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ABSTRACT  

   

Climate change is making the arid southwestern U.S. (“Southwest”) warmer and 

drier. Decreases in water availability coupled with increases in episodic heat waves can 

pose extraordinary challenges for native riparian tree species to persist in their current 

ranges. However, the morpho-physiological mechanisms that these species deploy to 

cope with extreme temperature events are not well understood. Specifically, how do these 

species maintain leaf temperatures within a safe operational threshold in the extreme 

conditions found across the region? Morpho-physiological mechanisms influencing 

intraspecific local adaptation to thermal stress were assessed in Populus fremontii using 

two experimental common gardens. In a common garden located near the mid-point of 

this species’ thermal distribution, I studied coordinated traits that reflect selection for leaf 

thermal regulation through the measurement of 28 traits encompassing four different trait 

spectra: phenology, whole-tree architecture, and the leaf and wood economic spectrum. 

Also, I assessed how these syndromes resulted in more acquisitive and riskier water-use 

strategies that explained how warm-adapted populations exhibited lower leaves 

temperatures than cool-adapted populations. Then, I investigated if different water-use 

strategies are detectable at inter-annual temporal scales by comparing tree-ring growth, 

carbon, and oxygen isotopic measurements of cool- versus warm-adapted populations in 

a common garden located at the extreme hottest edge of P. fremontii’s thermal 

distribution. I found that P. fremontii’s adaptation to the extreme temperatures is 

explained by a highly intraspecific specialized trait coordination across multiple trait 

scales. Furthermore, I found that warmer-adapted populations displayed 39% smaller 

leaves, 38% higher midday stomatal conductance, reflecting 3.8 °C cooler mean leaf 
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temperature than cool-adapted populations, but with the tradeoff of having 14% lower 

minimum leaf water potentials. In addition, warm-adapted genotypes at the hot edge of P. 

fremontii’s distribution had 20% higher radial growth rates, although no differences were 

detected in either carbon or oxygen isotope ratios indicating that differences in growth 

may not have reflected seasonal differences in photosynthetic gas exchange. These 

studies describe the potential effect that extreme climate might have on P. fremontii’s 

survival, its intraspecific responses to those events, and which traits will be advantageous 

to cope with those extreme environmental conditions. 
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1. DISSERTATION INTRODUCTION 

Ecosystems across the southwestern United States (“Southwest”) have been 

experiencing significant increases of annual temperatures, more frequent and longer 

extreme heatwaves, and drought severity intensification because of anthropogenic climate 

change (Diffenbaugh et al. 2011; Seager et al. 2015; Garfin et al. 2013, Williams et al. 

2013). During the first two decades of the present century, the Southwest has experienced 

the most profound megadrought in over a millennium (Williams et al. 2022). 

Consequently, dominant plant species in the region could become increasingly 

maladapted to changing environmental conditions in the near future (Allen and Breshears 

1998, Adams et al. 2009; Gitlin et al. 2006; Hultine et al. 2013). The abundance, 

composition, and distribution of riparian tree species in the Southwest are expected to be 

especially susceptible to climate change because these species already live near their 

physiological limits for temperature and water stress (Archer and Predick 2008; Hultine 

et al. 2019, 2020). In particular, the foundation tree species Fremont cottonwood 

(Populus fremontii) has experienced extensive reduction of its historical habitat due to 

land use change, alteration of flow regimes, climate change, and exotic species invasions 

during the last century (Merritt and Poff, 2010; Noss et al. 1995; Hultine et al. 2020). In 

this dissertation, I examine the morpho-physiological mechanisms that the native riparian 

tree species, Populus fremontii, express to cope with extreme thermal stress. 

Air temperature directly impacts plant physiology by the influence it has on the 

rates of photosynthesis and respiration (Fauset et al. 2018) and indirectly by increasing 

the atmospheric moisture-holding capacity, or ambient vapour pressure deficit (VPD) 

(Weiss et al. 2009, Breshears et al. 2013; Williams et al. 2013). Increases in air 
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temperature and its associated VPD have the potential to simultaneously lower soil 

moisture and increase evapotranspiration demand in plants (Breshears et al. 2009; 

McDowell et al. 2010; Meddens et al. 2014). Because higher VPD increases the water 

potential gradient along the soil – plant – atmospheric continuum, plants that use stomatal 

regulation to maintain a near constant minimum leaf water potential regardless of the 

environmental conditions (isohydric) do so by closing their stomata to avoid excessive 

water loss (Addington et al. 2004; McDowell et al. 2008; Oren et al. 1999).  

Consequently, isohydric plants, like P. fremontii, are expected to become more 

susceptible to hydraulic failure or carbon starvation as a consequence of climate change 

(McDowell et al. 2010). Additionally, exposure to extreme temperatures can negatively 

disrupt cell membrane integrity and photosynthetic metabolism (Hazel, 1995). Therefore, 

the ability to regulate leaf temperature near its optima for photosynthesis and avoid 

thermal damage is increasingly becoming crucial for plant survival under future climate 

change scenarios (Fauset et al. 2018). 

Stomatal conductance plays a key role in plant water and carbon fluxes because it 

regulates the partial pressure of CO2 at the site of carboxylation and the transpiration 

rates (Farquhar and Sharkey 1982). Simultaneously, changes in stomatal conductance 

provide a way for plants to modify the water potential and temperature of their leaves 

(Drake et al. 2018; Sack et al. 2003; Urban et al. 2017). Specifically, leaf temperature can 

be maintained at optimal and safe levels for photosynthesis and thermal damage through 

the influence that stomatal conductance has on transpiration and latent cooling (Horton et 

al. 2001; Urban et al. 2017; Drake et al. 2018). Besides stomatal conductance, there are 

other leaf functional traits that can help maintain leaf temperatures within a safe range of 
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variation around metabolic optima (Fauset et al. 2018; Michaletz et al. 2015). Because of 

its influence on the leaf boundary layer and its sensible heat exchange with the 

surrounding air, leaf size is a morphological trait that can display a great control on leaf 

temperatures (Wright et al. 2017). For instance, smaller leaves exhibit faster sensible heat 

exchange with the surrounding air because of their thinner boundary layers (Leigh et al. 

2017, Wright et al. 2017). Therefore, smaller leaves display smaller leaf-to-air 

temperature differences than larger leaves (Leigh et al. 2017). Consequently, most plant 

species found in arid-hot ecosystems around the world have smaller leaves (Wright et al. 

2017). Under projected climate change scenarios, broad-leaved plants will face an 

increasing risk of their leaves reaching extreme temperature that would result in 

significant structural and functional damage, especially under water limited conditions.  

Analysis of morpho-physiological functional traits from individual organs to 

whole-plant scales can help us better understand the key mechanisms behind the trade-

offs between life span and productivity and therefore local climatic adaptation in tree 

species (Chapin et al. 1993; Wright et al. 2004; Chave et al. 2009). Extensive analyses of 

numerous functional traits in a wide variety of plants representing most terrestrial 

ecosystems of the world have led to the identification of consistent associations of plant 

functional traits known as trait spectra. Key trait spectra include the leaf economic 

spectrum (LES) (Wright et al. 2004), the wood economic spectrum (WS) (Chave et al. 

2009), Corner’s Rules (CR) (Corner 1949), the fast-slow economics spectra (Wright et al. 

2004), and more recently the whole plant economic spectrum (Diaz et al. 2016). These 

different trait spectra pool traits in ways that reveal the physiological relationships and 

trade-offs among traits that underlie plant performance in terms of growth and survival 
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from single organs to whole-plants (Chave et al. 2009; Diaz et al. 2016; Freschet et al. 

2010; Reich, 2014).  

Although it is known that species with wide geographic distributions can display 

significant functional trait variation across environmental gradients, single species 

investigations on trait variability at the whole-tree level has been limited. Because 

variations in specific functional traits are caused by the complex relationship among 

physiologically related traits and local environmental pressures, many traits can be 

expressed differently at the intraspecific level (Laforest-Lapointe, Martinez-Vilalta, and 

Retana, 2014). Accordingly, single species can display significant differences in 

particular suite of traits (an adaptive trait syndrome) that make different populations 

adapted to their unique local environments (Sartori et al. 2019). There is evidence 

suggesting that climate change-driven maladaptation may vary among populations within 

the same species (O'Neill et al. 2008). This can be especially true for plant species with 

wide range distributions (Walther et al. 2002). By identifying the coordinated set of 

functional traits at the whole-plant level, we might be able to develop better ways to 

predict how a species will be affected by climate change throughout its entire geographic 

range. 

Experimental common gardens can be an extremely powerful tool to identify 

intraspecific trait characteristics in species with wide geographic and climatic 

distributions because they homogenize the influence that the environment has on the 

physiology and performance of plants (Schwinning et al. 2022). Because common garden 

studies accurately identify the relationships between climate of source populations and 

their functional traits (Schwinning et al. 2022), these studies have played a crucial role in 
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the study of climate adaptation in plants. Consequently, these types of investigations can 

help us to gain a better understanding of the impact that climate change will have on 

locally-adapted populations because they allow the transfer of populations from their 

source sites to a warmer climate garden site (Franks et al. 2014; Huxman et al. 2021). 

The use of experimental common gardens experiments with species exhibiting wide 

geographic distribution provides extraordinary opportunities to evaluate intraspecific 

differences in adaptive trait syndromes. Thus, we can identify the specific mechanistic 

forces guiding climatic adaptation at the population level.   

This investigation explores the role that morpho-physiological traits at multiple 

scales have on climate adaptation in P. fremontii. Specifically, this dissertation uses such 

trait data to investigate the challenges of maintaining leaf temperature within an optimal 

range for photosynthesis under predicted climate change. Thus, this dissertation consists 

of three research chapters (Chapters 2 - 4) and a summary that integrates across chapters 

(Chapter 5). Following is a brief introduction of each of these chapters.  

Chapter 2 (“Adaptive trait syndromes along multiple economic spectra define 

cold and warm adapted ecotypes in a widely distributed foundation tree species”) was 

published in the Journal of Ecology (Blasini et al. 2020). In this study, I used an 

experimental common garden located near the mid-point of P. fremontii’s thermal 

distribution. I studied the quantifiable trait syndromes that reflect selection for leaf 

thermal regulation through the measurement of a wide suite of traits. In the case of P. 

fremontii, its climate gradient comprises both extreme high temperatures experienced by 

the Sonoran Desert ecotype and freezing temperatures in the high-desert Mogollon Rim 

ecotype. Therefore, in this study, I completed a comprehensive investigation of the 



  6 

intraspecific differences in functional trait coordination at multi-organ levels through the 

measurements of 28 traits encompassing four different trait spectra: phenology, whole-

tree architecture, and the leaf and wood economic spectrum. The results from this study 

revealed highly specialized trait spectra coordination that explain P. fremontii’s 

adaptation to the two very distinct regional climate conditions of the two ecotypes present 

in this study. On one hand, the high-desert Mogollon Rim ecotype exhibited a 

coordinated set of traits that avoids damage from freezing temperatures and maximizes 

growth, while the Sonoran Desert ecotype displays a combination of traits that support 

greater water transport efficiency to reduce foliar thermal loads via enhanced evaporative 

cooling. Additionally, this investigation detected finer differences at the population level 

that reflect gradual adaptation strategies to more local environmental conditions.    

Chapter 3 (“Tradeoffs between leaf cooling and hydraulic safety in a dominant 

arid land riparian tree species”) was published in Plant, Cell, and Environment (Blasini et 

al. 2022). In this study, I used the same experimental common garden from chapter 2, but   

I analyzed the intraspecific differences in leaf thermoregulation strategies between warm‐ 

(>40°C maximum summer temperature) and cool‐adapted (<40°C maximum summer 

temperature) genotypes of P. fremontii. Through measurements of leaf temperatures, I 

evaluated three potential methods of leaf thermoregulation: leaf morphology (sensible 

heat loss), midday canopy stomatal conductance (latent heat loss) and stomatal sensitivity 

to vapor pressure deficit (latent heat loss under dry atmospheric conditions). It was found 

that warm-adapted genotypes exhibited a suite of morpho‐physiological traits and 

hydraulic strategies that simultaneously reduce leaf radiative load gain while increasing 

evaporative cooling. However, these results also suggest that to maintain leaf temperature 
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within optimal levels, warm-adapted genotypes display high stomatal conductance during 

extreme hot and dry conditions. By doing this, warm-adapted genotypes could undergo 

dangerous declines in their leaf turgor and xylem conductivity even under optimal soil 

moisture conditions. Thus, the results from this study indicate that warm-adapted 

genotypes might become highly vulnerable to episodic soil water deficits due to their 

risky hydraulic strategy to maximize leaf cooling. Accordingly, warm‐adapted P. 

fremontii genotypes would be strictly limited to occupy locations with perennial water 

access to survive. 

In Chapter 4 (“Radial growth decreases with enhanced heat stress while canopy 

stomatal conductance, inferred from δ13C and δ18O of tree-ring cellulose does not in a 

warm-desert riparian tree species”), I investigated multi-year tree growth and 

physiological responses to extreme temperatures in P. fremontii genotypes in a common 

garden located at the hot edge of this species thermal distribution. Radial growth and δ13C 

in tree-ring holocellulose were measured to assess plant water status, and δ18O in tree-

ring α-cellulose was used to estimate the physiological adjustments in stomatal 

conductance at the population level. I found that populations sourced from provenances 

with cooler mean annual maximum temperature (MAMT) than the garden displayed 

lower radial growth rates than populations with similar MAMT of the garden. However, 

contrary to my expectations, I did not find a meaningful correlation between growth and 

either of the two isotopic tree-ring measurements, δ13C or δ18O. These results underline 

the potential adverse effect that warming climate will have on aboveground productivity 

on P. fremontii regardless of its impacts on stomatal conductance.  
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In Chapter 5 (“Dissertation summary”), I conclude by discussing the contribution 

that this work (from Chapters 2, 3, and 4) provides to our current understanding of leaf 

thermoregulation and functional trait ecology and how my investigations contribute to 

future research involving these topics.  
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2. ADAPTIVE TRAIT SYNDROMES ALONG MULTIPLE TRAIT SPECTRA 

DEFINE COLD AND WARM ADAPTED ECOTYPES IN A WIDELY DISTRIBUTED 

TREE SPECIES 

Abstract 

The coordination of traits from individual organs to whole plants is under strong 

selection because of environmental constraints on resource acquisition and use. However, 

the tight coordination of traits may provide underlying mechanisms of how locally 

adapted plant populations can become maladapted because of climate change. To better 

understand local adaptation in intraspecific trait coordination, I studied trait variability in 

the widely distributed foundation tree species, Populus fremontii using a common garden 

near the mid-elevational point of this species distribution. I examined 28 traits 

encompassing four spectra: phenology, leaf economic spectrum (LES), whole-tree 

architecture (Corner’s Rule), and wood economic spectrum (WES). Based on adaptive 

syndrome theory, I hypothesized that trait expression would be coordinated among and 

within trait spectra, reflecting local adaptation to either exposure to freeze-thaw 

conditions in genotypes sourced from high-elevation populations or exposure to extreme 

thermal stress in genotypes sourced from low-elevation populations. High-elevation 

genotypes expressed traits within the phenology and WES that limit frost exposure and 

tissue damage. Specifically, genotypes sourced from high elevations had later mean 

budburst, earlier mean budset, higher wood densities, higher bark fractions, and smaller 

xylem vessels than their low-elevation counterparts. Conversely, genotypes sourced from 

low elevations expressed traits within the LES that prioritized hydraulic efficiency and 

canopy thermal regulation to cope with extreme heat exposure, including 40% smaller 
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leaf areas, 67% higher stomatal densities and 34% higher mean theoretical maximum 

stomatal conductance. Low-elevation genotypes also expressed a lower stomatal control 

over leaf water potentials that subsequently dropped to pressures that could induce 

hydraulic failure. My results suggest that P. fremontii expresses a high degree of 

coordination across multiple trait spectra to adapt to local climate constraints on 

photosynthetic gas exchange, growth, and survival. These results, therefore, increase our 

mechanistic understanding of local adaptation and the potential effects of climate change 

that in turn, improves our capacity to identify genotypes that are best suited for future 

restoration efforts. 

Keywords: Plant-Climate interaction, Physiology, experimental common garden, foliage 

phenology, leaf economic spectrum, Corner’s Rule, wood economic spectrum, xylem 

anatomy, ecotype. 
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Introduction 

Functional trait expression in plants underlies their performance in relation to 

local environmental conditions (Chapin et al. 2012; Lambers et al. 2008). However, the 

coordination of traits across multiple scales from individual organs to whole plants has 

only recently been addressed in the study of organisms and communities across broad 

environmental gradients (Freschet et al. 2010; Kleyer and Minden 2015; Messier et al. 

2017; Reich et al. 2003; Reich 2014; Rosas et al. 2019). Two classic examples of how 

trait variability relates to environmental gradients are captured in the leaf economic 

spectrum (LES) and in Corner’s Rules (CR). While LES describes how leaf traits govern 

the acquisition and utilization of carbon and nutrients at various inter-specific scales 

(Wright et al. 2004), CR defines the adaptive significance of whole-plant morphology 

(e.g., organ size), architecture (e.g., branching patterns), and function (e.g., hydraulics 

and biomechanics) across resource gradients (Lauri 2019; Messier et al. 2017; Valladares 

et al. 2002). More recently, the “world-wide fast-slow plant economic spectrum” and 

“wood economic spectrum (WES)” have shown that the principles of LES and CR can be 

applied to other plant organs such as stems and roots (Chave et al. 2009; Reich 2014).  

The whole-plant economic spectrum provides a potentially robust integrative description 

of the coordination among traits and resource-fluxes within and among plants (Freschet et 

al. 2010; Reich 2014). Accordingly, there are whole-plant or multi-organ coordinated 

trade-offs between the rate of resource acquisition and conservation that explain the 

performance of a plant in terms of growth and survival (Chave et al. 2009; Freschet et al. 

2010; Reich 2014). For example, plants with higher wood densities also often have more 

compact and smaller xylem vessels. Although higher wood densities often reflect lower 
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maximum hydraulic conductivity, it provides greater mechanical and protective features 

that enhance survival when faced with environmental stress (Chave et al. 2009; Reich 

2014; Sperry and Sullivan 1992). Conversely, plants with acquisitive or exploitative traits 

characteristically display higher maximum resource uptake and transport efficiency such 

as higher maximum hydraulic conductivity, higher photosynthetic capacity and higher 

growth rates at the risk of having reduced tolerance to environmental stress (Lambers and 

Poorter 1992; Reich 2014). 

Studying the adaptive significance of coordinated traits along a broad climatic 

gradient is critical for predicting whether a specific population that is locally adapted to a 

narrow range of climate conditions will become maladapted under rapid climate shifts. 

Common gardens are a  powerful tool for studying patterns of local adaptation to evaluate 

adaptive variation among populations in individual traits, and the coordination of 

multiple traits over broad climate gradients (Clausen et al. 1940; Cooper et al. 2019; de 

Villemereuil et al. 2016; Germino et al. 2019; Kawecki and Ebert 2004; Mooney and 

Billings 1961). Common gardens can eliminate the confounding effects of the 

corresponding environment, and thus uncover adaptive variation in trait expression 

among widely dispersed populations. However, common garden studies of long-lived 

woody plants can be challenging to implement, and consequently only a relatively small 

fraction of woody plant species have been critically evaluated within common garden 

studies.   

Populus fremontii, Sarg. (Fremont cottonwood), is among the most dominant 

riparian tree species in the southwestern US and northern Mexico and is an ideal species 

to evaluate adaptive trait syndromes for a number of reasons. First, P. fremontii is 



  19 

distributed across an extremely broad climate gradient that encompasses regular freezing 

temperatures in high-desert locations to extreme heat exposure in low-desert locations. 

Second, P. fremontii shares many morphological and ecological features with relatives 

within the genus that includes 29 species broadly distributed throughout North America, 

Africa, Asia and Europe (Eckenwalder 1996). Third, like many species within the genus, 

P. fremontii is recognized as a foundation species that supports numerous communities 

through genetically-based functional trait variation (Whitham et al. 2008). Finally, many 

Populus species, including P. fremontii has experienced a substantial decline in its 

historical distribution due to climate change and other environmental changes (Hultine 

and Bush 2011; Hultine et al. 2010; Stromberg 1993; Worrell et al. 2008; 2013; Zhou et 

al. 2020). Consequently, P. fremontii and other similar tree species are rapidly becoming 

maladapted to their local environmental conditions (Grady et al. 2011; Hultine et al. 

2019, 2020; Merritt and Leroy Poff 2010).  

There is evidence suggesting that climate change-driven maladaptation may vary 

among populations within the same species (Ikeda et al. 2014; O’Neill et al. 2008). For 

instance, populations with certain physiological and morphological traits (e.g., high-water 

use efficiency, low specific leaf area) may be better equipped to withstand drier and 

hotter conditions than other populations (Chapin et al. 2012; Lambers et al. 1998; Smith 

and Allen 1996). This can be especially critical for P. fremontii because recent landscape 

genetic studies across the species entire geographical distribution have identified 

genetically distinct ecotypes that are distributed across geographically distinct ecoregions 

(Ikeda et al. 2017). These ecotypes occur within the Sonoran Desert region in southern 

Arizona and northern Mexico (Sonora Desert, SD), the Mogollon Rim in Northern 
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Arizona (Mongollon Rim, MR), the Colorado Plateau and northern Great Basin region 

from southern Utah to western Colorado (Utah High-Plateaus, UHP), and the Central 

Valley and coastal regions of California (California Central Valley, CCV (Cushman et al. 

2014; Ikeda et al. 2017) (Bothwell et al. unpublished data). Although previous common 

garden experiments have uncovered intraspecific trait variation in P. fremontii (Grady et 

al. 2011; 2013) these studies have mainly investigated adaptive variation of leaf traits 

measured in populations sourced exclusively from the SD ecotype that only represent the 

warmest edge of the climatic gradient of this species’ distribution. Thus, the adaptive trait 

coordination among multiple trait spectrums, and their potential significance to potential 

maladaptation to climate shifts remain an open question. 

In this study, I used an experimental common garden located near the thermal and 

elevational mid-point of P. fremontii’s distribution (988 m) (Fig. 2.1, Table. 2.1) to study 

trait variability in relation to elevation and the mean annual temperature (MAT) transfer 

distance, defined as the MAT of the source population location subtracted from the MAT 

of the common garden location (Grady et al. 2011). I studied contrasts in morpho-

physiological coordination in functional trait expression among eight P. fremontii 

populations spanning two ecotypes (SD and MR) and an approximate 12 °C mean annual 

temperature gradient (Wang et al. 2012). I analyzed four trait spectra including: foliage 

phenology (spring budburst and budset), trait variability across a leaf economic spectrum, 

including petiole traits (LES), trait variability across a wood and xylem economic 

spectrum (WES), and trait variability in aboveground architecture, including traits related 

to Corner’s Rule (CR) (Cornelissen 1999; Corner 1949; Lauri 2019; Messier et al. 2017). 

Combined, these trait spectra represent coordinated strategies at multi-organ levels for 
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coping with climate stress exposure from intense freezing events at higher latitudes and 

elevations to episodic heat waves at lower latitudes and elevations.  

I hypothesized that the combined intraspecific coordination of traits across all trait 

spectra reflect local adaptation to both the extreme high temperatures in the SD ecotype 

as well as exposure to freeze-thaw events in the MR ecotype. I argue that this hypothesis 

can be generalized as the economic spectrum similarity rule in which plants with 

functionally related traits at low trait level (epidermal and vascular tissue) scale up to 

functionally related traits at higher (organ to whole-tree) trait level. Because phenology, 

leaf, whole-tree architecture, and wood traits are, in part, genetically based (Bailey et al. 

2004; Barbour et al. 2015; Cooper et al. 2019; Preston et al. 2006), My findings provide a 

genetic mechanism for the potential evolution of a general adaptive plant stress syndrome 

in which many traits would be accumulated in each ecotype to best survive their specific 

environments (Rueda et al. 2018). The same logic applies to my proposed economic 

spectrum similarity rule. Tests of this hypothesis are reflected in the following sub 

hypotheses. 1. At the leaf level, warm-adapted SD ecotype trees should possess a suite of 

traits that maximize stomatal conductance and transpirational cooling while reducing 

foliar exposure to radiation and thermal load. MR ecotype trees, on the other hand, 

should possess characteristics reflecting shorter growing season duration and a more 

conservative hydraulic strategy to cope with episodic freezing events. 2. Aboveground 

architecture in SD ecotype trees should be constructed to prioritize leaf water supply 

relative to demand while the MR ecotype trees should maximize leaf sun-exposure over 

their shorter growing season. 3. At the wood trait level, intraspecific differences in xylem 

hydraulic traits should reflect a trade-off between maximizing hydraulic efficiency in the 
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SD ecotype trees to reducing vulnerability to cavitation during freeze-thaw cycles in MR 

ecotype trees by constructing smaller and hydraulically less efficient xylem vessels. 4. In 

addition to expecting differences in these traits across levels of organization between 

ecotypes, I also expected finer levels of local adaptation within ecotypes. Information 

derived from this research will help shape our understanding of local adaptation related to 

climate-induced resource limitation in P. fremontii, and other widely distributed Populus 

species threatened with climate change. 

 

Methods 

Study site and plant material 

An experimental common garden was established in October 2014 with ~4100 

propagated cuttings from 16 populations that represent the entire climatic gradient of P. 

fremontii within the state of Arizona. The garden is located on a 1.2 Ha portion of historic 

cropland within the Agua Fria National Monument (N 34.2567, -112.0661, elevation 988 

m). To avoid using clones within each population, all cuttings were collected randomly 

from trees at least 20 meters apart during the 2013-2014 winter. Individual cuttings were 

grown in pots in the Northern Arizona University greenhouse for four months and then 

transplanted to the common garden when saplings were approximately 0.3 meters in 

height. During the growing season, the garden was drip irrigated with approximately 20 

liters per tree, 2-3 times per week. In this study, 10 genotypes were randomly selected 

from five Arizona Sonoran Desert (SD) ecotype populations and from three Mogollon 

Rim (MR) ecotype populations (n = 80 total ecotypes). Climatic variables from each 

sampling location were obtained using the platform ClimateWNA (Wang et al. 2012); 
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Table 2.1). For climatic data regarding number of days with temperatures above/below 

freezing and above 40 °C, I used modelled estimates of temperature from PRISM data. 

Copyright © <2020>, PRISM Climate Group, Oregon State University, 

http://prism.oregonstate.edu. The eight population were chosen because they collectively 

represent the broadest possible range in mean annual temperature from 10.7 °C to 22.6 

°C, and an elevation gradient from 72 m to 1940 m (Table 2.1, Fig. 2.1) Likewise, the 

eight populations selected for this study had a mean annual temperature transfer distance 

to the common garden of 3.3 °C to 6.7 °C in the MR populations and a -5.2 °C to 5.0 °C 

in the SD populations (Table 2.1). 

Measured traits 

Between the 2016-18 growing seasons, I measured 28 traits on 48-80 genotypes 

representing the eight populations described above. These traits were categorized 

according to their respective trait spectrum which include foliage phenology, LES, CR 

and WES (Table 2.2). 

Foliage phenology - From February 13th to May 9th and from October 4th to 30th of 

2017, I evaluated phenophase status on spring budburst and fall budset every 15 days 

following the USA National Phenology Network protocol (Denny et al. 2014). Repeated 

observational assessment of presence or absence of the two phenological events of 

interest were monitored in all eight populations on (n=10 genotypes). I recorded the date 

of the emergence of new leaves, budburst status, per individual ecotypes as zero, less 

than 50, and greater than 50 budburst occurrences. For budset, I noted the dates of the 

appearance of the first 20 terminal buds in each genotype.  

 

http://prism.oregonstate.edu/
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LES Traits 

Stomatal anatomy - In 2016, fully expanded leaves were collected from outer 

leaves on the south facing side of mid-canopy height to assess stomatal density, length, 

width, and area. Following the nail polish impression method (Hilu and Randall 1984), 

160 impressions on both the abaxial and adaxial sides of the leaves (n = 640 images) 

were obtained to be observed under an Olympus CX41light microscope and images were 

taken with a Moticam Pro 282A camera (Motic, Richmond, BC, Canada). Stomatal 

density was estimated as the number of stomata in eighty 0.59 mm2 digital images at 10× 

magnification. Stomatal sizes (length × width) were estimated on 800 stomata from 

digital images at 40× magnification (n= 100 per population) using an open-source 

imaging program, ImageJ (https://imagej.nih.gov/ij/). Maximum theoretical stomatal 

conductance to water vapor (mmol m-2 s-1) was calculated from Franks and Farquhar 

(2001): 

 Gsmax = 
𝒅𝒘 ∗𝑫𝒔∗𝒂𝒎𝒂𝒙

𝒗(𝒍+
𝝅

𝟐
√

𝒂𝒎𝒂𝒙
𝝅

)

 (1) 

Where dw is the diffusivity of water in air (2.43x10-5 m2 s-1), v is the molar volume of air 

(0.024 m3 mol-1) (Jones 2014), Ds is the stomatal density, amax is the maximum area of 

the open stomatal pore, approximated as π(p/2)2, where p is stomatal pore length, 

assumed to be stomatal length divided by two (Franks and Farquhar 2007).  

Leaf traits - Specific leaf area (SLA) was calculated as the one-sided area of a 

fresh leaf, divided by its oven-dry mass (Wright and Westoby 2002). SLA was measured 

in June, July, and September of 2017. A subset of 12-20 collected leaves per tree were 

scanned with a high-resolution computer scanner, and one-sided leaf area was measured 
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with ImageJ. The scanned leaves were then oven-dried for 72 hours at 75 °C and weighed 

to calculate SLA (cm2 g-1). Individual leaf area (Ail) was derived from the average 

individual leaf area from these measurements (Ackerly et al. 2002). 

Petiole traits - In September 2017, three to four leaves located at the mid-canopy 

level and south-facing side were collected from six trees per population to study petiole 

traits. Leaf samples were stored in a cooler at approximately 7-10 °C and transported to 

the Imaging and Histology Core Facility at Northern Arizona University. Individual 

petioles were cut with a razor blade and their mid-portions were sectioned to fit within 

embedding cassettes (28.5 x 41.0 x 6.7 mm). The samples were prepped using an 

automated fixation and paraffin embedding process. Specifically, the samples were fixed 

with formalin, dehydrated with increasing concentrations of undenatured alcohol, cleared 

with xylene to then be infiltrated with paraffin, and then embedded into the cassette. 

Cassette blocks were then sliced into transverse sections approximately 5-10 µm thick 

with a microtome and molded onto positively charged slides, deparaffinized with xylene 

and rehydrated with decreasing concentrations of undenatured alcohol until rinsing with 

only DI water, and then stained with 0.1% toluidine blue. Images were produced on a 

digital light microscope that were subsequently analyzed using ImageJ. Several petiole 

characteristics were recorded, including the length, width, and area of the entire petiole 

(Ap). Additionally, I measured petiole xylem vessel diameter (d), vessel density (Dpv), 

mean and total lumen area of all of the vessels contained in the petiole (Apl), the 

hydraulically weighted mean vessel diameter (Hdp) was calculated as ∑d5/∑d4 (Scholz et 

al. 2013; Sperry and Saliendra 1994). Petiole flatness (Lpf) – a distinct characteristic of 

Populus species – was quantified from the petiole width to length ratio at the mid-rib of 
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the petiole (Lindtke et al. 2013). The petiole lumen fraction (Fpl) was calculated as total 

Apl per petiole transverse area (Ap) at the mid-rib. 

Mean petiole theoretical hydraulic conductivity (Kp; mg m MPa –1 s –1 ) was 

calculated from total petiole vessel lumen diameter using the Hagen–Poiseuille equation 

(Eguchi et al. 2008; Nobel 2009; Tyree and Zimmermann 2002):  

 
Kp = 𝜮

𝒅𝒊
𝟒𝝅𝝆

𝟏𝟐𝟖𝜼𝒘
 

(2) 

where di is the diameter of a single vessel (m), ρ is water density at 25 °C (998 kg m – 3 ) 

and ƞw is viscosity of water at 25 °C (8.9 ×10–10 MPa s) (Eguchi et al. 2008).  

Theoretical hydraulic conductivity per unit leaf area (Kl, mg m-1 s-1 MPa-1) 

(Sack et al. 2003; Sack and Frole 2006), was calculated as: 

 Kl = 𝜮
𝑲𝒑

𝑨𝒊𝒍
 (3) 

where Ail is the area of the leaf (m2) attached to the petiole and Kp is the mean petiole 

theoretical hydraulic conductivity. Additionally, I estimated differences in water use 

strategies at the population and ecotype levels by dividing leaf area normalized 

theoretical hydraulic conductivity of the petiole (Kl, mg m-1 s-1 MPa-1) by Gsmax. 

CR traits 

In July 2017, I estimated whole-tree leaf area (Al) and sapwood area (As) using 

population-specific allometric relationships between stem diameter to leaf area through a 

branch summation approach (Jones et al. 2015; Kenefic and Seymour 1999). Thus, 

whole-tree leaf area was estimated per branch by multiplying the mass of all leaves by 

their respective SLA. Canopy diameters (4 to 8 measurements per tree) and their 

respective canopy areas together with whole-tree height (H) were measured five times 
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during the 2016 and 2017 growing seasons with a telescoping measuring pole. Canopy 

area (Ac) was determined using the ellipse equation, πab, where a is the mean radius of 

longest canopy axes and b is the radius of two perpendicular canopy axes (Ansley et al. 

2012). Leaf area index (LAI) was estimated by the equation from (Hultine et al. 2013): 

    LAI = 
𝑨𝒊

𝑨𝒄
 (4) 

WES Traits 

In May to June 2018, I collected one-year-old stem samples to measure wood and 

xylem traits. I collected branch cuttings approximately 1 cm diameter and cut the 

segment to a length of 30 cm. The segments were placed into a plastic bag with a moist 

paper towel and kept in a cooler until being transferred to a lab refrigerator kept at 4 °C. 

Specific wood density (Dstem) was determined using Archimedes’ principle of water 

displacement (Cornelissen et al. 2003; Hacke et al. 2000; Preston et al. 2006). The outer 

bark was removed from a 1 cm diameter stem segment. The segments were cut to a 

length of approximately 15 cm with no obvious side branches and total stem volume with 

the bark was measured. Specifically, a graduated cylinder with water was tared on a scale 

with 0.01 g accuracy, and the segment was submerged just below the meniscus; the 

weight was recorded and converted to volume. After the whole stem volume was initially 

measured, the bark was removed, and the sapwood volume was measured using the same 

method. The samples were then over-dried at 70° C for 48 h, and a dry weight was 

recorded. Dstem was determined as the ratio of dry weight to volume displaced of the 

sapwood. The whole stem volume was measured to assess the stem bark fraction (Fb).  

Xylem vessel area was determined from the 1 cm diameter segments used for density by 

first removing 2 cm length segments to mount in a GSL1 sledge microtome (Gärtner et 



  28 

al. 2014). The samples were moistened with a Strasburger solution (Eilmann et al. 2011) 

before being shaved into 100-150 µm slices. The fresh cut slices were transferred to a dye 

solution of 0.1% toluidine blue for 1-2 minutes (Sridharan and Shankar 2012) before 

being dehydrated by increasing concentrations of undenatured alcohol (50, 70, 95, and 

99.5% EtOH; KOPTEC 200 proof, VWR) (Buesa and Peshkov 2009). At the end of this 

process, I used the synthetic mounting medium Permount (Mayr et al. 2014; Ravikumar 

et al. 2014) to embed the samples. Slides were photographed with a Moticam Pro 282A 

camera (Motic, Richmond, BC, Canada) mounted to an Olympus CX41light microscope. 

The region of interest included a subset of the previous year’s growth ring to include both 

the early wood and late wood. Vessel lumen area was measured using ImageJ software, 

and individual images were stitched together (Preibisch et al. 2009) to analyze xylem 

vessels of the entire growth year. The number of vessels measured per genotype ranged 

from 153 to 941 (mean = 460). From the images I quantified mean stem lumen area (Asl), 

mean stem hydraulic diameter (Hds) and stem vessel density (Dsv). Stem lumen fraction 

(Fsl) was calculated as the total Asl per Dsv. 

Water potential - Monthly measurements of leaf water potential (Ψ) were taken 

from June to October of 2017 using the Scholander pressure chamber (Cochard et al. 

2001; Scholander et al. 1965). Pre-dawn and midday Ψ measurements were taken to 

assess possible differences in water potential gradients at the population and ecotype 

levels. A single shoot tip from each of the 64 trees was cut with a sharp razor blade to 

measure water potential at predawn (Ψpd) between 0300 and 0500 h, and at midday (Ψmd) 

between 1100 and 1300 h. 
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Statistical analysis 

All statistical analyses were conducted in R version 3.6.2 (R Development Core 

Team 2011). Prior to analyzing the data, I examined whether each variable met the 

assumptions of normality and homogeneity of variance, using a Shapiro and Barlett test. 

When the data were not normally distributed, they were normalized by log10, square 

root, or box-cox transformations. Once the basic requirements were met, functional traits 

were analyzed statistically using a linear regression with provenance elevation as the 

predictor and traits as the responses. I also used analysis of variance (ANOVA) to 

analyze differences among populations. When a trait showed significant variation, I used 

a Tukey's HSD post-hoc test to detect differences at the elevation level (Sokal and Rohlf, 

1995). Trait contrasts at the ecotype level were analyzed using a student’s t-test. Ecotype 

differences in traits measured several times during the growing season (Ail, SLA, Ac, H, 

and Ψpd , Ψmd) were analyzed by individual mixed-model repeated measures ANOVA 

(type III with Satterthwaite's method) in the lmer R package (Bates, Mächler, Bolker, and 

Walker, 2015; Kuznetsova, Brockhoff, and Christensen, 2017). In this test, individual 

traits were represented as response variables while the ecotype and month were treated as 

fixed effects with two and three levels, respectively. Individual genotype nested within 

ecotype was the random effect. 

I conducted separated principal component analyses (PCAs) on the three trait 

spectra (leaf, architecture, and wood) and all traits pooled together using the factoextra 

and FactoMineR packages (Kassambara and Mundt 2017; Lê et al. 2008). Because Gsmax 

is autocorrelated with Dstom and Sstom, it was excluded from these analyses. Thus, I 

simultaneously assessed what traits explained most of the variation within each trait 



  30 

spectrum and among all the remaining 27 P. fremontii traits together. For each PCA 

analysis, the variables showing the highest loading in each PCA were selected as 

indicators of local climatic adaptability. I initially determined the number of meaningful 

PCA axes using the Kaiser criterion. This criterion recommends using axes with 

eigenvalues above 1.0 exclusively. However, because the Kaiser criterion is not 

recommended to be used as the only cut-off criterion for estimating the number of factors 

(Freeman and Jackson 1992; Grossman et al. 1991; Jackson 2016; Peres-Neto et al. 

2005), I also used the Broken Stick Model in the vegan and biodiversity R package to 

determine significant components. This model randomly divided a stick of components 

into the same number of elements found in the PCA axis. Then, these elements were 

rearranged in decreasing order according to their length to be compared to the 

eigenvalues. Axes with larger eigenvalues than their corresponding stick of components 

were considered significant (Borcard et al. 2011). 

 In each principal component graph (biplot), trait representation was based on the 

magnitude of the correlation (loadings) between traits and the given principal component. 

Thus, in each biplot, traits were represented as vectors with a length and direction 

indicating the strength and trend of a given trait’s relationship among other traits. 

Specific location of the vector in the biplot indicates the positive or negative impact that a 

trait has on each of the two components x-axis, first component (PC1) and y-axis, second 

component (PC2). Additionally, to assess the relationship between the two ecotypes and 

the traits distribution in every PCA biplot, I constructed two 95% confidence ellipses 

based on the PCA scores of each of the two ecotype means. Subsequently, linear 

regressions between significant principal components and elevation of source populations 
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were constructed. Additionally, I performed t-tests and ANOVA Tukey’s HSD tests to 

assess significant differences in PC axes scores at ecotype and population levels. Because 

PC scores mainly described dominant traits in each axis, I evaluated population 

differences in all traits included in each PCA simultaneously by using a permutational 

multivariate analysis of variance (PERMANOVA; (Anderson 2001) in the vegan R 

package. Population differences in all 27 traits PCA were further analyzed with pairwise 

comparisons using permutation MANOVAs on a Pillai test and distance matrix in the 

vegan and RVAideMemoire R packages.  

Redundancy Analysis (RDA) (Borcard et al. 2011)) was used to determine how 

environmental (e.g., provenance latitude, longitude, mean annual precipitation, MAT 

transfer distance and ecotype) and genetic (e.g., ecotype) descriptors influence multi-

spectra trait variance in P. fremontii. I also used forward stepwise selection of descriptor 

variables to determine the significance of each variable to the RDA. Forward selection 

determines the successive contribution of each descriptor to explaining trait variation and 

adds only those variables with significant contribution. 

 

Results 

Foliage phenology 

Consistent with my hypothesis of local adaptation to extreme high summer 

temperatures in the SD ecotype and early spring and fall freeze-thaw exposure in the MR 

ecotype, I found large differences in foliage phenology between these two groups. Thus, I 

found that budburst of the SD ecotype occurred on average 46 days earlier than the MR 

ecotype (t = 15.65, df = 78, p < 0.001, Table 2.3, Fig. 2.2a). Similarly, on average budset 
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occurred 13 days later in the SD ecotype compared to the MR ecotype (t = 8.63, df = 78, 

P < 0.001, Table 2.3, Fig. 2.2b). 

Leaf economic spectrum traits 

I found remarkable differences in leaf structural traits between the extreme hot 

adapted SD ecotype and the cold-adapted MR ecotype. Specifically, I found that the MR 

ecotype had 30% larger leaves (t = 8.98, df = 78, P < 0.001, Table 2.3) while SLA in the 

SD ecotype was on average 22% higher than the MR ecotype (t = -8.42, df = 78, P < 

0.001, Table 2.3). Repeated measures analysis showed that Ail increased (F = 126.4, df = 

2, P < 0.001, Table S2.1) and SLA decreased (F = 70.9, df = 1, P < 0.001, Table S2.1) 

over the course of the growing season. Likewise, there was a significant interaction 

between time of year and ecotype in both Ail (F = 15.8, df = 1, P < 0.001, Table S2.1) and 

SLA (F = 6.3, df = 1, P < 0.01, Table S2.1), indicating that differences between ecotypes 

depended on the time of year and therefore might have different adaptive responses to 

seasonal conditions.  

From June to September, I found a more pronounced increase in leaf sizes in the 

MR ecotype (66%) than the SD ecotype (46%). Over the same time, the SD ecotype 

displayed similar SLA values while the MR ecotype exhibited a 17% decrease (Table 

S2.1). Combined, the higher Ail and lower SLA results suggest that the MR leaves have 

higher construction costs and longer lifespans than the SD leaves. 

Stomatal traits supported my hypothesis regarding selection for transpirational 

cooling in genotypes sourced from the SD region. Stomata in the SD ecotype were on 

average 37% smaller (t = -14.22, df = 78, P < 0.001, Table 2.3) but mean stomatal 

densities of the SD ecotype were 40% higher (t = 12.81, df = 77.6, P < 0.001, Table 2.3). 
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The higher stomatal densities yielded a 34% higher Gsmax in the SD ecotype (t = 9.24, df 

= 77.1, P < 0.001, Table 2.3), despite having smaller mean stomatal size.  

Differences in leaf structure were accompanied by differences in petiole structure. 

The MR ecotypes had on average 63% larger petioles (t = -4.64, df = 46, P < 0.001, Table 

2.3) that were 13% more elliptical (i.e., flatter) than the SD ecotypes (t = -3.25, df = 46, P 

< 0.001, Table 2.3). Conversely, none of the xylem vessel traits of the petioles differed 

between SD and MR ecotypes (Table 2.3). However, calculated petiole hydraulic 

conductivity was 80% higher (t = -4.81, df = 46, P < 0.001, Table 2.3) in the MR 

ecotypes, reflecting their larger petiole sizes and larger total lumen area compared to the 

SD ecotypes. Despite the higher Kp in the MR ecotype, the larger leaves in this ecotype 

resulted in Kl being similar between the two ecotypes. (Table 2.3).  

To better understand leaf functional variation in water supply versus demand in 

relation to climate, I analyzed petiole theoretical Kp , Kl  and Gsmax in relation to source 

population MAT transfer distance. Theoretical Kp increased with elevation and positive 

MAT transfer distance (R2 = 0.31, F = 17.0, P < 0.001, Fig. 2.3a), although MAT transfer 

distance did not have a significant effect on Kl (Fig. 2.3b). On the other hand, Gsmax 

decreased with positive MAT transfer distance (R2 = 0.41, F = 27.9, P < 0.001, Fig. 2.3c) 

with the regression explaining 41% of the variation. I found that the ratio between leaf-

level water supply (Kl) and the leaf-level demand (Gsmax) increased moderately with 

positive MAT transfer distance (R2 = 0.15, F = 7.47, P < 0.01, Fig. 2.3d), indicating that 

the low elevation (negative MAT transfer distance) genotypes may take on a riskier 

hydraulic strategy regarding the supply of water to the leaves relative to demand. 



  34 

According to the Broken-Stick Model (Borcard et al. 2011), only the first two 

principal components significantly explained the variance within the leaf trait spectrum in 

P. fremontii. Together, these two principal components accounted for 55.7% of the 

variance. The first principal component axis, PC1 (accounting for 37.1% of the variance) 

showed a significant positive relationship with Sstom, Ail, Ap, Kp, Lpf, Kl, Hdp, Apl while 

showing opposite trends with Dstom, SLA, and Dpv (Fig. 2.4). The second axis, PC2 

(which explained 18.6 % of the variance) displayed significant positive correlations with 

SLA, Apl, Hdp, and Kl and negative correlations with Dpv, Fpl, Ail and Sstom (Fig. 2.4). 

Thus, the MR ecotype 95% confidence ellipse was found in the positive half of PC1 axis 

encompassing Ail, Sstom, Kp, Ap, and Lpf trait vectors. The SD ecotype displayed a larger 

95% confidence ellipse mainly located in the negative side of the PC1 axis (Fig. 2.4). 

Accordingly, Dstom, SLA, Dpv, Apl and Kl traits were found within this SD ecotype ellipse. 

Simultaneously, PC1 and PC2 displayed positive and negative significant relationships 

with the P. fremontii climatic range (R2 = 0.51, P < 0.001, R2 = 0.14, P < 0.01; Fig S2.1). 

I found PC1 and PC2 scores significantly differed between the two ecotypes (t = -10.2, df 

= 46, p-value < 0.001; t = 3.21, df = 45.3, p-value < 0.01). ANOVA and Tukey’s HSD 

detected that the three populations with the negative MAT transfer distances displayed 

significantly lower PC1 scores than the three highest elevation populations with the most 

positive MAT transfer distances (Fig. S2.1). Simultaneous evaluation of all leaf traits 

through PERMANOVA and pairwise permutation MANOVAs identified similar 

significant differences at ecotype and population level (F = 17.97, df = 1, P > 0.001; F = 

3.85, df = 7, P > 0.001; Fig. S2.1). 
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Whole-plant architecture spectrum 

Traits within the architecture spectrum mostly diverged between ecotypes (Table 

2.3). As hypothesized, tree architecture in the MR ecotype enhanced leaf sun-exposure 

while the SD ecotype prioritized transpiration rates of individual leaves. Specifically, Al 

and Ac were 20% (t = -2.26, df = 62, P < 0.01, Table 2.3) and 34% (t = -4.02, df = 46.83, 

P < 0.001, Table 2.3) larger in the MR ecotype, respectively while As:Al and H were 38% 

(t = 10.9, df = 43.5, P < 0.001, Table 2.3) and 34% larger (t = 2.34, df = 78, P < 0.05, 

Table 2.3) in the SD ecotype, respectively (Table 2.3). However, LAI did not differ 

between ecotypes due to the higher Al occurring in more spreading canopies (i.e., higher 

Ac) of the MR ecotypes. Repeated measures showed that the MR ecotype maintained a 

larger Ac throughout the growing season (F = 24.5, df = 1, P < 0.001, Table S2.1), that 

was independent of the time of year (i.e., the interaction, ecotype*time was not 

significant). Similarly, the repeated measures analysis revealed a significant difference 

between the taller SD and the shorter MR trees (F = 7.50, df = 2, P < 0.001, Table S2.1), 

that was also independent of time of year (ecotype*time was not significant).     

I found that PC1 and PC2, explained 35.3% and 25.8% of the variance and were 

the only significant components in the architecture trait spectrum (Fig. 2.5). However, 

because PC1 was the only component showing a significant relationship with the P. 

fremontii elevational gradient (R2 = 0.57, P < 0.001, Fig S2.2), I focused my analysis on 

this axis exclusively. PC1 displayed simultaneous positive relationships with trait 

characteristics of the MR ecotype (Al, Ac and LAI) and negative relationship with the two 

architectural trait characteristics of the SD ecotype (As:Al and H; Fig.2.5). Although the 

95% confidence ellipses of both ecotypes overlapped in the biplot (Fig. 2.5), I found a 
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significant difference between the two ecotype PC1scores (t = 6.42, df = 62, p-value > 

0.001). Interestingly, ANOVA and Tukey’s HSD tests detected significant differences 

between the four highest elevation populations with positive MAT transfer distance, 

including the only SD population with positive MAT transfer distance, with the four 

populations having zero or negative MAT transfer distance (Fig. S2.2). Simultaneous 

analysis of all architecture traits confirmed these significant differences between ecotypes 

and populations (F = 14.81, df = 1, P > 0.001; F = 5.54, df = 7, P > 0.001; Fig. S2.2). 

Wood economic spectrum traits 

Wood traits related to structural support and frost protection including Dstem and 

Fb were 8% (t =-4.06, df = 46, P < 0.001, Table 2.3) and 35% (t = -5.91, df = 46, P < 

0.001, Table 2.3) greater in the MR ecotype, respectively. Conversely, in wood traits 

related to water transport efficiency, I found that Hds and Fsl were 8% (t = 2.28, df = 46, 

P < 0.05, Table 2.3), and 17% (t = -2.66, df = 46, P < 0.05, Table 2.3) greater in the SD 

ecotype, respectively. Asl and Dsv values did not significantly differ between these two 

ecotypes (Table 2.3). As expected in an irrigated common garden, I did not find 

differences in mean Ψpd throughout the growing season (Table 2.3). However, I found the 

SD ecotype displayed more negative mean Ψmd throughout the growing season (t = -0.56, 

df = 46, P < 0.001, Table 2.3). Repeated measures detected significant Ψpd differences 

among the five measurement periods (F = 15.8, df = 1, P < 0.001, Table S2.1), but no 

differences were detected in Ψpd between ecotypes or the interaction ecotype*time (Table 

S2.1). On the other hand, Ψmd exhibited significant differences between ecotypes (F = 

23.6, df = 1, P < 0.001, Table S2.1) and time (F = 112.7, df = 4, P < 0.001, Table S2.1) 

while the interaction ecotype*time was not significant.  
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In the wood spectrum PCA, three principal components which together explained 

64% of the variation were significant. However, only PC1, accounting for 29.7% of the 

variation, was correlated with MAT transfer distance (R2 = 0.37, P < 0.001; Fig. S2.3). 

PC1 also exhibited significant positive correlations with Dstem, Ψmd and Fb while showing 

negative correlations with Fsl, Hds and Asl (Fig. 2.6). Like the architecture trait PCA, the 

95% confidence ellipses of both ecotypes overlapped but contrasts between ellipses were 

still detected (t = 6.86, df = 46, p-value < 0.001). Nevertheless, ANOVA and Tukey’s 

HSD tests only detected differences between the lowest elevation population with the 

most negative MAT transfer distance (-5.2 °C) and the three populations with the most 

positive MAT transfer distance (Fig. S2.3). PERMANOVA and pairwise permutation 

MANOVAs tests revealed significant differences between ecotypes (F = 9.31, df = 1, P > 

0.001; Fig. S2.3) and among populations (F = 2.42, df = 7, P > 0.001; Fig. S2.3). 

PCA analysis of pooled traits 

A PCA of all 27 traits measured required eight components with eigenvalues 

greater than 1 to reach 78% of total variance. However, PC1 was the only axis of the 

PCA that was significant accounting for 32% of the total variance. Likewise, PC1 yielded 

a significant correlation with MAT transfer distance of source populations (R2 = 0.84, P < 

0.001; Fig. S2.4). Additionally, I found PC1 displaying significant negative correlations 

with traits characteristic of the SD ecotype while observing the opposite trend with traits 

associated with the MR ecotype (Fig. 2.7). Therefore, the SD ecotype 95% confidence 

ellipse was found in the negative half of PC1 axis enclosing the vectors representing BS, 

As:Al, Dstom, SLA, H, Fsl, Dpv, Asl, and Hds. In the positive half of the biplot, I observed 

the MR ellipse enclosing the BB, Sstom, Ail, Kp, Ψmd and Fb, Lpf, Dstem, Hdp, Ac and Al 
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vectors (Fig. 2.7). Differences between the ecotypes along the PC1 axis were highly 

significant (t = -17.03, df = 46, P < 0.001), and a PERMANOVA test confirmed these 

differences (F = 17.84, df = 1, P > 0.001).  

Although the relationships between the two ecotypes and the 27 different traits 

elucidate important features regarding climate adaptation at the regional scale, trait 

differentiation at the population-level can increase our understanding of adaptation at the 

local level. I found that the SD population with the largest mean warmest monthly 

temperature (MWMT), elevation 161 m (Table S2.3), displayed Ail, SLA, Sstom, Lpf, Al, 

As:Al, Ac, H, Kp, and Dstem with the most extreme values within the ecotype (Tables. 

S2.2, S2.3, S2.4, S2.5). Similar results were obtained in the MR ecotype. Specifically, the 

population with the lowest mean coldest monthly temperature (MCMT), elevation 1940 

(Table 2.3), exhibited the most extreme Ail, SLA, Dstem, Al, Ac, and Ψmd within the 

ecotype (Tables. S2.3, S2.5, S2.6). Additionally, I found significant positive relationships 

between elevation and Ail, Sstom, Ap, Lpf, Al, Ac, Dstem, and Fb (Tables. S2.2, S2.3, S2.4, 

S2.5). Likewise, source population elevation had a negative relationship with Dstom, 

Gsmax, SLA, Kp, H, As:Al, Asl, and Ψmd (Tables. S2.2, S2.3, S2.4, S2.5). 

To gain a better understanding of trait variability in each ecotype, I constructed 

95% confidence ellipses for the eight populations that made up the two ecotypes in the 

same PCA of all 27 traits (Fig. 2.8). As expected, I found low elevation – negative MAT 

transfer distance -populations ellipses (SD ecotype) were mainly placed in the negative 

half of the PC1 axis while the three high elevation populations (MR ecotype) remained in 

the right half of PC1 (Fig. 2.8). However, as suggested by the larger size SD ecotype 

ellipses in the leaf, architecture and all 27 traits PCA biplots, I observed larger variability 
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in the locations occupied by the five SD populations’ ellipses. Particularly, I found that 

the San Pedro Riparian National Conservation Area (TSZSAN) population in southern 

Arizona (1212 meters) and to a lesser extent the Agua Fria National Monument 

(CAFAUG) population (988 m) in central Arizona displayed ellipses expanded toward 

the positive, MR characteristic, area of the PC1 axis. Although these populations mainly 

displayed trait characteristics of the SD ecotype, it is evident that they have some 

morpho-physiological trait characteristics found in the MR ecotype. Based exclusively on 

the PC1 scores using an ANOVA and Tukey HSD test, I found significant differences 

between the five SD and the three MR ecotype populations (Fig. S2.4). Therefore, the 

TSZSAN and CAFAUG populations did not differ from the other 3 SD ecotype 

populations. However, using a PERMANOVA and pairwise permutation MANOVAs on 

all 27 traits simultaneously, I found the significant population differences (F = 4.07, df = 

7, P > 0.001; Fig. S2.4). Specifically, the TSZSAN population significantly differed from 

all other SD ecotype populations except for the CAFAUG population. Simultaneously, 

the CAFAUG population only significantly differed from all MR populations and the 

lowest elevation population of the SD ecotype.   

RDA analysis of pooled traits with environmental predictors 

RDA and PCA ordination techniques of all 27 traits showed general similar trait 

patterns in their respective biplot and triplot (Fig. 2.7 and 2.9). Forward selection of 

environmental predictors (provenance latitude, longitude, mean annual precipitation, 

MAT transfer distance) revealed that MAT transfer distance, MAP (mean annual 

precipitation) and elevation were the only three variables that significantly explain trait 

variation in P. fremontii. However, elevation had to be dropped from the analysis because 
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it displays high collinearity with MAT transfer distance. Ecotype grouping which also 

showed to explain trait variation was included in the analysis as a categorical genetic 

predictor.    

RDA Axis 1 described 30.6% of the variation in all 27 traits (compared to 32.3% 

in the PCA). This axis displayed highly significant relationships with MAT transfer 

distance and both ecotypes. RDA analysis found that the amount of variance explained by 

these predictor variables (i.e., constrained variances) was 32% while the unconstrained 

variance (i.e., the amount of variance remaining in the response variables) was 68%. 

Although Axis 2 described only 2.4% of the variation (compared to 10.9% in the PCA) 

and was not significant, it was correlated with MAP (environmental predictor), hydraulic 

efficiency traits (Dpv, Fsl, Fpl), whole canopy traits (LAI, Al, As:Al, H) and wood trait 

Dstem (Fig. 2.9). 

 

Discussion 

My results demonstrated that local adaptation of P. fremontii populations over its 

geographical distribution comprises many different traits that are coordinated across 

multiple scales from epidermal and vascular tissue to individual organ and whole-plant 

architecture. These findings support my economic spectrum similarity hypothesis, and 

more broadly adaptive syndrome theory, postulating that many traits are expressed within 

an ecotype to best survive their specific environment (Rueda et al. 2018). The 

coordination of traits indicates that P. fremontii is comprised of genotypes that are highly 

specialized to cope with local environmental conditions and have resulted in the 

evolution of ecotypes at regional levels that each have a suite of adaptive traits (an 
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adaptive syndrome) that make each best adapted to its ecoregion. Simultaneously, I found 

finer differences in trait coordination at the population level that reflect gradual 

adaptation strategies at local environmental conditions. Thus, results underscore the 

potential importance of using assisted migration as a possible solution to restoration of 

Populus species conducted under rapidly shifting climate conditions. 

Adaptive syndrome trait correlations within the MR ecotype 

Late bud burst and early budset of the high latitude/elevation MR ecotype 

revealed an adaptive trade-off between avoiding freezing temperatures and maximizing 

growth (Cooper et al. 2019; Evans et al. 2016; Fischer et al. 2017; Friedman et al. 2011; 

Grady et al. 2015). My results paralleled previous research using all 16 populations in the 

same mid-elevation common garden as the one used in the present study (Cooper et al. 

2019). However, Cooper et al. (2019) also repeatedly measured phenology in two 

additional replicated gardens that represent the two extreme edges of P. fremontii’s 

climatic distribution to estimate phenological plasticity. Interestingly, the warm-adapted 

SD ecotype trees displayed greater phenological plasticity than the cold-adapted MR 

ecotype trees, reflecting the extent to which exposure to freezing temperatures acts as an 

agent of selection in cold-adapted genotypes (Cooper et al. 2019; Hultine et al. 2020). On 

the other hand, phenological characteristics, i.e., earlier budburst, later budset) displayed 

by SD ecotype trees may have resulted from the combined effects of infrequent exposure 

to freezing temperatures, longer optimal growing seasons and extreme mid-summer 

temperatures in the Sonoran Desert that limits net carbon gain.  

Previous investigations have found that plants with thicker stems and larger 

leaves are frequently accompanied by less frequent branching with wider branching 
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angles (Cornelissen 1999; Corner 1949; Trueba et al. 2016; Wright and Westoby 2002). 

Accordingly, I found larger leaves and canopies areas to be characteristic traits of the MR 

ecotype (Table. 3). The larger Ac in the MR ecotype trees may reflect selection to 

maximize sun exposure and limit self-shading. Additionally, the MR trees had leaves 

with petioles that were more elliptical (i.e., flattened) compared to the SD ecotype. Past 

investigations on P. fremontii have identified the flattened non-rigid petioles oriented 

perpendicular to the blade to be responsible for the characteristic fluttering of leaves 

under breezy conditions (Niklas 1991; Roden and Pearcy 1993). Other previous studies 

have concluded that leaf fluttering maximizes carbon gain homogenizing light 

distribution throughout the multi-layered canopy (Sprugel 1989). Thus, in trees with 

larger Ail, Ac, Al, and shorter growing season lengths, the characteristic petiole flattened-

leaf flutter combined with broader branching canopies might increase the number of 

leaves operating in near optimal light-quenching conditions by reducing leaf shading 

throughout the day. The genetic basis of these architectural traits is also consistent with 

other cottonwood studies showing that the fractal architecture of different tree genotypes 

is genetically based and heritable (Bailey et al. 2004), which affects sink-source 

relationships and herbivores such as aphids (Compson et al. 2011). 

In accordance with my hypothesis, MR ecotype trees exhibited a suite of 

conservative hydraulic traits that together represent an adaptive syndrome resulting in 

higher survival to freezing temperatures (Chave et al. 2009; Körner 2003; Sperry and 

Sullivan 1992). Susceptibility to freeze-thaw-induced xylem cavitation increases with 

vessel size because air bubbles are more easily released from the dissolution of gas 

during thawing in larger diameter vessels (Mayr and Sperry 2010; Sperry and Sullivan 
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1992). Consequently, the Hds was significantly lower in MR stems, reflecting the 

presence of smaller diameter vessels relative to SD stems. Similarly, Hds has been 

correlated with sapwood area-specific hydraulic conductivity (Hajek et al. 2014; Kolb 

and Sperry 1999). The reduced hydraulic efficiency in many of the wood xylem traits 

may explain why compared with SD trees, the MR ecotype leaves displayed lower mean 

Dstom and Gsmax values, reflecting an upper bound on water delivery from woody tissues 

to the canopy.  

On the other hand, the MR trees displayed higher values for traits that are 

characteristic for high tissue structural integrity and frost protection, including Dstem and 

Fb. Although Dstem is correlated with a reduced hydraulic conductivity (Reich 2014), it 

has been correlated with greater mechanical support against xylem implosion by negative 

pressure (cavitation resistance) caused by low xylem water potentials (Hacke et al. 2001) 

and wood mechanical strength (Chave et al. 2009; Niklas and Spatz 2010, 2012). Bark in 

broadleaved species has been found to be a better thermal insulator than conifer bark 

(Pásztory and Ronyecz 2013) while stem shrinkage associated with freeze–thaw cycles 

has been correlated with the thickness of the bark (Zweifel and Häsler 2000; Améglio et 

al. 2001). Consequently, in angiosperms around the world, outer bark thickness has been 

found to increase in environments with temperature seasonality (Rosell 2016). Bark 

thickness has also been associated with the protection of phloem and other living tissues 

from freezing temperatures (Améglio et al. 2001; Arco Molina et al. 2016; Charrier et al. 

2017). 
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Adaptive syndrome trait correlations within the SD ecotype 

As I hypothesized, the SD ecotype featured a coordinated suite of functional traits 

(i.e., a different adaptive syndrome) that prioritize greater water transport efficiency to 

reduce foliar thermal load via enhanced evaporative cooling. Thus, the SD ecotype 

displayed smaller leaves with a potentially reduced exposure to short-wave radiation 

from sunlight. Likewise, the thinner leaves with higher SLA likely have a lower thermal 

capacitance – or heat storage over time – than similar sized leaves with a lower SLA. 

Additionally, SD ecotype leaves displayed a relatively high Dstom and low Sstom 

arrangement, which allows the leaf to rapidly adjust stomatal conductance to changes in 

air temperatures and humidity (Hetherington and Woodward 2003).  

Because leaves with smaller Sstom display smaller cross-sectional area of the guard 

cells and reduced pore depths, these leaves can achieve a greater stomatal conductance 

(gs) per unit area occupied by stomata (Franks and Farquhar 2007). Accordingly, I found 

that based on their stomatal morphological characteristics, SD trees exhibited a larger 

theoretical Gsmax than the MR ecotype. Many Sonoran Desert ecotype trees are exposed 

to mid-summer temperatures that approach or even exceed 50 °C. These extreme 

temperatures can simultaneously damage the electron transport capacity of Photosystem 

II and increase photorespiration (Allakhverdiev et al. 2008; Hultine et al. 2020; 

O’Sullivan et al. 2017). Therefore, warm-adapted trees likely prioritize maintaining 

midday leaf conductance to evaporatively cool the canopy (Fauset et al. 2018; Hultine et 

al. 2019, 2020; Michaletz et al. 2015). The combination of these leaf morpho-

physiological features allows SD trees to achieve higher levels of transpirational cooling 

of their leaves while reducing heat gain from incident light radiation (Hultine et al. 2019, 
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2020). For example, another recent study using genotypes from the same common garden 

as the present study reported that the SD ecotype trees displayed 35% higher midday leaf 

transpiration rates and 4 °C lower leaf temperature than the MR ecotype trees (Hultine et 

al. 2019).  

Repeated measures of Ail and SLA indicated SD trees continuously displayed 

smaller and thinner leaves as an additional possible adaptation to summer extreme 

temperatures during the growing season (Table S1). The reduced leaf size, relative to the 

MR leaves, suggest that the SD trees displayed more rapid turnover rates of leaves with 

cheaper construction costs over the growing season. This might be due to the high cost of 

maintaining leaves relative to their return in carbon during the hottest part of the summer. 

Extreme high temperatures negatively affect the carbon balance of leaves by 

simultaneously reducing photosynthesis and increasing respiration (Haworth et al. 2018; 

Sharkey 2005).   

Greater investment in the construction of larger leaves and larger petioles in MR 

leaves was associated with having a greater theoretical Kp. However, the higher Kp was 

offset by the larger leaf area and thus Kl was uniform across the two ecotypes. 

Additionally, I found a significant positive relationship between positive MAT transfer 

distance or elevation and the ratio between Kl (supply) and Gsmax (demand) at the 

population level. These results imply that SD ecotype trees possess a set of leaf 

morphological traits that allow larger and faster utilization of water for transpiration, but 

at the risk of greater leaf water demand relative to supply via the petiole. Measurements 

of leaf Ψmd appeared to reflect a greater hydraulic risk strategy and weaker stomatal 

control over plant water potential in SD ecotype trees (Table S1). Specifically, mean Ψmd  
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measured over the growing season regularly fell below -1.88 MPa; the xylem pressure at 

which hydraulic failure has been previously reported to occur in P. fremontii (Choat et al. 

2012; Leffler et al. 2000; Li et al. 2008) (Table S1). Given these results, it appears that 

SD ecotype trees take on a risky trade-off strategy between maximizing delivery to the 

canopy at the expense of increasing vulnerability to cavitation which may limit these 

trees to river reaches with predictable and abundant groundwater availability during the 

entire growing season.  

Alternatively, the risky water use strategy in SD trees may have been partially 

mitigated by maintaining a substantially higher As:Al relative to the MR ecotype trees. 

Given that SD trees have most likely been selected to maximize canopy thermal 

regulation via evaporative cooling, it was not surprising that at the whole tree level, water 

supply (i.e., As) relative to demand (i.e., Al) was high relative to MR trees. Seasonal 

increases in As:Al has been reported to be a strategy in other species to increase water 

supply to canopies during summer drought or under high temperature (Carter and White 

2009; Eamus et al. 2000; O’Grady et al. 2009). Similarly, a previous investigation in P. 

fremontii observed that As:Al  was correlated with groundwater availability (Gazal et al. 

2006). Accordingly, SD trees exhibited higher As:Al coupled with a greater Fsl and Hds 

that reflects the greater hydraulic efficiency to meet the higher water demand for leaf 

evaporative cooling (Drake et al. 2018; Gleason et al. 2012; Sterck et al. 2008; Zaehle 

2005).  

Trait contrasts among populations 

Differences in functional traits in P. fremontii at the population level resembled 

differences between the two ecotypes. However, I detected finer variations in phenotypic 
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characteristics across the climatic gradient in which the eight populations were sourced 

from. This was particularly true among the SD ecotype populations. Specifically, middle 

elevation TSZSAN population which displayed slight intermediate trait characteristics 

between the two ecotypes. Due to the geographical and environmental characteristics of 

its source site (southernmost latitude and middle range climate), this population seems to 

display trait characteristic that reflect climatic adaptation to its intermediate local 

environmental conditions.    

Thus, while displaying SD ecotype characteristics in most LES and WES spectra 

traits, TSZSAN population exhibited intermediate Dstom, Al, and H between the two 

ecotypes (Table S2, S4, S5). Additionally, As:Al in this population was more 

characteristic of the MR ecotype even though it is the southernmost geographically 

located of population of the SD ecotype. Consequently, multivariate analyses clustered 

this population with the MR ecotype populations in the architecture trait spectrum and as 

its own intermediate group in the WES and the pooled all traits PCA (Fig. S2.2, S2.3 and 

S2.4). Although the 95% confidence intervals representing the TSZSAN populations 

overlapped the other four SD ecotype populations, its horizontal range (PC1) exhibited a 

clear tendency toward the positive, MR ecotype side of the PC1 (Fig. 2.8).  

 

Conclusions  

Climate change implications 

Drought – inter-drought cycles and extreme temperature swings will likely 

become amplified throughout most of the planet over the next several decades as a 

consequence of climate change (Garfin et al. 2013; Williams et al. 2020). Results from 



  48 

the present study underscore how extreme events will likely lead to widespread 

maladaptation and reduced fitness in Populus species in response to climate change. For 

example, the SD ecotype displayed greater capacity to supply water to their canopies to 

avoid thermal stress but potentially at the expense of being more susceptible to hydraulic 

disfunction caused by maintaining lower minimum water potentials, having a higher 

theoretical maximum stomatal conductance, and having a larger mean hydraulic diameter 

in woody stems. Thus, increases in drought frequency can be expected to reduce the 

habitat niche of SD genotypes to locations where soil water availability remains stable 

independent of drought, such as along the margins of perennially-flowing streams 

(Hultine et al. 2019). The MR ecotype, on the other hand, displayed a set of 

morphological traits designed to increase sunlight exposure and maximize safety from 

freeze-thaw cavitation, but as a consequence may be unable to cool their canopies when 

exposed to episodic heatwaves that are likely to increase in frequency and intensity. What 

remains an open question is whether trait expression is plastic enough to overcome rapid 

changes in environmental conditions. As the size of the SD ecotype ellipses of the leaf, 

architecture, and pooled traits PCAs showed, the SD ecotype exhibited greater trait 

variability, perhaps a reflection of greater trait plasticity or higher genetic diversity 

among genotypes relative to the MR ecotype.  

 The combination of multiple functional trait spectra demonstrates adaptive 

syndromes for different ecoregions and present a powerful way to enhance our 

mechanistic understanding of local adaptation within species. As regional mean annual 

temperature, drought severity and heat wave occurrence increase over the next several 

decades, this research improves our understanding of the possible effect that these 
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changes will have on P. fremontii and other widely distributed Populus species across 

their geographical ranges. These results, therefore, improve our capacity to match 

genotypes with traits that may yield greater resistance to changing environmental 

conditions of a given location, and therefore the detection of genotypes best suited for 

possible repopulation efforts along a species’ historical geographical distribution. 
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Tables  

 

Table 2.1. Climatic variables of the eight provenances and their corresponding two 

ecotypes studied at the Agua Fria National Monument common garden. Climatic 

characteristics include mean annual temperature (MAT), mean warmest monthly 

temperature (MWMT), and mean coldest monthly temperature (MCMT). Transfer 

distances for MAT (MAT of the garden minus MAT of the provenance), MWMT, and 

MCMT. The population CAFAUG is located near the common garden and thus has a 

transfer distance of zero. 
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Table 2.2. Hypothesized correlations between the set of functional traits studied in this 

research and the two ecotypes (Sonoran Desert ecotype and the Mogollon Rim ecotype) 

present in the Agua Fria National Monument common garden. 
 Acronym Unit SD 

Ecotype 

MR 

Ecotype 

Phenology     

Spring Budburst BB Day of the 

Year 

Early Late  

Fall Budset BS Day of the 

Year 

Late Early 

Leaf Traits     

Individual Leaf Area Ail cm2 Small Large 

Specific Leaf Area SLA cm2 g-1 High Low 

Stomatal Density Dstom #Stomata 

mm-2 

High Low 

Stomatal Size Sstom μm2 Small Large 

Theoretical Maximum Stomatal 

Conductance 

Gsmax mmol m-2 s-1 High Low 

Petiole Area Ap mm2 Small Large 

Petiole Flatness Lpf mm2 mm-2 Low High 

Petiole Lumen Area Apl μm2 Large Small 

Petiole Hydraulic Mean Diameter Hdp μm  Large Small 

Petiole Lumen Fraction Fpl μm2 μm-2 Large Small 

Petiole Vessel Density Dpv # vessel mm-2 High Low 

Petiole Theoretical Hydraulic 

Conductivity 

Kp mg m Mpa-1 

s-1 

High Low 

Leaf Theoretical Hydraulic 

Conductivity 

Kl mg m-1 Mpa-1 

s-1 

High Low 

Architecture Traits     

Whole-Tree Leaf Area Al m2 Small Large 

Tree Height H m Tall Short 

Canopy Area Ac m2 Small Large 

Sapwood to Leaf Area As:Al cm2 cm-2 Large Small 

Leaf Area Index LAI m2 m-2 High Low 

Wood Traits     

Specific Stem Density Dstem g cm-3 Low High 

Bark % Fb % Low High 

Stem Lumen Area Asl μm2 Large Small 

Stem Hydraulic Mean Diameter Hds μm Large Small 

Stem Lumen Fraction Fsl μm2 μm-2 Large Small 

Stem Vessel Density Dsv # vessel mm-2 High Low 

Pre-Dawn Water Potential Ψpd Mpa Same Same 

Mid-Day Water Potential Ψmd MPa Low High 
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Table 2.3. Results of Mean ± standard error (n = 48 to 80) comparison of Populus 

fremontii traits at ecotypes level (Arizona Sonoran Desert (SD) and the Mogollon Rim 

(MR) in the Agua Fria National Monument common garden. Abbreviations for each 

Parameter are shown in Table 2.2 
 t-value df SD Ecotype MR Ecotype 

Phenology     

BB -15.65*** 78 65 ± 11 111 ± 14 

BS 8.63*** 78 297 ± 6 284 ± 7 

Leaf Spectrum     

Ail 8.98*** 78 18 ± 5.25 30 ± 6.81 

SLA -8.42*** 78 121 ± 11.9 99 ± 9.64 

Dstom 12.81*** 77.6 430 ± 73 258 ± 47 

Sstom 14.22*** 78 250 ± 34 394 ± 58 

Gsmax 9.24*** 77.1 1.25 ± 0.18 0.93 ± 0.12 

Ap -4.64*** 46 1.04 ± 0.48 1.69 ± 0.43 

Lpf -3.25** 46 1.39 ± 0.23 1.59 ± 0.16 

Apl -0.84 45.9 91.85 ± 32 98.14 ± 20 

Hdp -1.43 38.5 23.4 ± 3.1 24.7 ± 2.9 

Fpl 0.09 46 0.06 ± 0.02 0.05 ± 0.02 

Dpv 1.09 46 677 ± 354 575 ± 232 

Kp -4.81*** 46 7e-07±4e-07 1e-06±4e-07 

Kl -0.62 46 3e-04±1e-04 3e-04±9e-05 

Architecture 

Spectrum 

    

Al -2.26* 62 7.52 ± 2.63 9.03 ± 2.55 

H 2.34* 78 3.08 ± 0.49 2.84 ± 0.36 

Ac 4.02*** 46.8 2.16 ± 0.56 2.82 ± 0.78 

As:Al 10.9*** 43.5 3.56 ± 0.55 2.58 ± 0.10 

LAI 0.68 59.3 3.61 ± 1.73 3.36 ± 1.27 

Wood Spectrum     

Dstem -4.06*** 46 0.41 ± 0.03 0.44 ± 0.03 

Fb -5.91*** 46 0.29 ± 0.06 0.39 ± 0.06 

Asl 1.88. 46 779 ± 192 679 ± 153 

Hds 2.28* 46 40.4 ± 4 37.6 ± 4 

Fsl 2.66* 46 0.23 ± 0.04 0.20 ± 0.05 

Dsv 0.24 46 318 ± 78.2 313 ±85.1 

Ψpd -0.56 46 -0.46 ± 0.04 -0.45 ± 0.08 

Ψmd -4.82*** 46 -1.58 ± 0.14 -1.38 ± 0.13 

† Signif. codes: *** 0.001 ** 0.01 * 0.05 . 0.1 
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Figures 

 

 

Figure 2.1. Location of 8 source population sites of Populus fremontii and the Agua Fria 

common garden locations (Fremont cottonwood leaf icon). Light blue points denote 

populations coming from the Mogollon Rim ecotype while the pink points indicate 

populations coming from the Sonoran Desert ecotype ([Fick, S.E. and R.J. Hijmans, 

2017. Worldclim 2: New 1-km spatial resolution climate surfaces for global land areas. 

International Journal of Climatology. (http://worldclim.org/version2)]. QGIS 

Development Team (2020). QGIS Geographic Information System. Open-Source 

Geospatial Foundation Project. http://qgis.osgeo.org”. 
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Figure 2.2. Box and whisker plots showing the median, 25th and 75th percentiles (boxes) 

and the 10th and 90th percentiles (error bars) of a) spring budburst and b) fall budset of 

the Sonoran Desert and Mogollon Rim ecotypes. Ecotype phenology was measured at the 

beginning and end of the 2017 growing season (Budburst: t = -15.65, df = 78, P < 0.001; 

Budset:  t = 5.02, df = 78, P < 0.001). 
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Figure 2.3. Relationship between petiole theoretical hydraulic conductivity (Kp; mg m-1 

MPa–1 s–1), leaf area normalized theoretical hydraulic conductivity of the petiole (Kl; 

mg m-1 s-1 MPa-1), leaf theoretical stomatal conductance (Gsmax mmol m-2 s-1), the 

ratio between Kl and Gsmax and source population mean annual temperature MAT transfer 

in the Sonoran Desert ecotype (red, n=30) and Mogollon Rim ecotype (blue, n = 18). 

Vertical dotted lines indicate the mean annual temperature (MAT °C) of the garden.  
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Figure 2.4. Principal component analysis (PCA) summarizing leaf trait spectrum 

variables at genotype level related with the 2 ecotypes, Sonoran Desert (SD) and the 

Mogollon Rim (MR). Plot of PC1 (37.1% of total variation) and PC2 (18.6% variation) 

showing 95% confidence ellipses of ecotype means.  
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Figure 2.5. Principal component analysis (PCA) summarizing the whole-plant 

architecture traits spectrum variables at genotype level related with the 2 ecotypes, 

Sonoran Desert (SD) and the Mogollon Rim (MR). Plot of PC1 (45.2% of total variation) 

and PC2 (30.8% variation) showing 95% confidence ellipses of ecotype means. 
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Figure 2.6. Principal component analysis (PCA) summarizing wood traits spectrum 

variables at genotype level related with the 2 ecotypes, Sonoran Desert (SD) and the 

Mogollon Rim (MR). Plot of PC1 (29.7% of total variation) and PC2 (19.8% variation) 

showing 95% confidence ellipses of ecotype means.  
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Figure 2.7. Principal component analysis (PCA) summarizing all 27 traits variables at 

genotype level related with the 2 ecotypes, Arizona Sonoran Desert (SD) and the 

Mogollon Rim (MR). Plot of PC1 (32% of total variation) and PC2 (10.9% variation) 

showing 95% confidence ellipses of ecotype means.  
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Figure 2.8. Principal component analysis (PCA) summarizing all 27 traits variables at 

genotype level related with 8 populations that collectively represent the entire elevational 

range of the species. Plot of PC1 (32% of total variation) and PC2 (10.9% variation) 

showing 95% confidence ellipses of population means.  

 

 

 

 

 



  62 

 

Figure 2.9. Redundancy analysis triplot with explanatory variables (Transfer.MAT = 

transfer mean annual temperature, MAP = population mean annual precipitation and the 

two ecotypes) and all 27 traits as response variables. Individual genotypes (n = 48) are 

marked as red dots. The relationship between the explanatory variables (blue vectors) and 

response variables (red vectors) can be interpreted by the alignment of the vectors. 
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3. TRADEOFFS BETWEEN LEAF COOLING AND HYDRAULIC SAFETY IN A 

DOMINANT ARID LAND RIPARIAN TREE SPECIES 

Abstract  

Leaf carbon gain optimization in hot environments requires balancing leaf 

thermoregulation with avoiding excessive water loss via transpiration and hydraulic 

failure. The tradeoffs between leaf thermoregulation and transpirational water loss can 

determine the ecological consequences of heat waves that are increasing in frequency and 

intensity. I evaluated leaf thermoregulation strategies in warm (>40 °C maximum 

summer temperature) and cool-adapted (<40 °C maximum summer temperature) 

genotypes of the foundation tree species, Populus fremontii using a common garden near 

the mid-elevational point of its distribution. I measured leaf temperatures and assessed 

three modes of leaf thermoregulation: leaf morphology, midday canopy stomatal 

conductance and stomatal sensitivity to vapor pressure deficit. Data were used to 

parameterize a leaf energy balance model to estimate contrasts in midday leaf 

temperature in warm- and cool-adapted genotypes. Warm-adapted genotypes had 39% 

smaller leaves and 38% higher midday stomatal conductance, reflecting a 3.8 °C cooler 

mean leaf temperature than cool adapted genotypes. Leaf temperatures modeled over the 

warmest months were on average 1.1 °C cooler in warm- relative to cool-adapted 

genotypes. Results show that plants adapted to warm environments are predisposed to 

tightly regulate leaf temperatures during heat waves, potentially at an increased risk of 

hydraulic failure.  

Keywords: Experimental common garden, stem sap flux, stomatal conductance, leaf 

economic traits, leaf temperature, arid land riparian ecosystem, Fremont cottonwood.  
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Introduction 

Leaf energy budgets are governed in part by the absorbance of incoming solar 

radiation and exchange of latent and sensible heat energy (Lambers et al. 2008; Michaletz 

et al. 2015; Fauset et al. 2018). Leaf size, and conductance to water vapor alter leaf 

temperature by governing thickness of leaf boundary layers and how much heat loss 

occurs through sensible and latent heat flux per unit surface area (Michaletz et al. 2016; 

Leigh et al. 2017; Dong et al. 2017). Environmental conditions within plant canopies 

such as sunlight, air temperature, humidity, and wind speed influence leaf radiant heating 

and heat transfer between leaves and the surrounding microclimate (Jones 2014; 

Gutschick 2016; Michaletz et al. 2016).  

Leaf carbon budgets are tightly coupled to leaf energy budgets because increases 

in leaf temperature (Tleaf) (see Table 3.1 for definitions and abbreviations) above an 

optimal temperature reduces photosynthetic rates while increasing rates of respiration 

(Teskey et al. 2015). Likewise, leaf temperature affects the solubility of CO2 in the liquid 

phase, kinetics of Rubisco, electron transport efficiency, and mesophyll conductance 

(Cen and Sage 2005, Yamori et al. 2006, Lambers et al. 2008). In particular, high leaf 

temperatures increase rates of photorespiration and subsequently negatively affect net 

photosynthesis (Berry and Bjorkman 1980, Atkin et al. 2006; Wahid et al. 2007; Lambers 

et al. 2008). Exposure to extreme heat waves can also damage photosynthetic processes 

as high temperatures disrupt cell membranes and metabolism (Hazel 1995). Therefore, 

traits that facilitate the maintenance of leaf temperatures close to the optima for 

photosynthesis should be highly favored by selection (Helliker and Richter 2008; 

Michaletz et al. 2015, 2016; Slot and Winter 2016). 
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Leaves exhibiting morpho-physiological traits that modify thermal fluxes can 

display substantial differences between Tleaf and air temperature (Tair) (Michaletz et al. 

2015, 2016; Leigh et al. 2017; Blasini et al. 2020). Leaf size, shape, orientation, 

reflectance, and stomatal density can all modify Tleaf relative to Tair (Beerling et al. 2001; 

Michaletz et al. 2015; Leigh et al. 2017; O’Sullivan et al. 2017; Wright et al. 2017). For 

example, under hot air temperature and high irradiance conditions, larger leaves are 

particularly susceptible to experience damaging leaf temperatures because they form 

thicker boundary layers that slow sensible and latent heat loss (Farquhar and Sharkey 

1982; Martin et al. 1999; Lambers et al. 2008; Wright et al. 2017). Consequently, larger 

leaves (i.e., large surface area) tend to display larger leaf-to-air temperature differences 

than smaller leaves (Leigh et al. 2017; Wright et al. 2017). On the other hand, because the 

high latent heat vaporization of water, stomatal regulation and subsequent leaf 

evaporative cooling caused by transpiration is arguably the most effective mechanism for 

regulating leaf temperature in extreme hot environments (Upchurch and Mahan 1988; 

Radin et al. 1994; Hetherington and Woodward 2003; Curtis et al. 2012; Drake et al. 

2018). Recent evidence suggests that some plant taxa adapted to extreme hot 

environments display an alternative water-use strategy that prioritizes leaf evaporative 

cooling over immediate returns on water loss in the form of carbon acquisition (Urban et 

al. 2017; Aparecido et al. 2020). However, an inevitable tradeoff with maintaining high 

transpiration rates in hot and dry conditions runs the risk of operating with leaf water 

potentials at or near the turgor loss point and hydraulic failure. Thus, fine-tuning stomatal 

regulation of leaf water potential to balance midday leaf cooling with hydraulic failure 

avoidance may be a critically important trait in heat-adapted plants.  
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Here, I examine stomatal regulation of leaf water potential relative to midday leaf 

cooling in Populus fremontii, Sarg. (Fremont cottonwood), an obligate riparian 

phreatophytic tree species that inhabits arid regions in the southwest United States and 

northern Mexico. This species is an ideal candidate for studying genotypic variation in 

traits related to leaf thermoregulation because it is found across extreme broad elevational 

(0 to 2000 m.a.s.l) and climate gradients that encompass subfreezing to extreme hot 

temperatures (>40 ºC). Recent common garden experiments have found that P. fremontii 

displays large intraspecific variation in productivity (Grady et al. 2011), phenology 

(Cooper et al. 2019), and functional trait coordination (Blasini et al. 2020) in relation to 

the mean annual temperature (MAT) transfer distance, defined as the MAT of the source 

population location subtracted from the common garden location. Previous studies have 

identified three P. fremontii ecotypes with boundaries that largely reflect distinct 

geographic regions. These include the relatively warm Sonoran Desert region, the 

relatively cool Colorado Plateau region of Utah and northern Arizona, and the California 

Central Valley region with a climate that is intermediate between the other two regions 

(Ikeda et al. 2017). Previous studies have identified genotypes sourced from populations 

adapted to cooler temperatures in the Colorado Plateau region that display a distinct 

combination of shorter growing seasons (i.e., later leaf flush and earlier fall senescence) 

with more conservative trait expression, while warm-adapted genotypes from the 

Sonoran Desert region exhibit longer growing seasons with more acquisitive trait 

expression at multi-organ levels (Cooper et al. 2019; Blasini et al. 2020). Here I define 

genotypes from populations with higher mean maximum summer temperatures than the 

common garden location as a warm-adapted ecotype, and a cold-adapted ecotype as 
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genotypes from populations at or below mean maximum summer temperatures in relation 

to the common garden location. 

Climate projections predict that the North American region in which P. fremontii 

occurs will become warmer and more arid over the remainder of the century (Breshears et 

al. 2013; Garfin et al. 2013; Seager et al. 2014). During the first decade of the 21st 

century, the region experienced higher daily average temperatures and more recurrent 

heat waves than in the previous 100 years (Garfin et al. 2013). As a consequence of 

episodic drought and heatwaves, many P. fremontii gallery forests have experienced 

recent mortality surges across its range (Whitham et al. 2020).  

I examined the overarching hypothesis that genotypes from the warm-adapted 

ecotype prioritize leaf cooling over hydraulic safety compared to genotypes from the 

cool-adapted ecotype. To test this hypothesis, I measured leaf temperature, leaf 

morphology and sap-flux-scaled canopy transpiration I and stomatal conductance (Gs) in 

P. fremontii genotypes sourced from seven populations representing the warm- and cool- 

adapted ecotypes and growing together in a common garden located near the mid-point of 

the species climate distribution (Cooper et al. 2019; Hultine et al. 2019). I evaluated three 

primary modes of canopy thermal regulation, involving adjustment in: 1. maximum 

midday stomatal conductance, 2. stomatal sensitivity to leaf to air vapor pressure deficit 

(VPD), and 3. leaf morphology including specific leaf area, leaf size and stomatal size 

and density. The field data were used to parameterize a leaf energy balance model to 

predict how leaf morphology and stomatal conductance influence leaf temperature over a 

wide range of thermal conditions. This allowed us to test four inter-related sub-

hypotheses: 1. Genotypes sourced from the warm-adapted ecotype maintain cooler 



  81 

midday canopies under well-watered conditions than genotypes sourced from the cool-

adapted ecotype in mid-summer. 2. Genotypes sourced from the warm-adapted ecotype 

produce smaller leaves with higher specific leaf areas and higher maximum theoretical 

stomatal conductance (Gsmax) based on stomatal density and size than genotypes sourced 

from the cool-adapted ecotype. 3. Genotypes sourced from the warm-adapted ecotype 

maintains higher midday stomatal conductance and lower stomatal sensitivity to VPD 

than the genotypes sourced from the cool-adapted ecotype to facilitate leaf cooling. 4. As 

a consequence of having higher maximum Gs and lower stomatal sensitivity to VPD, 

genotypes sourced from the warm-adapted ecotype operate with a lower mid-day leaf 

water potential (md) over the summer than genotypes sourced from the cool-adapted 

ecotype. Results from this investigation are expected to help identify genotypes that are 

likely to best cope with increases in temperature and episodic heat waves that are 

predicted for the southwestern US, and more broadly provide new insights into local 

adaptation to extreme thermal stress and subsequent tradeoffs associated with leaf 

thermal regulation in dominant woody taxa.  

 

Methods 

Study site 

An experimental common garden was established in October 2014 with 16 

Populus fremontii populations (~4,100 propagated cuttings) that collectively represent the 

climatic and elevational range of the species (Cooper et al. 2019; Hultine et al. 2019). 

The garden was located within the Agua Fria National Monument in central Arizona (34° 

15’ 34.42” N; 112° 03’ 29.39” W; elevation 988 m) (Fig. 3.1) and was established on a 
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1.2 Ha portion of former cropland next to the ephemerally flowing Agua Fria River. 

During the winter of 2013 – 2014, cuttings were collected from 16 populations which 

collectively represent the entire climatic range of the Sonoran Desert ecoregion (Ikeda et 

al. 2017). A total of 12 genotypes per population, were collected at each of the 16 source 

sites. Genotypes were collected at least 20 meters apart to avoid using clones within each 

population. The individual cuttings were treated with root hormone and potted in the 

Northern Arizona University greenhouse for 4 months. In the garden, 0.3 m tall saplings 

were planted 2 m apart from each other in a randomized block design with a total of four 

replicated blocks, each with 16 populations comprising 64 trees each. A drip irrigation 

system was used to water each tree with approximately 20 L, two to three times per week 

during the growing season.  

From the original 16 populations established in the garden, I studied 7 populations 

with a total of 56 genotypes (n = 8 genotypes per population) representing the broadest 

possible range in mean annual temperature of the source populations, from 10.7 to 22.6 

°C, and an elevation gradient from 72 to 1,940 m (Fig. 3.1). Apart from the local Agua 

Fria National Monument population, I had an even representation of 6 populations 

sourced from 3 sites with higher and lower mean maximum summer temperatures than 

the common garden location. The three populations from the lower Sonoran Desert were 

defined as warm-adapted ecotype because the extreme mean maximum summer 

temperatures (>40 °C) they experience at their source sites is above that of the common 

garden location (Fig. 3.2). Populations from higher elevation provenances in the Sonoran 

Desert and Colorado Plateau came from sources with similar or lower mean maximum 

summer temperatures than the common garden location and therefore were categorized as 
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cool adapted genotypes (Fig. 3.2). Consequently, I studied intraspecific differences in 

leaf thermoregulation in relation with mean annual temperature (MAT) and mean 

maximum summer temperatures (MMST) transfer distances (Table 3.2), defined as the 

MAT and MMST of the source population location subtracted from the MAT and MMST 

of the common garden location (Grady et al. 2011).  

Meteorological data 

A micrometeorological station installed at the garden measured relative humidity, 

air temperature, photosynthetically active radiation (Q, mol m-2 s-1), and wind speed 

continuously every 30 seconds and stored as 30 minutes means from May 30 (day 151) to 

Oct 23 (day 296) of 2017 with a Campbell CR10X-2M data logger (Campbell Scientific, 

Logan, UT, USA). Air temperature and relative humidity were measured with a shielded 

Vaisala HMP 60 AC temperature/humidity probe (Vaisala, Woburn, MA, USA) placed 3 

m above the ground surface. Photosynthetic active radiation was measured with an 

Apogee SQ-110-SS sun calibration quantum Sensor (Apogee Instruments, Logan, UT, 

USA). I used air temperature and relative humidity to calculate air vapor pressure deficit 

(VPD, kPa) using both half-hourly and daily averages. 

Morphological traits: 

Stomatal anatomy 

In 2016, I randomly collected fully expanded leaves from mid-height and south-

facing canopy of each genotype (n=56) to determine stomatal density, length, width and 

area. I followed the nail polish impression method (Hilu and Randall 1984) to obtain four 

impressions per leaf, two impressions in both the abaxial and adaxial sides of the leaves 

(n = 560 impressions). An Olympus CX41 light microscope (Olympus Corp., Center 
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Valley, PA, USA) was used to observe and obtain images from the impressions with a 

Moticam Pro 282A camera (Motic Instruments, Richmond, BC, Canada). Stomatal 

density (Dstom) was calculated as the number of stomata in eighty 0.59 mm2 digital 

images at 10× magnification. Stomatal size (Sstom) (length × width) was observed on 800 

stomata from digital images at 40× magnification (n = 100 per population) using an open-

source imaging program, ImageJ (https://imagej.nih.gov/ij/). I calculated maximum 

theoretical stomatal conductance to water vapor (Gsmax, mmol m−2 s−1) following Franks 

and Farquhar (2001): 

 Gsmax = 
𝒅𝒘 ·  𝑫𝒔𝒕𝒐𝒎 ·  𝒂𝒎𝒂𝒙

𝒗(𝒍+
𝝅

𝟐
√

𝒂𝒎𝒂𝒙
𝝅

)

 (1) 

where dw is the diffusivity of water in air (2.43 × 10−5 m2/s), v is the molar volume of air 

(0.024 m3/mol; Jones 2014), Dstom is the stomatal density, amax is the maximum area of 

the open stomatal pore, approximated as π(p/2)2, where p is stomatal pore length (µm), 

assumed to be stomatal length divided by two (Franks and Farquhar, 2007) 

Leaf traits 

Specific leaf area (SLA, cm2 g-1) was calculated as the one-sided area of a fresh 

leaf, divided by its oven-dry mass (Wright and Westoby 2002). SLA was measured in 

June, July, and September 2017. A subset of 12–20 fully expanded leaves from the mid 

and south facing section of the canopy were collected per tree and scanned with a high-

resolution computer scanner, one-sided leaf area was measured with ImageJ. The scanned 

leaves were then oven-dried for 72 hours at 75 °C and weighed to calculate SLA. 

Individual leaf area (Ail, cm2) was derived from the average individual leaf area from 

these measurements (Ackerly et al. 2002). 

https://imagej.nih.gov/ij/
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Whole tree allometry 

In July 2017, I used allometric relationships between whole-tree stem diameter 

and leaf area through a branch summation approach to estimate whole-tree canopy leaf 

area (Al) and sapwood area (As). The diameter of all leaf-bearing branches from the main 

stem in each of the 56 trees were measured with a digital caliper. To calculate whole 

canopy leaf area, a subset of the collected leaves per genotype was scanned with a high-

resolution computer scanner, and one-sided leaf area was measured with Image J. Then, I 

generated a regression of branch diameter to leaf area from a subset of branches per 

genotype. Scanned leaves were oven-dried for 72 hours at 75 °C within each subset of 

branches, and then multiplied their weight by SLA to determine total leaf area of the 

branch. (see section 2.3.2). Whole-tree height (H), canopy diameters (4–8 measurements 

per genotype) and their respective canopy areas were measured five times in the 2017 

growing season with a telescoping measuring pole. Canopy area (Ac) was determined 

using the ellipse equation, πab, where a is the mean radius of longest canopy axis and b is 

the radius of two perpendicular canopy axes (Ansley et al. 2012). 

Sap-flux-scaled canopy transpiration and stomatal conductance 

I installed heat dissipation sensors (Granier 1987) that measured stem sap flux 

density (Js, g H2O m-2 sapwood s-1) on all 56 genotypes from June 2nd (day 153) to 

October 2nd (day 275) 2017. Each sensor consisted of a pair of 20 mm long, 2 mm 

diameter stainless steel probes inserted approximately 15 cm apart along the axis of the 

hydro-active xylem. The sap flux density was calculated from the differences in 

temperature between the heated and unheated reference probes. Sap flux density, Js (g 

cm-2 s-1), was calculated as 
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 𝑱𝒔 = 𝒒𝒌𝒑 (2) 

For diffuse porous tree species (e.g., Populus fremontii), q is the prefactor coefficient 

(0.0119), p is the scaling exponent (1.23), and k is related to the temperature difference 

between the two probes (Granier 1987; Bush et al. 2010):  

 
𝒌 =

∆𝑻𝟎

∆𝑻
− 𝟏 

(3) 

Where ΔT is the difference in temperature between the heated and unheated probes and 

ΔT0 is the temperature difference during hydrostatic conditions (data provided in 

repository). I assumed that hydrostatic conditions only occurred during evening when 

VPD was at or near zero. Thus, in some cases a single value for ΔT0 was used to 

calculate k over several days.  

I calculated canopy transpiration (E, g m- 2 s- 1) using the total sap flux density and 

sapwood area to leaf area ratio (As:Al) according to: 

 
𝑬 = 𝑱𝒔  ·   

𝑨𝒔

𝑨𝒍
 

(4) 

From the sap flux measurements, I also calculated canopy conductance (Gc, mmol 

m- 2 s-1) using a simplified version of the Penman–Monteith equation (Campbell and 

Norman 1998; Hultine et al. 2013; Monteith and Unsworth 2013): 

 
𝑮𝒄 =

𝒚 ·  𝝀

𝝆 ·  𝒄𝒑  ·  𝑽𝑷𝑫
 ·   

𝑱𝒔  ·  𝑨𝒔

𝑨𝒍
      

(5) 

where As is conducting sapwood area (m2), Al is the total leaf area (m2), y is the 

psychrometric constant (kPa K-1), λ is the latent heat of vaporization (J kg-1), ρ is the 

density of moist air (kg m-3), and cp is the specific heat of air at constant pressure (J kg-1 

K-1).  
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As was obtained by estimating the internal bark diameter and the depth of hydro-

active xylem. Because of the young age of the trees (2.5 years), and because Populus 

trees tend to have large active sapwood depths with uniform sap velocities (Lambs and 

Muller 2002), I assumed the active sapwood included the entire cross-sectional area 

beneath the bark. Leaf area index (LAI), the projected leaf area per unit of ground area 

(Watson 1947; Bréda 2003; Chapin et al. 2011), provides a way to estimate the physical 

boundaries between the whole-tree canopy and the surrounding atmosphere (Bréda 

2003). Therefore, whole tree leaf area (Al) and canopy area (Ac) were used to calculate 

intraspecific differences in LAI and therefore canopy boundary layer resistances, where 

LAI is given by: 

 
𝑳𝑨𝑰 =

𝑨𝒍

𝑨𝒄
 

(6) 

Canopy stomatal conductance (Gs) was extracted from measurements of Gc by 

evaluating leaf boundary layer conductance (Gbl; mmol m-2s-1), which can be small 

enough in broadleaf plants to decouple plant canopies from atmospheric conditions. I 

therefore calculated Gbl according to Jones, 2014) to compare with calculated values of 

Gs (shown below):  

 

𝑮𝒃𝒍 = 𝟑𝟎𝟔. 𝟕 ·   √
𝝁𝒄

𝒅𝒍
 

(7) 

Where (dl) is the mean leaf characteristic dimension calculated for each genotype (dl = 

0.72 · leaf width) and (uc) is the mean canopy wind speed (Campbell and Norman 1998; 

Jones 2014). Mean c (m s-1) was estimated from wind speed () measured at 3 m above 
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the ground level and by multiplying canopy frictional velocity (v) to  v was 

calculated following Campbell and Norman (1998) as: 

 
𝝁𝒗 =

𝝁 ·   𝟎. 𝟒

𝒍𝒏𝒛−𝒅
𝒛𝒎

 
(8) 

Where z is the genotype canopy height (m), d is the zero-plane displacement (m), zm is 

the roughness length (m), and 0.4 is the von Karman constant. I used population specific 

values of Gc and Gbl to estimate canopy stomatal conductance:  

 
𝑮𝒔  =

𝟏

𝟏
𝑮𝒄

−
𝟏

𝑮𝒃𝒍

 
(9) 

I calculated a dimensionless decoupling coefficient (Ω) (Martin 1989; Hultine et 

al. 2013) to evaluate the sensitivity of transpiration to changes in boundary layer 

conductance.   

 

𝜴 =
𝜺 + 𝟐 +

𝑮𝒓

𝑮𝒃𝒍

𝜺 + 𝟐 +
𝑮𝒃𝒍+𝑮𝒓

𝑮𝒔
+

𝑮𝒓

𝑮𝒃𝒍

 

(10) 

Where ε is the change of latent heat to the change in sensible heat of saturated air and Gr 

is the long-wave radiative transfer conductance. Ω is expected to reach its upper limit 

(1.0) as the influence of stomatal resistance over transpiration decline.  

Leaf water potentials  

From June to September 2017, leaf water potentials (Ψ) were measured every 

month at predawn (Ψpd , 0300 – 0500 h local time) and midday (Ψmd; 1100 – 1300 h) on 

each genotype that was instrumented with sap flux probes using the Scholander pressure 

chamber (PMS Instruments, Corvallis, OR; Scholander et al. 1965; Turner 1988). To take 

these measurements, a single shoot tip from each of the 56 genotypes was cut with a 
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sharp razor blade at mid-height and south-facing canopy. Differences between Ψpd and 

Ψmd () were calculated for each genotype, population, and ecotype over each 

measurement period, to provide an index of the transpiration-induced changes in water 

potential gradients from the roots to the leaves. 

Leaf temperature  

I measured leaf temperature on 17 warm- and 24 cool-adapted genotypes (total n 

= 41) instrumented with the sap flux probes in the common garden between 13:00 and 

15:00 h of August 28th (day 240) and September 1st (day 244) of 2017. I evaluated leaf 

temperature on three to four separate leaves in each individual genotype using a thermal 

imaging camera ThermaCam (Flir One, Flir Systems, Wilsonville, OR USA). This 

handheld device integrates a thermal and visual sensor of 80  60 and 1440  1080 

pixels, respectively, to a smartphone, with a typical accuracy range of ± 3 °C or ± 5% 

(https://www.flir.com/products/flir-one-gen-3/). Leaf temperatures were taken 30 cm 

away from a full expanded leaf at three to four different locations in the canopy. Only 

leaves located in the middle (1.5 to 2.0 m) and sun-lit areas of each tree canopies were 

used to measure leaf temperature. This resulted in a total of 81 and 92 leaf temperature 

measurements for day 240 and day 244 respectively (total n = 173 measurements, 99 

measurements for cool adapted genotype and 74 for warm adapted genotypes on both 

days). 

Statistical analysis and leaf energy balance modeling 

All statistical analyses were conducted in R version 4.0.2 (R Development Core 

Team 2011). Prior to analyzing the data, I examined whether each variable met the 

assumptions of normality and homogeneity of variance, using a Shapiro and Barlett test. 

https://www.flir.com/products/flir-one-gen-3/
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Analysis of trait variation between cool- and warm-adapted ecotypes 

Morphological trait comparisons between cool- and warm-adapted ecotypes, 

including all measurements of leaf morphology, leaf area to sapwood area ratios, and 

mean daily sap-flux-scaled canopy fluxes were conducted using a standard student’s t-

test.  

 Because riparian tree species are found exclusively in places with abundant water 

available, stomatal conductance and whole-tree water use in this species are intrinsically 

influenced by atmospheric characteristics like irradiance, atmospheric CO2 

concentrations and atmospheric vapor pressure deficit (Landsberg et al. 2017). 

Specifically, increases in VPD have been found to correlate with decreases in stomatal 

conductance while the stomatal sensitivity to changes in VPD has been described to be 

proportional to the stomatal conductance at low VPD levels (<1 kPa). This sensitivity of 

stomatal conductance to changes in VPD can be estimated from (Domec et al. 2009; 

Hultine et al. 2013; Oren et al. 1999): 

 𝑮𝒔 = 𝑮𝒔𝒓𝒆𝒇 − 𝒎 ·  (𝒍𝒏 𝑽𝑷𝑫) (11) 

where Gsref is the value of Gs at VPD = 1 kPa in a log-linear relationship and m (the slope 

of the regression fit) describes the sensitivity of Gs to changes in VPD (i.e., ln VPD). I 

also calculated stomatal sensitivity standardized by Gsref
- (S) according to Oren et al 

(1999) as -m Gsref
-1. Regression analyses was used to investigate the relationships 

between Gs and Gs:GSref of the cool- and warm-adapted ecotypes to log(VPD) during the 

hottest time of the day (11:00 to 19:00). Comparisons in mean Gs and Gs:GSref between 

ecotypes in response to log(VPD) and the interaction ecotype*log(VPD) were analyzed 

using analysis of covariance (ANCOVA). 
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 Differences in Ψpd, Ψmd and ΔΨ between cool- and warm-adapted genotypes were 

analyzed by individual mixed-effects repeated measures ANOVA (type III with 

Satterthwa’te's method) using the ‘lmer’ R package (Bates et al. 2015; Kuznetsova et al. 

2017). In this test, individual traits were represented as response variables while the 

group (cool and warm-adapted ecotypes) and month were treated as categorical fixed 

effects with two and three levels, respectively. Individual genotype nested within 

ecotypes was incorporated as a random effect. 

Leaf energy budget model parameterization 

A leaf energy balance model was executed in R (R Core Team, 2018) through the 

‘tealeaves’ package (Muir 2019). The model calculates leaf temperature from a suite of 

leaf traits, environmental parameters, and physical constants. Leaf traits included leaf 

size, stomatal ratio (stomata density adaxial: stomatal density abaxial), and mean canopy 

stomatal conductance during the hottest time of the day (11:00 to 19:00) from June 2nd 

(day 153) to October 2nd (day 275) 2017 were included in the model. The environmental 

parameters used in the model included air temperature, relative humidity, and wind speed 

collected at the common garden during the hottest time of the day from June 2nd (day 

153) to October 2nd (day 275) 2017. Other environmental parameters included in the 

model were atmospheric pressure at 998 meter above sea level (90.0 kPa), reflectance for 

shortwave irradiance (albedo) (0.2, unitless), and incident short-wave (solar) radiation 

flux density (1000 W/m2) (Muir 2019, Okajima et al. 2012). 

Sensitivity analysis was performed on three and two environmental and 

morphophysiological variables, respectively, to determine their overall effect on leaf 

temperature resulted from the leaf energy balance model. These variables were air 
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temperature, relative humidity, wind speed (environmental) and stomatal conductance 

and leaf size (morphophysiological). I used the ‘konfound’ package in R to run the 

sensitivity analysis (Frank et al. 2013) to determine the influence that environmental 

variables (relative humidity, wind speed and air temperature) and morphophysiological 

traits (leaf size and stomatal conductance) have on the modeled leaf temperatures in P. 

fremontii.    

Analysis of trait variation among populations 

I performed a principal component analysis (PCA) to analyze the relationship 

between seven morphophysiological traits (Ail, As:Al, Dstom, Gs, Ψmd, SLA and Sstom) and 

ΔT at the population level using the ‘factoextra’ and ‘FactoMineR’ packages 

(Kassambara and Mundt, 2017; Lê et al. 2008). I determined the number of meaningful 

PCA axes using the Kaiser criterion and the Broken Stick Model in the ‘vegan’ and 

‘biodiversity’ R package. Trait representation in the principal component biplot was 

based on the magnitude of the correlation between each trait and the principal 

component. Thus, traits in this biplot were represented as vectors with a length and 

direction indicating the strength and trend of a given tr’it's relationship among other 

traits. Specific location of the vector in the biplot indicates the positive or negative 

impact that a trait has on each of the two components x-axis, first component (PC1) and 

y-axis, second component (PC2). To analyze the relationship between the seven 

populations and the traits distribution in the PCA biplot, I constructed seven 95% 

confidence ellipses based on the PCA scores of each population. Subsequently, I 

performed ANOVA Tu’ey's HSD tests to assess significant differences in PC axes scores 

at the population level.  
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Results 

Leaf traits and leaf temperature 

As hypothesized, under well-watered conditions, the warm-adapted ecotype 

displayed cooler midday leaf temperatures than cool-adapted ecotype during the hottest 

time of the day (13:00 to 15:00). Average leaf temperature in the warm-adapted ecotype 

was 2.80 °C below the common garden ambient temperature while cool-adapted ecotypes 

exhibited a mean leaf temperature of 0.98 °C above air temperature (t = 3.84, df = 50, P < 

0.001) (Fig. 3.3a, Table 3.2). Warm-adapted ecotype displayed 39% smaller leaves (t = 

4.15, df = 68, P < 0.001) (Fig. 3.3b) with 35% greater stomatal densities (t =-5.95, df = 

67.39, P < 0.001) (Fig. 3.3c) and 13% higher specific leaf area (t = 2.85, df = 40, P < 

0.01, Table 3.3) than the cool-adapted ecotype. The warm-adapted ecotype exhibited 

slightly greater (8%) maximum theoretical stomatal conductance (Gsmax) than the cool-

adapted ecotype (Table 3.3). 

Sap-flux-scaled canopy transpiration and stomatal conductance 

Mean Js measured over the growing season was largely similar between warm- 

versus cool-adapted ecotypes until about mid-August (~ Day 230) after which Js was on 

average 12% higher in the warm-adapted ecotype. Mean Js varied dramatically over the 

course of the growing season from less than 5 g m-2 s-1 to over 60 g m-2 s-1 depending on 

vapor pressure deficit (Fig. S3.1) and photosynthetic active radiation (Q, data not shown). 

The warm-adapted ecotype displayed a 36% greater As:Al than the cool-adapted ecotype 

(t = 9.92, df = 54, P < 0.001) (Fig. 3.3d, Table 3.2). As a consequence, the warm-adapted 

ecotype exhibited 42.2% higher mean afternoon sap-flux-scaled canopy transpiration 

rates (t = -7.49, df = 199.2, P < 0.001) over the course of the growing season, with 
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contrasts between ecotypes becoming particularly large starting in mid-August around 

Day 230 (Fig. 3.4a).  

Similarly, the warm-adapted ecotype exhibited 38.8% higher canopy conductance 

(Gc) than the cool-adapted ecotype (Table 3.3). I found that cool and warm-adapted 

ecotypes displayed their lowest canopy stomatal conductance values of the season (2.57 

and 3.03 mmol m-2 s-1, respectively) on June 19 (Day 170), the day with the second 

highest recorded afternoon VPD (7.33 kPa) during the season (Fig. 3.4b). On the other 

hand, both cool and warm-adapted ecotypes displayed their greatest Gc values (50.5 and 

69.5 mmol m-2 s-1, respectively) on the day with the lowest VPD (1.35 kPa) recorded in 

the season (Day 205, July 24) (Fig. 3.4b). 

Canopies of both warm- and cool-adapted ecotypes were well coupled to the 

atmosphere such that the mean canopy decoupling coefficient was never higher than 0.05 

for either group (Table 3.4). Therefore, cool- and warm-adapted ecotypes displayed Gs 

values that mirrored Gc. The warm-adapted ecotype exhibited 37.8% higher whole-

season Gs (20.4 mmol m-2 s-1) than the cool-adapted ecotype (14.8 mmol m-2 s-1) (Table 

3.4). Log-scale VPD explained 53% (F = 136.7, P < 0.0001) and 62% (F = 198.4, P < 

0.0001) of the variation in mean daytime Gs of warm- and cool-adapted ecotypes, 

respectively (Fig. 3.5a). Analysis of covariance revealed that across both ecotypes, Gs 

was highly correlated with VPD (F = 294.9, P < 0.0001). Increases in VPD resulted in 

decreases in Gs (Fig. 3.4 and 3.5a). However, the relationship between Gs and VPD 

differed between warm- and cool-adapted ecotypes (F = 46.9, P < 0.0001). The 

interaction between VPD and ecotypes was significant (F = 9.40, P < 0.01), suggesting 

94ifferfferences in Gs between cool and warm-adapted ecotypes were dependent on VPD. 
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Differences in Gs between these two ecotypes substantially decrease at higher VPD (Fig. 

3.5a). 

There was a strong correlation between Gs :Gsref and VPD in both warm- (R2 = 

0.53, F = 2222 , P < 0.0001) and cool-adapted (R2 = 0.58, F = 2733 , P < 0.0001) 

ecotypes (Fig. 3.5b). At the reference value of VPD = 1 kPa, reference Gs (i.e., Gsref) was 

59% higher in the warm-adapted ecotype relative to the cool-adapted ecotype (66.3 mmol 

m-2 s-1 versus 41.7 mmol m-2 s-1, Fig. 3.5a). However, the slope (m) that relates Gs with 

VPD was also 62% higher in warm-adapted ecotype than cool-adapted ecotype (-71.1 

mmol m-2 s-1 versus 46.5 mmol m-2 s-1, Fig. 3.5a). Thus, stomatal sensitivity (S) to VPD 

was nearly equal between cool- (1.10 ± 0.020) and warm-adapted ecotypes (1.12 ± 0.029) 

(Fig. 3.5b).  

Leaf water potentials 

Pre-dawn water potentials (Ψpd) ranged from -0.30 MPa to -0.70 MPa throughout 

the growing season, indicating the trees were relatively well-watered, with the exception 

of occasional brief periods between irrigation events. I did not find significant differences 

in Ψpd between warm- and cool-adapted ecotypes (Fig. 3.6a). However, the warm-

adapted ecotype operated with lower mid-day leaf water potentials (min) than the cool-

adapted ecotype throughout the summer (F = 11.63, df = 1, P < 0.01, Fig. 3.6b, Table 

S3.1), supporting hypothesis 4. Differences were most pronounced later in the growing 

season paralleling increased differences in canopy E between groups (i.e., Fig. 3.4a). 

Specifically, differences in min between cool- and warm-adapted ecotypes were less 

than 0.1 MPa on day 157 and 180, but increased to 0.23 MPa (t = 3.15, df = 40, P < 0.01) 

and 0.33 MPa (t = 3.36, df = 40, P < 0.01) on day 208 and 236, respectively, with mean 
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min in the warm-adapted ecotype falling below -2.0 MPa on day 236 (Fig. 3.6b). As a 

consequence of progressive differences in min, differences in  between ecotypes also 

increased over the growing season (Fig. 3.6c).  

Leaf energy balance model 

Leaf temperature derived from the ‘tealeaves’ leaf energy balance model 

predicted leaves from the cool-adapted ecotype to be consistently hotter than the warm- 

adapted ecotype under identical air temperature scenarios (Fig. 3.7). The average of all 

modeled leaf temperatures was 1.09 °C hotter in the cool-adapted ecotype than the warm-

adapted ecotype. Differences in leaf temperature between ecotypes were largely 

independent of air temperature, reflecting the similarity in stomatal sensitivity to VPD 

between ecotypes (Fig. 3.5b). Sensitivity analysis showed that of the five variables 

explored (air temperature, relative humidity, wind speed, stomatal conductance, and leaf 

size), air temperature had the greatest effect on modeled leaf temperatures (Fig. S3.2a). 

However, when air temperature held at a fixed value, leaf temperature was constrained 

primarily by canopy stomatal conductance (Fig. S3.2b).  

Relationship between morpho-physiological traits and ΔT at the population level 

According to the Kaiser criterion and the Broken-Stick Model (Borcard et al. 

2011), only the first principal component significantly explained the variance of the 

seven morpho-physiological traits and ΔT. This principal component (PC1) accounted for 

56.7% of the variance and showed a significant positive relationship with Ail, ΔT, md , 

and Sstom while showing a negative significant correlation with As:Al, Dstom, Gs, and SLA. 

ANOVA and Tu’ey's HSD tests on population-level PC1 scores detected four significant 

different groups among the seven populations included in this study (Fig. 3.8, S3.3). 
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Specifically, the two highest elevation populations with the most positive MAT and 

MMST transfer distances formed their own group (group “a”), while the third highest 

elevation population (elevation 1219 m) was its own group (“b”). Interestingly, group “c” 

was made up of three populations, the two lowest elevation populations with the most 

negative MAT and MMST transfer distances and the local population of the garden 

(elevation, 988 m). The last group “d” was formed by the third lowest elevation 

population (elevation, 666 m) and the lowest elevation population which was also found 

in group “c”. 

 

Discussion 

I examined the overarching hypothesis that warm-adapted genotypes of the 

foundation tree species Populus fremontii prioritize leaf cooling over hydraulic safety 

compared to cool-adapted genotypes. Using an experimental common garden. I assessed 

whether warm adapted genotypes maintained cooler mid-summer leaf temperatures than 

cool-adapted genotypes and whether cooler leaf temperatures were correlated with a 

higher mean midday stomatal conductance, smaller leaf size or both. Mid-summer, mid-

afternoon leaf temperatures of genotypes sourced from the warm-adapted ecotype were 

on average 3.8 °C cooler than genotypes from the cool-adapted ecotype, supporting my 

first sub-hypothesis. Contrasts in leaf temperatures between these two ecotypes 

corresponded with contrasts in leaf morphological traits including leaf size, specific leaf 

area and stomatal density, supporting my second sub-hypothesis. Genotypes of the warm-

adapted ecotype also expressed a higher mean stomatal canopy conductance and 

associated transpiration rates, although stomatal sensitivity to VPD (S) was similar 
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between the two ecotypes, thus partially supporting my third sub-hypothesis. Finally, the 

higher stomatal conductance in warm-adapted ecotype was coupled with lower mid-day 

leaf water potentials (md) compared to the cool-adapted ecotype, supporting my fourth 

sub-hypothesis. Taken together, these results indicate that the warm-adapted ecotype 

maintains cooler mid-summer leaf temperatures that may be critical for maintaining leaf 

carbon budgets and avoiding leaf thermal damage under a warming climate in the 

southwestern US. However, increased leaf thermal regulation in the warm-adapted 

ecotype appears to correspond with enhanced hydraulic “risk taking” that could result in 

greater susceptibility to water deficits that are also predicted to increase in frequency and 

intensity in the southwest in the near future.  

Significance of leaf temperature 

Genotypes on the warm edge of P. fremontii’s distribution experience some of the 

most extreme summer heat waves in North America. Cooler leaf temperatures exhibited 

by genotypes sourced from the warm-adapted ecotype likely reflect extreme selection 

pressures to cope with chronic thermal stress that may be induced by air temperatures that 

often approach 50 ºC. To optimize canopy thermal regulation, the warm-adapted ecotype 

displayed a suite of morpho-physiological traits and hydraulic strategies that 

simultaneously reduce leaf radiative load gain while increasing evaporative cooling. The 

combination of adaptive traits in the warm-adaptive ecotype is expected to reduce leaf 

photorespiration and maintenance respiration rates (Lloyd and Farquhar 2008; O’Sullivan 

et al. 2013; Slot et al. 2016), while avoiding irreversible damage to chloroplasts and 

subsequently electron transport capacity of photosystem II (Osmond and Björkman 1972; 

Kozaki and Takeba 1996). The critical temperatures that affect photosystem II activity 
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are generally species-specific or related to previous high temperature exposure (Knight 

and Ackerly 2003’ O'Sullivan et al. 2017; Teskey et al. 2015; Yordanov 1992). However, 

high temperature exposure has consistently been correlated with loss of chloroplast 

thermostability and decline of photosynthesis II (PSII) quantum yield (Berry and 

Bjorkman 1980; Hüve et al. 2011). Similarly, thylakoid membranes increase their 

fluidity, leakiness, and partial dissociation of light-harvesting complexes of photosystem 

II at extreme hot temperatures (Armond et al. 1980; Briantais et al. 1996; Hüve et al. 

2011), underscoring the importance of leaf thermal regulation in hot environments.  

Similar to field data collected from leaf thermal imagery, the ‘tealeaves’ leaf 

energy balance model predicted cooler leaf temperatures in the warm-adapted ecotype 

relative to the cool-adapted ecotype, under the same environmental conditions. However, 

the leaf energy balance model yielded a much smaller difference of 1.1 °C instead of the 

3.8 °C found in my leaf thermal measurements. This difference could be explained by the 

fact that stomatal sensitivity to VPD was similar between ecotypes. According to the 

model, Tleaf was strongly governed by Gs (Fig. S3.2b), and at relatively low VPD (i.e., 

VPD < 3 kPa), mean Gs of the warm-adapted ecotype was 55% to 60% higher than the 

cool-adapted ecotype (Fig. 3.5a). However, under warmer and drier conditions, Gs 

between ecotypes converged reflecting their similar sensitivities to VPD (Fig. 3.5b). 

Therefore, differences in mid-summer, afternoon leaf temperatures detected by the model 

were largely a function of the cool-adapted ecotype having a larger mean leaf size than 

the warm-adapted ecotype (Fig. 3.3b), and not differences in evaporative cooling. 

Nevertheless, given the 36% higher mean As:Al (Fig. 3.3d), and the equal to or higher 

mean Js of the warm-adapted ecotype relative to the cool-adapted ecotype (Fig. S3.1), it is 
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highly plausible that afternoon leaf evaporative cooling was significantly more 

pronounced in the warm-versus cool adapted ecotypes.  

 Minor changes in leaf temperature can have a significant impact of leaf carbon 

budgets because both mitochondrial respiration and photorespiration increase 

exponentially with tissue temperature’(O'Sullivan et al. 2017; Slot et al. 2016). For 

example, Q10 values (a proportional change in respiration with a 10 °C increase in 

temperature) in the tissues of species in the genus Populus have been reported between 

1.28 and 5.89 (Griffin et al. 2001; Gielen et al. 2003). Thus, a leaf temperature increases 

of just 1 °C in these species would result in a 12.8% to 58.9% increase in leaf respiration, 

although short-term (i.e., hours to days) thermal acclimation to warmer temperature could 

reduce plant Q10 values (Tjoelker et al. 2001; Atkin and Tjoelker, 2003). Likewise, 

photorespiration rates in C3 plants can increase substantially at leaf temperatures above 

25 °C, with a corresponding decrease in leaf carboxylation rates that can substantially 

reduce photosynthesis (Busch et al. 2013). Although the effect of higher temperatures on 

leaf photorespiration can vary by a species’ optimum growth temperature (Cavanagh and 

Kubien 2014; Galmes et al. 2016), photorespiration increases are generally related to the 

effect of high temperature on Rubisco specificity and the differences in solubility 

between CO2 and O2 (von Caemmerer and Quick 2000). 

Hydraulic “risk taking” as an adaptive strategy to maintain cooler canopies 

Intuitively, plants that maintain a relatively high stomatal conductance despite 

high atmospheric demand (e.g., high VPD) run the risk of steep declines in leaf turgor, 

xylem conductance or both, even when the rhizosphere remains moist (Grossiord et al. 

2020; Brodribb et al. 2017; Sperry et al. 2002). In the present study, md was 0.3 MPa 
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lower in the warm- relative to cool-adapted ecotypes by the end of the warm-season, 

corresponding with increased differences in Gs between ecotypes. For drought intolerant 

species such as P. fremontii, small contrasts in md may reflect important contrasts in 

plant water status between warm- and cool-adapted ecotypes. In fact, by late summer, 

mean md in the warm-adapted ecotype fell below the xylem pressure (-1.88 MPa) at 

which near complete hydraulic failure occurs in P. fremontii – defined as the water 

potential that leads to 88% loss of xylem conductivity (88: Choat et al. 2012). 

Conversely, mean md in the cool-adapted ecotype never fell below -1.76; a level that is 

slightly above the reported threshold for hydraulic failure in P. fremontii. Whether 

contrasts in md reflect differences in 88 or other plant xylem traits among ecotypes is 

an open question. A similar study conducted at the same common garden as the present 

study reported that P. fremontii genotypes belonging to the relatively warm Sonoran 

Desert ecoregion had lower wood densities and xylem vessels with higher hydraulic 

mean diameters than genotypes sourced from the cooler Mogollon Rim ecoregion 

(Blasini et al. 2020): traits that could portend greater risk of hydraulic failure in the 

Sonoran Desert genotypes. In the present study, the warm-adapted ecotype had higher 

stomatal densities and a higher mean theoretical maximum stomatal conductance 

compared to the cool-adapted ecotype. Taken together, the lower md values indicate that 

the warm-adapted ecotype may be adapted to operate with lower hydraulic safety margins 

to maintain cooler leaves. That in turn, may limit the hydrological niche of the warm-

adapted ecotype to locations with high perennial soil moisture availability (Hultine et al. 

2019).   
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Not surprisingly given their lower md values, the reference midday Gs (i.e., Gsref) 

was almost 60% higher in the warm- versus cool-adapted ecotype. However, contrasts 

between ecotypes were not driven by differences in Js, per se, but from the warm-adapted 

ecotype having a near 40% higher As:Al. Leaf area to sapwood area ratios (the inverse of 

As:Al) strongly decrease with aridity in angiosperm tree taxa (Gleason et al. 2013; 

Togashi et al. 2015). A relatively high As:Al can buffer plants from steep gradients in 

xylem water potential by maximizing the supply of water to individual leaves relative to 

demand that in turn, can maximize leaf evaporative cooling under well-watered 

conditions. On the other hand, mean stomatal sensitivity to VPD was similar between 

ecotypes indicating that stomatal responses to atmospheric demand or dryness is a fixed 

trait among P. fremontii populations given similar exposure to soil water conditions.  

4.3 Adaptive trait syndromes at the population level 

 A primary advantage of common gardens in ecological studies is that they provide 

opportunities for potential evaluation of the coordination among traits – i.e., adaptive trait 

syndromes – and resource fluxes within and among plants (Freschet et al. 2010; Reich 

2014). For example, a previous study conducted on P. fremontii at the same common 

garden as the present study revealed that traits were not only coordinated across multiple 

organs and scales, but also identified two clearly defined adaptive trait syndromes 

(Blasini et al. 2020). Genotypes belonging to the relatively high-elevation Mogollon Rim 

ecoregion expressed a suite of conservative traits including spring leaf flush, leaf 

economic traits and wood economic traits relative to genotypes belonging to the relative 

low-elevation Sonoran Desert ecoregion (Blasini et al. 2020). Importantly, all five source 

populations that comprised the Sonoran Desert ecoregion shared similar mean trait values 
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with one another, while all three populations that comprised the Mogollon Rim ecoregion 

also shared similar mean trait values with one another. These results indicate that all 

populations studied from the Sonoran Desert ecoregion shared a similar “acquisitive” 

adaptive trait syndrome that appeared to arise from selection to avoid leaf thermal 

damage (Blasini et al. 2020). Similarly, all populations from the Mogollon Rim ecoregion 

shared a similar “conservative” adaptive trait syndrome that appeared to arise from 

selection to avoid frost damage (Blasini et al. 2020).  

 In the present study, I defined a warm-adapted population as one where mean 

maximum summer temperature rose above 40 °C. Indeed, results detected clear trait 

contrasts between the three warm-adapted populations, and the three coolest populations 

(Fig. 3.8) that mirrored contrasts previously reported between the Sonoran Desert and 

Mogollon Rim ecoregions (Blasini et al. 2020). However, in contrast to my overarching 

hypothesis, genotypes from the mid-elevation population expressed traits that more 

closely paralleled genotypes sourced from the three warmest populations than the three 

cooler populations (Fig. 3.8). One possible explanation is that selection pressures to cope 

with leaf thermal stress are expressed in genotypes from locations with lower mean 

maximum temperatures than 40 °C. Alternatively, the mean trait expression of the mid-

elevation population may reflect a certain “home field advantage” over genotypes from 

other locations given the 0 °C transfer distance to the location of the common garden. 

Nevertheless, the clear adaptive trait syndromes identified here show that locally adapted 

P. fremontii populations may become maladapted under rapidly changing climate 

conditions across its geographical distribution. 
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Conclusions 

The resiliency of groundwater dependent forest ecosystems to environmental 

change depends largely on resiliency of phreatophytic vegetation such as P. fremontii to 

alterations in groundwater availability coupled with rising temperatures. The dynamics of 

fluvial hydrology and groundwater availability undoubtedly act as strong agents of 

selection in P. fremontii in terms of hydraulic architecture, xylem anatomy and stomatal 

regulation (Blasini et al. 2020; Hultine et al. 2010, 2020). Populus fremontii like other 

groundwater dependent taxa in the southwestern US occur in locations where 

groundwater is shallow enough for roots to maintain contact for most of the year. 

Shallow groundwater, therefore, allows P. fremontii trees to maximize productivity and 

resource uptake over hydraulic safety. However, hydraulic “risk taking” may be 

amplified in P. fremontii ecotypes occurring on the warm edge of its distribution in order 

to cope with growing season temperatures that often approach 50 °C. In the present 

study, warm-adapted ecotypes, including those sourced along the extreme warm-edge of 

P. fremontii’s distribution, displayed a higher maximum stomatal conductance and lower 

mid-day leaf water potentials that corresponded with lower daytime leaf temperatures 

than ecotypes sourced from relatively cool locations. There is a growing body of 

evidence that some warm-adapted species forego hydraulic safety in order to optimize 

leaf temperature via transpirational cooling when exposed to hot conditions (Aparecido et 

al. 2020; Drake et al. 2018; Slot et al. 2016). Prioritizing leaf cooling over hydraulic 

safety would presumably limit the hydraulic niche of warm-adapted P. fremontii ecotypes 

to locations where groundwater is not only shallow but is largely absent of daily or 

seasonal fluctuations that can temporarily decouple roots from the capillary fringe. 
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Whether P. fremontii populations along the warm edge of its distribution can balance 

hydraulic safety margins with thermal safety margins in the face of rapidly increasing 

aridity is an open question. Future investigations will need to couple physiology and 

genetics techniques to determine to what extent P. fremontii could overcome future 

extreme climatic conditions in the southwestern US.  
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Tables 

Table 3.1. List of abbreviations with common units 
Abbreviation Definition Units 

Meteorological variables 

VPD Vapor pressure deficit kPa 

U Open air wind speed m s-1 

uc Canopy wind speed m s-1 

uv Canopy frictional velocity m s-1 

D Zero plane displacement m 

zm Roughness length m 

dl Characteristic leaf dimension m 

 

Fluxes and conductance 

Js Sap flux density g m-2 s-1 

Gc Canopy conductance mmol m-2 s-1 

kPa 

Gs Canopy stomatal conductance mmol m-2 s-1 

kPa 

Gbl Boundary layer conductance mmol m-2 s-1 

kPa 

Gr Long-wave radiative transfer 

conductance 

mmol m-2 s-1 

kPa 

γ Psychrometric constant kPa K-1 

λ Latent heat of vaporization J kg-1 

ρ Density of moist air kg m-3 

Cp Specific heat of air J kg-1 K-1 

e Change in latent per change in 

sensible heat 

Dimensionless 

Ω Canopy decoupling coefficient Dimensionless 

E Whole-tree transpiration rate g m- 2 s- 1 

Gsmax Theoretical maximum stomatal 

conductance 

mmol m−2 s−1 

Tair Air temperature °C 

Tleaf Leaf temperature °C 

ΔT Leaf‐to‐air temperature differences °C 

Plant measurements and 

allometry 

Ail Individual Leaf Area  cm2 

Al Leaf area m2  

As Sapwood area cm2 

 

H 

Tree height m 

SLA Specific Leaf Area cm2 g 

Dstom Stomatal Density #Stomata mm2 

Sstom Stomatal Size μm2 
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Table 3.2. Climatic variables of the seven provenances at the Agua Fria National 

Monument common garden. Climatic characteristics include mean annual temperature 

(MAT) and mean maximum summer temperature (MMST). Transfer distances for MAT 

(MAT of the garden minus MAT of the provenance) and MMST. The population CAF is 

located near the common garden and thus has a transfer distance of zero. Results of mean 

± standard error (n = 56) comparison of whole-tree stem diameters and heights in a 

common garden in central Arizona.  
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Table 3.3. Results of mean ± standard error and percent difference (n = 56) comparison 

of Populus fremontii functional traits between warm- and cool-adapted genotypes in a 

common garden in central Arizona.  
Trait Cool Warm Percent 

Difference 

Leaf Size (mm
2

) 
24.16(±1.27) 17.27(±0.97) 40% 

Specific Leaf Area (cm2 g)  107.18(±3.43) 121.26(±3.41) 13% 

Stomatal Density (Stomata mm
-2

) 
194.61(±9.11) 263.54(±7.12) 35% 

Sapwood to Leaf Area (cm m-1) 0.029(±7.4e-04) 0.039(±6.7e-

04) 

36% 

Transpiration (g m- 2 s- 1) 0.47(±0.01) 0.67(±0.02)  42.2% 

Canopy Conductance (mmol m-2 s-1) 14.4(±0.70) 20.0(±1.09) 38.8% 

Canopy Stomatal Conductance (mmol m-2 

s-1) 

14.8(±1.16) 20.4(±1.64) 37.8% 

Leaf Temperatu–e - Air Temperature (°C) 0.98 (± 0.72) -2.80 (± 0.70) 3.8 °C 

Maximum theoretical stomatal 

conductance (mmol m -2 s -1) 

1.12(± 0.18) 1.21(± 0.24) 8% 
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Table 3.4. Results of mean ± standard error (n = 56) comparison of afternoon canopy 

stomatal conductance, afternoon stomatal conductance, and decoupling coefficient 

between warm- and cool-adapted ecotypes in a common garden in central Arizona.  
Ecotypes  Gc (mmol m

-2
 s

-1
) Gs (mmol m

-2
 s

-1
) Decoupling Coefficient  

WARM 20.0 (±1.55) 20.4 (±1.64) 0.047 (±0.002) 

COOL 14.4 (±1.10) 14.8 (±1.16) 0.048 (±0.003) 

    

Population 

(m) 

Gc Gs Decoupling Coefficient  

72 20.0 (±1.20) 20.6 (±1.25) 0.052 (±0.005) 

161 14.2 (±4.43) 14.4 (±1.79) 0.034 (±0.004) 

666 25.3 (±7.93) 26.1 (±3.38) 0.055 (±0.007) 

988 16.4 (±3.00) 17.0 (±3.25) 0.047 (±0.008) 

1212 12.7 (±3.49) 12.9 (±3.59) 0.064 (±0.004) 

1521 10.3 (±1.12) 10.6 (±.50) 0.037 (±0.002) 

1940 18.1 (±5.65) 18.6 (±2.51) 0.044 (±0.006) 
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Figures 

 

 

Figure 3.1. Location of the Agua Fria common garden (white star) and seven population 

sites of Populus fremontii (Fremont cottonwood leaf icon) with their 30-year maximum 

summer temperatures (Fick and Hijmans, 2017. Worldclim 2: New 1-km spatial 

resolution climate surfaces for global land areas. International Journal of Climatology, 

http://worldclim.org/version2). QGIS Development Team (2021). QGIS Geographic 

Information System. Open-Source Geospatial Foundation Project. http://qgis.osgeo.org 

 

 

http://qgis.osgeo.org/
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Figure 3.2. Box and whisker plots showing the median, 25th and 75th percentiles (boxes) 

and the 10th and 90th percentiles (error bars) of 30-year (1989-2018) maximum annual 

average summer temperatures grouped by the seven population sites of Populus 

fremontii. PRISM data (http://prism.oregonstate.edu). Red boxes represent populations 

adapted to mean maximum summer temperatures of >40 °C (warm-adapted ecotypes) 

and gray boxes represent populations adapted to mean maximum summer temperatures of 

<40 °C (cool-adapted ecotypes). Dotted red line represents 40 °C maximum average 

summer temperatures.   
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Figure 3.3. Multi-panel box and whisker plots showing the median, 25th and 75th 

percentiles (boxes) and the 10th and 90th percentiles (error bars) of difference between the 

air and leaf temperatures (a) leaf size (b), stomatal density (c), sapwood to leaf area ratio 

(d) of Populus fremontii genotypes occurring in a common garden in central Arizona. 

Internal legends indicate the t-value (t), degree of freedom (df) and p-value (p) of the 

relationship between cool and warm- adapted ecotypes. Warm-adapted genotypes 

(ecotype) were sourced from cuttings of mature P. fremontii trees occurring along the 

species warmest edge of its thermal distribution (n=24 genotypes). Cool-adapted 

genotypes (ecotype) was sourced from cuttings of mature P. fremontii trees occurring 

along the species colder edge of its thermal distribution (n = 32 genotypes).  
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Figure 3.4. (a) Mean daily sap-flux scaled E measured between the hours of 1100 to 

1900 from day of year 158 (June 7th) to day of year 275 (October 2nd) of the 2017 

growing season on 24 warm- adapted genotypes and 32 cool adapted genotypes occurring 

in a common garden in central Arizona. Error bars represent the standard errors of the 

mean. Warm-adapted genotypes (ecotype) were sourced from cuttings of mature P. 

fremontii trees occurring along the species warmest edge of its thermal distribution (n = 

24 genotypes). Cool-adapted genotypes (ecotype) was sourced from cuttings of mature P. 

fremontii trees occurring along the species colder edge of its thermal distribution (n = 32 

genotypes). (b) Mean daytime vapor pressure deficit (vpd) values calculated from 

measurements of local air temperature and relative humidity and precipitation values of 

the area of the garden obtained at PRISM data (http://prism.oregonstate.edu). 

http://prism.oregonstate.edu/
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Figure 3.5. a. Relationship between mean daily canopy stomatal conductance per unit 

leaf area (Gs) and mean daytime vapor pressure deficit (vpd) in warm- and cool-adapted 

Populus fremontii ecotypes at an experimental common garden in central Arizona. Data 

were collected from day of year 158 (June 7th) to day of year 275 (October 2nd) of the 

2017 growing season. b. stomatal conductance of warm- and cool-adapted ecotypes, 

normalized by a reference Gs (Gsref), defined at vpd = 1 kPa for data from day of year 158 

to day of year 275 of the 2017 growing season.  
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Figure 3.6. Mean predawn Ψpd (a), mid-day Ψmd (b) and the difference between pre-dawn 

Ψpd and mid-day Ψmd (ΔΨ) (c) measured during four periods of the 2017 growing season 

on 24 warm-adapted genotypes and 32 cool-adapted Populus fremontii genotypes in a 

common garden located in central Arizona. Error bars represent the standard errors of the 

mean.   
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Figure 3.7. Relationship between energy balance estimations of leaf temperature and air 

temperature of warm- and cool-adapted Populus fremontii ecotypes. Estimates were 

modeled from measurements of leaf morphology, stomatal conductance, air temperature, 

relative humidity and wind speed (see Figure S3). 
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Figure 3.8. Relationship among the elevation of the seven source populations with 

principal component 1 loadings from a PCA using seven morpho-physiological traits and 

leaf-to-air temperature differences at the genotype that collectively represent the entire 

elevational range of Populus fremontii. Vertical bars represent standard errors (i.e., 

variation of genotypes within populations). Populations with different lowercase letters 

next to the data box and whisker indicate significant pairwise differences in PC1 scores 

using Tukey’s HSD test. 
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4. RADIAL GROWTH DECREASES WITH ENHANCED HEAT STRESS WHILE 

CANOPY STOMATAL CONDUCTANCE, INFERRED FROM δ13C AND δ18O OF 

TREE-RING CELLULOSE, DOES NOT IN A WARM-DESERT RIPARIAN TREE 

SPECIES (POPULUS FREMONTII) 

Abstract 

Global climate change and its effect on local environmental conditions are 

expected to have a profound impact on the performance and survivorship of local-adapted 

tree species worldwide. Riparian trees species in arid lands can be especially vulnerable 

to be adversely affected by climate change. Tree-ring isotopic variations have been 

commonly used to study physiological responses of trees to changes in environmental 

conditions across multiple ecosystems. Thus, understanding how tree growth and 

physiology simultaneously respond to environmental changes will be critical to estimate 

climate change may impact a foundational tree species, Populus fremontii. I studied 

radial growth patterns, δ13C in tree-ring holocellulose, and δ18O in tree-ring α-cellulose in 

38 eight-year-old P. fremontii genotypes occurring in a flood-irrigated common garden 

located at the hot edge of this species’ thermal distribution. I hypothesized that (1) 

genotypes sourced from locations with the highest mean annual maximum temperature 

(MAMT) transfer distance (defined as the MAMT of the common garden subtracted from 

the MAMT of the genotypic source location),would exhibit the lowest mean annual 

increment growth (MAIG), and (2) δ13C and δ18O would increase with transfer distance, 

reflecting a lower mean annual canopy stomatal conductance at a higher transfer distance. 

It was found that MAIG decreased 20% with increasing provenances’ MAMT. 

Conversely, MAIG was not directly correlated with either tree-ring δ13C or δ18O, 
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indicating that mean annual radial growth was not well coupled to mean annual canopy 

stomatal conductance. Results indicate that climate warming will reduce tree productivity 

regardless of impacts on canopy gas exchange.   

Keywords: Experimental common garden, stable isotope physiology, desert riparian 

ecosystem, local adaptation, tree-ring growth.  
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Introduction 

Tree species display a high degree of climate adaptation from the cellular level to 

whole organs (Howe et al. 2003; Savolainen et al. 2007; Aitken et al. 2008). However, 

because of the multiple effects of climate change on environmental conditions 

worldwide, tree populations adapted to local environmental conditions will likely become 

maladapted to their future native environments, increasing forest mortality, and 

decreasing forest carbon sequestration (Allen et al. 2010; Whitham et al. 2020). Tree-

rings record the effect of climate change on plant performance over extended period of 

times (Gessler et al. 2014). For instance, the width of individual growth rings can reveal 

how changing environmental conditions influenced tree growth and mortality 

(Schweingruber 1997; Briffa et al. 2002; Gessler et al. 2009; Cailleret et al. 2017). 

Additionally, stable isotopes in tree-rings have been widely used to study tree 

physiological responses to local environmental conditions and reconstructing local and 

regional climate variables (McCarroll and Loader 2004; Roden and Siegwolf 2012; 

Johnstone et al. 2013). This technique is based on the isotopic composition changes that 

carbon, hydrogen and oxygen molecules undergo once they are fixed as cellulose in trees’ 

annual rings (McCarroll and Loader 2004). This change in isotopic composition from the 

environment to internal plant structures is influenced by the tree’s physiological 

responses to changes in environmental conditions (Francey and Farquhar 1982; 

Waterhouse et al, 2000; Roden 2005).  

Plant carbon isotopic variations in holocellulose is a function of fractionation 

against 13C as CO2 diffuses through the stomata, and fractionation against 13C by 



  132 

RuBisCO during carbon fixation (McCarroll and Loader 2004; Roden 2005). 

Specifically, compared to the isotopic composition of atmospheric CO2, 
13C inside the 

leaves is initially reduced because the lighter carbon isotope, 12C, diffuses through 

stomata at higher rates than the heavier 13C molecules (Francey and Farquhar 1982; 

Ehleringer and Cerling 1995). The heavier 13C experiences a second and much larger 

fractionation (~29‰) in C3 plants due to the preference of the primary photosynthetic 

enzyme RuBisCO to carboxylate 12C (Farquhar et al. (1982, 1989);  Francey and 

Farquhar 1982). In C3 plants, the isotopic composition, δ13C, of the photosynthate 

approximates: 

 δ13Cp = δ13Ca – a – (b – a) ci/ca (1) 

Where δ13Cp is the fractional difference between 13C/12C in air surrounding the leaf while 

ci and ca are the CO2 concentrations in the leaf intercellular spaces and atmosphere, 

respectively. The constant a represents the first fractionation of 13CO2 in air (4.4‰) and b 

represents the second fractionation by Rubisco (29‰) (Farquhar et al. (1982, 1989); 

Francey and Farquhar 1982).  

Therefore, the final carbon isotopic composition of tree-rings records the balance 

between the supply of CO2 via stomata and the demand for CO2 by RuBisCO (McCarroll 

and Loader 2004). Under hot and dry conditions, a reduction of stomatal conductance 

would be expected to limit water loss. This lower stomatal conductance would reduce the 

supply of CO2 to the leaf, decreasing ci/ca and increasing δ13Cp (Farquhar et al. 1989). 

Thus, stomatal conductance-derived isotopic signals are stronger in water limiting 

conditions while under optimal moisture conditions the photosynthetic rate-derived 

isotopic imprint is amplified (McCarroll and Loader 2004). Consequently, carbon isotope 
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composition will be strongly correlated with stomatal conductance in arid and semi-arid 

regions (Warren et al. 2001; Leavitt et al. 2011).  

The original isotopic signature of oxygen fixed by trees comes from the isotopic 

composition of water taken up by the roots. Temperature is considered one of the main 

controlling factors of δ18O composition of source water because its influence in the 

isotopic ratio of precipitation and soil moisture (Helliker and Richter 2008; McCarroll 

and Loader 2004; Siegwolf et al. 2022). However, the final oxygen isotopic composition 

in tree ring α-holocellulose is more likely to be influenced by biochemical processes that 

take place during tissue formation (McCarroll and Loader 2004, Gessler et al. 2014). For 

instance, evaporative δ18O enrichment occurs when the heavier isotope, 18O, diffuses out 

of the leaves at a slower rate than the lighter, 16O, when water is transpired from the leaf 

surface (Farquhar and Lloyd 1993). Even though this enrichment can be regulated by the 

amount of 18O present in the atmosphere (Roden and Ehleringer 2000), transpiration rates 

have been found to persistently increase the ratio of heavier isotope 18O relative to 16O in 

leaf water (McCarroll and Loader 2004). Additionally, it has been found that leaf to air 

vapour pressure deficit, controlled by air humidity, leaf morphology and boundary layer 

characteristics, display a strong influence on evaporative enrichment in the leaf (Buhay et 

al. 1996; McCarroll and Loader 2004). Thus, δ18O enriched isotopic signal is integrated 

in the leaves original photosynthetic products (Roden and Ehleringer 2000).  

Although biochemical fractionation of sucrose and the exchange of oxygen 

between leaf and xylem water during ring formation can modify the isotopic signature of 

enriched leaf water δ18O, a mechanistic model was developed that quantifies the 

biochemical oxygen fractionation during tree-ring cellulose formation (Roden and 
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Ehleringer 2000; Gessler et al. 2014; Szejner et al. 2016). This model is based on two 

principles, first, that oxygen in CO2 is completely exchanged with water before fixation, 

yielding a 27‰ enrichment of δ18O in the leaf cellulose as a product of the carbonyl–

water interaction during biosynthesis (Sternberg et al. 1984), and second, that the amount 

of oxygen exchange with xylem water during the sucrose-cellulose conversion is constant 

irrespective of species or environmental conditions (Yakir and DeNiro 1990; Roden et al. 

2000; Siegwolf et al. 2022). Thus, oxygen tree-ring cellulose isotopic composition is 

commonly used to reconstruct long-term relative humidity, mean annual temperature, 

VPD and tree transpiration rates, which is regulated by stomatal conductance (Barbour et 

al. 2000; Roden and Ehleringer 2000; McCarroll and Loader 2004; Szejner et al. 2016).  

In this investigation, I used radial growth, δ13C in tree-ring holocellulose and δ18O 

in tree-ring α-cellulose to evaluate the inter-annual physiological responses of obligate 

riparian phreatophytic tree species, Populus fremontii, to long-term exposure to extreme 

hot temperatures. Through its geographic range, P. fremontii populations are exposed to 

climatic extremes that ranges between subfreezing and extreme hot temperatures. This 

extreme variation in climatic adaptation at the population level explains the great degree 

of interspecific variation in productivity (Grady et al. 2011, 2013), phenology (Cooper et 

al. 2022), functional trait coordination (Blasini et al. 2020), and stomatal conductance and 

leaf thermoregulation (Blasini et al. 2022) in relation to mean maximum summer 

temperature (MMST). Because of the projected impact that climate change will have on 

water and plant carbon interactions in the arid Southwest (Garfin et al. 2013), it is crucial 

to understand the possible long-term effect that warmer temperatures will have on this 

species’ growth and overall physiological performance at an intraspecific level. The 
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current pace of climate change in this region has the potential to exacerbate 

maladaptation of locally adapted tree populations by the middle of this century (Wang et 

al. 2009).   

Thus, I used a common garden located at the hot edge of this species thermal 

distribution to measure radial growth, δ13C in tree-ring holocellulose and δ18O in tree-ring 

α-cellulose in 14 Populus fremontii populations sourced across an elevation gradient 

spanning from 49 to 1268 m. elevation. In this flood-irrigated garden, this investigation 

simultaneously assessed the long-term effect that extreme temperatures and VPD have on 

stomatal conductance and growth rates at an intraspecific level. While intraspecific inter-

annual growth and the relationship between radial growth and plant water status were 

assessed with δ13C measurements in tree-ring holocellulose, δ18O in tree-ring α-cellulose 

was used to estimate population-specific physiological adjustments in stomatal 

conductance. Riparian tree species are restricted to places with reliable water availability. 

Therefore, in the case of these species, atmospheric conditions such as VPD, and 

irradiance are the main factors influencing stomatal conductance and whole-tree water 

use (Kannenberg et al. 2021; Kannenberg et al. 2022). Thus, increases in temperature and 

VPD have been found to correlate with significant reductions in stomatal conductance 

and consequently photosynthetic and growth rates across a broad selection of plants 

species (Lambers et al.2008). 

In this garden, Grady et al. (2011, 2013) found populations sourced from places 

with similar mean annual maximum air temperature (MAMT) to that of the garden 

displayed higher growth rates than populations adapted to cooler temperatures during 

their seedling stage. Therefore, in this present investigation, it is hypothesized that (1) 
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populations adapted to similar extreme thermal conditions such as those experienced in 

the common garden continue to display higher growth rates than populations from cooler 

temperatures. (2) populations from warmer provenances will exhibit lower abundances of 

δ13C and δ18O which will be indicative of higher stomatal conductance and transpiration. 

(3) interannual measurements of growth and tree-ring δ13C and δ18O across all genotypes 

should reflect the annual variations in MAMT and VPD. Results from this study help 

elucidate potential climate change-related reductions in tree productivity and gas 

exchange in P. fremontii.  

 

Methods 

Study site 

The experimental common garden is located at the Palo Verde Ecological Reserve 

(PVER; Fig. 4.1). The garden was established in March 2007 on what was prior part of 

the Palo Verde dam construction floodplain of the lower Colorado River (approximately 

5 km from Blythe, California N 33.71391, W-114.49600, elevation 87 m). This 

floodplain was used to grow cotton (Gossypium hirsutum) and alfalfa (Medicago sativa) 

before the establishment of the garden. Soils at the garden were composed chiefly of 

coarse-loamy, mixed, super active, calcareous, hyperthermic Typic Torrifluvents (USDA 

NRCS, 2010). 

This common garden consisted of propagated plantings from 16 provenances of 

P. fremontii  encompassing the geographic range of what was previously defined as the 

Sonoran Desert ecotype of P. fremontii (Ikeda et al. 2017). All cuttings were collected 

randomly from within 10 m of rivers in Arizona and California (Fig. 4.1). To avoid using 
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clones within each population, initial identification of genotypes was based on spatial 

discreteness and all cuttings were collected randomly from trees at least 10 m apart. 

Cuttings were grown in Tinus root-trainers filled with sterilized soil media (equal parts of 

peat moss, perlite, and vermiculite) in the Northern Arizona University greenhouse 

(Flagstaff, Arizona) at ambient air temperature to maintain bud dormancy. Soils were 

radiantly heated to 22 °C to promote root initiation and development. In March 2007, all 

cuttings were transplanted randomly across 66 blocks (16 × 9 × 16 rows at 2 m spacing 

per block). Until 2017, the garden was flood irrigated every two weeks during the 

summer with approximately 300 L m-2 (c. 1 acre-foot) of reclaimed water from the city of 

Blythe (K. Grady, personal communication, 2017).  

Population climate  

From the original 16 populations established in the garden, I studied 14 

populations with a total of 38 genotypes (1-3 genotypes per population). The mean 

annual maximum daily temperature (MAMT) of the source locations of the 14 

populations included in this investigation ranged from 24.39 to 30.94 °C which 

approximates 50% of the total MAMT temperature range of P. fremontii (Fig. 4.1). The 

elevation of the provenance sites ranged from 58 to 1277 meters above sea-level, mean 

annual temperature (MAT) ranged from 16.08 to 21.97 °C, and mean annual precipitation 

(MAP) from 9.4 to 45.97 cm (Table 4.1). For this study, I focused on population mean 

annual maximum air temperature (MAMT) transfer distance (MAMT of the common 

garden minus MAMT of the population source site), as this was found to have a strong 

correlation with above-ground net primary productivity (ANPP; Grady et al. 2011). 

Provenance climatic data were compiled for years 1987–2002 from weather stations 
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affiliated with the Western Regional Climate Center (WRCC, 2010) located within a 10 

km radius and 80 m of election from provenance. For the two provenance sites (elevation 

616 and 1277 m) that did not have weather stations affiliated with the Western Regional 

Climate Center and the PVER common garden site, I used modeled climate estimates 

from PRISM data. Copyright © <2022>, PRISM Climate Group, Oregon State 

University, http://prism.oregonstate.edu. 

Field sampling  

A 12 mm diameter increment borer was used in the spring of 2015 to collect cores 

from 38 trees samples representing 14 populations at the PVER common garden near 

Blythe, CA. Because the amount of material recovered from 12 mm diameter increment 

borers exceed the adequate quantities of wood needed for stable isotope analyses, one 

individual sample per tree was collected. Individual cores were held in clamps to discern 

ring boundaries and ring width. To enhance boundary distinction, cores were resurfaced 

at slight angles. Crossdating, the assignment of dates to rings, length measurements and 

subsequent individual tree-rings excision from the cores was respectively done with a 

dissecting microscope, a high Precision film micrometer ruler and a scalpel at the Desert 

Botanical Garden in Phoenix, Arizona.  

From each of the 38 cores, the four most recent years of growth (2011-2014) were 

excised and collected to conduct the isotopic analysis (152 tree-rings). Protocols from 

Sternberg (1989), Leavitt and Danzer (1993), and Leuenberger et al. (1998) were 

followed to extract holocellulose and α-cellulose from individual tree-rings at the 

Southern Oregon University Stable Isotope Facility (SOUSIF). Accordingly, year-

specific tree-ring portions of each tree were ground in a mill to 20 mesh (0.84 mm), then, 

http://prism.oregonstate.edu/
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the ground tissues were placed in extraction permeable bags produced from a polymer 

fabric. Waxes, oils and resins were extracted in a soxhlet apparatus, and the samples were 

boiled to remove hydrophilic compounds, and bleached to remove inorganic salts and 

low molecular weight polysaccharides (including gums and starches). Further extraction 

to α-cellulose included the removal of holocellulose by extra soaking in NaOH solution 

and then in acetic acid. To homogenize α-cellulose samples, fibers were separated using a 

Hielscher UP200S ultrasonic probe for sonicating the material in 1 mL of chilled 

deionized water with 30 s of ultrasound (Laumer et al. 2009).  

The ratios of 13C/12C were obtained from the CO2 resulted from the combustion of 

0.3 mg of α -cellulose loaded into tin capsules in an elemental analyzer (Elementar vario 

PYRO cube) coupled to an IsoPrime 100 isotope ratio mass spectrometer. From the 38 

original cores (152 ring samples), only 36 cores (144 rings) provided successful δ 13C 

measurements. Typical overall precision was ±0.07‰ for δ 13C values. For δ18O 

measurements, 0.3 mg samples of α-cellulose were loaded into silver capsules and 

converted to CO by pyrolysis (Saurer et al. 1998) in a hot (1400 °C) alumina glassy 

carbon reactor (Thermo-Finnigan TC/EA) and separated from other gases in a 0.6-m 

molecular sieve 5A gas chromatography (GC) column connected to a IsoPrime 100 

isotope ratio mass spectrometer. Only 34 original cores (136 rings) of the 38 original 

cores (152 ring samples) provided successful δ18O measurements. Typical overall 

precision was ±0.20‰ for d18O values. Isotopic values were expressed in the delta (δ) 

notation relative to the 13C composition of Vienna Peedee Belemnite Standard and 18O of 

Vienna SMOW (Szejner et al. 2016). The mass spectrometers used in this investigation 

were located at the Southern Oregon University Stable Isotope Facility (SOUSIF). 
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Growth Measurements 

In 2015, diameter at breast height (DBH) were measured for each of the trees 

cored with a diameter field tape. DBH measurements were converted to basal area (BA) 

of the current year following the formula for the area of a circle. Lengths of each of the 

four outer-most tree-rings in each tree core were subtracted from its corresponding DBH 

to determine previous four years DBH and BA. The differences between each of the four 

outer-most trees-rings were used to calculate the mean annual growth (MAG, cm/year) 

between 2011 and 2014. The difference between the BA derived from the subtraction of 

the measured DBH and the four outer-most trees-rings were used to calculate and mean 

annual increment growth (MAIG, cm2/year) 

Statistics 

R version 4.0.2 was used (R Core Team, 2020) to run all statistical analyses in 

this study. Assumptions of normality and homogeneity of variance were tested with 

Shapiro and Barlett test prior analyzing the data. Not normal and heteroscedastic data 

were normalized by log10, square root or box-cox transformations. Genotype growth and 

isotopic data were analyzed using simple linear regressions with MAMT transfer distance 

as the predictor and growth, δ13C and δ18O as response variables. Additionally, I used 

multiple linear regressions to assess the simultaneous effect of MAMT transfer distance, 

δ13C and δ18O on MAIG. I also used the Akaike information criterion (AIC) and analysis 

of variance (ANOVA) test to find the association of predictors (MAMT transfer distance, 

δ13C and δ18O) with stronger influence on MAIG.  

To explore the multivariate relationships between growth, δ13C and δ18O, I used 

‘FactoMineR’ package (Kassambara and Mundt 2017; Lê et al. 2008) to conduct a 
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principal component analysis (PCA) with these variables. Significant PCA axes were 

determined using the Broken Stick Model in the ‘vegan’ and ‘biodiversity’ R package 

(Oksanen et al. 2019; Kindt and Coe 2005). Then, I used a single regression analysis to 

evaluate the relationships between the significant principal components resulted from the 

PCA and MAMT transfer distance.  

To identify how the climate in the garden could have influenced the variation in 

tree-ring MAIG, δ13C, and δ18O, I calculated Pearson’s correlation coefficients (r) 

between the interannual differences in MAIG, δ13C, and δ18O and annual meteorological 

data in the garden (mean annual maximum temperature and vapor pressure deficit). To 

corroborate the correlations between climate variables of the garden, MAIG, δ13C and 

δ18O, I used multiple regression analyses.  

I conducted three individual mixed‐effects repeated measures ANOVA (type III 

with Satterthwaite's method) using the ‘lmer’ R package (Bates et al. 2015; Kuznetsova 

et al. 2017) to determine the effect that different years might have on each of the 

variables studied in this investigation (MAIG, δ13C, and δ18O). Thus, these analyses were 

used to indirectly analyze temporal changes in MAIG, δ13C, and δ18O as a function of 

inter-annual changes in mean annual maximum temperature and vapor pressure deficit in 

the garden. In these analyses, MAIG, δ13C, and δ18O were treated as the response variable 

in each analysis while source populations and years were treated as categorical fixed 

effects with fourteen and four levels, respectively. Individual genotype was incorporated 

as a random effect.  
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Results 

Growth (MAIG) 

Consistent with my hypothesis, populations with lower MAMT transfer distances 

displayed higher radial growth. I found a significant relationship between population tree-

ring-derived mean annual growth (MAG) and MAMT transfer distances (F1,36 = 10.37, r2 

= 0.20, P < 0.01; Fig. 4.2a). Similarly, source population MAMT were significantly 

correlated to basal area-derived mean annual increase growth (MAIG) (F1,36 = 17.99, r2 = 

0.31, P < 0.001; Fig. 4.2b). These two results suggest that intraspecific differences in 

growth rates in the common garden were influenced by the differences in source 

temperature of populations’ source sites (Table 4.1).  

Tree ring isotopes 

Although MAIG displayed significant relationships with MAMT transfer 

distances, I did not find the same significant relationships between tree ring isotopes 

composition and MAMT transfer distances. In particular, the relationship between δ13C 

and population MAMT transfer distance was not significant (F1,36 = 0.20, r2 = -0.02, P > 

0.05; Fig. 4.3a). Similarly, I did not find a significant relationship between δ18O and 

MAMT transfer distance (F1,34 = 0.58, r2 = -0.01, P > 0.05; Fig. 4.3b). Additionally, the 

relationship between δ13C and δ18O was not significant (F1,34 =0.71, r2 = -0.01, P > 0.05; 

Fig. 4.4). 

Relationship between growth, tree ring isotopes and MAMT transfer distance 

Area at breast height-derived mean annual increase growth (MAIG) did not show 

a significant correlation with either δ13C (F1,36 =2.23, r2 = 0.03, P > 0.05; Fig. 4.5a) or 

δ18O (F1,34 = 0.51, r2 = -0.01, P > 0.05; Fig. 4.5b). Multiple linear models were built with 
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growth (MAIG) as response variable and different combinations of MAMT transfer 

distance, δ13C, and δ18O as predictor variables to examine the impact of these three 

factors on MAIG. After comparing all linear model combinations with the Akaike 

information criterion (AIC) and an analysis of variance (ANOVA), it was found that the 

two models with the lowest AIC scores were significantly different from the other four 

models (Table 4.2). Thus, MAMT transfer distance and δ13C displayed the lowest AIC 

score (F2,33 =11.71, r2 = 0.38, P < 0.001, AIC = 441.18, Table 4.2) followed by MAMT 

transfer distance, δ13C, and δ18O (F3,32 =7.80, r2 = 0.37, P < 0.001, AIC = 442.73, Table 

4.2). Interestingly, these two models displayed lower AIC values than each of the single 

regression models between MAIG and MAMT transfer distance, δ13C, and δ18O (Table 

4.2).  

A principal component analysis (PCA) was used to further explore the 

relationships between MAIG, δ13C and δ18O. According to the Broken-Stick Model 

(Borcard et al. 2011), only the first principal component (PC1) accounting for 42% of the 

variance significantly explained the variance between MAIG, δ13C and δ18O. The 

dimdesc() function of the ‘FactoMineR’ package identified that both MAIG and δ13C 

displayed significant relationships with PC1 (Fig. 4.6). MAIG and δ13C exhibited 

different directions regarding PC1 which describes an enrichment of 13C in genotypes 

with lower MAIG values.  

Relationship between interannual radial growth, δ13C and δ18O isotopes and PVER 

garden climatic conditions, mean annual maximum temperature (MAMTPVER) and 

vapor pressure deficit (VPDPVER) 
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Mixed‐effects repeated measures ANOVA found a significant effect of year (F3,72 

=154.37, P < 0.001), MAMT transfer distance (F13,24 =2.74, P < 0.05) and the interaction 

between year and MAMT transfer distance (F39,72 = 3.28, P < 0.001) on MAIG. Post hoc 

comparisons using the Tukey test revealed that MAIG was significantly greater in 2013 

than in 2011 (Fig. 4.7a). Tree-ring δ13C exhibited a significant relationship with year only 

(F3,72 =16.36, P < 0.001). The first two years of this study, 2011 and 2012, exhibited more 

negative δ13C values than 2013 and 2014 (F3,48 =6.93, P < 0.001, Fig. 4.7b). Year also 

displayed a significant relationship with tree-ring δ18O values (F3,69 =8.94, P < 0.001). In 

this case, I found that 2011 and 2014 showed higher (less negative) δ18O values than 

2012 and 2013 (F3,48 =7.18, P < 0.001, Fig. 4.7c).  

Correlation coefficients showed there was a significant positive correlation 

between interannual differences in MAIG and δ13C (r = 0.323, P < 0.001) (Table 4.3). 

Also, interannual changes in tree-ring δ18O exhibited significant negative correlations 

with both MAMTPVER (r = -0.304, P < 0.001) and VPDPVER (r = -0.169, P < 0.05) (Table 

4.3, S4.1) between 2011 and 2014. These significant correlations were corroborated using 

2 single regression analyses with MAIG and δ18O as the response variables and MAMT 

transfer distance, δ13C, and MAMTPVER as predictor variables (Table 4.4). Because of the 

high collinearity between MAMTPVER and VPDPVER values, I only used MAMTPVER in 

each multiple regression model. MAIG did not display any significant relationships with 

the climatic variable of the garden. However, like the correlation analysis, δ18O showed a 

significant relationship with MAMTPVER (F2,141 = 4.438, r2 = 0.01, P < 0.01, Table 4.4). 
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Discussion 

In this investigation, I studied radial growth and tree-ring δ13C and δ18O to assess 

interannual physiological responses of 14 P. fremontii populations to extreme 

temperatures in a common garden located at the warm edge of this species geographic 

distribution. As expected in my first hypothesis, in this investigation it was found that 

genotypes adapted to environments with similar temperatures as the common garden 

display higher growth rates than populations with larger MAMT transfer distances. 

Contrary to my second hypothesis, I did not find significant correlations between 

provenance’s MAMT transfer distance and tree-ring isotopic measurements (δ13C and 

δ18O). However, by combining Pearson’s correlation and multivariate analysis, I detected 

significant relationships between MAIG, tree-ring δ13C, and MAMT transfer distance. 

Lastly, my third hypothesis predicted that annual climatic variations in the garden, 

MAMTPVER and VPDPVER, would have a significant influence on MAIG, tree-ring δ13C 

and δ18O in all the genotypes present in this study. Although I did not find a significant 

influence of these climatic variables on MAIG and tree-ring δ13C, this study found a 

significant negative relationship between tree-ring δ18O and MAMTPVER and VPDPVER.  

Radial growth and transfer distance 

Growth is one of the most important physiological indicators of environment 

stress on plants. Corroborating previous results from Grady et al. (2011, 2013), this 

investigation found that genotypes with the lowest MAMT transfer distances from the 

PVER garden exhibited higher radial growth than genotypes from cooler provenances. 

Because of the high diversity of climates found in its geographic range, P. fremontii has 

been the object of multiple common garden-based investigations that have confirmed its 
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high degree of adaptive specialization to local temperatures at the population level 

(Blasini et al. 2020, 2022, Cooper et al. 2019, 2022, Hultine et al. 2020, Sankey et al. 

2020; Whitham et al. 2020). It is likely that genotypes adapted to cooler temperatures 

exhibited reductions in growth because of their potential maladaptation to the extreme 

higher temperatures of the PVER garden. Blasini et al. (2022) found significant 

differences in P. freemontii stomatal conductance and leaf temperature between warm- 

and cool-adapted populations in a mid-elevation common garden experiment. Thus, it is 

possible that leaf temperatures in genotypes with higher MAMT transfer distances from 

this extreme hot common garden reached levels beyond their optimum temperature for 

photosynthesis. By not properly thermoregulating their leaves in this garden, these 

genotypes might have experienced significant increases of photorespiration, reduction in 

net photosynthesis rates and lower subsequent tree growth (Brienen et al. 2015, Yang et 

al. 2022).  

In this garden, Grady et al. (2011, 2013) found populations sourced from places 

with similar extreme temperatures to that of the garden displayed higher growth rates 

than populations adapted to cooler temperatures during their seedling stage.  

Further evidence of the influence of climate adaptation on P. fremontii growth can be 

found on the results from Cooper et al. (2022) where diameter at root crown and whole-

tree height measurements were taken in three reciprocal common gardens at low (hot), 

mid (mild), and upper (cool) elevational points of the species distribution. It was found 

that the genotypes displaying the greatest growth in each garden were the ones with the 

smallest temperature transfer distances between their source sites and their respective 

common gardens. Differences in phenology can offer another potential mechanism 
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behind the difference in growth rates in this study. In previous similar studies with 

P.fremontii, it has been found that colder (high latitude) adapted populations have shorter 

growing seasons than warm (lower latitude) adapted populations (Blasini et al. 2020; 

Cooper et al. 2022). Although I did not find a significant relationship between latitude of 

source populations and MAIG, this could have been caused by the highly uniform 

latitudinal representation of the species’ distribution in this study.  

Tree-ring δ13C and δ18O 

 Under well-watered conditions, it was expected that variation in tree ring δ13C 

would provide evidence for local adaptation to temperature reflecting higher stomatal 

conductance values in warm-adapted genotypes. However, contrary to my hypothesis, 

tree-ring δ13C did not show a significant relationship with MAMT transfer distance. It 

was expected that high temperature and high VPD would induce stomatal closure to 

reduce water loss in genotypes with higher MAMT transfer distances, resulting in higher 

δ13C abundance in tree ring cellulose in these genotypes. A potential explanation for lack 

of a significant relationship between tree-ring δ13C and MAMT distance could be related 

to intraspecific differences in hydraulic architecture (e.g., ratio between whole-tree 

sapwood to leaf area or Huber values).  

In previous investigations, P. fremontii populations sourced from hotter 

provenances displayed larger Huber values than populations sourced from cooler 

provenances (Blasini et al. 2020, 2022). Additionally, unlike populations from cooler 

provenances, hot-adapted populations exhibit leaf turnover during the hottest time of the 

summer (Blasini et al. unpublished data). These intra-seasonal adjustments of whole-tree 

leaf area can result in larger seasonal variation in Huber values. By reducing their whole-
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tree leaf areas relative to their sapwood areas, trees can reduce canopy conductance 

without reducing stomatal conductance per unit leaf area (Carter et al. 2009; MacInnis-

Ng et al. 2004; Zeppel and Eamus 2008). If so, patterns of tree-ring δ13C and δ18O could 

decouple from patterns of inter-annual growth.  

Other explanations might be found in the fact that tree-ring δ13C can deviate from 

expected values derived from leaf-scale models in several ways. For example, it has been 

reported that in deciduous trees like P. fremontii, tree-ring δ13C values could be altered 

through the remobilization of stored non-structural carbohydrates (NSCs) during periods 

of high demand, generally during the spring (Helle and Schleser 2004). In such cases, 

fractionation processes, independent from photosynthetic gas exchange could influence 

tissue δ13C (Gottlicher et al. 2006, Gessler et al. 2009; Gessler et al. 2014). Other studies 

have investigated the potential effects of refixation of CO2 by phosphoenolpyruvate 

carboxylase (Cernusak et al. 2009), mesophyll conductance (Seibt et al. 2008), soil 

nutrient status (Voelker et al. 2014) and respiratory isotope fractionation (Werner et al. 

2011) on tree-ring δ13C values with mixed results. 

Similar to my expectations for δ13C abundance, I predicted that cool-adapted 

genotypes would have higher δ18O abundance as a consequence of reduced stomatal 

conductance yielding lower leaf water turnover rates and greater subsequent leaf 

evaporative enrichment compared to warm-adapted genotypes. However, like the δ13C 

results, I did not find meaningful differences between genotypes in tree-ring δ18O or a 

significant trend with MAMT transfer distance. It is known that source water enrichment, 

leaf water evaporative fractionation, and the exchange of sugars with water during the 

transport processes are the main processes controlling tree-ring δ18O (Gessler et al. 2014; 



  149 

McCarroll and Loader 2004; Yang et al. 2022). Because the source water in the garden is 

the same across all trees, it was very plausible to expect that any difference in δ18O would 

be primarily derived from differences in leaf water evaporative enrichment.  

Unlike the results of tree-ring δ13C where I could identify pronounced differences 

in variability among populations, I found a very uniform range in δ18O values across all 

populations. It has been suspected that oxygen existing in organic compounds and in 

water can be exchanged during phloem loading and transport (Gessler et al. 2014; 

Offermann et al. 2011). Consequently, it can be suspected that the isotopic signal 

generated from the evaporative fractionation in the leaves could have been lost during 

these processes. It is known that depending on physiological processes linked to storage 

and remobilization during the mixing of soluble carbohydrates and starch, there might be 

additional exchanges of oxygen with water (Gessler et al. 2013, Offermann et al. 2011). 

Thus, oxygen isotope fractionation resulting of leaf water evaporative enrichment and 

stomatal conductance might be modified once the sugars are mobilized to the phloem.  

I was expecting to be able to use Populus fremontii tree ring δ13C and δ18O data in 

a mechanistic model that gives insight into the relationship between stomatal 

conductance and photosynthetic capacity based on these two measurements (Scheidegger 

et al. 2000, Weigt et al. 2017, Yang et al. 2022). In this model, it is proposed that the 

information on evaporative enrichment contained in the δ18O of organic matter can be 

used to distinguish the possible causes of changes in ci as derived from δ13C (Scheidegger 

et al. 2000). However, I did not find a significant relationship between δ13C and δ18O that 

could meaningfully explain potential intraspecific differences between stomatal 
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conductance and photosynthetic capacity. Thus, the use of this mechanistic model with 

the results obtained in this investigation was not justified.     

Relationship between radial growth and isotope tree-ring δ13C and δ18O 

In this study, δ13C or δ18O did not vary significantly with MAIG. This could 

suggest that the relationships between carbon allocation, gas exchange and annual stem 

growth in P. fremontii are not directly correlated. Although changes in interannual MAIG 

most likely correlate with growth conditions, trees can assimilate carbohydrates that 

might not be invested into growth. Therefore, stomatal conductance and photosynthesis 

could not always be assumed to correlate with growth.  

By analyzing the relationships between MAMT transfer distance, δ13C, δ18O, and 

MAIG with a linear regression and principal component analysis, I could detect a 

negative relationship between δ13C enrichment and MAMT transfer distance. Additional 

support for these results were obtained by comparing the interannual measurements of all 

genotypes in this study. Interannual measurements of MAIG showed a strong positive 

correlation with δ13C. These results suggest that in years with increases in MAIG, tree-

ring δ13C values were less negative (decrease in δ13C). The opposite trend, more negative 

δ13C with reduced MAIG, would suggest a potential relationship between gas exchange 

and carbon allocation to annual stem growth. This positive trend between MAIG and less 

negative δ13C values indirectly aligns with my second hypothesis because populations 

from warmer provenances, displaying greater MAIG, were expected to exhibit lower 

δ13C, indicating higher stomatal conductance. My results parallel other recent common 

garden investigations on P. fremontii that have found that (1) this species possesses a 

high degree of coordination across multiple trait spectra to adapt to local climate 
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constraints on photosynthetic gas exchange, growth and survival (Blasini et al. 2020) and 

(2) warm-adapted populations display greater rates of whole-tree stomatal conductance 

and transpiration (Blasini et al. 2022) as an adaptive strategy to maintain cooler canopies 

in extreme hot environments. 

Interannual local garden climate effect on MAIG, δ13C, and δ18O 

Interannual measurements of MAIG and δ13C did not display any significant 

correlation with either PVER garden climatic conditions, mean annual maximum 

temperature (MAMTPVER) and vapor pressure deficit (VPDPVER). However, these climatic 

variables exhibited a significant influence on interannual tree-ring δ18O values in most of 

the populations included in this investigation. It is known that variation in tree-ring δ18O 

can be influenced by isotopic values of source water, leaf water evaporative enrichment, 

and the exchange of xylem water and phloem sugars during wood synthesis processes 

(McCarroll and Loader 2004, Gessler et al. 2014, Yang et al. 2022).  

Because the same water source was used to irrigate this common garden, it can be 

assumed that the isotopic values of this source water did not play a significant role in the 

interannual changes in tree-ring δ18O. In the case of leaf water evaporative enrichment, I 

know that to reduce water loss, plants close their stomata during periods of high 

temperature and vapor pressure deficit. Reduction of stomatal conductance leads to a 

lower mix between the unenriched water from the xylem and 18O‐enriched water at the 

leaf evaporative sites (Farquhar and Lloyd 1993; Guerrieri et al. 2017). Therefore, it is 

very likely that the influence of the garden climate on stomatal conductance was the 

reason for those interannual changes in tree-ring δ18O values. Although previous research 

on P. fremontii have found large intraspecific differences in transpiration and stomatal 
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conductance rates across this species’ elevational gradient (Blasini et al. 2022), in this 

study I did not find clear intraspecific differentiation in the way MAMTPVER or VPDPVER 

influenced interannual changes in tree-ring δ18O. However, as specified earlier, this lack 

of differentiation could be explained by the intraspecific differences in hydraulic 

architecture traits (e.g., Sapwood to leaf area) or the remobilization of previous year’s 

stored NSCs during periods of high demand.  

It is important to recognize that this study was based on data from only four years 

and with samples taken from 38 individuals. This offered some limitations regarding the 

overall conclusions of my results. However, this investigation lays the groundwork for 

future studies involving single species studies with tree-ring isotopes in a common garden 

setting. Given the high variability found in certain populations, it would have been 

advisable to increase the sample size per populations in this type of studies.  

 

Conclusions 

 By disentangling the potential effect that warmer temperatures have on radial 

growth, δ13C and δ18O in tree-ring cellulose in warm-desert riparian tree species (Populus 

fremontii), this study provides an  overview of the challenges related to the utilization of 

dendroisotopic techniques in a common garden to understand intraspecific differences of 

tree carbon and water use strategies under climate change. It was found that under 

extreme hot temperatures, populations adapted to greater mean maximum annual 

temperatures display greater radial growth than populations adapted to cooler mean 

annual maximum temperatures. Although a direct relationship between growth and δ13C 

was not detected, climate variables including mean maximum annual temperatures of the 
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source populations and mean maximum annual temperature of the common garden 

influenced the relationship between radial growth and δ13C. These results suggest that the 

relationship between tree productivity and δ13C might be subjected to multiple 

environmental, physiological, and genetic factors. Likewise, δ18O did not provide 

meaningful information about intraspecific differences in physiological adjustments in 

stomatal conductance to the extreme temperature of the garden. However, δ18O did 

exhibit significant relationships with local garden climatic variables such as MAMT and 

VPD. Consequently, this study highlights the extent that thermal stress can reduce tree 

growth, and presumably fitness in populations that are locally adapted to a narrow range 

of climate conditions. Also, this study exposed the limitations related to the utilization of 

stable isotopes in tree-rings to identify intraspecific differences regarding the 

physiological responses to the environmental conditions of a common garden.      
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Tables 

Table 4.1. Summary of the climatic conditions of the provenance locations selected 

throughout Arizona and California that were collected for study in the common garden at 

Palo Verde Ecological Reserve (indicated with *). 
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Table 4.2.Results from the multiple regression analysis to assess the relationship between 

MAMT transfer distance, δ13C, δ18O and MAIG in a common garden at the warmest edge 

of P.fremontii climate range.   
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Table 4.3. Pearson’s correlation coefficients between four years (2011-2014) tree ring 

measurements of MAIG, δ13C and δ18O and their respective annual environmental 

parameters in the garden: mean annual maximum temperature (MAMTPVER) and mean 

annual vapor pressure deficit (VPDPVER). 

Pearson coefficients are reported and (*), (**) and (***) indicate p < 0.05, p < 0.01 and p 

< 0.001, respectively 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 MAIG δ13C δ18O MAMTPVER VPDPVER 

MAIG  1 0.323*** 0.014 0.147 0.141 

δ13C 0.323*** 1 -0.022 0.147 0.112 

δ18O 0.014 -0.022 1 -0.231** -0.169* 

MAMTPVER 0.147 0.147 -0.231** 1 0.948*** 

VPDPVER 0.141 0.112 -0.169* 0.948*** 1 
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Table 4.4. Results from simple regression analyses that assess the relationship between 

and among tree-ring MAIG, δ13C, δ18O and MAMT transfer distance and the climatic 

interannual conditions in the garden. Climate conditions included mean annual maximum 

temperature in the PVER garden (MAMTPVER) and vapor pressure deficit (VPDPVER). 

Because of the high collinearity between MAMTPVER and VPDPVER values, I only 

reported the MAMTPVER in this table. Only the adjusted R2 and the coefficient, β, were 

reported when t‐test showed β values were significantly different from zero. 

Model Adjusted  

R
2
 

Significant 

Parameter  
Estimate 

(β)  
Standard 

Error 
t-

value 
p 

MAIG ~ MAMT 

+ δ
13

C + δ
18

O + 

MAMTPVER 

0.39 MAMT  *** 

δ
13

C  *** 

MAMTPVER. 

(0.07) 

-222.688 1797.738  -0.124 *** 

δ
18

O ~ MAMT +  

δ
13

C + 

MAMTPVER 

 0.03 MAMTPVER ** 50.569 8.511 5.942 * 

(*), (**) and (***) indicate p < 0.05, p < 0.01 and p < 0.001, respectively 
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Figures  

 

Figure 4.1. Location of the Palo Verde Ecological Restoration (PVER) common garden 

(red star) and 14 population sites of Populus fremontii (Fremont cottonwood leaf icon) 

with their elevations and population mean annual maximum air temperature (MAMT) 

transfer distance (mean annual maximum air temperature (MAMT) of common garden 

minus MAMT of population source sites). Map developed on QGIS Geographic 

Information System. Open-Source Geospatial Foundation Project. http://qgis.osgeo.org 

 

http://qgis.osgeo.org/
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Figure 4.2. Relationship between (a) tree-ring-derived mean annual growth (MAG) and 

(b) area at breast height-derived mean annual increase growth (MAIG) with population 

mean annual maximum air temperature (MAMT) transfer distance (mean annual 

maximum air temperature (MAMT) of common garden minus MAMT of population 

source sites) measured on 38 genotypes planted in a common garden located at the hottest 

edge of this P. fremontii thermal distribution (Palo Verde Ecological Reserve in Blythe, 

California). 
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Figure 4.3. Relationship between (a) δ13C and (b) δ18O versus population mean annual 

maximum air temperature (MAMT) transfer distance (mean annual maximum air 

temperature (MAMT) of common garden minus MAMT of population source sites) 

measured on 36 (δ13C) and 34 (δ18O)  genotypes from 14 (δ13C) and 13 (δ18O) 

populations planted in a common garden located at the hottest edge of this species 

thermal distribution (Palo Verde Ecological Reserve in Blythe, California).  
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Figure 4.4. Relationship between δ13C and δ18O measured on 34 genotypes from 13 

populations planted in a common garden located at the hottest edge of this species 

thermal distribution (Palo Verde Ecological Reserve in Blythe, California).  
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Figure 4.5. Relationship between area at breast height-derived mean annual increase 

growth (MAIG) with (a) δ13C and (b) δ18O measured on 36 (δ13C) and 34 (δ18O)  

genotypes from 14 (δ13C) and 13 (δ18O) populations planted in a common garden located 

at the hottest edge of this species thermal distribution (Palo Verde Ecological Reserve in 

Blythe, California).  
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Figure 4.6. Principal component analysis (PCA), axes (PC1 and PC2), summarizing the 

relationships between area at breast height-derived mean annual increase growth 

(MAIG), δ13C and δ18O measured on 36  genotypes from 13 populations planted in a 

common garden located at the hottest edge of this species thermal distribution (Palo 

Verde Ecological Reserve in Blythe, California).  
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Figure 4.7. Box and whisker plots showing the median, 25th and 75th percentiles (boxes) 

and the 10th and 90th percentiles (error bars) of tree-ring (a) mean annual increased 

growth (MAIG), (b) δ13C and (c) δ18O  grouped by year (2011–2014).  
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5. DISSERTATION SUMMARY 

The investigations presented in this dissertation greatly improve our 

understanding of the morpho-physiological mechanisms responsible for adaptation to 

local climate conditions in the foundation species Populus fremontii throughout its 

geographical range. The results of these studies simultaneously offer a more complete 

picture of the impact that climate change will have on this species’ survival while 

identifying the different set of functional traits expressed in genotypes that could be used 

in future restoration efforts. 

The use of the Agua Fria National Monument common garden allowed the 

elimination of the environmental variations that exist among these provenances that 

collectively represent a significant portion of the entire elevational and climatic range of 

the species. In the second chapter of this dissertation, I used an experimental common 

garden located in the mid-point of the species’ elevational and climatic distribution to 

complete the most extensive morpho-physiological functional trait study on this P. 

fremontii to date. I found that throughout its climatic range, this species exhibits highly 

specialized coordinated set of traits that explain local climatic adaptation across multiple 

scales from epidermal tissue to individual organ and whole-plant level. Specifically, I 

could identify two distinct ecotypes each with its own suite of adaptive traits (adaptive 

trait syndrome) reflecting adaptation to two extremely different regional environmental 

conditions. While the Mogollon rim ecotype exhibited trait coordination reflecting 

adaptation to survive freezing temperatures, the lower Sonoran Desert ecotype displayed 

a set of traits that enhance foliar thermal protection through greater water transport 

efficiency. Additionally, this study detected finer variations in trait coordination revealing 
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more localized set of adaptation strategies to the local climatic conditions found at the 

populations level. Through this study, it was demonstrated the relevancy of the use of 

multiple functional trait spectra in single species studies to increase our understanding of 

the mechanisms behind local adaptation. These findings are key for improved estimates 

of how increases in regional mean annual temperatures will affect this species across its 

geographic range and what types of traits and consequently what genotypes will have 

greater resilience to the effect of climate change. Accordingly, these findings can provide 

crucial information to establish general guidelines determining the selection of genotypes 

to be included in future restoration efforts in the region.  

By conducting a leaf thermoregulation study in the same common garden and 

with the same populations used in my second chapter, I could find further evidence of the 

high level of climate-driven adaptation that P. fremontii exhibits through its entire 

climatic range. Specifically, in this third chapter I found that genotypes sourced from 

places where maximum summer temperatures exceed 40 °C display significant cooler 

leaves temperatures (3.8 °C) than genotypes sourced from provenances with cooler 

temperatures. In this study, it was revealed that the combination of several morphological 

traits, higher stomatal canopy conductance, and lower mid-day water potential were 

positively correlated with cooler leaf temperatures. These results suggest that genotypes 

adapted to extreme temperatures rely on a suite of morpho-physiological and hydraulic 

strategies that provide canopy thermal regulation via the combined effect of 

transpirational cooling and the reduction of leaf radiative load gains. This strategy could 

result in greater susceptibility of these genotypes to experience hydraulic failure if 

extreme thermal events are coupled with drier conditions. Because the Southwest United 
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States is becoming increasingly hotter and drier as a direct effect of global climate change 

(Garfin et al. 2013, USGCR 2017), this investigation describes the potential mechanisms 

in which hotter air temperature and drier condition could lead to episodic mortality events 

in P. freemontii genotypes found at the hottest edge of its climatic distribution. Thus, this 

study reveals the future hydraulic niche limitations that this species will face in places in 

the lower Sonoran Desert where water might become absent during the hotter times of the 

year.     

Through a multi-year study of tree growth and physiological responses estimated 

from tree-ring isotope measurements in a common garden located at the hot edge of P. 

fremontii’s thermal distribution, I identified the potential negative effects that long-term 

exposure to extreme hot temperatures can have on growth in genotypes sourced from 

provenances with cooler mean annual maximum temperature (MAMT) than the garden. 

The reduction in growth in these genotypes could have been caused by the combined 

effect of high photorespiration levels and low net photosynthetic rates caused by high leaf 

temperatures. Genotypes sourced from cooler provenances experienced temperature 

increases comparable to the expected regional changes in the Southwest United States. 

Therefore, this investigation simultaneously improves our understanding of how climate 

change might affect above ground net primary productivity in P. fremontii while 

identifying which genotypes might be better fit to grow in future warmer conditions.  

To expand on the work presented in this dissertation, I recommended establishing 

long-term morpho-physiological studies replicating and expanding the work presented in 

this dissertation. In this way, we could have a more complete picture of the cumulative 

effect that climate change will have on this species at population level. Particularly, long-
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term morpho-physiological studies using genotypes through their different developmental 

stages, from seedling to mature trees, would be a powerful tool to have a more 

comprehensive picture of the effect that climate change can have on this species. Also, it 

would be recommended to study additional morpho-physiological traits that could further 

increase our understanding of how extreme temperature and drought could affect P. 

fremontii through its climatic range. For instance, because of the high sensibility of light 

harvesting complexes of photosystem II to thermal stress (Yamada et al. 1996; Weng et 

al. 2005), measurements of chlorophyll a fluorescence could be used to estimate leaf 

thermal tolerance among different P. fremontii populations. Also, hydraulic functional 

traits like the stem xylem vulnerability to cavitation or the leaf turgor loss point which 

indicates the capacity of a plant to keep cell turgor pressure under water stress (Zhu et al. 

2018) could greatly improve our understanding of the intraspecific differences in drought 

tolerance in P. fremontii. Finally, to have a more realistic picture of the combined effect 

that extreme temperatures and drought will have on this P. fremontii, it would be 

recommended to expose genotypes sourced from provenance representing the entire 

climatic range of the species to experimental climate warming using whole-tree chambers 

where air temperature, CO2 and VPD can be gradually modified. This type of study 

combined with gradual drought treatments would provide a much accurate view of the 

impact that climate change will have on this species’ survival while shedding light on the 

potential physiological responses that this species might display to the combined stress 

caused by extreme temperatures and drier conditions.   
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Table S2.1. Repeated measures data of Populus fremontii trees occurring at an 

experimental common garden at the Agua Fria National Monument in 2017 growing 

season. Measurements include individual leaf area (Ail, m
2), specific leaf area (SLA, 

cm2/g), three height (H, m2), canopy area (Ac, m
2), pre-dawn water potential (Ψpd, MPa) 

and mid-day water potential (Ψmd, MPa). Numbers in parentheses represent the SD of the 

means. F values from mixed-model repeated measures ANOVA of individual leaf area 

(Ail), specific leaf area (SLA), canopy area (Ac), tree height (H), pre-dawn water potential 

(Ψpd), and mid-day water potential (Ψmd). Ail and SLA data were collected on June 7 

(DOY 158), July 25 (DOY 206), September 11 (DOY 254). Ac, TH, Ψpd and Ψmd data 

were collected on June 6 (DOY 157), June 29 (DOY 180), July 27 (DOY 208), August 

24 (DOY 236) and October 2 (DOY 275) 2017. 
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Table S2.2. Results of mean ± standard deviation (n=80) of leaf traits of Populus 

fremontii at population (elevation) level in the Agua Fria National Monument common 

garden. Ail (individual leaf area, m2), SLA (specific leaf area, cm2 g-1), Dstom (stomatal 

density, # stomata µm-2), Sstom (stomatal size, µm2), Gsmax (theoretical maximum stomatal 

conductance, mmol m-2 s-1).  
Elevation 

(m) 

Ail  

(m2) 

SLA  

(cm2 g-1)  

Dstom  

(#stom mm-2) 

Sstom  

(μm2) 

Gsmax  

(mmol m-2 s-1) 

1940 32.7 ± 

7a 

92.2 ±  

3a 

146.2 ±  

25a 

396.a ±  

65a 

0.89 ±  

0.12a 

1521 26.2 ± 

5ab 

95.4 ±  

5a 

153.6 ±  

17a 

410.2 ±  

33a  

0.92 ±  

0.07ab 

1301 31.4 ± 

7a 

108.0 ± 

11ab 

156.2 ±  

38a 

374.9 ±  

68a 

0.98 ±  

0.08a 

1212 21.1 ± 

5bc 

118.6 ± 

13ab 

206.7 ±  

27ab 

289.3 ±  

34b 

1.10 ±  

0.15abc 

988 16.7 ± 

5c 

124.8 ± 

13b 

271.8 ±  

37c 

243.1 ±  

34b 

1.31 ±  

0.17cd 

666 15.5 ± 

6c 

115.1 ± 

12b 

279.0 ±  

36c 

234.7 ±  

16b 

1.35 ±  

0.14d 

161 16.0 ± 

3c 

121.8 ± 

10b 

255.7 ±  

36bc 

240.3 ±  

22b 

1.17 ±  

0.16bcd 

72 20.3 ± 

6bc 

122.0 ± 

15b 

255.7 ±  

43bc 

243.7 ±  

29b 

1.30 ±  

0.19cd 

CV 24.21 13.6 28.4 27.2 19.9 

Population *** *** *** *** *** 
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Table S2.3. Results of mean ± standard deviation (n=48) of petiole traits. Ap (petiole 

area, mm2), Fpl (petiole flatness, mm2 mm-2), Apl (petiole lumen area, µm2), Hdp (petiole 

hydraulic mean diameter, µm), Fpl (petiole lumen fraction, µm2/µm2), Dpv (petiole vessel 

density, #/mm2), Kp (Mean petiole theoretical hydraulic conductivity, mg m-1 Mpa-1 s-1), 

Kl (Leaf area normalized theoretical hydraulic conductivity, mg m-1 s-1 MPa-1). Different 

letters indicate significant differences between populations at P ≤ 0.05 (One-way 

ANOVA; Tukey test). The coefficient of variation (CV) in each trait. The significance of 

Population (Elevation) is shown as NS, non-significant; * < 0.05, **P < 0.01; ***P < 

0.001. 

 

 

 

 

 

Elevation 

(m) 

Ap 

(mm2) 

Lpf 

(mm2mm-2) 

Apl 

(μm2) 

Hdp 

(μm) 

Fpl 

(μm2 

μm-2) 

Dpv 

(# vessels 

mm-2) 

Kp 

(mg m 

Mpa-1 d-1) 

Kl 

(mg m-1 

Mpa-1 s-1) 

1940 1.49 ± 

0.61ab 

1.60 ± 

0.06 

98.4 ± 

15 

23.1 ± 

3.01 

0.07 ± 

0.028 

735.5 ± 

321 

9.6e-07 ± 

2.7e-07abc 

3.2e10-04 

± 1.7e-04 

1521 1.74 ± 

0.34ab 

1.55 ± 

0.09 

108.3 

± 27 

26.1 ± 

3.60 

0.05 ± 

0.014 

473.7 ± 

134 

1.4e-06 ± 

3.5e-07a 

3.7e10-04 

± 1.1e-04 

1301 1.83 ± 

0.26a 

1.64 ± 

0.27 

87.6 ± 

10 

24.7 ± 

0.44 

0.04 ± 

0.004 

515.2 ± 

118 

1.1e-06 ± 

3.8e-07ab 

3.2e10-04 

± 1.1e-04 

1212 1.16 ± 

0.48ab 

1.33 ± 

0.20 

76.3 ± 

6 

23.6 ± 

0.24 

0.06 ± 

0.013 

835.9 ± 

218 

8.1e-07 ± 

4.7e-07abc 

3.5e10-04 

± 1.7e-04 

988 1.12 ± 

0.46ab 

1.62 ± 

0.17 

82.5 ± 

9 

25.9 ± 

0.86 

0.04 ± 

0.015 

550.3 ± 

168 

7.3e-07 ± 

3.4e-07abc 

3.1e10-04 

± 1.1e-04 

666 1.10 ± 

063ab 

1.34 ± 

0.27 

91.9 ± 

21 

21.7 ± 

3.04 

0.06 ± 

0.026 

708.4 ± 

390 

6.2e-07 ± 

3.9e-07bc 

3.5e10-04 

± 1.1e-04 

161 0.95 ± 

.52ab 

1.33 ± 

0.15 

100.3 

± 21 

23.5 ± 

2.45 

0.05 ± 

0.018 

488.9 ± 

221 

5.9e-07 ± 

3.2e-07bc 

2.9e10-04 

± 9.9e-05 

72 0.89 ± 

0.43b 

1.33 ± 

0.23 

108.1 

± 63 

22.1 ± 

5.17 

0.06 ± 

0.024 

799.6 ± 

579 

4.7e-07 ± 

2.8e-07c 

2.8e10-04 

± 2.1e-04 

CV 15.5 15.5 29.5 12.7 37.1 30.6 52.2 37.9 

Population *** ** NS NS NS NS *** NS 
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Table S2.4. Results of Mean ± standard density (n=48–80) of architecture traits of 

Populus fremontii at population (Elevation) level in the Agua Fria National Monument 

common garden Al (whole-tree leaf area, m2), H (tree height, m), Ac (canopy area, m2), 

As:Al (sapwood to leaf area, m2/m2), LAI (leaf area index, m2/m2). Different letters 

indicate significant differences between populations at P ≤ 0.05 (One-way ANOVA; 

Tukey test). The coefficient of variation (CV) in each trait. The significance of 

Population (Elevation) is shown as NS, non-significant; **P < 0.01; ***P < 0.001. 

Elevation 

(m) 

Al  

(m2) 

H  

(m)  

Ac  

(m2) 

As:Al  

(m2 m-2) 

LAI  

(m2 m-2) 

1940 10.7 ± 

2.4a 

 2.80 ± 

0.37a 

3.15 ±  

0.51a 

2.67 ±  

0.22a 

3.58 ±  

1.04 

1521 7.6 ± 

2.2abc 

2.62 ±  

0.28a 

2.44 ± 

0.98abc 

2.55 ±  

0.01a 

3.36 ±  

1.95 

1301 8.6 ± 

2.1abc 

3.08 ± 

0.30ab 

2.86 ± 

0.67ab 

2.53 ±  

0.14a 

3.12 ±  

0.52 

1212 9.8 ±  

2.3ab 

2.69 ±  

0.37a 

2.25 ± 

0.40bc 

2.65 ±  

0.18a 

4.44 ±  

1.42 

988 6.9 ± 

1.7abc  

3.06 ± 

0.31ab 

2.25 ± 

0.40bc 

3.54 ±  

0.07b 

3.05 ±  

0.67 

666 6.7 ±  

2.2bc 

3.10 ± 

0.43ab 

2.42 ± 

0.68abc 

4.21 ±  

0.21c 

2.81 ±  

0.85 

161 5.6 ±  

2.1c 

3.46 ±  

0.35b 

1.83 ±  

0.36c 

3.52 ±  

0.07c 

3.19 ±  

0.72 

72 8.3 ± 

2.8abc 

3.07 ± 

0.67ab 

2.03 ± 

0.66bc 

3.90 ± 

0.18bc 

3.47 ±  

0.96 

CV 33.1 15.5 12.7 20.2 33.9 

Population ** *** *** *** NS 
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Table S2.5. Results of Mean ± standard density (n=48) of woods traits of Populus 

fremontii at population (Elevation) level in the Agua Fria National Monument common 

garden Dstem (specific stem density, g/cm3), Asl (stem lumen area, µm2), Hds (stem 

hydraulic mean diameter, µm), Fsl (stem lumen fraction, µm2), stem bark percentage (Fb, 

%), Ψmd (mid-day water potentials, MPa), Ψpd (pre-dawn water potential, MPa). Different 

letters indicate significant differences between populations at P ≤ 0.05 (One-way 

ANOVA; Tukey test). The coefficient of variation (CV) in each trait. The significance of 

Population (Elevation) is shown as NS, non-significant; .< 0.1; **P < 0.01; ***P < 0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Elevation 

(m) 

Dstem  

(g cm-3) 

Fb  

(%) 

Asl 

(μm2) 

Hds  

(μm) 

Fsl 

(μm2 

μm-2) 

Dsv 

(#vessels 

mm-2) 

Ψmd 

(Mpa) 

Ψpd 

(Mpa) 

1940 0.43 ± 

0.012ab 

0.40 ± 

0.060a 

686 ± 

134 

38.1 ± 

4.5 

0.228 ± 

0.077 

345 ± 

109 

-0.48 ± 

0.076 

-1.33 ± 

0.15a 

1521 0.45 ± 

0.006a 

0.41 ± 

0.063a 

651 ± 

174 

37.3 ± 

4.3 

0.188 ± 

0.022 

311 ± 

78 

-0.40 ± 

0.82 

-1.38 ± 

0.11ab 

1301 0.43 ± 

0.044ab 

0.36 ± 

0.036a 

698 ± 

172 

37.4 ± 

5.3 

0.183 ± 

0.040 

281 ± 

64 

-0.44 ± 

0.085 

-1.43 ± 

0.12abc 

1212 0.39 ± 

0.024b 

0.28 ± 

0.056ab 

747 ± 

202 

39.8 ± 

2.9 

0.232 ± 

0.041 

326 ± 

83 

-0.43 ± 

0.016 

-1.51 ± 

0.16abc 

988 0.42 ± 

0.031ab 

0.22 ± 

0.054b 

697 ± 

79 

40.3 ± 

2.8 

0.229 ± 

0.036 

329 ± 

42 

-0.45 ± 

0.031 

-1.56 ± 

0.11abc 

666 0.40 ± 

0.017ab 

0.32 ± 

0.062ab 

831 ± 

211 

40.5 ± 

4.3 

0.248 ± 

0.030 

333 ± 

117 

-0.48 ± 

0.037 

-1.65 ± 

0.10c 

161 0.41 ± 

0.043ab 

0.29 ± 

0.021ab 

674 ± 

164 

38.4 ± 

5.3 

0.221 ± 

0.045 

344 ± 

71 

-0.45 ± 

0.057 

-1.52 ± 

0.16abc 

72 0.40 ± 

0.020ab 

0.31 ± 

0.037ab 

942 ± 

193 

43.1 ± 

3.6 

0.238 ± 

0.025 

261 ± 

54 

-0.44 ± 

0.056 

-1.64 ± 

0.13bc 

CV 7.72 22.95 24.7 11.0 20.5 25.32 13.5 11.1 

Population * ** * . NS NS NS *** 
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Figure S2.1. Relationship of the eight source populations mean annual temperature 

transfer with principal component 1 and 2 loadings of the within leaf traits spectrum 

PCA. Vertical bars represent standard errors (i.e., variation of genotypes within 

populations) and vertical dotted lines indicate the mean annual temperature (MAT °C) of 

the garden. Populations with different lowercase letters next to the data points indicate 

significant pairwise differences in PC1 scores using Tukey’s HSD test. Populations with 

different capital letters on the top of the error bars in indicate significant pairwise 

differences using PERMANOVA and pairwise permutation MANOVAs on all traits 

simultaneously. 
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Figure S2.2. Relationship of the 8-source population mean annual temperature transfer 

with Principal component 1 loadings of the within architecture traits spectrum PCA. 

Vertical bars represent standard errors (i.e., variation of genotypes within populations) 

and vertical dotted lines indicate the mean annual temperature (MAT °C) of the garden. 

Populations with different lowercase letters next to the data points indicate significant 

pairwise differences in PC1 scores using Tukey’s HSD test. Populations with different 

capital letters left to the data points indicate significant pairwise differences using 

PERMANOVA and pairwise permutation MANOVAs on all architecture traits 

simultaneously. 
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Figure S2.3. Relationship of the 8-source population mean annual temperature transfer 

with Principal component 1 loadings of the within wood traits spectrum PCA. Vertical 

bars represent standard errors (i.e., variation of genotypes within populations) and 

vertical dotted lines indicate the mean annual temperature (MAT °C) of the garden. 

Populations with different lowercase letters indicate significant pairwise differences in 

PC1 scores using Tukey’s HSD test. Populations with different capital letters indicate 

significant pairwise differences using PERMANOVA and pairwise permutation 

MANOVAs on all wood traits simultaneously. 

 

 

 

 



  218 

 
Figure S2.4. Relationship of the 8 source population elevations with PC1 loadings of all 

27 traits spectrum PCA. Vertical bars represent standard errors (i.e., variation of 

genotypes within populations) and vertical dotted lines indicate the mean annual 

temperature (MAT °C) of the garden. Populations with different lowercase letters indicate 

significant pairwise differences in PC1 scores using Tukey’s HSD test. Populations with 

different capital letters indicate significant pairwise differences using PERMANOVA and 

pairwise permutation MANOVAs on all traits simultaneously. 
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APPENDIX B  

SUPPLEMENTAL TABLES AND FIGURES FOR CHAPTER 3 
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Table S3.1. Mixed-model repeated measures ANOVA results of mid-day water potential 

(Ψmd, MPa) in Populus fremontii trees occurring at an experimental common garden at 

the Agua Fria National Monument in 2017 growing season. Data was collected on June 6 

(day 157), June 29 (day 180), July 27 (day 208), and August 24 (day 236). 
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Figure S3.1. Mean daily sap-flux scaled measured between the hours of 1,100 and 1,900 

from day of year 158 (June 7th) to day of year 275 (October 2nd) of the 2017 growing 

season on 24 warm- adapted genotypes and 32 cool adapted genotypes occurring in a 

common garden in central Arizona. Error bars represent the standard errors of the mean. 

Warm-adapted ecotypes were sourced from cuttings of mature Populus fremontii trees 

occurring along the species warmest edge of its thermal distribution (n=24 genotypes). 

Cool-adapted ecotypes were sourced from cuttings of mature P.fremontii trees occurring 

along the species colder edge of its thermal distribution (n = 32 genotypes). 
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Figure S3.2. (a) Representation of the effect of the temperature of the air (T_air), stomata 

conductance (g_sw), leaf size (leafsize), relative humity (RH), and wind speed (wind) on 

energy balanced estimations of changes in leaf temperature. (b) Representation of the 

effect of stomata conductance (g_sw), leaf size (leafsize), and relative humity (RH) on 

energy balanced estimations of changes in leaf temperature.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  223 

 

Figure S3.3. Principal component analysis (PCA) summarizing the relationship between 

seven morphophysiological traits (Ail, As:Al, Dstom, Gs, Ψmd, SLA and Sstom) and the leaf‐

to‐air temperature differences at genotype level. 95% prediction ellipses represent the 7 

source populations that collectively represent the entire elevational range of Populus 

fremontii. X and Y axis show principal component 1 and principal component 2 that 

explain 57.3% and 13.6% of the total variance, respectively.  
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APPENDIX C  

SUPPLEMENTAL TABLES AND FIGURES FOR CHAPTER 4 
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Table S4.1. Annual environmental parameters in the PVER garden: mean annual 

maximum temperature (MAMTPVER) and mean annual vapor pressure deficit (VPDPVER). 

Year Mean annual maximum 

temperature (MAMTPVER) (°C) 

Vapor pressure deficit 

(VPDPVER) (hPa) 

2011 30.1 36.4 

2012 30.9 38.8 

2013 30.7 37.4 

2014 30.8 38.6 
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APPENDIX D  

STATEMENT OF CO-AUTHOR PERMISSION  
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