian ecosystems (Whitham et al., 2020).



Climate change will continue to disproportionately impact riparian ecosystems and rapidly
alter southwestern plant communities (Brusca et al., 2013; Garfin et al., 2013). Dramatic changes
to precipitation patterns are already underway as drought alters flow regimes, soil moisture and
plant water use (Garfin et al., 2013). To conserve these ecosystems, robust research that
measures plant responses to environmental change and informs effective land management
strategies may be useful to mitigate climate threats. Plant species research that targets foundation
species may be an especially useful strategy for land managers with limited conservation
resources. Populus fremontii is a widespread foundation species in southwest riparian
ecosystems, and once formed gallery forests that were one of the most abundant ecosystems in
southwest riparian corridors (Stromberg, 1993). Due to abiotic and biotic changes, P. fremontii
gallery forests have experienced a significant reduction in extent during the last 120 years (Noss
& Scott, 1995). Under drought stress, P. fremontii populations can exhibit up to 97% mortality in
a single stand, and 20.7% on average regionally (Gitlin et al., 2006). Over twenty years of
research on P. fremontii has found genetic effects for functional traits (Blasini et al., 2021; Grady
etal., 2011, 2013), but we do not yet understand if leaf level phenotypic plasticity, including
venation, varies among genotypes. Phenotypic plasticity in venation traits may help this
foundation species adjust to climate related hydraulic and herbivory related stress. The
environmental responses of venation traits are particularly important to understand given the
complex relationship between riparian trees and water availability, which is determined by both

local precipitation and streamflows.

Our approach disentangles the effects of environmental and genetic factors to better predict
how a foundation tree species will respond to environmental conditions and how responses may

vary among genotypes. We used a common garden study system to test three hypotheses: 1) Due



to the wide distribution of P. fremontii populations across a steep climate gradient and the known
genetic variation in P. fremontii functional traits, there will be significant variation in venation
traits and their plastic responses to growing conditions across populations and genotypes; 2)
Source site climate variables will significantly influence venation trait plasticity scores due to
past adaptation of populations to more or less variable or stressful environments; and 3) Different
venation traits can be beneficial in different environments. Therefore, trees that show greater
plasticity in venation traits across different environments will also show greater average growth

rates across those environments.

Studies that experimentally identify candidate foundation species genotypes for restoration
projects are crucial to understanding the impacts of climate change and improving restoration
outcomes. This study assesses the degree of venation trait plasticity exhibited by populations and
genotypes when grown in different climates, investigates the role of past climates on the
evolution of P. fremontii phenotypic plasticity in venation traits, and tests whether venation traits
are associated with higher growth and survival in stressful conditions. Understanding plant
responses to environmental signals is important for predicting whole plant performance under
climate change. For example, Northern Colorado Plateau populations of P. fremontii will likely
experience temperature increases and 99% reduction in suitable habitat by 2050, while Southern
Sonoran Desert Populations will gain 38% (lkeda et al., 2017). If venation traits in these
populations are phenotypically plastic and can achieve a phenotypic optimum, this may
contribute to plant performance, enhance fitness, and help them persist in changing climates.
Furthermore, if we understand how venation trait plasticity varies among P. fremontii genotypes
and populations, we may better predict population performance in future climates and more

effectively identify candidate genotypes for assisted migration and conservation initiatives.



METHODS

I. Study system and common gardens

Populus fremontii populations are confined to riparian zones in semi-arid regions of the
southwestern United States. The distribution of these species occurs along a north-south
elevation gradient which correlates with mean annual temperature (MAT), mean annual
precipitation (MAP), and other climate variables. Population sites have distinct climate and
hydrological profiles (Table 1). Prior common garden studies involving P. fremontii have
revealed patterns of local adaptation in this wide ranging tree species and intraspecific variation

in phenotypic plasticity (Blasini et al., 2021; Cooper et al., 2019; Jeplawy et al., 2021).

Reciprocal common gardens are one of the best tools researchers have to assess genetic,
environmental, and genes by environment controls on plant phenotype expression. Furthermore,
common gardens along a climate gradient allow researchers to substitute space for time and
quantify likely plant responses to future climate conditions. This study leverages an existing set
of three common gardens to experimentally quantify the phenotypic plasticity of venation traits
of P. fremontii. These common gardens were established in 2014 and span over 5.5 degrees in
latitude and a temperature range of 10.7-22.8 °C; (Table 2; Figure 3). Replicate cuttings were
collected from multiple genotypes of 12 populations, rooted in the greenhouse for up to four
months, and planted at the common garden sites when saplings averaged 0.3 m in height. In this
study, we focused on six populations from contrasting climates (Table 2; Figure 3). We refer to
our common gardens as “cool” (MAT=10.7 °C), “mid” (MAT=17.2 °C), and “hot” (MAT= 22.8
°C) growing environments. Population provenances used in this study span 26-1920 m in
elevation and 10.4-23.3 °C in mean annual temperature (MAT; Table 2). Populations and

genotypes within populations were planted in a randomized block experimental design and all
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gardens were regularly watered throughout the study (see Cooper et al., 2019 for additional

information).

ii. Leaf collection

We assessed venation metrics for trees in each common garden. For each of the 6
populations, we randomly selected 3 target genotypes and 3 replicate trees per genotype (3
Environments (i.e., Gardens) x 6 Populations x 3 Genotypes x 3 replicates = 162 trees).
Sampling design was affected by tree mortality for warmer provenances in our coldest growing
environment and six low quality sample images. The final dataset includes 122 samples, which

limited cross environment comparisons for populations from the hottest provenances.

Ten fully expanded leaves were collected from each of the three replicate trees for each
genotype. Leaves were collected from the external southern side of the mid crown at ~5 feet
height between September-October of 2020, avoiding young leaves and those damaged by
herbivory. Leaves were put on ice in the field and frozen in the lab. We randomly selected a

single leaf of average size from the 10 in each sample for analysis.

iii. Leaf architecture traits

To assess venation traits on the collected leaves, we thawed leaf samples and cut 1 cm? from
the adaxial left side of the leaf between the primary vein and leaf margin. Leaf samples were
cleared, stained, and mounted according to methods described by Pérez-Harguindeguy et al.,
2013 and Blonder (personal communication). Image acquisition was performed using a Keyence
digital microscope at 10x magnification; 9-16 images were taken of a single sample and stitched
together to obtain a high-resolution image. We extracted leaf architecture features using

LeafVVeinCNN (Fricker et al., 2020). LeafVVeinCNN enables multi-scale quantification of leaf



vein networks using deep learning algorithms and convolutional neural networks (CNNs)(Xu et
al., 2020). This automated software outperforms other network extraction methods and has a
precision recall harmonic mean of 94.5% (Xu et al., 2020). We focused on four core venation
traits including two traits related to how the veins are arranged within the leaf: vein density (mm-
1Y and reticulation (mm™), and two traits that quantify the dimensions of the leaf veins: mean

vein width (mm) and vein volume (mm) (Figure 4).

iv.  Provenance environmental analysis

To characterize climate and hydrology at each population provenance (Table 2), we used
three primary data sources. First, to compare average climate conditions among provenances, we
used annual and seasonal averages from 1960-1991 for 21 climate variables. We extracted these
for our six source populations from Climate WNA v4.62 (Hamann et al., 2013). Because
temperature and precipitation in the Southwest are very strongly correlated with elevation, these
current climate variables are excellent proxies for the climates that trees have experienced during
their local evolutionary histories (r > 0.985 for correlations between current MAT and MAP
(WorldClim 2, Fick & Hijmans, 2017) and those variables estimated from 6,000 or 22,000 years
ago (WorldClim 1.4, Hijmans et al., 2005). We used Principal Components Analysis (PCA) to
reduce the dimensionality of the climate dataset to a single axis. The PC1 axis accounted for
80.1% of the variation in the dataset, and was used to test whether climate conditions predict

evolved population differences in plasticity.

Second, because the evolution of plasticity may depend more on historical climate variation
than average conditions, we also extracted annual values for a smaller number of key climate

variables to characterize inter-annual variation over a 30-year period. Specifically, we used



1981-2010 annual VVPD (vapor pressure deficit) max from PRISM (PRISM Climate Group,
2020) to characterize interannual variation in drought stress. VPD, a measure of atmospheric
drought (Hammond et al., 2022), is the difference between the saturation vapor pressure and the
actual vapor pressure (Daly et al., 2015). For plants, high VPD leads to greater evaporative
demand, and the annual maximum in VPD (VPD max) usually occurs July-August in the middle
of the P. fremontii growing season. We calculated the mean and coefficient of variation (CV) of
the 1981-2010 VVPD max annual data for each population provenance. Next, to understand how
well VPD max in one year predicts VPD max in the following year, we calculated the change in
VPD from one year to the next from 1981 to 2010. We then calculated the CV of these values to

understand the interannual volatility of VPD max at each of the six provenance locations.

Finally, because ground and surface water availability at each provenance may also
correspond to past selection pressures, we classified the stream at each population source site as

intermittent or perennial using the USGS National Hydrography Dataset Plus (version 2.1).

v.  Tree growth measurements

To test whether leaf trait plasticity is related to whole tree performance across multiple
growing environments, we assessed tree growth over the 2020 growing season in each growing
environment. We measured growth as the change in diameter at root crown (DRC, measured at
10 cm above the ground surface) between January 2020 and January 2021. These measurements
were taken on the same individuals from which we collected the leaves. For trees with multiple
basal stems, we measured the diameter of each stem, calculated the basal area of each stem,
summed these together, and then converted back to diameter. This serves to convert a multi-

stemmed tree to a single stem with equivalent basal area.
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vi. Statistical analysis

To assess the magnitude of genetic, environmental, and G x E effects on leaf venation traits,
we used linear mixed models (LMMs) implemented in the Ime4 package (Bates et al., 2015) of R
(R Core Team, 2021). We used our three common gardens to represent three levels of growing
environment (cold, mid, and hot). In this study, Environment (n=3), Population (n=6), and
Population x Environment were coded as fixed effects. We included Genotype and Genotype x
Environment as random effects to capture genetic variation within populations. Since
populations are genetically distinct, both Genotype x Environment and Population x
Environment are levels of Gene x Environment interactions. For each vein trait response variable
(vein density, reticulation, width, volume) we ran three different models to capture different

subsets of genetic and environmental effects:

e Full genetic x environment contrast: We used LMMs to understand the variation in vein
traits among and within all populations in our hot and mid environments, where we had
data for all populations.

e Environmental effects on the coldest populations: Here, we focused on the populations
from the coldest climates (KKH-OPI & JLK-JAK) and used LMMs to examine how vein
traits vary among and within all populations across all three environments.

e Genetic effects in the hottest climate: We used LMMs to disentangle among and within
population effects on vein traits in the hottest growing environment. This is important
because environmental conditions similar to this growing environment are likely to

become more prevalent over the range of P. fremontii in the future.
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For each model, we checked model assumptions of homogeneity of variance and normality
of residuals and random effects. We then assessed significance of the fixed effects using Type Il
Wald F tests with Kenward-Roger approximations for the denominator degrees of freedom
(implemented using the Anova function in the car package (Fox & Weisburg, 2019). Random
effects were tested using likelihood ratio tests implemented in the ImerTest package (Kuznetsova
et al., 2017). To compare the relative effects of environmental and genetic factors (genotype &
population), we computed the variance explained by the fixed and random factors. Within the
fixed effects, we compared the relative explanatory power of each effect using the partial R2

approach with the r2glmm R package (Jaeger, 2017).

To test whether population differences in plasticity correspond to their differences in climate,
we first calculated plasticity scores for each vein trait as the difference in genotype means across
the hot and mid environments. We did not include the cold environment because not all
populations were sampled there. We then used linear models (LMs) to test whether climate or
hydrologic variables (Table 2) could predict the magnitude of plasticity for each genotype. We
included population in these models to account for non-independence among multiple genotypes

from the same population.

Finally, we tested whether P. fremontii venation traits or trait plasticity predicts plant
performance. First, we tested whether vein density could predict tree growth in the hottest
growing environment. We included vein density and population as fixed effects in a LMM, and
genotype as a random effect. Second, we tested whether the plasticity in venation traits for each
genotype could predict average genotype growth across the hot and mid environments
(Stinchcombe et al., 2004; Van Kleunen & Fischer, 2005). This regression tests the adaptive

value of venation trait plasticity in this tree species by determining whether higher plasticity in

12



vein density is associated with higher average growth rates. We used genotype plasticity score

and population as predictor variables in a LM, with tree growth as the response variable.

RESULTS

i. Variation in leaf architecture traits

We found that P. fremontii venation traits are phenotypically plastic across growing
environments. Vein trait values depended on growing environment, population, and for some
traits, within-population variation among genotypes (Figure 5, Table 3). Overall, the total
variation explained by the effects in our models was ~0.60 for vein dimension traits, compared to
~0.50 for vein arrangement traits (Figure 6). Vein arrangement traits tended to have significant
Population x Environment effects, while vein dimension traits were better explained by random

Genotype and Genotype x Environment effects within populations (Figure 6, Table 3).

Changes in leaf venation between mid and hot environments

We expected that all populations and genotypes would increase their vein density values
from mid to hot environments, but that genetic variation may influence the magnitude of change.
Instead, we found that both the magnitude and direction of change between the two
environments depended on population (Table 3; Population x Environment P = 0.050),
indicating population differentiation in plasticity. Vein reticulation showed similar patterns to
vein density and also had a significant Population x Environment effect (Figure 5, Table 3,
Population x Environment P = 0.045). As expected, vein width shifted between environments in
the opposite direction to the vein arrangement traits. Vein volume appeared to diverge between

two groups of populations but there were no significant effects for this trait (Figure 5, Table 3).

Environmental effects on the coldest populations

13



For populations from the coldest provenance climate (KKH-OPI and JLA-JAK), survival in
all three growing environments allowed us to assess variation in leaf venation across a broader
spectrum of growing environments. These two populations showed parallel plasticity between
the cold and mid environments, but responded in opposite directions when exposed to the some
of the hottest growing temperatures in this species’ range (Figure 7). JLA-JAK responded to
increased temperature with higher vein density, which is expected because higher vein density is
often advantageous in hot climates. However, KKH-OPI appeared to change in the opposite
direction (although the Population x Environment effect on vein density was only marginally
significant for this comparison of two populations across all three growing environments (P =
0.07; Table 3). Vein width and vein volume showed a significant Genotype x Environment
interaction for the cold populations across all growing environments (Table 3). Reticulation
differed only across genotypes in the cold populations; growing environment had little effect on
this trait for these populations.

Genetic differentiation in venation traits under hot conditions

In the hottest growing environment, leaf venation traits clearly differed across both
populations and genotypes (Figure 8). For all vein traits, population explained slightly more of
the model variation than the random effect of genotype (Figure 6). However, genotype effects
were more clearly significant, due to the lower degrees of freedom needed to model random

effects (Genotype: P < 0.025 for vein density, width, and volume Table 3).

ii.  Provenance environment and plasticity scores

Contrary to our hypothesis, environmental variables at the population provenances were poor
predictors of vein density plasticity (Figure 9, Table 4). Plasticity scores varied among
genotypes, with some populations showing a wider range of plasticity scores than others. Our
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multivariate index of climate across the provenance locations (PC1) was not a strong predictor of
genotype plasticity scores (Figure 9, Table 4). We also examined relationships between VPD
max and plasticity and did not find any strong relationships (Figure 9, Table 4). Next, we used
the CV of VPD max as a proxy for past environmental variation to test the evolutionary theory
that plasticity should be selected for in more variable environments. While the CV of VPD max
appeared to differ among our populations, this was not related to the magnitude of vein density
plasticity (Figure 9, Table 4). We found a similar result when we quantified the volatility of
AVPD max and tested it as a predictor of plasticity. Finally, we also did not find evidence
suggesting that vein density plasticity for this riparian tree species is connected to surface flow

hydrology (Figure 9, Table 4).

iii.  Predicting performance from traits and trait plasticity

Higher leaf vein density among trees grown in the hottest environment predicted higher tree
growth rates, as expected given the benefit of dense leaf venation in hot and arid climates.
(Figure 10, Table 5). We found a similar pattern for vein reticulation, but vein dimension traits
were not significant predictors of growth in the hottest environment (Figure 10, Table 5). As
expected, there were also significant Population effects on growth. In the hot growing
environment, populations from hot provenances tended to have higher growth than populations
from colder provenances (Figure 10, Table 5). Contrary to our hypothesis, however, higher
genotype plasticity did not predict higher average genotype growth across the mid and hot
environments (F = 0.002, P =0.967, Figure 11). Thus, the ability to adjust trait values across

these two environments was not obviously beneficial in this context.
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DISCUSSION

I. Geographic variation in venation traits and their plasticity across the range of P.
fremontii

Drought, variability in precipitation, and temperature increases are among several climate
factors likely to drastically change the environments to which P. fremontii populations are
locally adapted (Cooper et al., 2019; Ikeda et al., 2017). Phenotypic plasticity in leaf traits related
to water use and whole plant performance may help this foundation tree species persist under
changing environmental conditions (Nicotra et al., 2010). Our common garden study
demonstrates that populations and genotypes differ in both their mean venation traits in a single
environment and the direction and magnitude of trait plasticity across environments. The range
of vein density values expressed in this study is similar to other Populus leaf venation studies
(Blonder et al., 2013) (Figure 5). Our study adds to these findings by showing that the trait
differences in both vein density and reticulation among and within populations were enough to
impact whole tree growth in the hottest environment. Differences in the magnitude and direction
of plasticity in vein arrangement traits indicate that leaf hydraulic conductance, drought
tolerance, and resistance to damage in the future should all depend on which populations are

present as well as the magnitude of environmental change.

ii.  Venation traits and plant performance

Vein architecture is costly for plants to produce (Sack & Scoffoni, 2013). The benefits of
investments in dense and redundant network geometry will only outweigh the costs in
environments where this network is necessary to avoid damage from factors such as extreme
temperatures, drought, or herbivory. Our study shows that vein arrangement traits are positively
related to growth at hotter temperatures (Figure 10), but do not impact growth at the more
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moderate temperatures in the mid environment (not shown). This result suggests that high vein
arrangement trait values may be under selection in the extreme hot edge of the P. fremontii
range. High vein density and reticulation may support leaf hydraulic functioning during periods
of low soil water availability, high temperatures, and high aridity (Roth-Nebelsick, 2001). These
environmental parameters are closely associated with southern edges of the P. fremontii range.
Climates that more closely resemble the mid and hot environments in our study are likely to
expand by 38% by 2050 (lkeda et al., 2017). The P. fremontii populations that can shift their
venation traits towards a phenotypic optimum are more likely to perform better in warming

climates.

A recent P. fremontii study tested for adaptive trait syndromes in all of the populations in our
study (excluding SCT-MEX) in the mid growing environment (Blasini et al., 2021). Their study
shows that leaf traits are tightly coordinated with environmental conditions of home sites. More
specifically, southern adapted populations from warmer provenances prioritize hydraulic
efficiency and canopy thermal regulation by reducing leaf size, increasing stomatal density and
stomatal conductance (Blasini et al., 2021). Because leaf venation density and stomatal density
are often positively correlated across environments (Sack & Scoffoni, 2013), the leaf vein traits
in our study are likely coordinated with the suite leaf economic spectrum traits included in the
Blasini study and may be part of a multivariate hydraulic trait axis that supports tree performance
across different environmental constraints. Pairing our leaf venation data with data on stomatal
density and possibly stomatal size, soon to be available for the same trees in our study, may help
clarify how these traits may be plastically adjusted in coordination to enhance hydraulic

efficiency in warming climates.
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iii.  Evolutionary drivers of venation trait plasticity remain unknown

We studied populations and common gardens across a steep elevation gradient, but our study
reveals a complex mosaic of phenotypic plasticity across the range of P. fremontii that is not
simply driven by a linear gradient in climate (Figure 5). We found that the magnitude of
plasticity was not significantly different among populations (Table 4; Population P > 0.05).
Instead, significant Population x Environment interactions depend on both the magnitude and
direction of plasticity revealed by the results of the linear mixed model (LMM) (Table 3). There
were three groups of vein density responses among populations between the hot and mid
environments: moderate change, increase, or decrease, but these responses showed no clear
patterns with the mean annual temperature (MAT) of home sites (Figure 5). Two of the
populations in our study (SCT-MEX & CAF-AUG) showed minor variation in their vein traits
across the mid and hot growing environments (Figure 5). These populations may be relying on
mean trait values that help them perform sufficiently in both environments. Two populations
from opposite ends of the P. fremontii range (LBW-BIL & KKH-OPI) both decreased leaf vein
density from mid to hot environments, and two populations from colder provenances (JLA-JAK
& KKH-OPI) shifted in opposite directions. After calculating the magnitude of plasticity for each
genotype and testing for relationships between plasticity and home climate, we also found no
evidence for increased plasticity in more stressful or variable environments. This was true
whether we used a multivariate climate axis (PC1), mean vapor pressure deficit (VPD max),
variation in VPD max, or the permanence of the local river (Figure 9). While vein traits have
shown to be correlated with climate variables (Blonder & Enquist, 2014; Uhl & Mosbrugger,
1999), the riparian tree species in our study may also depend on local stream hydrology and

below-ground access to water in addition to climate. In other words, for a tree species that is
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confined to riparian ecosystems with localized hydrological patterns (Butler et al., 2007; Snyder,
2000), leaf venation plasticity may have evolved in response to selection pressures related not
only to greater climate variability, but also in sites with decoupled climate-hydrologic variability.
Several studies suggest that other phreatrophytic species use phenotypic plasticity to cope with
variation in groundwater availability (Guevara et al., 2010; Pan et al., 2006) but more common
garden studies are needed to disentangle the genetic and environmental factors that may be

influencing these findings.

Populus fremontii is a semi-obligate phreatophytic riparian species that is found in range of
hydrological conditions and has been shown to shift sources of water uptake in response to a
shift in the environment (Butler et al., 2007; Snyder, 2000). Mature P. fremontii trees growing
along ephemeral streams, for example, can increase their water uptake from shallow soil layers
by 33% after a summer precipitation event (Snyder, 2000). However, this capacity may be
reduced in at the southern hot end of the range where the evaporative demand is too great and
connection to groundwater becomes more important (Blasini et al., 2021). While the populations
included in our study likely reflect the range of conditions that this species can inhabit, we did
not see strong relationships between the provenance environmental predictors included in our
models and vein density plasticity scores. However, a recent study showed that southern P.
fremontii populations cope with the extreme thermal stress of their home environments by
investing in leaf traits that prioritize hydraulic efficiency and canopy thermal regulation, but this
may be tied to perennial water sources (Blasini et al., 2022). Our results combined with prior
studies suggest that we may require a more complete multivariate climate-hydrology axis to
predict leaf hydraulic traits and their plasticity for P. fremontii and other riparian species. Intra-

and inter-annual groundwater depth, specifically, should be integrated to account for the water
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gradient that this species can occupy. In our study, there may be differences in intra- and inter-
annual water availability for populations that come from similar climates but show different
directions and/or magnitudes of plasticity. A more complete site characterization for populations
included in future common garden studies may provide insights into why plasticity scores differ

for populations from similar climates.

This genus has demonstrated high intraspecific variation in vein density values (Blonder et
al., 2013), and genotype plasticity scores (Cooper et al., 2019). In this study, plasticity scores
often varied more among genotypes within populations than among populations. Thus, much of
the variation in the magnitude of plasticity cannot be explained by climatic differences across the
landscape. Instead, we may need to understand finer-scale data on variation in selective
environments within populations, or other mechanisms that maintain local variation in genotype
plasticity. Because the individuals in our study were grown from cuttings rather than from seed,
there may also be source tree effects contributing the variation of plasticity scores observed in

this study.

iv.  Plasticity scores and plant performance

Plastic responses have been shown to be either adaptive, non-adaptive, or maladaptive for
plant species (Ghalambor et al., 2007). In this study, reaction norms varied among populations
but we could not determine underlying drivers or consequences of this variation. Vein density
predicted growth in the hottest growing environment, but genotype plasticity scores were not
related to average growth across the mid and hot environments. We present several possible
reasons for this observation. Our growth vs. plasticity score modeling efforts could be improved
by using weighted growth values that account for frequency that each experimental environment

is encountered at each provenance (Van Kleunen & Fischer, 2005). Finally, vein density
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plasticity may also be supporting additional functions in the plant other than growth such as leaf
thermoregulation which may prevent damage to photosynthetic processes during heat events at

the expense of reduced carbon uptake (Aparecido et al., 2020).

CONCLUSION

Plasticity is known to vary within and among plant species but has been explored for a
limited number of traits and is rarely examined across a species’ full climatic range. This gap is
important because studying plasticity across a species’ range can allow us to test its role in both
past local adaptation and performance under predicted environmental conditions. We have
shown that vein traits vary within and among populations, and across environments. Results
from this study suggest that different P. fremontii populations will vary in their capacity to adjust
their leaf venation and support growth in a warmer environment. Populations adapted to the
colder Utah High Plateau are likely to face a 99% reduction in suitable habitat by 2050 (lkeda et
al., 2017). As this change begins to take place, populations in this region may show divergent
plastic responses in vein dimension traits and subsequent vulnerabilities to thermal stress. Vein
trait phenotypic plasticity, if adaptive, may support survival for populations that are likely to see
rapid environmental change during their lifetimes. Restoration practitioners could apply these
results and use plastic genotypes such as JLA-JAK or genotypes with beneficial vein trait values
such as SCT-MEX in future restoration projections that will occur in an increasingly arid
Southwest. Research that continues to quantify phenotypic plasticity, determine above and below
ground environmental drivers, and test for the adaptative value of plasticity will improve
predictions of plant responses to changing environments. Survivorship modeling efforts,

restoration project managers, and assisted migration initiatives should consider genetic stock,
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growing conditions, and multiple dimensions of environmental stress early in the research and

planning process to improve predictions and enhance restoration outcomes.
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TABLES

Table 1. Venation traits of leaves can scale up to whole plant performance (Sack & Scoffoni,
2013).

Trait Value Outcome
Greater stomatal conductance,
. Kieaf, Stomatal density, tolerance to
High . 4 .
fine-scale damage, biomechanical
Vein density support, gas exchange
3 Lower construction costs,
£ Low .
o enhances mesophyll light capture
S
@ . Increases redundant pathways for
High .
water and nutrient transport
Vein
reticulation L _
Low Suscept.lblllty to hydraulic
disruption
High Vulnerability to embolism
Vein width
= Low Resistance to embolism
‘D
S
= . Higher intrinsic water use
= High -
© i efficiency
Vein
volume .
Lower intrinsic water use
Low .
efficiency
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Table 2. Source site (provenance) and common garden environmental data

. . Mean VPD CVVPD CV AVPD
Site Code Elevation MAP MAT max (hpa) max (hpa) max (hpa) Hydrology

Populations

Bil Willams, oy g1 143 143 233 39.92 0.047 0.742 Perennial
Colorado

Sanlus,  oor MEX 26 87 221  38.266 0.043 0.66 Perennial
Colorado

SanPedro, o7 AN 1219 320 174 29,513 0.053 0.996 Perennial
Charlestpn

AguaFra, — -ac AU 988 384 173 28.658 0.056 0.71 Intermittent
Horseshoe_:

Jack Rabbit, 5 A jak 1507 213 126 24.476 0.065 0788 Intermittent
Little CO
Keams Canyon KKH-OPI 1920 280 104 18738 0.071 0.697 Intermittent
Gardens

Yuma Hot 49 93 22.8

Agua Fria Mid 988 440  17.2
Canyonlands Cool 1581 226 10.7
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Table 3. Environmental, genetic, and g x e effects on vein traits.

Mid & Hot Environments

Environment (Env)
Population (Pop)
Pop x Env

Geno

Geno x Env

Cold Populations

Env

Pop

Pop x Env
Geno

Geno x Env

Hot Environment

Pop
Geno

fixed
fixed
fixed
random
random

fixed
fixed
fixed
random
random

fixed
random

vein density reticulation width volume
daf  F p-value df F p-value df F p-value daf F p-value
1 0.048 0.831 1 0.798 0.391 1 026 0.62 1 0.249 0.628
5 1577 0.208 5 1.094 0.391 5 1425 0.256 5 0.83 0.543
5 3115 0.050 5 3245 0.045 5 1069 0424 5 0.5 0.771
NA NA 0.216 NA NA 0.336 NA NA 0.151 NA NA 0.096
NA NA 0.356 NA NA 0.295 NA NA 0.035 NA NA 0.06
2 4114 0.055 2 3.206 0.09 2 135 0.31 2 0185 0.834
1 0342 0.572 1 0.363 0.565 1 0522 0484 1 0782 0.394
2 369 0.075 2 3135 0.103 2 1124 0372 2 0429 0.665
NA NA 0.255 NA NA 0.028 NA NA 0.667 NA NA 0.696
NA NA 0.52 NA NA 1 NA NA 0.021 NA NA 0.011
5 2675 0.076 5 2.504 0.09 5 299% 0.056 5 2903 0.061
NA NA 0.021 NA NA 0.071 NA NA 0.013 NA NA 0.016
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Table 4. Predictability of genotype plasticity scores from environmental conditions at the
population provenances.

LM: Plasticity scores vs
environmental variables

plasticity score (vd)

df F p-value
PC1 1 0.449 0.516
Population 4 0.691 0.612
VPD max (mean) 1 0.114 0.741
Population 4 0.774 0.563
VPD max (cv) 1 0.368 0.556
Population 4 0.711 0.600
delta VPD max (cv) 1 0.548 0.474
Population 4 0.666 0.628
stream type 1 0.105 0.752
Population 4 0.777 0.561
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Table 5. Relationship between venation traits and growth.

vein density
Population
Geno

reticulation
Population
Geno

width
Population
Geno

volume
Population
Geno

fixed
fixed
random

fixed
fixed
random

fixed
fixed
random

fixed
fixed
random

LMM: Growth vs vein

traits

growth (Hot env)

df
1
5

NA

1
5
NA

1
5
NA

1
5
NA

F
7.242
9.247

NA

7.709
11.226
NA

0.967
8.742
NA

0.008
9.183
NA

p-value
0.010
0.001
0.604

0.008
0.000
0.697

0.332
0.001
1.000

0.930
0.001
1.000
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FIGURES

Figure 1. A species’ trait may be a) genetically controlled across environments or b) uniformly
plastic among genotypes in response to the environment. Alternatively, c) genotypes may have

different plastic responses to environmental cues resulting in a genotype x environment

interaction.
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Figure 2. The netted venation architecture of P. fremontii is made up of lower order major
veins including primary veins (1°) and secondary veins (2°). Minor veins (=3°) can make
up greater than 80% of the total venation network length in angiosperms (Sack et al.,
2012). The minor vein architecture is P. fremontii is reticulate which creates redundant
transport pathways for water, nutrients, hormones, and other substances.
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Figure 3. Study area including provenance (source) sites and common garden
locations (squares) in Arizona. Mean Annual Temperature (MAT) is lower in the
northern region of the study area and higher in the southern region.
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Figure 5. Reaction norms for four traits (a-d), six populations (colors), and two enviroments.
Points are means for each population and error bars are £1 SE.

Population MAT —=— 22.3LBW-BIL 17.2 CAF-AUG 12.3 JLA-JAK
P 221 SCT-MEX 16.9 TSZ-SAN —= 10.7 KKH-OPI
a b 85
a o ;
E 134 E 801
F c
Z 2 751 Fe
& 77 M K T #
o 3
c =
o 2 704 )
P \ \
Mid 17.2 Hot 22.8 Mid 17.2 Hot 22.8
Growing environment MAT Growing environment MAT
c d
E oo /{ E 00401
= E
E =
2 o
] 3
< 00201 £ 0.0357
—_ @
e >

Mid 17.2 Hot 22.8
Growing environment MAT

38

Mid 17.2 Hot 22.8
Growing environment MAT



Figure 6. Variance explained by fixed and random effects for three models. In using this
approach with the presence of interactions between fixed effects, the sum of all partial R? do
not add up to the total variance explained by the fixed effects.
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Figure 7. Reaction norms for four traits (a-d), two populations (colors), and three enviroments.
Points are means for each population and error bars are £1 SE.
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Figure 8. Intraspecific variation of vein density in the hot growing environment. Colored points
are means for each genotype. Grey points are the means for each population, error bars are £1
SE.
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Figure 9. Provenance environment does not predict the magnitude of plasticity across genotypes.
For all cases P > 0.45 for slope or mean difference (see Table 4).
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Figure 10. Venation trait values predict tree growth in the hottest growing environment (Table
5). Points are values for each tree.
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Figure 11. Plasticity scores do not predict average tree growth (P = 0.967).
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