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It is uncertain how predicted changes in climate will impact vegetation responses 

and plant species’ distributions because the physiological mechanisms underlying 

thresholds for damage are not well understood, and responses to stress vary by functional 

type and developmental stage. Thus, it is crucial to investigate physiological responses to 

heat and drought stress on multiple species, populations, and growth stages with diverse 

approaches. In this dissertation, I employ a suite of physiological and modeling methods 

to inform our knowledge of plant physiological responses to environmental stress in 

Coffea arabica saplings, Pseudotsuga mensizeii (PSME) and Pinus ponderosa (PIPO) 

seedlings, and old-growth PIPO.  

In Chapter 2, I evaluate the effect of leaf age and methodology on the 

thermotolerance or heat tolerance of C. arabica leaf discs using chlorophyll fluorescence 

and electrolyte leakage methods. I found that mature leaves were more heat tolerant than 

expanding leaves, longer time between temperature exposure and measurement yielded 

more accurate thermotolerance assessments, and photochemistry was more heat-sensitive 

than cell membranes. 



  

 

To complement the second chapter investigating heat stress responses on detached 

leaf discs, Chapter 3 examines the effect of leaf age and heat stress duration (45 min or 

90 min) on whole-plant physiological responses and capacity to recover in C. arabica by 

monitoring chlorophyll fluorescence (FV/FM), gas exchange, and foliar non-structural 

carbohydrate (NSC) dynamics in situ in response to a simulated heat wave (49°C) in a 

growth chamber. I found that the 90 min treatment resulted in greater photosynthetic 

damage and slower recovery than the 45 min treatment, expanding leaves recovered more 

slowly than in mature leaves, and both heat treatments inhibited flowering. A leaf energy 

balance model demonstrated that heat stress would be exacerbated by drought-induced 

stomatal closure. Heat treatment duration significantly impacted NSC dynamics that were 

closely related to reproduction and repair.  

Because seedling establishment governs species’ distributions, and because 

seedlings are particularly threatened by high temperatures at the soil surface, in Chapter 4 

I examined the thermotolerance and heat stress responses of PIPO and PSME seedling 

populations from contrasting climates. Unexpectedly, I found that PSME was more heat 

tolerant the PIPO. I also monitored physiological recovery after exposure to a simulated 

heat wave (45°C) by measuring photosynthesis, FV/FM, foliar NSC, and carbon stable 

isotope ratios (proxy for intrinsic water use efficiency, iWUE). Heat stress responses 

were consistent with phenotypic plasticity and reflected the conditions under which the 

plants were grown, while iWUE, a measure of potential drought resistance, was 

consistent with ecotypic differentiation and the climates from which the seedlings 

originated. 



  

 

To investigate responses to environmental stress on larger temporal and spatial 

scales without the challenges of making repeated physiological measurements on old-

growth trees, in Chapter 5 I used long-term trajectories of tree-ring growth and carbon 

and oxygen isotopes of tree-ring cellulose (δ13Ccell, and δ18Ocell) to successfully predict 

the stand characteristics of two sets (upland, riparian) of old-growth PIPO using the 

Physiological Principles in Predicting Growth (3-PG) model, the δ13Ccell submodel, and a 

δ18Ocell submodel added by me. The expanded model helped to explain physiological 

drivers underlying the different tree-ring growth, δ13Ccell, and δ18Ocell trajectories 

measured at the upland and riparian sites. The combination of both δ18O and δ13Ccell 

submodels provided a useful and novel way to constrain 3-PG. 

This dissertation demonstrates an innovative strategy of applying diverse 

approaches to understand the physiological mechanisms behind vegetation responses to 

environmental stress. 
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Approaches for Characterizing Plant Physiological Responses to Environmental Stress 
 

1.  INTRODUCTION  

Future climate change scenarios predict global mean surface temperature to 

increase, in addition to more frequent and intense high temperature and drought events 

(Intergovernmental Panel on Climate Change, 2014). Rising temperatures are expected to 

exceed current thermal limits for some plant species (O’Sullivan et al., 2016). However, 

it is uncertain how these changes in climate will impact vegetation responses and plant 

species’ distributions because the physiological mechanisms underlying thresholds for 

damage are not well understood. Predicting the consequences of these climatic changes 

on forest ecosystems is a major challenge for scientists (Bonan, 2008). Thus, it is crucial 

to investigate physiological responses to heat and drought stress to inform predictions of 

species distributions in response to future changes in climate. 

Heat and drought stress impact plant function from the cellular to whole plant 

scale. Heat and drought induce cellular, enzymatic, and tissue damage, increase 

respiration, reduce photosynthesis, stomatal conductance, growth, and reproduction, and 

lead to shifts in carbohydrate dynamics, and mortality (Wahid et al., 2007; Bita & Gerats, 

2013; Teskey et al., 2015). Therefore, monitoring these plant functions are crucial for 

understanding plant responses to environmental stress. 

Plants exhibit many strategies to cope with increased temperature and drought 

which impact the ability of species to persist under different climate regimes (Walther, 

2003). For example, plants mitigate heat stress through mechanisms that influence the 

ability to withstand and/or avoid heat stress. This includes producing heat shock proteins 
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that desaturate membrane lipids to maintain cell membrane integrity (Horváth et al., 

2012), regulating gas exchange and evaporative cooling to avoid high leaf temperatures 

(Tomlinson et al., 2013), and shifting carbohydrate dynamics for repair, storage, 

metabolism, and growth (Hartmann & Trumbore, 2016). These mechanisms underlie the 

phenotypically plastic functional traits in response to heat and drought stress (Kerr et al., 

2015) that enable a species to adapt to changing climates. For example, heat tolerance 

measured with chlorophyll fluorescence is highly plastic (Knight & Ackerly, 2002), 

allowing species to acclimate to local environmental growing conditions. For species that 

span large geographic ranges and climates, this differential expression of physiological 

traits has led to the formation of distinct ecotypes within a species and thus may influence 

population-specific establishment within a species. Adapting to different climates via 

both phenotypic plasticity and ecotypic variation is advantageous because a species that 

can withstand a wide range of environmental conditions is likely to persist in the face of a 

changing climate. Therefore, examining how species and populations adjust the 

expression of functional traits to mitigate heat and drought stress improves our 

understanding of how changing climate will impact species distributions.  

To further complicate predictions of responses to environmental stress, plants 

respond differently to heat and drought stress at different developmental stages. For 

example, plants employ drought resistance strategies to cope with low soil moisture but 

these strategies may change with age and size (Woodruff & Meinzer, 2011). Even within 

a growth stage, it is crucial to consider that physiological responses differ across leaf 

ages, especially in evergreen species that have relatively long leaf life spans (Yamada et 
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al., 1996). Therefore, efforts to examine multiple species, populations, and growth stages 

are crucial for addressing the challenge of predicting the consequences of future climate 

change on forest ecosystems. 

This challenge lies not only in understanding physiological responses across 

species and developmental stages, but also incorporating physiological information into 

predictive models. Predictive vegetation models such as Dynamic Global Vegetation 

Models (DGVMs) are advantageous because they make predictions about larger spatial 

scales than physiological measurements that are often limited to the whole-plant scale. 

However, models like DGVMs are limited in accuracy because they lack the plant 

physiological data to parameterize them, and the species-specific physiological processes 

underlying the shifts in vegetation composition such as recruitment, competition, and tree 

mortality (Moorcroft 2006, Fisher et al. 2010). Therefore, efforts that use physiological 

measurements to parameterize models are critical for accurately predicting species’ 

responses to environmental stress and shifts in climate.  

In this dissertation, I employ a suite of physiological and modeling methods to 

inform our knowledge of plant physiological responses to environmental stress in 

multiple species at multiple growth stages including Coffea arabica saplings, 

Pseudotsuga mensizeii (PSME) and Pinus ponderosa (PIPO) seedlings, and old-growth 

PIPO. Monitoring a suite of physiological parameters with multiple approaches provides 

a more complete picture of how the physiological performance of C. arabica, PSME, and 

PIPO is impacted by heat and drought stress at different developmental stages.  
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Coffee is an important species around the globe. More than 120 million people in 

over 70 countries rely on the coffee economy for their livelihoods (The Climate Institute, 

2016). C. arabica is native to Ethiopia but is now grown throughout the tropics. Its 

optimal mean annual temperature range is 18-24°C and it is highly sensitive to 

fluctuations in temperature (Camargo 2010). The tropics are extremely vulnerable to 

climate change because the tropics are expected to experience rising temperatures and an 

increased frequency of heat waves throughout the 21st century (Intergovernmental Panel 

on Climate Change, 2014). The amount of suitable habitat to grow C. arabica is 

predicted to significantly diminish due to changes in climate (Davis et al., 2012). To 

inform these modeled predictions, in Chapters 2 and 3 of this dissertation, I investigate 

the effects of short duration heat stress on C. arabica saplings on detached leaf discs and 

whole plants. Although high temperature events are known to negatively affect 

photosynthetic performance, the legacy effects on the capacity to recover are largely 

unknown. Additionally, there is a poor understanding of the variation in heat tolerance 

among species (Curtis et al. 2014) as increasing temperatures are expected to exceed 

current thermal limits (O’Sullivan et al., 2016).  

The second chapter of this dissertation focuses on accurately quantifying high 

temperature tolerance or thermotolerance and thresholds to heat-induced damage on leaf 

discs of C. arabica. Different methods to measure thermotolerance, time between 

temperature exposure and measurement, and leaf age class complicate accurately 

assessing thermotolerance and thresholds to heat stress, a problem for a valuable species 

threatened by rising temperatures. To address this issue, I assess the thermotolerance of 



5 
 

 

C. arabica leaf discs using chlorophyll fluorescence and electrolyte leakage (Epron & 

Dreyer, 1992; Vilagrosa et al., 2010). Although these two methods to evaluate 

thermotolerance are well-established, some studies suggest that these methods yield 

similar thermotolerance assessments (Larcher, 1995) while others find discrepancies 

between the methods, which may depend on species (Cunningham & Read, 2006; Xu et 

al., 2014). However, these methods have yet to be compared in C. arabica. I also 

examine how leaf age, known to induce age-related leaf-level physiological shifts, 

influences assessments of thermotolerance using chlorophyll fluorescence. Finally, 

because the protocol for measuring thermotolerance curves with chlorophyll fluorescence 

is not standardized, I compare the chlorophyll fluorescence thermotolerance curves 

measured 15 minutes after temperature exposure with those measured 24 hours after 

temperature exposure. Accurately quantifying C. arabica’s thresholds for heat damage 

and understanding the differences in available techniques and methodology on leaves of 

different ages are crucial for predicting its fate under high temperature stress and 

directing management efforts. 

To complement the second chapter investigating heat stress responses on detached 

leaf discs, the third chapter examines whole-plant responses of C. arabica to a simulated 

heat wave in a growth chamber using in situ measurements. Specifically, I investigate the 

effect of leaf age and heat stress duration on whole plant physiological responses and 

capacity to recover in C. arabica by monitoring chlorophyll fluorescence, gas exchange, 

and non-structural carbohydrate (NSC) dynamics in situ. Chlorophyll fluorescence paired 

with gas exchange provides multiple indicators of photosynthetic performance 
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throughout the treatment campaign. Leaf NSCs indicate how leaves of different ages and 

heat waves of different durations impact carbohydrate allocation to growth, metabolism, 

and storage. Shifts in NSC allocation among starch, sucrose, glucose, and fructose may 

indicate mechanisms to cope with and recover from heat stress (Liu & Huang, 2000). To 

our knowledge, no studies have examined the effects of heat stress on NSCs in C. 

arabica, an important component of understanding carbon use under changing climates. 

To place the results of the whole-plant growth chamber experiment in a natural field 

context, I complement the observed gas exchange measurements with a leaf energy 

balance model to estimate how a combined heat and drought scenario would impact leaf 

temperatures of C. arabica. The model enables us to incorporate our experimental 

observations on heat stress responses into predictions about how future climates with 

drought may exacerbate heat stress. 

 High temperatures are not only expected to increase in the tropics, but in 

temperate regions as well. Tree mortality has been documented worldwide and linked to 

increased severity and intensity of drought and high temperature stress (Allen et al., 

2010). Species distributions are shifting to higher elevations and latitudes at faster rates 

than previously reported with the greatest species range shifts found in studies showing 

highest levels of warming (Chen et al., 2011). Given the predicted increase in global 

surface temperature with an increase in duration and frequency of heat waves 

(Intergovernmental Panel on Climate Change, 2014), and the close relationship between 

species’ distribution patterns and climate factors (Stephenson, 1990), temperate species 

will be greatly impacted by warming temperatures (Walther, 2003). Tree species' 
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distributions can shift through shrinking the distribution via mortality and expanding the 

distribution via seedling establishment (Johnson et al., 2011). The seedling is the 

developmental stage that is most vulnerable to mortality because seedlings are especially 

susceptible to abiotic stressors, and are particularly threatened by high temperatures at the 

soil surface due to the near-surface boundary layer that reduces heat loss compared to 

taller plants (Johnson et al., 2011). In exposed microsites, this can result in high midday 

air temperatures at the ground surface commonly between 40°C and 50°C despite air 

temperature being only 25°C (Alexander, 1987; Kolb & Robberecht, 1996). Higher 

temperature results in greater VPD and thus transpiration and water use, causing drought 

stress, reduced water use efficiency (Way et al., 2013a, 2013b), and fewer days to 

mortality (Will et al., 2013). Therefore, understanding the physiological mechanisms that 

impact seedling establishment and seedling responses to a warmer climate is essential for 

more accurately predicting species distribution patterns in future warmer and drier 

climates (Walther, 2003; Aitken et al., 2008).  

Both PIPO and PSME are ecologically and economically valuable species in the 

Pacific Northwest and both species have large geographic ranges. It is therefore of great 

interest to investigate how these species will respond to heat stress. PIPO is believed to 

be more tolerant of heat, drought, frost, and fire than PSME. Populations within both 

species have been shown to display phenotypic plasticity and adapt to the current 

growing conditions (Koehn et al., 2010; Kolb et al., 2016). Both species have also 

demonstrated evidence for within-species ecotypes where populations from climates with 

contrasting temperature and precipitation regimes exhibit physiological traits reflecting 
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the climate of origin even when grown in the same environment (Sorensen, 1983; Perić et 

al., 2009; Du et al., 2014; Kerr et al., 2015). Both phenotypic plasticity and ecotypic 

variation enable a species to persist under changing environmental conditions. 

Investigating how these drive functional trait expression is critical for understanding how 

these species may survive future climates. In the fourth chapter of this dissertation, I 

investigate the heat tolerance and effects of a simulated heat wave on the physiological 

recovery of two populations each of first year germinant (~7 months old) Pseudotsuga 

mensizeii (PSME) and Pinus ponderosa (PIPO) seedlings from contrasting climates using 

gas exchange, chlorophyll fluorescence, NSCs, and carbon isotope ratios. Similar to 

Chapters 2 and 3, chlorophyll fluorescence, gas exchange and NSCs inform the effect of 

heat stress on photosynthetic performance and carbon allocation. The carbon isotope ratio 

of leaves is a proxy for intrinsic water use efficiency and drought resistance (Jones, 

2009). The comparisons between and within species shed light on species’ responses to 

predicted increases in temperature. Examining how phenotypic plasticity and ecotypic 

variation drive the expression of functional traits underlying heat tolerance and drought 

resistance improves our understanding of how species will respond to future changes in 

temperature and water availability. 

As trees increase in age and size, making physiological measurements, 

determining thresholds for stress damage, and conducting experimental manipulations 

become increasingly difficult. However, collecting tree cores enables us to examine the 

physiology of old-growth trees that have inaccessible canopies. This is because as trees 

mature and form growth rings, their physiological responses to environmental conditions 
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are recorded in each annual growth ring or tree-rings. Tree-rings are formed from C and 

O from the atmosphere and soil water so tree-ring widths and tree-ring C and O stable 

isotopes (δ13C and δ18O) are indicators of environmental conditions and the nature of the 

C and O incorporated into each tree-ring each year. Therefore, tree-rings enable us to 

reconstruct past environmental conditions such as relative humidity and soil moisture as 

well as tree physiology including responses to pests and leaf-level gas exchange 

(McCarroll & Loader, 2004; Williams et al., 2010; Brooks & Mitchell, 2011; Gessler et 

al., 2014; Marias et al., 2014; Saffell et al., 2014; Voelker et al., 2014; Hartl-Meier et al., 

2015). 

To address the challenges of conducting experiments on old-growth trees and 

accurately estimating responses to environmental stress beyond the whole tree scale, 

process-based models are useful. Predictive physiological process-based vegetation 

models have been parameterized with tree-ring growth data to more accurately predict 

tree growth and productivity on larger spatial and temporal scales. The Physiological 

Principles in Predicting Growth or 3-PG model (Landsberg & Waring, 1997) is one such 

stand growth model that is based on physiological processes that calculates total carbon 

fixed from photosynthetically active radiation absorbed by the forest canopy and 

incorporates site-specific climate and stand characteristics. Because 3-PG is based on 

physiological principles governing C allocation, water use, and productivity, the addition 

of a δ13C submodel improved the 3-PG model (Wei et al., 2014). This suggests that the 

addition of tree-ring δ18O will also improve 3-PG because the combination of both δ13C 

and δ18O improves estimates of leaf gas exchange responses (Scheidegger et al.). In 
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Chapter 5 of this dissertation, I incorporate a δ18O submodel into 3-PG with the δ13C 

submodel (Wei et al., 2014) using tree-ring growth, δ13C, and δ18O of old-growth (~260 

yo) Pinus ponderosa collected from a heavily-instrumented and well-studied site by the 

head of the Metolius river in the Cascades of central Oregon (Law et al., 2000). The 

addition of the tree-ring δ18O submodel is novel and is expected to enhance 3-PG because 

the combination of both δ13C and δ18O provides more insight into gas exchange and water 

use processes. To test the expanded model, I use it to examine the physiological drivers 

underlying differences in observed growth between a set of upland and riparian trees. 

Improving process-based models such as 3-PG informs our understanding of how future 

changes in climate may impact the physiological responses at the stand level. 

 This dissertation is unique because it applies a synergy of approaches to 

understand physiological responses to environmental stress. The analysis of different 

functional types (angiosperm, conifer), developmental stage (seedling, sapling, old 

growth), spatial scale (cellular, leaf, whole plant, stand), temporal scale (tree-rings for the 

past, physiological measurements for the present, modeling for the future), and 

combination of physiological and modeling methods demonstrates an innovative strategy 

to address one of the most pressing environmental questions of this century: how will 

plants respond to future climate change? 
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2.1 Abstract 

Given future climate predictions of increased heatwaves in the tropics, suitable 

habitat to grow ecologically, economically, and socially valuable Coffea arabica L. is 

threatened. Accurate assessments of high temperature tolerance or thermotolerance are 

critical for understanding C. arabica responses to increased temperature. 

Thermotolerance curves of C. arabica leaf discs were constructed by measuring 

chlorophyll fluorescence (ratio of variable to maximum fluorescence, FV/FM; minimum 

fluorescence, FO) across three leaf age classes and two recovery times (15 min, 24 h) after 

15 min exposure to temperatures from 25-58°C. Thermotolerance measured with 

electrolyte leakage after 20 min at 25-65°C was compared with FV/FM thermotolerance 

curves. The temperature corresponding to 50% damage (T50) was 49.0°C and 58.6°C for 

the chlorophyll fluorescence and electrolyte leakage methods, respectively. The critical 

temperature at which the FO rise began on FO-temperature curves (Tcrit) was 46.0°C. We 

found that the 24 h recovery time yielded more accurate estimates of T50, and that 

thermotolerance based on Tcrit increased with leaf age. Differences between the 

fluorescence and electrolyte leakage methods showed that photosystem II processes were 

more sensitive to temperatures above 40°C than cell membrane stability. 

 

2.2 Introduction 

The shade-adapted species C. arabica originated from Ethiopia and is now grown 

in 80 countries on four continents in the inter-tropical zone between 20-25°N in Hawaii 

and 24°S in Brazil (DaMatta & Ramalho, 2006). Mature C. arabica’s optimal mean 
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annual temperature range is 18-24º (Camargo, 1985; Teketay, 1999). However, C. 

arabica grows best in tropical regions that are ecologically sensitive to climate variability 

(Seddon et al., 2016) and prone to seasonal drought (DaMatta & Ramalho, 2006). C. 

arabica is also often grown under full sunlight where leaf temperatures are often 15-20°C 

greater than air temperature (Butler, 1977; Alvim & Kozlowski, 2013), especially in 

outer canopy leaves (DaMatta, 2004). Furthermore, the frequency and intensity of heat 

waves in the tropics are expected to increase through the 21st century (Cramer et al., 

2001; Corlett, 2011; Diffenbaugh & Scherer, 2011). Given these potential threats to C. 

arabica performance, production (Craparo et al., 2015), and suitable habitat (Davis et al., 

2012), as well as the limited existing data on thermotolerances of tropical species 

(Corlett, 2011), it is vital to accurately quantify the thermotolerance of C. arabica to help 

predict and improve our understanding of its physiological responses to increasing 

temperatures.  

High temperature stress impacts many components of plant function including 

growth, phenology, membrane integrity and fluidity, photosynthesis, respiration, and 

enzyme activity, all of which may differ in temperature responses (Bita & Gerats, 2013; 

Teskey et al., 2015). To assess plant responses to increasing temperature, 

thermotolerance curves are constructed by measuring plant functions following exposure 

to a series of increasing temperatures to reveal thresholds and parameters that are used to 

quantify and compare thermotolerance (Larcher, 1995). Plant functions often used to 

construct thermotolerance curves include photosynthesis (Larcher, 1995) and 

photorespiration (O’Sullivan et al., 2013) while other studies use proxies for plant 
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functions such as visible foliar damage for tissue death, permanent damage, or mortality 

(Bilger et al., 1984; Cunningham & Read, 2006), electrolyte leakage for cell membrane 

stability (Whitlow et al., 1992; Ismail & Hall, 1999; Bajji et al., 2002), and chlorophyll 

fluorescence for photochemistry, electron transport, and photosynthetic performance 

(Schreiber & Berry, 1977; Loik & Harte, 1996; Maxwell & Johnson, 2000; Knight & 

Ackerly, 2002; Krause et al., 2010). Measurements of these plant function proxies or 

indicators are often simplified by conducting them on leaf discs rather than intact leaves 

attached to a plant. Although diverse plant functions have been used to assess 

thermotolerance, each plant function or proxy may differ in its response to increased 

temperature, influencing assessments of overall thermotolerance. 

Electrolyte leakage, an indicator of cell membrane integrity, is widely used to 

assess tolerance of heat and other stresses because it is inexpensive, non-destructive of 

whole plants, and suitable for analyzing a large number of samples (Flint et al., 1967; 

Whitlow et al., 1992; Bajji et al., 2002). An increase in ion leakage with increasing stress 

is used as an indicator of irreversible or permanent tissue damage, an approach similar to 

that of assessing visible leaf damage (Bilger et al., 1984; Cunningham & Read, 2006). In 

C. arabica, electrolyte leakage has been used to evaluate low temperature tolerance 

(Campos et al., 2003) and leakage after exposure to 40°C, 50°C, and 57°C (Gascó et al., 

2004), but not across a wide range of small temperature increments to generate 

thermotolerance parameters for quantitative comparisons. 

Chlorophyll fluorescence has also been widely used to evaluate thermotolerance 

because it is rapid, non-invasive, and provides information about photosynthetic 
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functions including electron transport, photosystem I (PSI) and photosystem II (PSII) 

activity, and thus photosynthetic performance (Krause & Weis, 1984; Bilger et al., 1987; 

Schreiber et al., 1995; Maxwell & Johnson, 2000; Baker & Rosenqvist, 2004; Misra et 

al., 2012). It is also closely correlated with thermotolerance evaluated with visible leaf 

damage assessments (Lindgren & Hällgren, 1993; Larcher, 1995; Binder & Fielder, 

1996) and used to assess permanent tissue damage (Krause et al., 2010). Heat stress can 

reduce photosynthetic performance by destroying PSII reaction centers, disrupting 

electron transport, increasing membrane fluidity, causing dissociation of primary electron 

acceptors QA and QB, and separating the light-harvesting complex from PSII reaction 

centers (Maxwell & Johnson, 2000; Zhang et al., 2012). These events can be detected by 

chlorophyll fluorescence emission. Although chlorophyll fluorescence has been applied 

to C. arabica to investigate the effect of nitrogen nutrition on high light acclimation 

(Ramalho et al., 2000), seasonal photoprotective mechanisms in a field experiment 

(Chaves et al., 2007), low temperature responses (Ramalho et al., 2003; Partelli et al., 

2009; Batista-Santos et al., 2011), and the combined influence of elevated CO2 and 

temperature (Rodrigues et al., 2016), chlorophyll fluorescence has not been used to 

measure leaf age-related differences in high temperature tolerance nor compared with 

other methods to measure thermotolerance. 

Given the relatively long life span of up to 510 days reported for C. arabica’s 

evergreen leaves (Vasudeva & Gopal, 1975), and its specific temperature requirements at 

different ontogenetic stages such as germination, seedling establishment, branch 

formation, and floral bud and fruit initiation (DaMatta & Ramalho, 2006), 
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thermotolerance likely changes with leaf age in C. arabica. Consistent with this 

expectation, based on chlorophyll fluorescence, (Yamada et al., 1996) found that 3.5-

month-old leaves of 23 tropical fruit-bearing species were more heat tolerant than 2.5-

month-old leaves, suggesting that leaf ageing and life span are related to photosynthetic 

thermotolerance (Zhang et al., 2012). In addition to leaf age, another variable that 

influences assessments of thermotolerance is the measurement protocol used, particularly 

the time between temperature exposure and when measurements are made. Krause et al. 

(2010) investigated recovery time after temperature exposure in tropical, mature Ficus 

insipida trees and found that a 24 h recovery time yielded more accurate measures of 

thermotolerance using chlorophyll fluorescence than a 15 min recovery time. It is 

unknown how leaf age, the type of method used, and measurement protocol influence 

assessments of thermotolerance parameters in C. arabica. To fill this gap, we quantified 

thermotolerance curves of C. arabica across a wide range of temperatures in three leaf 

age classes, using chlorophyll fluorescence and electrolyte leakage methods, and two 

recovery times after temperature exposure. We addressed the following hypotheses: 1) 

older leaves are more heat tolerant than younger leaves, 2) a 24 h recovery time results in 

more accurate thermotolerance assessments than a 15 min recovery time, and 3) 

photochemistry assessed from chlorophyll fluorescence will be more sensitive to 

increasing temperature than membrane damage assessed from electrolyte leakage. 

 

2.3 Materials & Methods 

Plant material 
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C. arabica (Eritrean Mokka) plants of about ~6-9 months in age, obtained from 

the Hawaii Agriculture Research Center in January 2014, were grown in a peat-perlite-

pumice growing mix (Sunshine LA4 P) in 9.63 L pots in a greenhouse in Corvallis, 

Oregon (44.5667°N, 123.2833°W). Supplemental metal halide and high pressure sodium 

lighting (400 watts) was used to maintain a 12-hour photoperiod during the fall and 

winter months. Measurements were made in May 2014 when average daytime 

temperature was 24.0°C and average nighttime temperature was 19.7°C, relative 

humidity ranged from 42-65%, and average daily maximum photosynthetically active 

radiation (PAR) was 424 µmol m-2 s-1; and in May 2015 when average daytime 

temperature was 22.9°C and average nighttime temperature was 19.5°C, relative 

humidity ranged from 53-67%, and average daily maximum PAR was 623 µmol m-2 s-1. 

Plants were watered to field capacity three times per week and fertilized once every two 

weeks (Miracle-Gro All-Purpose Liquid Plant Food, 12%N, 4%P2O5, 8%K2O all season 

formula). C. arabica is a tropical evergreen species that continually produces new flushes 

of leaves year-round.  Leaf age class (expanding, fully expanded, mature) was 

determined by visually dividing a plagiotropic branch into thirds where leaf age sequence 

increased from the outermost leaves to the base of the branch (e.g. (Wright et al., 2006). 

Leaves in the outer third were the youngest and still expanding (expanding), leaves in the 

middle third were expanded (fully expanded), and leaves in the inner third were the 

oldest, fully expanded, and mature (mature) (similar to Wright et al. 2006). All leaf age 

classes showed net CO2 uptake (data not shown). 
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Chlorophyll fluorescence: Theory 

Common chlorophyll fluorescence parameters used to characterize responses to 

increasing temperature are minimum fluorescence (FO), and the ratio of variable 

fluorescence to maximum fluorescence (FV/FM). Chlorophyll fluorescence symbols used 

are in the convention of Maxwell and Johnson (2000). FO measures the minimum 

fluorescence emitted by dark-adapted leaves, where FO is lowest when all PSII reaction 

centers are open to accept electrons (all primary acceptors are oxidized), indicating 

maximum photosynthetic efficiency. FO versus temperature (FO-T) curves are commonly 

used to compare photosynthetic thermotolerance across species, phenology, and climates 

(Schreiber & Berry, 1977; Smillie & Nott, 1979; Valladares & Pearcy, 1997; Knight & 

Ackerly, 2002; Weng & Lai, 2005; Zhang et al., 2012). As temperature increases, FO 

increases, indicating a greater proportion of closed PSII reaction centers and thus lower 

photosynthetic efficiency. The temperature at which the temperature-induced Fo rise 

begins (Tcrit) on the FO-T curve correlates well with the relative heat sensitivity of 

photosynthesis, the temperature at which net CO2 assimilation declines (Downton et al., 

1984), irreversible decreased quantum yield of CO2 fixation (Schreiber & Berry, 1977), 

irreversible damage to leaf tissue (Bilger et al., 1984), and thylakoid membrane fluidity 

(Tovuu et al., 2013). 

FV/FM measures the maximum quantum efficiency of PSII photochemistry (Genty 

et al., 1989) and is calculated as:  

𝐹𝐹𝑉𝑉
𝐹𝐹𝑀𝑀

=  𝐹𝐹𝑀𝑀−𝐹𝐹𝑂𝑂
𝐹𝐹𝑀𝑀

= 1 − 𝐹𝐹𝑂𝑂
𝐹𝐹𝑀𝑀

                                                  (1) 
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Therefore, FV/FM decreases if FO increases and/or FV decreases (caused by an 

increase in FO and/or decrease in FM), both of which indicate stress-induced changes to 

photochemistry (Schreiber & Berry, 1977; Ilík et al., 2003). While an increase in FO 

indicates PSII inactivation or damage, a decrease in FV (caused by an increase in FO 

and/or decrease in FM) indicates damage to the oxygen evolving complex and water 

splitting system that disrupts electron donation to PSII reaction centers (Yamashita & 

Butler, 1968; Weis & Berry, 1987; Bolhar-Nordenkampf et al., 1989; Havaux, 1993; 

Yamada et al., 1996). FV/FM is also affected by the efficiency of non-photochemical 

quenching that is linearly related to nonradiative (heat) dissipation of excitation energy. 

A decline in FV/FM caused by an increase in FO may also indicate photodamage, while a 

decline in FV/FM caused by a decrease in FM is often related to an increase in zeaxanthin, 

heat dissipation, and photoinhibition, a thylakoid process that protects against destructive 

dissipation of excess excitation energy (Demmig et al., 1987; Krause, 1988; Maxwell & 

Johnson, 2000). Thermotolerance curves assessed using FV/FM have been widely used to 

evaluate thermotolerance with FV/FM typically declining around 40ºC (Krause et al., 

2010; Teskey et al., 2015).  

 

Chlorophyll fluorescence: Measurements 

In May 2014, one 2.54 cm2 leaf disc was collected with a 1.8-cm-diameter borer 

from each of three randomly selected leaves within each age class from each of six plants 

prior to dawn to ensure sufficient dark-adaptation time (Willits & Peet, 2001). Dark-

adapted leaf discs were placed in closed plastic bags and immersed in a preheated water 
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bath (General Purpose Aquabath Model 2343, Thermo Fisher Scientific, Marietta, OH, 

USA) at each temperature (25˚C, 28˚C, 31˚C, 34˚C, 37˚C, 40˚C, 43˚C, 46˚C, 49˚C, 52˚C, 

55˚C, 58˚C) for 15 min at each temperature. Different sets of leaf discs were exposed to 

each temperature. A fine-wire thermocouple in each plastic bag recorded that discs 

reached each desired temperature within 1 min. Chlorophyll fluorescence was measured 

at room temperature with a portable pulse-amplitude modulated chlorophyll fluorometer 

(Mini-PAM, Heinz Walz GmbH, Germany) 15 min and 24 h after exposure to each 

temperature. Untreated leaf discs without heating served as controls. During recovery 

times, leaf discs were stored in the dark on petri dishes with moist filter paper. 

To measure FO, a measuring light (red light-emitting diode, 650 nm, 0.15 µmol m-

2 s-1 PAR) with a pulse-width of 3 µs was turned on at a pulse modulation frequency of 

0.6 kHz to induce the minimal level of fluorescence (FO). We did not observe irregular FO 

increases at relatively low heating temperatures due to anaerobiosis so did not wrap leaf 

discs in Miracloth as in Krause et al. (2010). The Schreiber and Berry (1977) method 

uses continuous heating as FO is measured. A drawback of this method is the continuous 

additional heat exposure time so FO was measured on leaf discs at each temperature to 

isolate the effect of a single temperature without the confounding effects of previous 

temperature exposure (e.g. Cunningham and Read 2006; Krause et al. 2010). This is 

especially important because thermal acclimation to high temperatures and subsequent 

changes to thermotolerance can occur on relatively short timescales (Yordanov et al., 

1995). FV/FM was then determined by applying a 0.8 s saturating pulse of white light, 

which transiently closed all PSII reaction centers (and prevented any photochemical 
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processes from occurring), minimized heat dissipation (since leaves were dark-adapted), 

and induced maximum fluorescence (FM) and variable fluorescence (FV). FV/FM was 

calculated as in Equation 1 (Genty et al., 1989). FV/FM is a reliable measure of the 

potential quantum yield of PSII and is lowered by factors that cause inhibition of PSII 

reaction centers and increase non-radiative (heat) dissipation.  

 

Electrolyte leakage 

 In May 2015, one mature fully expanded leaf (mature age class) was collected 

before dawn from each of five plants. Two discs from each leaf were placed in 6 mL of 

deionized H2O in 15 mL polycarbonate tubes. Samples were infiltrated under vacuum for 

15 min. Tubes were heated for 20 min in a preheated water bath at each desired 

temperature (30˚C, 35˚C, 40˚C, 45˚C, 50˚C, 55˚C, 60˚C, 65˚C).  Different sets of leaf 

discs were exposed to each temperature. Tubes were shaken for 1.5 h and the 

conductivity of the water in each tube was measured with a conductivity meter (Product 

catalog number 89094-958, VWR International, Radnor, PA, USA). Tubes were then 

heated for 20 min in a 100˚C water bath and shaken again for 1.5 h. The final 

conductivity of the solution represented electrolyte leakage of completely killed leaf 

tissue. Percent electrolyte leakage or percent damage was calculated as: 

% 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑡𝑡𝑡𝑡 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (°𝐶𝐶)
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑡𝑡𝑡𝑡 100°𝐶𝐶

 𝑥𝑥 100             (2) 

To determine whether the one-year difference in dates on which each method was 

used to measure thermotolerance curves affected results (FV/FM and electrolyte leakage 

methods were conducted on different plants one year apart, May 2014 and May 2015, 
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respectively), three mature fully expanded leaves of the mature age class from each of 

five plants were collected at pre-dawn on the same day in December 2015. Chlorophyll 

fluorescence (one disc per leaf) and electrolyte leakage (two discs per leaf) methods were 

used to measure FV/FM and percent damage after discs were exposed to 50ºC, the 

temperature at which differences between methods were greatest.  

 

Statistical Analysis 

To directly compare the thermotolerance curves measured with FV/FM and 

electrolyte leakage, FV/FM values were normalized and converted to a percent scale so 

that the FV/FM value of the untreated (control) group was considered 100% (no damage). 

Percent electrolyte leakage values were normalized so that percent electrolyte leakage 

values at the minimum percent electrolyte leakage (at 40˚C for all replicates) was 

considered 0% (no damage). For ease of comparison with the FV/FM thermotolerance 

curves, the percent electrolyte leakage axis (y-axis) is inverted for all figures. 

Thermotolerance curves assessed with FV/FM and electrolyte leakage were determined 

from third order sigmoidal functions fitted to the data:  

                                        𝑓𝑓 =  𝑎𝑎/(1 + 𝑒𝑒𝑒𝑒𝑒𝑒(−(𝑥𝑥 − 𝑥𝑥0)/𝑏𝑏)                                  (3) 

where f is percent of untreated (control) FV/FM or percent electrolyte leakage, x is the 

treatment temperature, and a, x0, and b are fitting parameters. From this equation, T50 of 

FV/FM is the temperature that caused a 50% reduction in untreated (control) FV/Fm. T50 of 

electrolyte leakage is the temperature that caused a 50% increase in minimum percent 

electrolyte leakage or percent damage.  
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Due to the differences in temperatures at which FV/FM and electrolyte leakage 

were measured (every 3˚C and 5˚C, respectively), Equation 3 was rearranged and used to 

estimate FV/FM percent values at the same temperatures as those used to construct the 

electrolyte leakage curves (every 5˚C vs every 3˚C). This allowed percent values derived 

from each method to be directly compared at each temperature.   

Tcrit is the temperature at which FO begins to rise in response to increasing 

temperature and was determined from the intersection of two regression lines 

extrapolated from the slow- and fast-rising portions of the FO -T curve (Schreiber and 

Berry 1977). 

To account for the same individual plants being measured repeatedly, a two-way 

repeated measures analysis of variance (ANOVA) extra sum of squares F-test was used 

to determine whether there was a significant interaction effect between the main effects 

of leaf age and recovery time on FV/FM values of control (untreated) leaf discs, T50, and 

Tcrit. A one-way ANOVA was used to compare mean FV/FM of all three age classes at 

each temperature. To isolate which group(s) differed from the others, the Tukey test was 

used as an all-pairwise multiple comparisons procedure (the Holm-Sidak test was also 

conducted and yielded the same results). The Shapiro-Wilk procedure tested for 

normality and the Brown-Forsythe procedure tested for equal variance.  

Simple linear regression was used to compare Tcrit and T50. To compare the FV/FM 

and electrolyte leakage methods, a two-sample t-test compared mean T50 derived from 

each method as well as mean percent FV/FM and mean percent electrolyte leakage at each 

temperature. Statistical analyses were conducted in SigmaPlot 13.0 (Systat Software, San 
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Jose, CA, USA) and R version 3.2.3 (2015-12-10, The R Foundation for Statistical 

Computing). Error bars represent one standard error (SE). 

 

2.4 Results  

Untreated (control) mean FV/FM values ranged 0.715-0.728 for the 15 min 

recovery time and 0.725-0.736 for the 24 h recovery time. Control mean FV/FM did not 

significantly differ among leaf age classes (F=2.470, P=0.134) but the 24 h mean FV/FM 

of all age classes combined was 0.0151 greater than after the 15 min recovery (F= 

24.807, P= 0.004). FV/FM declined with increasing temperature above 40˚C for both 

recovery times and all age classes (Figure 2.1). After 15 min of recovery, mean FV/FM 

significantly differed among age classes at 46˚C, 49˚C, and 52˚C; all age classes 

significantly differed at 49°C while mean FV/FM of the mature age class was significantly 

greater than that of the expanding age class at 46°C and 52°C (Figure 2.1A, P<0.05). In 

contrast, after the 24 h recovery, mean FV/FM of the mature age class was significantly 

greater than the expanding and fully expanded age classes only at 49˚C (Figure 2.1B, 

P<0.05).  

There was a marginally significant interaction between recovery time and leaf age 

on T50 (F=3.952, P = 0.054). After 15 min of recovery, mean T50 differed significantly 

among all three ages classes, with T50 increasing with leaf age (P<0.05, Table 2.1). The 

greatest difference in mean T50 (5.3°C, P<0.001) occurred between the mature and 

expanding age classes. Mean T50 of the mature age class was 3.2°C greater than that of 

the fully expanded age class (P=0.002) and T50 of the fully expanded age class was 2.1°C 
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greater than that of the expanding age class (P=0.043). After 24 h of recovery, T50 also 

increased with increasing leaf age but differences were not significant between any age 

class (P>0.05, Table 2.1). Within age classes, only the expanding age class showed a 

significant increase in T50 with recovery time (P=0.025). 

For all age classes, FO began to rise at ~43˚C (Figure 2.2). There was a 

statistically significant interaction between recovery time and leaf age on mean Tcrit 

(F=8.596, P = 0.007). Mean Tcrit of the mature age class was significantly greater than 

that of the expanding and fully expanded age classes at both the 15 min and 24 h 

recovery times (Table 2.1). The difference in mean Tcrit between the mature and 

expanding age classes was 2.0°C after 15 min of recovery (P<0.001) and 3.3°C after 24 h 

of recovery (P<0.001). The difference in mean Tcrit between the mature and fully 

expanded age classes was 1.4°C in the 15 min recovery time (P=0.001) and 3.1°C in the 

24 h recovery time (P<0.001). Tcrit did not differ significantly between the fully expanded 

and expanding age class for either recovery time (P>0.05) and mean Tcrit did not 

significantly differ between recovery times for any age class (P>0.05). 

Tcrit derived from FO-T thermotolerance curves (Figure 2.2) was significantly 

related to T50 derived from the FV/FM thermotolerance curves (Figure 2.1) across all three 

age classes for both the 15 min and 24 h recovery times (P<0.001, R2=0.69; P=0.003, R2= 

0.43, Figure 2.3). Relationships were not significant within each age class (P>0.05).  

 Because T50 derived from FV/FM thermotolerance curves of the mature age 

class did not significantly change with recovery time, the FV/FM thermotolerance curve of 

the mature age class measured after the 24 h recovery time was compared with the 
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electrolyte leakage method. Between 40ºC and 65ºC, percent increase in electrolyte 

leakage was significantly smaller than the percent decline in FV/FM (Figure 2.4, P<0.05). 

With increasing temperature, percent FV/FM declined above 40ºC while percent 

electrolyte leakage did not increase until a threshold of ~50ºC was reached. T50 from the 

electrolyte leakage thermotolerance curve (58.6 ± 0.9ºC) was significantly greater than 

T50 from the FV/FM thermotolerance curve (49.0 ± 0.5ºC; P <0.001; Table 2.1). 

By assessing Fv/Fm and electrolyte leakage on the same day on the same leaves 

from the same individuals, we observed no effect of the one-year difference in 

measurement dates on which each method was originally applied; percent of initial FV/FM 

was still significantly lower than percent damage using the electrolyte leakage method 

(Figure 2.5). 

 

2.5 Discussion 

Understanding how estimates of thermotolerance in C. arabica are influenced by 

leaf age, recovery time, and assessment method is critical given the ecological, economic, 

and social value of C. arabica and grim predictions of complete loss of suitable habitat 

by 2050 (Davis et al., 2012). The mean FV/FM value of untreated leaf discs 0.72-0.74), 

was similar to previously reported values for C. arabica under controlled conditions 

(0.75-0.78, (Rodrigues et al., 2016). Consistent with reports for other species, FV/FM of 

C. arabica began to decline significantly above 40ºC (Loik & Harte, 1996; Krause et al., 

2010), indicating a reduction in maximum quantum efficiency of PSII photochemistry 
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due to high temperature stress (Maxwell & Johnson, 2000). Generally, damage to PSII is 

reversible at temperatures below 40ºC (Teskey et al., 2015).  

Significant differences in T50 among all leaf age classes at 15 min but not 24 h 

after treatment demonstrates how the time between treatment temperature exposure and 

measurement influences apparent thermotolerance and interpretations of T50. T50 of the 

expanding age class significantly increased after 24 h of recovery, while T50 of the fully 

expanded and mature age classes did not significantly change between recovery times, 

suggesting that older C. arabica leaves are more resistant to temperature-induced damage 

(Zhang et al., 2012). Interestingly, the significant increase in T50 of expanding leaves 

between recovery times (Krause et al., 2010) from 44.8°C to 47.0°C (Table 2.1) contrasts 

with the generalization that damage to PSII is only reversible at temperatures below 

40°C, emphasizing the importance of considering study species and temperature exposure 

duration (Teskey et al., 2015). The increase in T50 of the expanding age class between 

recovery times also decreased the range of T50 across leaf age classes after the 24 h 

recovery (~47-49°C) compared to the 15 min recovery (~45-50°C), suggesting that 

allowing 24 h recovery may reduce leaf age-related variation in thermotolerance curves 

measured with FV/Fm. Consistent with this, FV/FM significantly differed among age 

classes at 46°C, 49°C, and 52°C after 15 min recovery, but differed only at 49°C after 24 

h of recovery. This suggests that the 24 h recovery time more accurately assessed T50, 

consistent with the results of Krause et al. (2010). In contrast, recovery time did not 

significantly affect age-related patterns of Tcrit as Tcrit of the mature age class was 

significantly greater than that of the expanding and fully expanded age classes for both 
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recovery times, suggesting that Tcrit may be less affected by recovery time and therefore a 

more robust measure of photosynthetic thermotolerance than T50. 

Our results are consistent with the hypothesis that older leaves have greater 

photosynthetic thermotolerance than younger leaves, an evolutionary adaptation that 

would protect older leaves from irreversible damage (Yamada et al., 1996). Zhang et al. 

(2012) also found that leaf lifespan was positively related to Tcrit, suggesting that longer 

persistence is related to greater photosynthetic thermotolerance. Tcrit was also greater in 

leaves of mature Ficus insipida Willd. trees than in leaves of F. insipida seedlings 

(Krause et al., 2010). The differences in Tcrit and T50 among leaf age classes may also 

reflect age-related changes such as shifts in the xanthophyll cycle-associated energy 

dissipation (Demmig-Adams et al., 1994; Tegischer et al., 2002). Due to the evolutionary 

tradeoff between metabolism and persistence that governs many leaf traits related to leaf 

age including specific leaf area, leaf nitrogen, photosynthetic capacity, maintenance 

respiration, and photosynthetic capacity per unit leaf nitrogen (Poorter & Bongers, 2006; 

Bonan, 2008), it is not surprising that thermotolerance also varies with leaf age.  

The range of Tcrit observed in C. arabica (42.7-46.0°C) falls within the broad 

range of values (35-48˚C) reported for other tropical species (Weng & Lai, 2005). In 

addition to our results showing that leaf age significantly influences Tcrit in C. arabica, 

other studies show that Tcrit is highly plastic (Knight & Ackerly, 2002) and influenced by 

environmental conditions such as ambient temperature and drought (Schreiber & Berry, 

1977; Ghouil et al., 2003; Daas et al., 2008). For instance, Tcrit was greater in summer 

than winter for temperate, tropical, CAM, and C4 species (Weng & Lai, 2005), Tcrit of 
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desert and coastal species was greater when measured in the field (Knight & Ackerly, 

2002), and Tcrit of tropical plants was greater than that of alpine plants (Smillie & Nott, 

1979).  

Generally T50 derived from FV/FM thermotolerance curves was greater than Tcrit 

derived from FO-T curves (Table 2.1), consistent with the relationship between T50 and 

Tcrit observed in Eucalyptus trees (Lin, 2012), implying that significant damage to 

photochemistry occurs prior to a 50% reduction in FV/FM. The  significant relationships 

between Tcrit and T50 across all leaf age classes for both recovery times (Figure 2.3) are 

consistent with previous observations that Tcrit was significantly related to other measures 

of thermotolerance, including the temperature at which net CO2 assimilation declines 

(Downton et al., 1984), temperature thresholds for irreversible decreases in the quantum 

yield of CO2 fixation (Schreiber & Berry, 1977), and temperature thresholds for 

irreversible tissue damage (Bilger et al., 1984). The significant relationship between Tcrit 

and T50 in C. arabica across but not within leaf age classes suggests that considerations 

of leaf age are important when assessing thermotolerance, and sampling a range of leaf 

ages would yield the most representative thermotolerance measurements. 

Although this is not the first time chlorophyll fluorescence or electrolyte leakage 

methods have been applied in some way to C. arabica (DaMatta et al., 1997; Campos et 

al., 2003; Gascó et al., 2004; Silva et al., 2004; Netto et al., 2005; Chaves et al., 2007), to 

our knowledge this is the first study to directly quantify and compare thermotolerance 

assessments using both methods in C. arabica. The comparison of the electrolyte leakage 

and chlorophyll fluorescence methods used to measure thermotolerance curves (Figure 
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2.4) showed that FV/FM was more sensitive to increasing temperature than electrolyte 

leakage, likely because the photosynthetic apparatus is more sensitive to high temperature 

stress than cell membranes (Bjorkman et al., 1975; DaMatta & Ramalho, 2006). (Xu et 

al., 2014) also found that FV/FM was more sensitive to heat stress than electrolyte leakage 

methods in grapevine (Vitis). In our study, FV/FM declined >40 °C, whereas electrolyte 

leakage increased >50 °C, consistent with (Gascó et al., 2004) who showed that exposing 

C. arabica shoots to 40°C and 50°C for one hour did not cause a significant increase in 

electrolyte leakage, although electrolyte leakage and leaf hydraulic conductance both 

markedly increased when shoots were exposed to 57°C, indicating extensive disruption 

of membranes.  

FV/FM measures the maximum efficiency of photochemistry while electrolyte 

leakage measures irreversible tissue damage, similar to assessments of visible leaf 

damage (Cunningham & Read, 2006) and leaf tissue necrosis (Bilger et al., 1984). 

(Cunningham & Read, 2006) found that FV/FM had a lower threshold for temperature-

induced damage than visible damage in five of eight species in their study (two of four 

tropical species; three of four temperate species), also suggesting that damage to PSII and 

the thylakoid membrane occurs at lower temperatures than permanent damage to cell 

membranes (Levitt, 1980; Anderson et al., 1997). This contrasts with studies that found 

close correlations between chlorophyll fluorescence and visible damage assessments 

(Lindgren & Hällgren, 1993; Larcher, 1995; Binder & Fielder, 1996; Liu & Huang, 

2000). In further contrast to our results, (Bibi et al., 2008) found that membrane leakage 

was more sensitive to temperature than FV/FM or photosynthesis in cotton, and (Epron & 
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Dreyer, 1992) found that electrolyte leakage was more sensitive to drought stress than 

FV/FM in Quercus petraea, which was attributed to FV/FM being less sensitive to drought 

and only declining when drought becomes severe (Way et al., 2013). These discrepancies 

among studies may be related to differences in species, experimental setup, 

environmental conditions, and type of stress investigated. Other studies that have used 

both FV/FM and electrolyte leakage methods to assess thermotolerance did not directly 

compare methods (Loik & Harte, 1996; Yang et al., 1996). The mixed results when 

evaluating thermotolerance using chlorophyll fluorescence and tissue damage methods 

demonstrate that although methods to quantify thermotolerance are often related, 

response to temperature varies across plant functions (Teskey et al., 2015) and leaf age 

(Table 2.1). This highlights the complexity of evaluating thermotolerance and the 

importance of considering the methodology, type of plant function, and leaf 

developmental stage when assessing thermotolerance. Our results also confirmed that 

significant differences in assessments of thermotolerance between the FV/FM and 

electrolyte leakage methods (Figure 2.5) were not affected by measurement date, 

demonstrating each method’s high repeatability on mature fully expanded leaves (Xu et 

al., 2014) and the greater high temperature sensitivity of PSII than cell membrane 

integrity. 

 

Conclusions 

Given future climate predictions of increasingly severe heatwaves, accurately 

quantifying thermotolerance of Coffea arabica is crucial. In this study, we investigated 
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how leaf age, experimental protocol, and method employed influenced thermotolerance 

assessments. We found that mature leaves were more heat tolerant than expanding leaves, 

waiting 24 h after temperature exposure yielded more accurate thermotolerance 

assessments than 15 min, and photochemistry was more heat sensitive than cell 

membranes. These factors should be considered when predicting plant responses to heat 

stress. 

Although limited to potted C. arabica plants in a greenhouse, this study has 

implications for how thermotolerance of C. arabica is measured because leaf age and 

methodology influenced thermotolerance assessments and interpretations. In addition, 

thermotolerance evaluations are also influenced by drought (Way et al., 2013; Teskey et 

al., 2015), light intensity (Berry & Bjorkman, 1980; Buchner et al., 2013), and duration 

and intensity of heat treatment (Colombo & Timmer, 1992). Considerations of 

thermotolerance methods, environmental conditions, and experimental setup are critical 

to accurately understand how species such as C. arabica respond to increased 

temperature.  
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2.8 Figures & Tables 

 

Figure 2.1  Thermotolerance curves measured with FV/FM as a function of temperature of 
three leaf age classes (expanding, fully expanded, mature) of C. arabica 
measured 15 min after temperature exposure (A) and 24 h after temperature 
exposure (B). Letters represent significant differences among leaf age classes 
at each temperature (P<0.05). N=6. Error bars represent SE.  
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Figure 2.2  Thermotolerance curves measured with FO as a function of temperature of 
three leaf age classes (expanding, fully expanded, mature) of C. arabica 
measured 15 min after temperature exposure (A) and 24 h after temperature 
exposure (B). 
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Figure 2.3  Relationship between Tcrit derived from FO-T thermotolerance curves and T50 
derived from FV/FM thermotolerance curves for all age classes (expanding, 
fully expanded, mature) measured 15 min after temperature exposure (A) and 
24 h after temperature exposure (B). N=6. Each point is an individual plant. 
Equation of regression line: y= -63.20 + 2.51x (A) and y=28.767 + 0.438x 
(B). Non-significant regression lines within each age class are not shown.  
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Figure 2.4  Thermotolerance curves measured with percent electrolyte leakage and 
percent FV/FM. Percent FV/FM data points were estimated from third order 
sigmoidal functions (Equation 3) fitted to the FV/FM thermotolerance curve 
for the mature age class after the 24 h recovery time. Percent FV/FM was 
normalized so untreated (control) FV/FM was 100% (no damage). Percent 
electrolyte leakage was normalized so minimum percent electrolyte leakage 
was 0% (no damage). Percent electrolyte leakage axis is inverted for easier 
comparison of curves. Asterisks represent P<0.05. N=5-6. 
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Figure 2.5  Thermotolerance curves measured with non-normalized FV/FM in May 2014 
(closed circles) and non-normalized electrolyte leakage in May 2015 (closed 
triangles) compared with mean percent FV/FM and mean percent electrolyte 
leakage values at 50°C assessed on the same individuals (N=5) on the same 
day in December 2015 (open circle, open triangle, respectively). Percent 
FV/FM and percent electrolyte leakage values at 50°C significantly differed 
(P<0.05) and were consistent with the original FV/FM and electrolyte leakage 
thermotolerance curves measured in May 2014 and May 2015. This 
demonstrated that timing of when the method was conducted does not affect 
the observed differences between methods. Error bars represent SE. Percent 
electrolyte leakage axis is inverted for easier comparison of curves.
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Table 2.1  Thermotolerance parameters (°C) derived from curves of FV/FM, electrolyte 
leakage, and FO as a function of treatment temperature for 15 min and 24 h 
recovery times of three age classes (expanding, fully expanded, mature).  

 Expanding Fully expanded Mature 

T50 (FV/FM) 15 min 44.8 ± 0.5 Aa  46.9 ± 0.6 Ab 50.1 ± 1.3 Ac 

T50 (FV/FM) 24 h 47.0 ± 0.2 Ba  47.9 ± 0.5 Aa 49.0 ± 0.5 Aa 

    

T50 (electrolyte 

leakage) 
- - 58.6 ± 0.9 

    

Tcrit (FO) 15 min 43.1 ± 0.2 Aa 43.7 ± 0.1 Aa 45.1 ± 0.3 Ab 

Tcrit (FO) 24 h 42.7 ± 0.3 Aa 42.9 ± 0.5 Aa 46.0 ± 0.4 Ab 

Uppercase letters indicate significant differences between recovery times within each age class (P<0.05).  
Lowercase letters indicate significant differences among age classes within each recovery time (P<0.05).  
Means ± SE. 
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3.  IMPACTS OF LEAF AGE AND HEAT STRESS DURATION ON 
PHOTOSYNTHETIC GAS EXCHANGE AND FOLIAR NON-STRUCTURAL 

CARBOHYDRATES IN COFFEA ARABICA 
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3.1 Abstract 

Given future climate predictions of increased temperature, and frequency and 

intensity of heat waves in the tropics, suitable habitat to grow ecologically, economically, 

and socially valuable Coffea arabica is severely threatened. We investigated how leaf age 

and heat stress duration impact recovery from heat stress in C. arabica. Treated plants 

were heated in a growth chamber at 49°C for 45 or 90 min. Physiological recovery was 

monitored in situ using gas exchange, chlorophyll fluorescence (the ratio of variable to 

maximum fluorescence, FV/FM), and leaf non-structural carbohydrate (NSC) on mature 

and expanding leaves before and 2, 15, 25, and 50 days after treatment. Regardless of leaf 

age, the 90 min treatment resulted in greater FV/FM reduction two days after treatment 

and slower recovery than the 45 min treatment. In both treatments, photosynthesis of 

expanding leaves recovered more slowly than in mature leaves. Stomatal conductance 

(gs) decreased in expanding leaves but did not change in mature leaves. These responses 

led to reduced intrinsic water use efficiency with increasing heat stress duration in both 

age classes. Based on a leaf energy balance model, aftereffects of heat stress would be 

exacerbated by increases in leaf temperature at low gs under full sunlight where C. 

arabica is often grown, but also under partial sunlight. Starch and total NSC content of 

the 45 min group significantly decreased two days after treatment, then accumulated 15 

and 25 days after treatment coinciding with recovery of photosynthesis and FV/FM. In 

contrast, sucrose of the 90 min group accumulated at day 2 suggesting that phloem 

transport was inhibited. Both treatment group responses contrasted with control plant 

total NSC and starch, which declined with time associated with subsequent flower and 
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fruit production. No treated plants produced flowers or fruits, suggesting that short 

duration heat stress can lead to crop failure.  

 

3.2 Introduction 

Climate models predict an increasing frequency and intensity of heat waves and 

high temperature events throughout the 21st century (Cramer et al., 2001; Diffenbaugh & 

Scherer, 2011; IPCC, 2014) that are expected to influence plant species’ distributions, 

productivity, and carbon balance, although the physiological impacts remain unclear. 

Heat waves are increasing under both drier and wetter conditions (Hao et al., 2013). In 

contrast to drought, much less is known about physiological responses to heat stress 

(Barnabás et al., 2008; Ruan et al., 2010). This, along with the need to isolate the effects 

of heat and drought stress to understand the interactions between the two on plant 

physiological responses (Sevanto & Dickman, 2015), make studies on the physiological 

impacts of heat stress essential. Tropical species are particularly vulnerable to heat stress 

because of the higher radiation load, the increase in heat wave intensity and frequency 

expected in the tropics (Corlett, 2011), and the narrower distribution of temperatures 

typically experienced compared to extra-tropical species (Battisti & Naylor, 2009). 

The tropics support important agricultural crops such as coffee. Global coffee 

consumption continues to increase; over 9 billion kg of coffee were consumed worldwide 

in 2014 (ICO, 2016). Coffea arabica L. leads the world coffee trade and provides ~65% 

of commercial production (ICO, 2016). C. arabica is a shade-adapted evergreen species 

that originated in Ethiopia and is now grown in 80 countries on four continents in the 

inter-tropical zone between 20-25ºN in Hawaii and 24ºS in Brazil (DaMatta & Ramalho, 
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2006). C. arabica is highly sensitive to fluctuations in temperature (Silva et al., 2004; 

Camargo, 2010) with an optimal mean annual temperature range of 18-24ºC (Camargo, 

1985; Teketay, 1999). An increase in the frequency and intensity of heat waves in the 

tropics would severely threaten suitable habitat to grow C. arabica (DaMatta & Ramalho, 

2006; Camargo, 2010; Davis et al., 2012; Bunn et al., 2014; Craparo et al., 2015). 

Therefore, it is crucial to quantify its physiological responses to and ability to recover 

from heat stress (Martins et al., 2014, 2016; Rodrigues et al., 2016). 

Examining the impacts of heat stress on plant carbon utilization is critical for 

understanding plant responses to changes in climate and potential feedbacks between 

vegetation and climate. Heat stress affects plant physiology from the cellular to whole 

plant scales, inducing shifts in the allocation of assimilated carbon/photosynthate to 

repair and recovery processes. At the cellular and organelle levels, high temperatures can 

damage photosystem II (PSII) photochemistry and electron transport; reduce thylakoid 

membrane fluidity, RUBISCO activity, and cell membrane stability; and induce heat 

shock protein expression and the production of reactive oxygen species (ROS) (Wahid et 

al., 2007; Teskey et al., 2015). At the leaf level, high temperature stress reduces 

photosynthesis, increases photorespiration and dark (mitochondrial) respiration, and 

influences water relations and stomatal conductance (Wahid et al., 2007). At the whole 

plant level, heat stress impacts leaf area, leaf abscission, visible foliar damage 

(Cunningham & Read, 2006), budburst, growth, mortality, and reproduction (Teskey et 

al., 2015). In response to high temperature stress, plants use assimilated 

carbon/photosynthate to produce compounds used for repair, defense, and physiological 

recovery such as primary and secondary metabolites, antioxidants, osmolytes, and 
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phytohormones (Bita & Gerats, 2013). However, we have limited knowledge of how 

plant carbon allocation is altered in response to heat stress. 

Non-structural carbohydrates (NSCs) traditionally include starch and free sugars 

(sucrose, glucose, and fructose) and are involved in growth, storage, reproduction, 

metabolism, and repair (Kozlowski, 1992). Although NSCs play a role in plant responses 

to environmental stress (Dietze et al., 2014) and it is understood that high temperature 

shifts carbon metabolism enzymes, starch accumulation, and sucrose synthesis (Ruan et 

al., 2010; Bita & Gerats, 2013), the role of NSCs in the response to and recovery from 

heat stress is poorly understood due to conflicting results (Génard et al., 2008; Sala et al., 

2012). For example, NSCs may increase in response to heat stress because NSCs are used 

for repair and damage prevention (Roitsch & González, 2004; Couée et al., 2006; Sugio 

et al., 2009; Sevanto & Dickman, 2015), and therefore are associated with heat stress 

tolerance (Liu & Huang, 2000; Niinemets, 2010). In contrast, leaf NSCs have also been 

shown to decrease in response to heat stress due to reduced carbon gain and assimilation 

(i.e. decreased supply) by inhibited photosynthesis and stomatal conductance (Zhao et al., 

2013), and/or increased utilization (i.e. increased demand) by increased respiration and 

metabolic maintenance (Duan et al., 2013).  

These divergent observations of NSC responses to heat stress may be due to 

variation in the severity of the heat stress, which influences the extent of damage and the 

capacity to recover. Based on the findings of Bauweraerts et al. (2013, 2014), episodic 

heat wave events produced more stress than a constant increase in temperature, 

emphasizing the importance of considering duration and intensity of heat stress when 

predicting plant responses and the capacity to recover. Heat stress severity is a function 
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of intensity (exposure temperature) and duration of exposure (Colombo & Timmer, 

1992). Bauweraerts et al. (2014) found that growth of Quercus seedlings increased in a 

+6ºC treatment but decreased in a +12ºC treatment. Therefore, it is expected that NSC 

dynamics would also be influenced by heat stress severity, although this remains 

unknown. Given that even short heat events can have substantial impacts on carbon gain 

(Filewod & Thomas, 2014), the predicted fluctuations in the duration of summer heat 

waves (Della-Marta et al., 2007), and the paucity of studies manipulating heat stress 

duration, research on the effects of heat stress duration on physiological recovery and 

NSC dynamics is needed. NSC dynamics in C. arabica are tightly linked to sink demand 

from vegetative and reproductive growth (Génard et al., 2008; Chaves et al., 2012; 

Ramalho et al., 2013), and many studies have investigated whether NSC levels regulate 

C. arabica photosynthesis (Vaast et al., 2005; Franck et al., 2006; Ronchi et al., 2006; 

Batista et al., 2011; DaMatta et al., 2016). However, to our knowledge no study has 

investigated the impacts of heat stress-induced reductions in photosynthesis as a cause 

rather than a consequence of NSC dynamics in C. arabica. 

 Previous work has shown that thermotolerance of tropical species measured with 

chlorophyll fluorescence increases with leaf age, an evolutionary adaptation to protect 

older and longer-lived foliage from irreversible damage (Yamada et al., 1996; Zhang et 

al., 2012). This pattern was also observed on detached C. arabica leaf discs (Marias et 

al., 2016). Because NSCs have been linked to heat stress responses and heat tolerance 

(Liu & Huang, 2000), NSCs may influence the ability of plants to avoid permanent 

damage, to tolerate heat stress, and/or to recover from heat stress. Therefore, leaf age-

related differences in thermotolerance and the ability to recover from heat stress may be 
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related to NSC dynamics (Filewod & Thomas, 2014; Teskey et al., 2015). However, this 

has not been investigated in C. arabica plants in situ. 

The goal of this study was to investigate how leaf age and heat stress duration 

influence NSC dynamics and physiological responses to and recovery from heat stress in 

C. arabica. We exposed treated plants to a simulated sudden heat wave at 49ºC in a 

growth chamber for two different heat stress durations (45 min, 90 min) and monitored 

physiological responses and recovery in expanding and mature leaves for 50 days after 

treatment using gas exchange, chlorophyll fluorescence, and leaf NSCs. Because C. 

arabica is grown in both sun and shade (DaMatta et al., 2007) and to put this study in the 

context of a combined heat and drought scenario, we used a leaf energy balance model to 

investigate the effects of reduced stomatal conductance on leaf temperature in partial and 

full sun conditions. We hypothesized that 1) mature leaves would exhibit less 

physiological damage and/or faster recovery than expanding leaves, and 2) the 90 min 

heat stress duration would result in greater physiological damage and/or slower recovery 

than the 45 min heat stress duration.  

 

3.3 Materials & Methods 

Plant material 

Coffea arabica L. (Eritrean Mokka) plants about 6-9 months old, obtained from 

the Hawaii Agriculture Research Center in January 2014, were grown in a peat-perlite-

pumice growing mix (Sunshine LA4P) in 9.6 L pots in a greenhouse in Corvallis, 

Oregon. Supplemental metal halide and high-pressure sodium lighting (400 watts) was 

used to maintain a 12-hour photoperiod during fall and winter months. The first round of 
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experiments began 21 July 2014 and the second round began 19 August 2014. Plants 

were ~1 m tall. During the sampling rounds, average daytime temperature was 23.5ºC, 

average nighttime temperature 18.1ºC, average daytime relative humidity 64%, average 

nighttime relative humidity 79%, and average daily maximum photosynthetically active 

radiation (PAR) was 325 µmol m-2 s-1. Due to controlled greenhouse conditions, 

temperature, relative humidity, and PAR did not substantially differ between rounds 

(Appendix Table 3.1, Appendix Figure 3.1). Plants were kept well-watered and fertilized 

once every two weeks (Miracle-Gro All-Purpose Liquid Plant Food, 12%N, 4%P2O5, 

8%K2O). 

C. arabica is a tropical evergreen species that continually produces new flushes of 

leaves year-round. Leaf age class (expanding, mature) was determined by visually 

dividing a mid-canopy plagiotropic branch into thirds where leaf age sequence increased 

from the outermost leaves to the base of the branch (e.g. Wright et al. 2006). Leaves in 

the outer third were the youngest and still expanding (expanding) and leaves in the inner 

third were the oldest, fully expanded, and mature (mature). Mean photosynthesis values 

were 6.3 µmol m-2 s-1 and 7.0 µmol m-2 s-1  for expanding and mature leaves, respectively, 

consistent with previously reported values for C. arabica (DaMatta et al., 2007). 

 

Heat stress duration treatments 

Plants were exposed to 49ºC in a growth chamber (Model I-35LVL, Percival, 

Boone, IA) that accommodated two plants at a time and was equipped with cool white 

lighting (PAR=25 µmol m-2 s-1). The treatment temperature of 49°C was selected based 

on the temperature at which a 50% reduction in initial chlorophyll fluorescence occurred 
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(49.0 ± 0.5°C) on C. arabica leaf discs (Marias et al., 2016). Preliminary experiments at 

other temperatures also showed that 49°C induced enough heat stress to be damaging 

without completely scorching/killing leaves, allowing us to monitor recovery. Plants were 

watered to drainage directly before treatment to avoid drought effects and to buffer 

changes in soil temperature during treatment. Fine-wire thermocouples measured air, 

leaf, and soil (~10 cm depth) temperatures during treatment exposure (Appendix Figure 

3.2). Pots were completely wrapped with reflective bubble wrap to isolate the soil and 

roots from heat exposure. This prevented soil temperatures from exceeding 30ºC 

(Appendix Figure 3.2), which is realistic for soil temperatures in summer (Zheng et al., 

1993). Two plants were heated for 45 min and two different plants were heated for 90 

min on the same day in two experimental rounds: one on 21 July 2014 and one on 19 

August 2014 (N=2 per round). Control (0 min) plants were not exposed to a temperature 

treatment (N=4 per round). Rounds were combined (N=4 for treated plants, N=8 for 

controls) because environmental conditions (Appendix Figure 3.1, Appendix Table 3.1) 

and physiological measurements did not differ between rounds. The growth chamber did 

not have the capability to adjust light levels. Although light can influence chlorophyll 

fluorescence (Ludlow, 1987; Buchner et al., 2013), we assumed that the low light levels 

for the 45 min or 90 min treatment duration did not substantially influence results. 

Photosynthesis, chlorophyll fluorescence, and foliar NSC content were monitored in 

control and treated plants prior to treatment (day 0) and 2, 15, 25, and 50 days after 

treatment. Three leaves per leaf age class per individual plant were marked for re-

sampling. When leaf drop occurred, an intact leaf was selected and marked for re-

sampling for the remainder of the experiment. 
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Photosynthesis and stomatal conductance measurements 

Photosynthesis and stomatal conductance were measured in the morning during 

active gas exchange (before afternoon stomatal closure occured) between 0700-1000 h 

(dawn was ~0500 h) on 1-3 marked leaves per leaf age class per individual plant using a 

portable photosynthesis system (LI-6400, Li-Cor, Lincoln, NE, USA). The ratio of 

photosynthesis to stomatal conductance (A/gs), an estimate of intrinsic water use 

efficiency (iWUE, Jones, 2009) was calculated. In the cuvette, PAR was set to 500 µmol 

m-2 s-1, leaf temperature was set to 25°C, [CO2] sample was set to 400 µmol mol-1 (to 

represent ambient atmospheric [CO2]), and flow rate was set to 500 µmol s-1. Day 0 

photosynthesis values were estimated from photosynthesis-intercellular CO2 (Ci) curves. 

To compare intrinsic photosynthesis at the ambient atmospheric [CO2] of 400 µmol mol-

1, photosynthesis was estimated at the average Ci value of the control (0 min) group 

averaged over all sampling days, which was 246 µmol mol-1 for expanding leaves and 

254 µmol mol-1 for mature leaves. 

 

Chlorophyll fluorescence measurements 

 Chlorophyll fluorescence was measured on 1-3 marked leaves per leaf age class 

per individual plant at ambient temperature with a portable pulse-amplitude modulated 

chlorophyll fluorometer (Mini-PAM, Heinz Walz Gmbh, Germany) at predawn to ensure 

leaves were dark-adapted. Chlorophyll fluorescence was measured as the ratio of variable 

to maximum fluorescence (FV/FM) in the convention of Maxwell & Johnson (2000). 
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FV/FM measures the maximum quantum efficiency of PSII photochemistry (Genty et al., 

1989) and is calculated as: 

𝐹𝐹𝑉𝑉
𝐹𝐹𝑀𝑀

=  𝐹𝐹𝑀𝑀− 𝐹𝐹𝑂𝑂
𝐹𝐹𝑀𝑀

= 1 −  𝐹𝐹𝑂𝑂
𝐹𝐹𝑀𝑀

                                                 (1) 

A measuring light (red light-emitting diode, 650 nm, 0.15 µmol m-2 s-1 PAR) with 

a pulse-width of 3 µs was turned on at a pulse modulation frequency of 0.6 kHz to induce 

the minimal level of fluorescence (FO). FV/FM was then determined by applying a 0.8 s 

saturating pulse of white light (18000 μmol photons m-2 s-1 PAR), which transiently 

closed all PSII reaction centers (preventing any photochemical processes from 

occurring), minimized heat dissipation (since leaves were dark-adapted), and induced 

maximum and variable fluorescence.  

 

Non-structural carbohydrate (NSC) analysis 

One leaf per age class per individual plant was collected early morning (directly 

after FV/FM measurements were made) on each sampling date, immediately put on ice in 

a cooler, and transported to the nearby laboratory where samples were microwaved for 90 

s to stop all enzymatic activity and oven-dried at 75ºC. Samples were stored in a freezer 

before being ground to a fine powder. Leaf samples were analyzed for content of total 

NSC, starch, sucrose, and glucose + fructose as described by Woodruff & Meinzer 

(2011). Water was added to the powdered samples and NSC was extracted from the 

solutions by heating them in steam for 1.5 h. The concentration of free glucose + fructose 

was determined photometrically on a 96-well microplate photometer (Multiskan FC, 

Thermo Scientific, Waltham, MA, USA) after enzymatic conversion of glucose + 
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fructose to gluconate-6-phosphate. Samples were hydrolyzed by enzymatic treatment: 

invertase for sucrose and amyloglucosidase for total NSC. Photometric analysis was 

based on absorbance of samples at 340 nm in solution with reference to the absorbance of 

a glucose reference solution. Total NSC was calculated as the sum of starch, sucrose, and 

glucose + fructose. NSC values (mg g-1 dry weight) are presented in figures as % dry 

weight. 

 

Leaf energy balance model 

A simple leaf energy balance model created by Kevin Tu 

(http://landflux.org/Tools.php) was used to estimate the effect of shifts in stomatal 

conductance (gs) on leaf temperature (Tleaf). The modified leaf energy balance equation 

from Sridhar & Elliott (2002), Monteith & Unsworth (2007), and Jones (2013) is 

described in detail in Appendices and Appendix Table 3.1. To investigate the effect of 

changes in gs at representative heat wave temperatures potentially experienced by C. 

arabica in the tropics, air temperatures (Tair) of 35°C, 40°C, and 45°C were used in the 

model. The range of gs values used was 0-0.15 mol m-2 s-1, similar to that observed in this 

study as well as previously reported values for field grown C. arabica (Meinzer et al., 

1990; Gutierrez & Meinzer, 1994; Silva et al., 2004). Environmental and leaf parameters 

were set to represent conditions experienced by C. arabica in the tropics: short wave 

radiation (SWR) was 600 W m-2 and 1000 W m-2 to simulate partial and full sun 

conditions, respectively, wind speed was 2.0 m s-1, relative humidity was 65%, leaf angle 

was 20° from horizontal, absorptance to SWR was 0.50, emissivity was 0.96, and leaf 

length in the direction of wind was 100 mm. Incident photosynthetically active radiation 

http://landflux.org/Tools.php
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(PAR) for each SWR level at a wavelength of 550 nm (average wavelength for the 400-

700 nm PAR range): ~1380 and ~2300 µmol m-2 s-1, respectively. PAR is assumed ~50% 

of SWR (Britton & Dodd, 1976). 

 

Statistical analysis 

A three-way factorial linear mixed-effects model was developed with leaf age, 

treatment, and day as main fixed effects. Nested random effects in the model were plant 

and leaf within plant. Response variables were: photosynthesis, stomatal conductance, 

iWUE, FV/FM, total NSC, starch, sucrose, and glucose + fructose. To choose a correlation 

structure that would account for the repeated measurements of leaves within plants 

through time, four models that allowed for different residual correlation structures were 

fit and selected based on the minimum Bayesian Information Criterion (BIC) value. 

Assumptions of constant variance and normality were checked using residual and 

quantile-quantile plots. Log transformations were necessary to meet assumptions for 

starch and glucose + fructose. For ease of interpretation, we present back-transformed 

data in results and figures. All interactive and main effects of factors on the response 

were tested using marginal F-tests (also known as Type III tests) that account for 

unbalanced sample sizes. Posthoc comparisons were made using a 95% confidence 

interval and P<0.05. Due to sufficient degrees of freedom, we did not make multiple 

comparisons corrections. If no significant differences between leaf age classes existed, 

NSC components of expanding and mature leaves were combined by averaging over leaf 

age to simplify data visualization. 
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The slope of FV/FM recovery was determined for each plant by fitting a line of 

best fit (linear regression) from the FV/FM value two days after treatment (i.e. the 

minimum FV/FM value or maximum damage after treatment) through the day at which 

FV/FM recovered to day 0 values. The slope of recovery was log-transformed and its 

relationship with the FV/FM two days after treatment was described by a logarithmic 

nonlinear regression equation (f=y0 + a*ln(abs(x)). A two-way factorial linear mixed 

effects model was developed with leaf age and treatment as main fixed effects for slope 

of recovery and minimum FV/FM as response variables. Procedures to select a correlation 

structure and check assumptions were the same as stated above. 

Pearson product-moment correlation was used to quantify the strength of the 

relationship between photosynthesis and each NSC component (total NSC, starch, 

sucrose, glucose + fructose) within each treatment group (control (0 min), 45 min 90 min) 

for all days sampled. Statistical analyses were conducted in SigmaPlot 13.0 (Systat 

Software, San Jose, CA, USA) and R version 3.2.3 (2015-12-10, The R Foundation for 

Statistical Computing). 

 

3.4 Results 

Both the 45 min and 90 min treatments induced significant shifts in gas exchange, 

FV/FM, and NSC content and dynamics. It was also observed that after the experiment, the 

controls (0 min) produced flowers and fruits whereas the 45 min and 90 min treatment 

groups did not.    

 

Gas exchange and FV/FM 
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Interactions among the main effects (age, treatment, day) on photosynthesis and 

FV/FM are summarized in Table 3.1. Photosynthesis significantly declined two days after 

treatment in both the 45 min and 90 min groups for both expanding and mature leaves but 

slower recovery to control values in the 90 min group compared to the 45 min group 

(Figure 3.1A,C). Photosynthesis of mature leaves in the 45 min group recovered to 

control values by day 15 while that of the 90 min group recovered by day 25. In contrast, 

expanding leaves took longer to recover to control values than mature leaves regardless 

of treatment with photosynthesis of the 45 min group recovering by day 25 and that of the 

90 min group recovering by day 50. Within-day and -treatment differences between leaf 

age classes were variable. Like photosynthesis, FV/FM also declined two days after 

treatment, yet the amount of the reduction in FV/FM two days after treatment was 

significantly greater in the 90 min group than the 45 min group in both leaf age classes 

(Figure 3.1B,D). Regardless of leaf age class, FV/FM of the 45 min group recovered to 

control values by day 15 while the 90 min group did not fully recover by day 50, similar 

to the slower recovery of the 90 min group compared to the 45 min group as measured 

with photosynthesis. 

The log-transformed slope of recovery (ln(slope of recovery) back to control 

values significantly decreased with increasing damage assessed with FV/FM two days 

after treatment (P=0.0007, R2=0.57, Figure 3.2). Mean ln(slope of recovery) did not 

differ among leaf age classes (P= 0.86) but significantly differed between treatments 

where the 90 min treatment exhibited a significantly lower ln(slope of recovery) than the 

45 min treatment (P=0.002). Similarly, the mean damage assessed with FV/FM two days 
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after treatment was significantly greater in the 90 min group compared to the 45 min 

group (P=0.006). 

Although mean post-treatment stomatal conductance (gs) of expanding leaves 

exhbited a decline similar to that of photosynthesis (A, Figure 3.1) , mean post-treatment 

gs of mature leaves did not significantly differ among treatments (P>0.05, Figure 

3.3A,C). This influenced mean post-treatment intrinsic water-use efficiency (A/gs) where 

expanding leaves of the 90 min group had a significantly lower mean A/gs than the 

control and 45 min groups, and mature leaves of the 90 min group had significantly lower 

mean A/gs than the controls (Figure 3.3B,D).  

The leaf energy balance model results showed that Tleaf-Tair increased with 

decreasing gs in both partial (600 W m-2) and full (1000 W m-2) sun conditions (Figure 

3.4A,B). Tleaf was consistently greater in full sun (Figure 3.4B) than partial sun (Figure 

3.4A). Even at higher values of gs (e.g. 0.15 mol m-2 s-1), Tleaf in full sun at Tair of 35°C-

45°C (Figure 3.4B) was 42.0°C-51.2°C. Mean post-treatment gs of expanding leaves of 

control plants was 0.0796 mol m-2 s-1 and treated plants was 0.0451 mol m-2 s-1 (Figure 

3.3B). The model estimated that this observed heat stress-induced reduction in gs 

(denoted by vertical lines in Figure 3.4A,B) would yield: at Tair of 35°C, Tleaf  of 41.6°C in 

partial sun and Tleaf of 44.5°C in full sun; at Tair of 40°C, Tleaf of 46.6°C in partial sun and 

Tleaf of 49.5°C in full sun; and at Tair of 45°C, Tleaf of 51.7°C in partial sun and Tleaf of 

54.5°C in full sun (Figure 3.4A,B). 

 

Non-structural carbohydrates (NSCs) 
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NSC dynamics differed significantly across all three treatment groups (controls (0 

min), 45 min, 90 min; Figure 3.5, 6). Interactions among the main effects (age, treatment, 

day) on total NSC, starch, sucrose, and glucose + fructose are summarized in Table 3.2. 

Due to lack of significant leaf age-related differences within day and treatment, total 

NSC, starch, and sucrose of expanding and mature leaves were combined by averaging 

over leaf age to simplify data visualization (Figure 3.5). Total NSC and starch in the 

controls steadily declined with time and were significantly less than day 0 values by day 

50 (Figure 3.5A,B). In the 45 min group, total NSC and starch significantly declined two 

days after treatment and were significantly less than that of any other day. At days 15 and 

25, total NSC and starch of the 45 min group significantly increased and became 

significantly greater than that of the control and 90 min groups (Figure 3.5A,B). In 

contrast to the control and 45 min groups, total NSC and starch of the 90 min group did 

not significantly change with day (Figure 3.5A,B). 

Sucrose of the control and 45 min groups did not significantly change with day 

(Figure 3.5C). In contrast, sucrose of the 90 min group was significantly greater than that 

of controls two days after treatment before significantly declining and becoming 

significantly less than day 0 values at day 50 (Figure 3.5C). Although sucrose of the 45 

min group did not significantly change with day, it was significantly greater than that of 

controls and the 90 min group at days 15 and 25, and that of the 90 min group at day 50. 

In contrast to total NSC, starch, and sucrose, glucose + fructose were significantly 

affected by leaf age (F=52.792, P<0.0001, Table 3.2) but did not significantly differ 

among treatments nor with day in either age class (Figure 3.6A,B), Glucose + fructose of 
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controls was greater in expanding leaves than mature leaves at days 0, 15, 25, and in the 

45 min group at day 2. There were no age differences in the 90 min group.  

Pearson product-moment correlation indicated significant positive associations 

between photosynthesis and total NSC (r=0.409, P=0.00145, Table 3.3), and between 

photosynthesis and starch in the controls (r=0.362, P=0.00530, Table 3.3), and between 

photosynthesis and starch in the 45 min group (r=0.332, P=0.0445, Table 3.3). In 

contrast, photosynthesis was not significantly related to any NSC component in the 90 

min group (P>0.05, Table 3.3). 

 

3.5 Discussion 

Implications for combined heat and drought scenarios 

The sudden heat stress disrupted coordination between A and gs, leading to 

declining iWUE (A/gs) with increasing heat stress duration in both expanding and mature 

leaves (Figure 3.3). Under a combined heat and drought scenario expected throughout the 

21st century (IPCC, 2014), sudden heat-induced reductions in the ratio of carbon gain to 

water loss could accelerate the point at which drought, even in the absence of heat, would 

further restrict carbon gain (Chaves et al., 2002). Persistent reductions in gs and therefore 

evaporative cooling (Monteith, 1981; Ball et al., 1988; Schymanski et al., 2013) of 

expanding leaves on heat-stressed plants undergoing drought would place them at 

additional risk of further heat damage in closely spaced heat waves. The leaf energy 

balance model indicated that the extent to which Tleaf would increase in response to 

reduced gs would be greatest at higher Tair (e.g. 45°C) compared to lower Tair (e.g. 35°C) 

and in full compared to partial sun (Figure 3.4A,B). Tleaf was especially sensitive to 
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changes in gs at relatively low gs, which would be expected during drought. For example, 

at Tair of 45°C and gs of ~0.04 mol m-2 s-1 as observed in expanding leaves of the 

treatment groups (Figure 3.3A), Tleaf would be ~51.7°C in partial sun (Figure 3.A) and 

~54.5°C in full sun (Figure 3.4B). These temperatures would cause significant damage, if 

not death, because the temperature causing a 90% reduction in initial FV/FM estimated 

from chlorophyll fluorescence thermotolerance curves was 50.1°C in expanding leaves 

and 54.1°C in mature leaves (data not shown, see Marias et al., 2016). A factor not 

considered in the leaf energy balance model was stomatal sensitivity to VPD. 

Photosynthesis and gs in C. arabica decline with increasing VPD (Oren et al., 1999) that 

typically ranges from 1.0-3.5 kPa throughout the day (Ronquim et al., 2006). This VPD-

related decline in gs would further increase Tleaf and therefore the risk of damaging heat 

stress. In contrast to expanding leaves, mature leaves maintained relatively high gs and 

relatively high intercellular [CO2] across all treatments, which may have contributed to 

the faster recovery of A than FV/FM in mature leaves (Figure 3.1). However, plants 

experiencing drought would not be able to maintain relatively high gs without risking 

hydraulic failure and death (Adams et al., 2009). Therefore, recovery from heat stress 

would likely be inhibited during drought.  

 

Greater sensitivity to heat stress in expanding leaves 

Consistent with our first hypothesis, mature leaves showed faster recovery of 

photosynthesis than expanding leaves (Figure 3.1). However, the extent of damage as 

measured with photosynthesis at day 2 did not differ between leaf age classes nor 

treatment, suggesting that leaf age may influence the capacity to recover more than the 
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extent of damage incurred, although both characteristics influence the ability to withstand 

heat stress (Escandón et al., 2016). Consistent with our second hypothesis, the 90 min 

duration of heat stress resulted in both greater physiological damage and slower recovery 

than the 45 min group as measured with FV/FM, and slower recovery as measured with 

photosynthesis (Figure 3.1). This was due to the apparent slower rate of FV/FM recovery 

and greater damage at day 2 induced by the 90 min treatment than the 45 min treatment 

(Figure 3.1, 2). Taken together, these results showed that leaf age affected the recovery 

rate of photosynthesis but not that of FV/FM, suggesting that PSII photochemistry may be 

conserved across different leaf ages in low light (Ishida et al., 1999), and that longer lived 

foliage may be protected by the greater capacity of older leaves to photosynthetically 

recover (Yamada et al., 1996). The declines in FV/FM indicate that FO increased and/or FV 

decreased, both of which indicate stress-induced changes to photochemistry including 

PSII inactivation, photodamage, heat dissipation, photoinhibition or damage to the 

oxygen evolving complex and water splitting system that disrupts electron donation to 

PSII reaction centers (Yamashita & Butler, 1968; Schreiber & Berry, 1977; Demmig et 

al., 1987; Weis & Berry, 1987; Havaux, 1993; Yamada et al., 1996; Maxwell & Johnson, 

2000). 

In addition to their slower recovery, gs of expanding leaves declined in the 45 min 

and 90 min treatments while that of mature leaves did not change with treatment. Besides 

reducing water loss, this response may reflect the impact of damaged membrane integrity 

on the ability to maintain gs (Bita & Gerats, 2013). As discussed above, reduced gs would 

exacerbate the effects of heat stress on expanding leaves by further increasing their 

temperature and putting them at greater risk of additional heat-induced damage.  
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Interestingly, total NSC, starch, and sucrose content were not significantly 

different between leaf age classes (Figure 3.5) suggesting that these components were 

highly regulated. In contrast, glucose + fructose content was significantly greater in 

expanding leaves than mature leaves (Figure 3.6), which may occur because free sugars 

are needed as building blocks for structural carbohydrates (e.g. cellulose, lignin) in cell 

walls of expanding leaves, whereas sugars in mature leaves have already been allocated 

to structural carbohydrates required for structural support (Cavatte et al., 2012).  

  

Impact of heat-induced inhibition of flowering on NSC dynamics 

In contrast to controls, none of the heat-treated plants produced flowers or fruits. 

This is not surprising because coffee reproduction is highly sensitive to heat (Camargo, 

1985, 2010; Bita & Gerats, 2013). Our results showed that even a short, sudden heat 

stress event can inhibit reproduction and have negative consequences for C. arabica 

productivity (Davis et al., 2012; Bunn et al., 2014). The treatment temperature of 49°C 

for 45 min and 90 min durations may occur in the field because leaf temperatures can 

exceed air temperature by 15-20ºC in sun grown C. arabica (Butler, 1977; Alvim & 

Kozlowski, 2013). This was supported by the leaf energy balance model (Figure 3.4). It is 

possible that C. arabica may acclimate and respond differently to gradual increases in 

average air temperature as opposed to a sudden heat stress event simulated in this study 

(Stone & Nicolas, 1995; Zou, 2009; Bauweraerts et al., 2013, 2014). However, dramatic 

aseasonal fluctuations in temperature are expected to become more frequent in the future 

(Filewod & Thomas, 2014). Further, elevated ambient [CO2] may partially mitigate the 

impacts of high temperature stress on C. arabica (Martins et al., 2016; Rodrigues et al., 
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2016) and C. arabica may be able to maintain adequate mineral balance under combined 

high temperature and elevated [CO2] situations (Martins et al., 2014).F 

Because NSCs are utilized for reproduction (e.g. flowers, fruits) in C. arabica 

(Cannell, 1976), the decline in total NSC and starch of controls (Figure 3.5A,B) was 

likely due to the subsequent formation of flowers and fruits (Chaves et al., 2012). Costa 

et al. (2006) also observed reduced starch in high fruit-bearing plants and no decrease in 

soluble sugars, consistent with the patterns of starch, sucrose, and glucose + fructose in 

the flower-bearing control plants in this study.  

Since fruit production is the strongest carbohydrate sink in C. arabica (Cannell, 

1976) and competes with vegetative growth (Amaral et al., 2001; Vaast et al., 2005; 

DaMatta et al., 2007, 2008), the lack of fruiting in the heat treatments should 

theoretically result in more NSC available for growth, storage, metabolic maintenance, 

and repair (Chapin et al., 1990; Kozlowski, 1992; Dietze et al., 2014). This helps 

elucidate the patterns in total NSC and starch of the 45 min group (Figure 3.5A,B). The 

sharp but transient reduction in total NSC and starch at day 2 coincided with the 

treatment-induced reductions in photosynthesis and FV/FM, indicating significant heat 

stress-induced damage and reductions in carbohydrate production (Wahid et al., 2007). 

The decline in starch with no significant shifts in sucrose and glucose + fructose at day 2 

may indicate the allocation of NSC to metabolic maintenance and repair in response to 

the 45 min treatment (Bita & Gerats, 2013). This may also be due to increased respiration 

(Way & Yamori, 2014), as well as the remobilization of starch from source leaves to 

roots (Blessing et al., 2015), although we did not measure NSC in roots. By days 15 and 

25, total NSC, starch, and sucrose of the 45 min group had significantly accumulated 
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compared to controls, coinciding with the full recovery of photosynthesis and FV/FM. Due 

to the lack of demand for reproduction and repair by day 15 and later, carbon supply was 

greater than carbon demand (Génard et al., 2008) so starch was stored resulting in an 

increase in total NSC. By day 50, starch and total NSC levels of the 45 min group 

declined to day 0 values suggesting that the stored NSC may have been utilized for 

renewed vegetative growth and metabolic maintenance. 

Despite the greater damage induced by the 90 min heat treatment compared to the 

45 min treatment (Figure 3.1, 2), total NSC, starch, and glucose + fructose of the 90 min 

group unexpectedly did not change significantly throughout the 50 days of the 

experiment (Figure 3.5, 6). This may reflect a balance between NSC supply and sink 

demand in the 90 min treatment. The supply of NSC was likely low due to the ongoing 

inhibition of photosynthesis and incomplete recovery of photochemistry (FV/FM) by day 

50 (Figure 3.1). The sink demand in this treatment was also low due to the inhibition of 

reproduction. In contrast to the other NSC constituents that did not change with time in 

the 90 min treatment, the transient increase in sucrose content at day 2 may reflect an 

initial repair or defense response to the substantial damage caused by the 90 min 

treatment because sucrose has been linked to defense against ROS (Bita & Gerats, 2013), 

antioxidant production (Couée et al., 2006), osmotic adjustment (Cavatte et al., 2012), 

and stress response signaling (Sugio et al., 2009; Secchi & Zwieniecki, 2011, 2016; El 

Sayed et al., 2014; Wang & Ruan, 2016). Also, soluble sugars such as sucrose are among 

the primary metabolites and osmolytes known to accumulate in response to heat stress 

(Wahid et al., 2007) and are necessary for protection from elevated temperature and 

maintaining water balance and membrane stability (Farooq et al., 2008; Bita & Gerats, 
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2013). Sucrose is translocated from source leaves to sink organs through the phloem and 

its transient increase in plants subjected to 90 min of heat stress may also be associated 

with a disruption or inhibition of phloem transport (Sala et al., 2012; Woodruff, 2014; 

Blessing et al., 2015). The subsequent decline in sucrose after day 2 suggests that the 

demand for sucrose for repair, renewed growth, and ongoing metabolism was greater than 

the supply from photosynthesis, which was still inhibited on day 50.  

 

Heat stress duration impacts on NSC dynamics 

The observed effect of heat stress duration on PSII photochemistry and 

photosynthesis was associated with significant impacts on NSC dynamics. Although 

starch dynamics were presumably linked to reproduction in the control group, and a 

repair and storage response in the 45 min group, the 90 min group only exhibited shifts in 

sucrose content in response to treatment. This suggests that the greater duration of heat 

stress may have made starch inaccessible or overly energy-intensive to utilize (Chapin et 

al., 1990; Kozlowski, 1992; Dietze et al., 2014) thereby resulting in the use of sucrose to 

allocate to repair. Escandón et al. (2016) also found that soluble sugars seemed more 

closely associated with plant responses to increasing number of days exposed to heat 

stress, although they did not measure starch. Interestingly, glucose + fructose was not 

significantly affected by day or treatment in the 45 min and 90 min groups (Figure 3.6), 

consistent with Lafta & Lorenzen (1995) that found no effect of temperature on sugar 

levels in potato and attributed this to coordinated control of sugar metabolism in response 

to high temperature stress. 
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Downregulation of photosynthesis has been associated with NSC accumulation in 

C. arabica (e.g. starch in DaMatta et al. (1997), sucrose in Franck et al. 2006), while 

other studies have found no link between NSC and photosynthetic downregulation (Silva 

et al., 2004; Batista et al., 2011; DaMatta et al., 2016). In contrast, we found a positive 

relationship between starch and photosynthesis in controls and the 45 min group (Table 

3.3). These different results may be a consequence of previous studies of NSC and 

photosynthesis in C. arabica having examined NSC as a cause of photosynthetic 

regulation, whereas in this study we examined changes in NSC dynamics as a 

consequence of heat stress-induced inhibition of photosynthesis and other physiological 

processes. The lack of a significant relationship between photosynthesis and starch in the 

90 min group suggests a decoupling of starch dynamics and photosynthesis under greater 

heat stress duration, complicating predictions of plant carbon allocation under increasing 

temperature stress. 

Currently it is not well understood how photosynthate is partitioned under high 

temperature stress (Wahid et al., 2007). In this study, the differences in NSC dynamics 

among treatments emphasize that plant carbon utilization is influenced by heat stress 

duration and may be related to the capacity to recover (Filewod & Thomas, 2014; Teskey 

et al., 2015). The 45 min treatment that induced less damage and faster recovery 

exhibited an NSC pattern of repair and storage as indicated by starch dynamics while the 

90 min treatment that induced more damage and slower recovery exhibited an NSC 

pattern of repair and/or phloem transport inhibition as indicated by sucrose dynamics. 

Expanding leaves were more sensitive to heat stress, exhibited by slower photosynthetic 

recovery and lower stomatal conductance with increasing heat stress duration, a response 
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likely to exacerbate heat stress effects during combined heat and drought scenarios. 

Reproduction and NSC dynamics are tightly linked in C. arabica and the heat-induced 

inhibition of flowering significantly impacted NSC allocation dynamics, making the 

timing of heat stress at key developmental stages such as reproduction critical for 

interpreting and predicting responses to heat stress. The investigation of the impacts of 

heat stress duration and leaf age on NSC dynamics and recovery are essential for 

understanding plant carbohydrate metabolism and how C. arabica may respond to future 

climate change scenarios. 
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3.8 Figures & Tables 

 

 

Figure 3.1  Time courses of photosynthesis and FV/FM of expanding (A, B) and mature 
(C, D) leaves from the same plants (N=4) of the 0 min (controls), 45 min, and 
90 min groups at 0, 2, 15, 25, and 50 days after treatment. Different 
uppercase letters represent significant significant differences among 
treatments within each day and leaf age. Different lowercase letters represent 
significant differences among days within treatment and leaf age. Asterisks 
represent significant differences between leaf age within treatment and day. 
Error bars represent ± SE. 
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Figure 3.2  FV/FM values reached two days after treatment (i.e. maximum damage after 
treatment) significantly related to the log-transformed slope of FV/FM 
recovery across leaf age class and treatment (R2=0.57, P=0.0007). Nonlinear 
regression equation: f = y0+a*ln(abs(x). Each data point represents an 
individual plant. N=4.
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Figure 3.3  Mean post-treatment stomatal conductance (gs) and intrinsic water use 
efficiency (A/gs) for 0 min (controls), 45 min, and 90 min groups. Different 
uppercase letters represent significant differences among treatments within 
leaf age class. Error bars represent ± SE. 
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Figure 3.4  Modeled relationships between stomatal conductance (gs) and leaf temperature (Tleaf) – air temperature (Tair) at Tair = 
35°C, 40°C, and 45°C at short wave radiation (SWR) of 600 W m-2 (A) and 1000 W m-2 (B) to represent partial and 
full sun conditions, respectively. Vertical lines indicate mean post-treatment gs values of controls (0.0796 mol m-2 s-1) 
and of the 45 min and 90 min groups (0.0451 mol m-2 s-1 for expanding leaves). Incident photosynthetically active 
radiation (PAR) for each SWR level at a wavelength of 550 nm (average wavelength for the 400-700 nm PAR range): 
~1380 and ~2300 µmol m-2 s-1, respectively. PAR is assumed ~50% of SWR (Britton & Dodd, 1976).
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Figure 3.5  Time courses of mean total non-structural carbohydrates (total NSC), starch, 
and sucrose of expanding and mature leaves from the same plants (N=4) of 
the 0 min (controls), 45 min, and 90 min groups at 0, 2, 15, 25, and 50 days 
after treatment. Different uppercase letters represent significant differences 
between treatments within each day. Different lowercase letters represent 
significant differences between days within each treatment. Error bars 
represent ± SE.
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Figure 3.6  Time courses of glucose + fructose of expanding (A) and mature (B) leaves 
from the same plants (N=4) of the 0 min (controls), 45 min, and 90 min 
groups at 0, 2, 15, 25, and 50 days after treatment. Different uppercase letters 
represent significant differences among treatments within each day. Different 
lowercase letters represent significant differences among days within each 
treatment. Asterisks represent significant differences between leaf age 
classes. Error bars represent ± SE.
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Table 3.1   Marginal F-tests for photosynthesis and FV/FM.  

 Photosynthesis 
(µmol m-2 s-1) FV/FM 

 numDF denDF F-value P-value numDF denDF F-value P-value 
Intercept 1 93 366.41 <.0001 1 104 883.02 <.0001 

Age 1 13 1.6028 0.2277 1 13 6.846 0.0213 
Treatment 2 13 21.357 0.0001 2 13 26.312 <.0001 

Day 4 93 20.077 <.0001 4 104 94.940 <.0001 
Age x Treatment 2 13 3.4666 0.0621 2 13 2.8695 0.0929 

Age x  Day 4 93 3.8058 0.0065 4 104 1.2742 0.2849 
Treatment x Day 8 93 8.2791 <.0001 8 104 38.442 <.0001 

Age x Treatment x Day 8 93 3.5207 0.0013 8 104 0.6461 0.7373 
N=4. Bolded P-values indicate P<0.05. NumDF and denDF are the degrees of freedom in the numerator and denominator, respectively. 
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Table 3.2  Marginal F-tests for total NSC, starch, sucrose, and glucose+fructose. 

 Total NSC Starch Sucrose Glucose + Fructose 

 
nu

mD
F 

den
DF 

F-
value 

P-
value 

num
DF 

den
DF 

F-
value P-value num

DF 
den
DF 

F-
value P-value num

DF 
den
DF 

F-
value 

P-
value 

Intercept 1 79 850.78 <.0001 1 79 271.56 <.0001 1 79 620.69 <.0001 1 79 144.68 <.0001 

Age 1 13 3.202 0.0969 1 13 0.5649 0.4657 1 13 4.833 0.0466 1 13 52.792 <.0001 

Treatment 2 13 4.280 0.0373 2 13 0.123 0.8856 2 13 11.66 0.0013 2 13 1.974 0.1784 

Day 4 79 3.420 0.0124 4 79 8.526 <.0001 4 79 4.385 0.0030 4 79 2.481 0.0505 

Age x 
Treatment 2 13 0.442 0.6523 2 13 1.015 0.3899 2 13 0.66 0.5333 2 13 0.511 0.6113 

Age x  Day 4 79 1.846 0.1282 4 79 1.276 0.2867 4 79 1.010 0.4072 4 79 2.497 0.0493 

Treatment 
x Day 8 79 5.682 <.0001 8 79 11.670 <.0001 8 79 3.222 0.0032 8 79 0.702 0.6893 

Age x 
Treatment 

x Day 
8 79 0.956 0.4767 8 79 1.457 0.1865 8 79 0.509 0.8466 8 79 2.146 0.0408 

N=4. Bolded P-values indicate P<0.05. NumDF and denDF are the degrees of freedom in the numerator and denominator, respectively.
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Table 3.3  Pearson correlation coefficients (R) and P-values describing the relationship 
between mean expanding and mature leaf photosynthesis and NSC component 
(total NSC, starch, sucrose, glucose + fructose) within the 0 min (controls), 45 
min, and 90 min groups. 

  
 

Total NSC Starch Sucrose Glucose + 
Fructose 

 0 min  
R 

P-value 
0.409 

0.00145 
0.362 

0.00530 
0.210 
0.113 

0.141 
0.291 

Photosynthesis 45 min  
R 

P-value 
0.318 
0.0551 

0.332 
0.0445 

0.0100 
0.953 

0.161 
0.342 

 90 min  
R 

P-value 
-0.0427 
0.805 

-0.0177 
0.919 

-0.0920 
0.594 

0.0606 
0.726 

Bold values are significant P<0.05. 
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3.9 Appendices 

 

Appendix Figure 3.1  Air temperature, relative humidity (RH), and maximum 
photosynthetically active radiation (PAR) of the greenhouse during 
the two experimental rounds in the summer of 2014. 
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Appendix Figure 3.2  Air, leaf, and soil temperatures of plants during treatment exposure 
to 49°C for 45 min and 90 min in the growth chamber on 21 July 
2014 and 19 August 2014.
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Appendix Table 3.1  Average daily daytime and nighttime air temperature, relative 
humidity, and maximum photosynthetically active radiation (PAR) 
of the greenhouse during the two experimental rounds in the 
summer of 2014. 

 

 21 July 2014 19 August 2014 

Average daily daytime temperature 
(°C) 24.2 22.3 

Average daily nighttime temperature 
(°C) 18.3 18.0 

Average daily daytime relative humidity 
(%) 64.1 63.5 

Average daily nighttime relative humidity 
(%) 80.2 77.5 

Daily maximum PAR 
(µmol m-2 s-1) 319.9 332.8 
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Appendix Table 3.2  Symbols, definitions, units, and equations of parameters used in the leaf energy balance model. 

Symb
ol Definition Units Equation  Definition of symbols in equation 

Tleaf leaf temperature °C   
Tair air temperature °C   

𝛾𝛾m 
modified 

psychometric 
constant 

kPa K-1 𝛾𝛾𝑚𝑚 = 𝛾𝛾( 
𝑟𝑟𝑠𝑠𝑠𝑠
𝑟𝑟𝑏𝑏𝑏𝑏

 ) rst = stomatal resistance (s m-1), rbl = boundary layer resistance (s m-

1) 

Rn net radiation W m-2 
𝑅𝑅𝑛𝑛
=  𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐿𝐿𝐿𝐿𝐿𝐿𝑖𝑖𝑖𝑖
− 𝐿𝐿𝐿𝐿𝐿𝐿𝑜𝑜𝑜𝑜𝑜𝑜 

SWRabs = absorbed short wave radiation (W m-2), LWRin = 
incoming long-wave radiation (W m-2), LWRout = outgoing long-

wave radiation 

rbl leaf boundary 
layer resistance s m-1 𝑟𝑟𝑏𝑏𝑏𝑏 =

1

𝑔𝑔 (𝑢𝑢 𝑗𝑗
𝑑𝑑(1−𝑗𝑗)

 j = 0.5 for a flat leaf, g = 0.00662 for a flat leaf, u = wind speed, d = 
leaf length in the direction of wind 

VPD 
water vapor 

pressure deficit 
of the air 

kPa 𝑉𝑉𝑉𝑉𝑉𝑉 =  𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠 −  𝑒𝑒𝑎𝑎 
esat = saturation vapor pressure =  𝑎𝑎 𝑒𝑒

𝑏𝑏 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎
𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎+𝑧𝑧, where a = 0.61121 kPa, 

b = 17.502, z = 240.97°C 
ea = water vapor pressure of the air = 𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠

𝑅𝑅𝑅𝑅
100

, where RH = relative 
humidity (%) 

ρ density of dry 
air kg m-3 ρ = 1.292 kg m-3  

Cp 
heat capacity of 

dry air 
J kg-1 K-

1 Cp = 1010 J kg-1 K-1  

s 
slope of the 

esat/temperature 
curve 

kPa 𝑠𝑠 =  
𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠 𝑏𝑏 𝑧𝑧 

(𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑧𝑧)2
 esat = saturation vapor pressure, b = 17.502, z = 240.97°C 
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The modified leaf energy balance equation from Sridhar & Elliott (2002), Monteith & 

Unsworth (2007), and Jones (2013) to solve for Tleaf – Tair was: 

𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 =  

𝛾𝛾𝑚𝑚𝑅𝑅𝑛𝑛 𝑟𝑟𝑏𝑏𝑏𝑏
𝜌𝜌 𝐶𝐶𝑝𝑝

− 𝑉𝑉𝑉𝑉𝑉𝑉

𝑠𝑠 + 𝛾𝛾𝑚𝑚
 

Symbols and definitions are in Appendix Table 3.2. The equation is based on the 

principle that for a leaf at steady state or equilibrium, the amount of energy entering the 

leaf via solar radiation and ambient heat is equal to the amount of energy that exits the 

leaf via heat loss, reflected light, and transpiration (e.g. Knoerr & Gay, 1965). 



98 

 

4.  THERMOTOLERANCE AND HEAT STRESS RESPONSES OF DOUGLAS-FIR 
AND PONDEROSA PINE SEEDLING POPULATIONS FROM CONTRASTING 
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4.1 Abstract 

Temperature and the frequency and intensity of heat waves are predicted to 

increase throughout the 21st century. Germinant seedlings are expected to be particularly 

vulnerable to heat stress because they are in the boundary layer close to the soil surface 

where intense heating occurs in open habitats. We quantified leaf thermotolerance and 

whole-plant physiological responses to heat stress in first-year germinant seedlings in two 

populations each of Pinus ponderosa P. and C. Lawson (PIPO) and Pseudotsuga 

menziesii (Mirb.) Franco (PSME) from climates with contrasting precipitation and 

temperature regimes. Thermotolerance of detached needles was evaluated using 

chlorophyll fluorescence (FV/FM, FO) and electrolyte leakage. PSME was more heat 

tolerant than PIPO according to both independent assessments of thermotolerance. 

Following exposure of whole seedlings to a simulated heat wave at 45°C for 1 h in a 

growth chamber, we monitored FV/FM, photosynthesis, stomatal conductance, non-

structural carbohydrates (NSCs), and carbon isotope ratios (δ13C) for 14 days. Heat 

treatment induced significant reductions in FV/FM in both species and a transient 

reduction in photosynthetic gas exchange only in PIPO one day after treatment. Heat 

treatment induced an increase in glucose + fructose concurrent with a decrease in starch 

in both species, whereas total NSC and sucrose were not affected by heat treatment. The 

negative relationship between glucose + fructose and starch observed in treated plants 

may be due to the conversion of starch to glucose + fructose to aid recovery from heat-

induced damage. Populations from drier sites displayed greater δ13C values than those 

from wetter sites, consistent with higher intrinsic water use efficiency and drought 



100 
 

 

resistance of populations from drier climates. Thermotolerance and heat stress responses 

appeared to be phenotypically plastic and representative of the environment in which 

plants were grown, whereas intrinsic water use efficiency appeared to reflect ecotypic 

differentiation and the climate of origin.  

 

4.2 Introduction 

High temperature stress and heat waves are expected to increase in frequency and 

intensity throughout the 21st century (Intergovernmental Panel on Climate Change, 

2014). Although temperature is a strong driver of plant species' distributions, the impacts 

of high temperature and heat stress on plant physiological performance are not fully 

understood. While heat and drought are closely related, future increases in temperature 

and heat waves are predicted to occur with and without drought (Hao et al., 2013), 

emphasizing the need for research that isolates the effect of high temperature stress on 

physiological processes. Seedlings represent the most vulnerable plant developmental 

stage because of their high susceptibility to abiotic and biotic stressors. High temperature 

stress at the soil surface is a major threat to seedling establishment. (Kolb & Robberecht, 

1996) measured air temperatures exceeding 75°C at 5 mm above the soil surface, and 

45°C at seedling height or 50 mm above the soil surface during two growing seasons 

where maximum ambient air temperatures were ~30°C. Given that soil surface 

temperatures are expected to increase along with projected increases in ambient air 

temperature and the frequency of heat waves, characterizing seedling physiological 

responses to heat stress is crucial. 
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Heat stress impacts plant function from the cellular to whole plant scale. High 

temperatures damage photosystem II (PSII) photochemistry, electron transport, thylakoid 

and cell membrane fluidity, RUBISCO function, and induce reactive oxygen species 

(ROS) production (Wahid et al., 2007; Bita & Gerats, 2013; Teskey et al., 2015). Heat 

stress also increases respiration, reduces photosynthesis, stomatal conductance, growth, 

and reproduction, and leads to leaf abscission, visible foliar damage, and mortality 

(Wahid et al., 2007; Bita & Gerats, 2013; Teskey et al., 2015). Plants employ 

mechanisms that influence the ability to withstand and/or avoid heat stress. This includes 

producing heat shock proteins that desaturate membrane lipids to maintain cell membrane 

integrity (Horváth et al., 2012), using assimilated carbon to repair heat-induced damage 

(Sevanto & Dickman, 2015), and regulating evaporative cooling to avoid high leaf 

temperatures (Tomlinson et al., 2013). Quantifying these physiological responses from 

the cellular to whole plant scale informs our understanding of heat (high temperature) 

tolerance or thermotolerance and mechanisms to cope with heat stress. 

Although increased allocation of assimilated carbon (i.e. photosynthate) to repair 

processes may facilitate recovery from heat stress-induced damage (Bita & Gerats, 2013), 

shifts in plant carbon allocation in response to heat stress are poorly understood due to 

contradictory results (Génard et al., 2008; Sala et al., 2012; Hartmann & Trumbore, 

2016). Non-structural carbohydrates (NSCs) include starch and free soluble sugars 

(sucrose, glucose, and fructose) and have multiple fates including growth, storage, 

reproduction, metabolism, root exudation, and repair after stress-induced damage 

(Kozlowski, 1992; Dietze et al., 2014). High levels of leaf NSCs have been associated 



102 
 

 

with heat stress tolerance (Liu & Huang, 2000; Niinemets, 2010) and are used for damage 

prevention, osmoregulation, and sugar signaling (Roitsch & González, 2004; Couée et 

al., 2006; Sugio et al., 2009). NSCs may be allocated to above-ground tissues for repair 

from heat stress and leaf NSC levels may increase (Sevanto & Dickman, 2015). In 

contrast, leaf NSCs may decrease in response to heat stress because photosynthesis and 

stomatal conductance are inhibited, reducing carbon gain and assimilation (i.e. decreased 

supply). This may occur concurrently with heat-induced increases in respiration that 

utilizes carbon (i.e. increased demand) and depletes NSC reserves (Duan et al., 2013; 

Zhao et al., 2013; Escandón et al., 2016). Heat stress may also induce shifts between 

NSC pools (e.g. starch, sugars), as well as turnover of NSC that may be reflected in shifts 

in the carbon isotope ratios of leaves (Gutierrez & Meinzer, 1994). Investigating the 

impacts of heat stress on NSC dynamics will provide insights into the nature of 

physiological responses to high temperature stress. 

Plant responses to heat stress may vary depending on the climate of origin. 

Species originating from warmer climates are more heat tolerant and are better adapted to 

withstand heat stress than species originating from cooler climates (Salvucci & Crafts-

Brandner, 2004; Cunningham & Read, 2006). Similar patterns have been observed within 

a species whose geographic range spans contrasting climate regimes. Populations within 

a species can acclimate to varying environmental conditions through phenotypic 

plasticity where the physiological characteristics reflect the climate in which they are 

grown (Knight & Ackerly, 2002; Ghouil et al., 2003; Gimeno et al., 2009). A species can 

also survive contrasting climate regimes through ecotypic variation that results from 
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genetically distinct populations within a species that have traits representing different 

ecotypes and climates of origin (Lindgren & Hällgren, 1993; Aranda et al., 2009; 

Ramírez-Valiente et al., 2010; Du et al., 2014; Matías et al., 2016). Kerr et al. (2015) 

showed strong evidence for the existence of ponderosa pine ecotypes because a seedling 

population from a dry climate displayed physiological traits associated with greater 

drought resistance than a population from a mesic climate despite being grown in a 

common garden. Phenotypic plasticity and ecotypic variation both enable species to 

survive diverse climates and buffer against predicted changes in temperature. Thus, 

species adapted to a wide range of climates may have an advantage over narrowly 

adapted species (Gimeno et al., 2009) in response to the predicted increases in heat stress. 

Populations and species originating from contrasting climates are expected to exhibit 

different heat tolerances and associated physiological responses to heat stress. 

Pinus ponderosa P. and C. Lawson (PIPO) and Pseudotsuga menziesii (Mirb.) 

Franco (PSME) are ecologically, economically, and socially important native species in 

the northwestern USA. PIPO and PSME have overlapping geographic ranges with both 

species ranging from British Columbia, Canada to Mexico and from the Pacific coast to 

the Rocky Mountains (Burns and Hankala 1990). PIPO is found at elevations from sea 

level to 3050 m (Oliver et al. 1990) and PSME is found at elevations from sea level to 

2700 m (Hermann and Lavender 1990). Generally, PIPO is more tolerant of drought, 

frost, sun, and fire than PSME (Hermann and Lavender 1990, Oliver et al. 1990). 

Populations of both PIPO and PSME originating from contrasting climates have 

exhibited ecotypic adaptations that reflect the climate of origin (Sorensen, 1983; Perić et 
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al., 2009; Du et al., 2014; Kerr et al., 2015). Because drought results in stomatal closure 

and increased leaf temperatures (Kolb & Robberecht, 1996), populations from drier 

climates are expected to also have greater heat tolerances.  

In this study, we evaluated physiological responses to heat stress in greenhouse-

grown first-year germinant seedlings in two populations each of PIPO and PSME 

originating from climates with contrasting precipitation and temperature regimes. We 

first quantified heat tolerance of detached needles using two independent methods: 

chlorophyll fluorescence and electrolyte leakage. We then evaluated whole-plant 

responses to heat stress in situ by exposing seedlings to a simulated heat wave in a 

growth chamber and monitoring chlorophyll fluorescence, photosynthesis, stomatal 

conductance, carbon isotope ratios, and NSC dynamics for 14 days after heat exposure. 

We hypothesized that 1) populations originating from drier climates would display 

greater homeostasis of physiological properties (chlorophyll fluorescence, 

photosynthesis, stomatal conductance, intrinsic water use efficiency as estimated from 

carbon isotope ratios, and NSC content and composition) indicating greater heat tolerance 

than those from wetter climates, and 2) based on stability of the preceding physiological 

properties, PIPO would display greater heat tolerance than PSME. 

 

4.3 Materials & Methods 

Plant material 

Pinus ponderosa P. and C. Lawson (PIPO) and Pseudotsuga menziesii (Mirb.) 

Franco (PSME) seeds were obtained from the Oregon Department of Forestry and the 



105 
 

 

USFS Pacific Northwest Research Station, respectively. Two populations of each species 

originated from a drier and a wetter climate (PIPOdry, PIPOwet, PSMEdry, PSMEwet) 

based on mean annual precipitation (MAP) and temperature for each population within 

each species (Table 4.1, PRISM). PIPOdry originated near Spray, OR (44.8343°N, 

119.7944°W) on the east side of the Cascade mountains ~325 km from the coast and has 

a MAP of 337 mm. PIPOwet originated from the Willamette Valley, OR with climate 

similar to Corvallis, OR (44.5646N, 123.2620W) on the west side of the Cascade 

mountains ~84 km from the coast and has a MAP of 1043 mm. PSMEdry originated from 

near Tiller, OR (42.895N, 123.0W) and has a MAP of 1056 mm. PSMEwet originated 

from the Coast Range (44.851N, 123.818W) and has a MAP of 3054 mm. For clarity, 

populations were named ‘dry’ and ‘wet’ based on relative differences in MAP between 

each population within each species. Climate information of each population is 

summarized in Table 4.1. Seeds were stratified in February of 2014 and planted in 3 L 

pots with a peat-perlite-pumice growing mix (Sunshine LA4P) in a temperature-

controlled greenhouse in Corvallis, Oregon in March of 2014. During the sampling 

campaigns in October and November 2014, seedlings were ~10 cm tall, average daytime 

temperature in the greenhouse was 22ºC, average nighttime temperature 19ºC, average 

daytime relative humidity 67%, and average daily maximum photosynthetic photon flux 

density (PPFD) was 285 µmol m-2 s-1 (see Appendix Table 4.1). Average daily 

maximum PPFD was 391 µmol m-2 s-1 for the growing season from April-September. 

Seedlings were watered three times per week and fertilized once every two weeks 

(12%N, 4%P2O5, 8%K2O). 
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Thermotolerance curves derived from chlorophyll fluorescence 

During October of 2014, two mature needles were collected from each of five 

seedlings per population prior to dawn to ensure needles were dark-acclimated. Needles 

were placed in closed plastic bags and immersed in a preheated water bath (General 

Purpose Aquabath Model 2343, Thermo Fisher Scientific, Marietta, OH, USA) for 15 

min at nine temperatures ranging from 25-59°C for PIPO and 12 temperatures ranging 

from 25-61°C for PSME. Different sets of needles were exposed to each temperature. A 

fine-wire thermocouple in each plastic bag recorded that needles reached each desired 

temperature within 1 min. Chlorophyll fluorescence was measured at room temperature 

with a portable pulse-amplitude modulated chlorophyll fluorometer (Mini-PAM, Heinz 

Walz GmbH, Germany) 24 h after exposure to each temperature. Controls were not 

exposed to a water bath treatment. During the 24 h after temperature exposure, needles 

were stored in the dark on moist filter paper in Petri dishes. 

Chlorophyll fluorescence was measured as the ratio of variable to maximum 

fluorescence (FV/FM) and the minimal level of fluorescence (FO) in the convention of 

Maxwell & Johnson (2000). FV/FM is a proxy for the maximum quantum efficiency of 

PSII photochemistry (Genty et al., 1989) and is calculated as: 

𝐹𝐹𝑉𝑉
𝐹𝐹𝑀𝑀

=  𝐹𝐹𝑀𝑀− 𝐹𝐹𝑂𝑂
𝐹𝐹𝑀𝑀

= 1 −  𝐹𝐹𝑂𝑂
𝐹𝐹𝑀𝑀

                                                (1) 

FO was induced by turning on a measuring light (red light-emitting diode, 650 nm, 

0.15 µmol m-2 s-1 PPFD) with a pulse-width of 3 µs at a pulse modulation frequency of 

0.6 kHz. FV/FM was then determined by applying a 0.8 s saturating pulse of white light, 
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which transiently closed all PSII reaction centers, minimized heat dissipation, and 

induced maximum fluorescence, allowing the determination of variable fluorescence. 

Reductions in FV/FM indicate stress-induced changes in photochemistry such as inhibition 

of PSII reaction centers and increased non-radiative (heat) dissipation. Optimal FV/FM 

values are ~0.83 (Björkman & Demmig, 1987). An increase in FO indicates PSII 

inactivation, damage to the oxygen evolving complex and water splitting system and 

disruptions in electron donation to PSII reaction centers (Yamashita & Butler, 1968; 

Weis & Berry, 1987; Havaux, 1996). We did not measure FO during continuous heating 

(Schreiber & Berry, 1977) to avoid the confounding effects of previous temperature 

exposure (e.g. Cunningham and Read 2006; Krause et al. 2010).  

 

Thermotolerance curves derived from electrolyte leakage 

During December of 2014, six needles were collected before dawn from each of 

five seedlings per population and placed in 6 mL of deionized H2O in 15 mL 

polycarbonate tubes. Samples were infiltrated under vacuum for 15 min. Tubes were 

heated for 20 min in a preheated water bath at each of the eight desired temperatures 

ranging from 30-65°C.  Different sets of needles were exposed to each temperature. 

Tubes were shaken for 1.5 h and the conductivity of the water in each tube was measured 

with a conductivity meter (Product catalog number 89094-958, VWR International, 

Radnor, PA, USA). Tubes were then heated for 20 min in a 100˚C water bath and shaken 

again for 1.5 h. The final conductivity of the solution represented the electrolyte leakage 
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of completely killed leaf tissue. Percent electrolyte leakage or percent damage was 

calculated as: 

% 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑡𝑡𝑡𝑡 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (°𝐶𝐶)
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑡𝑡𝑡𝑡 100°𝐶𝐶

 𝑥𝑥 100  (2) 

 

Growth chamber heat treatment 

Seedlings (N=7 per PSME population, N=10 per PIPO population) were exposed 

to 45ºC for 1 h in a growth chamber (Model I-35LVL, Percival, Boone, IA) with cool 

white lighting (PPFD=25 µmol m-2 s-1). The treatment temperature of 45°C was selected 

based on the chlorophyll fluorescence thermotolerance curves and preliminary 

experiments at other temperatures that showed that 45°C induced enough heat stress to be 

damaging without completely killing needles. This enabled us to evaluate time courses of 

physiological responses to heat treatment. The treatment temperature is also well-above 

the temperature optimum for photosynthesis between 20-30°C across boreal, temperate, 

and tropical species (Teskey et al., 2015), but realistic for soil surface temperatures 

experienced during conifer seedling establishment (Kolb & Robberecht, 1996). PSME 

seedlings were heat treated on 16 October 2014 and PIPO seedlings were heat treated on 

17 November 2014 (see Appendix Table 4.1).  Plants were watered to drainage directly 

before treatment to avoid drought effects and to buffer changes in soil temperature during 

treatment. Fine-wire thermocouples measured air, leaf, and soil (~10 cm depth) 

temperatures during treatment exposure (see Appendix Table 4.2). Pots were completely 

wrapped with reflective bubble wrap to isolate the soil and roots from heat exposure. This 

prevented soil temperatures from exceeding 23ºC (see Appendix Table 4.2), which is 
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realistic for soil temperatures in summer (Zheng et al., 1993; Kolb & Robberecht, 1996). 

Control plants were not exposed to a treatment in the growth chamber. FV/FM, 

photosynthesis, stomatal conductance, foliar carbon isotope ratios, and foliar NSC 

content were monitored in control and treated plants prior to treatment (day 0) and 1, 2, 7, 

and 14 days after treatment in 5 randomly selected plants per treatment group in each 

population. 

 

Chlorophyll fluorescence, photosynthesis, and stomatal conductance 

FV/FM was measured on five seedlings per treatment group and population at 

ambient greenhouse temperature with a portable pulse-amplitude modulated chlorophyll 

fluorometer (Mini-PAM, Heinz Walz Gmbh, Germany) at predawn to ensure leaves were 

dark-acclimated. Photosynthesis and stomatal conductance were measured between 1000-

1300 h on five randomly selected seedlings per group and population using a portable 

photosynthesis system (LI-6400, Li-Cor, Lincoln, NE, USA). In the cuvette, 

photosynthetic photon flux density (PPFD) was set to 1000 µmol m-2 s-1, leaf temperature 

25°C, reference [CO2] 400 µmol mol-1, and flow rate 500 µmol s-1. Gas exchange was 

measured on flattened juvenile needles not in fascicles. Needles were allowed to 

acclimate to cuvette conditions as long as was required for photosynthesis and 

conductance levels to stabilize. Needles in the gas exchange chamber were collected and 

their area was computed using ImageJ software. Measured projected leaf area was used to 

normalize gas exchange values. Pretreatment (day 0) photosynthesis values were 

estimated from photosynthesis-intercellular CO2 (Ci) curves. To compare intrinsic 
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photosynthesis at the ambient atmospheric CO2 concentration of 400 µmol mol-1, 

photosynthesis was estimated at the average Ci value of the control (0 min) group for all 

sampling days.  

 

Carbon isotope ratios 

Five needles from each of five individuals were collected early morning (directly 

after FV/FM measurements were made) on each sampling date, immediately put on ice in 

a cooler, and transported to the nearby laboratory where samples were microwaved for 90 

s to stop all enzymatic activity because NSC assays were subsequently conducted on 

aliquots of the same samples. The samples were then oven-dried at 75ºC and stored in a 

freezer before being ground to a fine powder. Approximately 0.8 mg of dried needle 

powder was packed in tin capsules for C combustion for subsequent analysis by an 

isotope ratio mass spectrometer (IRMS). The C isotopic ratio (δ13C) was recorded as 

deviations per mil (‰) from the Vienna Peedee Belemnite international standard. 

Samples were analyzed for δ13C at Oregon State University’s College of Earth, Oceanic, 

Atmospheric Sciences stable isotope laboratory. Samples were flash combusted using a 

Carlo Erba elemental analyzer (NA 1500, Thermo Scientific, Waltham, MA, USA), and 

the resulting CO2 was analyzed by a Delta Plus XL continuous-flow mass spectrometer 

(Finnigan MAT, now Thermo Scientific, Waltham, MA, USA). Runs were calibrated 

daily using the international standards USGS40 (glutamic acid) and ANU sucrose. The 

typical error was ±0.1‰ or less as determined by repeated measures of internal quality 

control standards (IAEA-600) and from sample replicates.  
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The δ13C of leaf tissue (δ13Cleaf) reflects the δ13C of CO2 in the atmosphere 

(δ13Cair), the fractionation against the heavier C isotope (13C) due to physiological 

processes, and the ratio of the concentration of CO2 inside the leaf (Ci) to that in the 

ambient air (Ca): 

𝛿𝛿13𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝛿𝛿13𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑎𝑎 − (𝑏𝑏 − 𝑎𝑎) 𝐶𝐶𝑖𝑖
𝐶𝐶𝑎𝑎

 ,                                   (3) 

where a is the fractionation effect of diffusion of CO2 through stomata (4.4‰), and b is 

the fractionation effect (27‰) associated with discrimination against 13C by the enzyme 

RUBISCO (ribulose bisphosphate carboxylase-oxygenase) during C fixation (Farquhar et 

al., 1982; Farquhar & Richards, 1984). δ13Cleaf is also an integrated measure of intrinsic 

water use efficiency (iWUE) at the time the tissue was formed where greater δ13Cleaf (i.e. 

less negative) indicates greater iWUE (Farquhar et al., 1989) and drought resistance 

(Hubick et al., 1986; Jones, 2009). Therefore, carbon isotope ratios can indicate ecotypic 

differences in drought resistance across populations of a species when grown in a 

common garden situation (Hubick et al., 1986; Zhang et al., 1993; Kerr et al., 2015). 

Changes in carbon isotope ratios of mature leaves over time can also reflect turnover of 

NSCs as regulation of photosynthetic gas exchange varies seasonally or following 

imposition of stress (Gutierrez & Meinzer, 1994; Damesin et al., 1998; Scartazza et al., 

2013). 

 

Non-structural carbohydrates (NSCs) 

The ground needle samples used for δ13C analyses (described above) were also 

analyzed for content of total NSC, starch, sucrose, and glucose + fructose as described by 
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Woodruff & Meinzer (2011). Water was added to the powdered samples and NSC was 

extracted from the solutions by heating them in steam for 1.5 h. The concentration of free 

glucose + fructose was determined photometrically on a 96-well microplate photometer 

(Multiskan FC, Thermo Scientific, Waltham, MA, USA) after enzymatic conversion of 

glucose + fructose to gluconate-6-phosphate. Samples were hydrolyzed by enzymatic 

treatment: invertase for sucrose and amyloglucosidase for total NSC. Photometric 

analysis was based on absorbance of samples at 340 nm in solution with reference to the 

absorbance of a glucose reference solution. Total NSC was calculated as the sum of 

starch, sucrose, and glucose + fructose. NSC values are presented as % dry weight. 

 

Statistics 

FV/FM values were converted to a percent scale so that the FV/FM value of the 

untreated (control) group was considered 100% (no damage). For ease of comparison 

with the FV/FM thermotolerance curves, the percent electrolyte leakage axis (y-axis) was 

inverted in figures. Thermotolerance curves assessed with FV/FM and electrolyte leakage 

were determined from third order sigmoidal functions fitted to the data:  

                           𝑓𝑓 =  𝑎𝑎/(1 + 𝑒𝑒𝑒𝑒𝑒𝑒(−(𝑥𝑥 − 𝑥𝑥0)/𝑏𝑏)                                      (4)  

where f is percent of untreated (control) FV/FM or percent electrolyte leakage, x is the 

treatment temperature, and a, x0, and b are fitting parameters. From this equation, 

thermotolerance parameters were determined: T50 of FV/FM is the temperature that caused 

a 50% reduction in untreated (control) FV/Fm. T50 of electrolyte leakage is the 

temperature that caused a 50% increase in percent electrolyte leakage or percent damage. 
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The temperature at which FO begins to rise in response to increasing temperature (Tcrit) 

was determined from the intersection of two regression lines extrapolated from the slow- 

and fast-rising portions of the FO-temperature curve (Schreiber and Berry 1977). A two 

sample t-test was used to compare the T50s assessed from the FV/FM and electrolyte 

leakage methods, and to compare T50 and Tcrit between populations and species. 

A three-way factorial linear mixed-effects model was developed with treatment 

(control, heat), type (speciespopulation, i.e. PSMEdry, PSMEwet, PIPOdry, PIPOwet), and day 

(0, 1, 2, 7, 14) as fixed main effects. The nested random effect in the model was plant. 

Response variables were: FV/FM, photosynthesis, stomatal conductance, δ13C, total NSC, 

starch, sucrose, and glucose + fructose. To choose a correlation structure that would 

account for the repeated measurements of plants through time, four models that allowed 

for different residual correlation structures were fit and selected based on the minimum 

Bayesian Information Criterion (BIC) value. Assumptions of constant variance and 

normality were checked using residual and quantile-quantile plots. Log transformations 

were necessary to meet assumptions for stomatal conductance, total NSC, starch, sucrose, 

and glucose + fructose. For ease of interpretation, we present back-transformed data in 

results and figures. All interactive and main effects of factors on the response were tested 

using marginal F-tests (also known as Type III tests) that account for unbalanced sample 

sizes. Post-hoc comparisons were made using a 95% confidence interval and P<0.05. 

Due to sufficient degrees of freedom, we did not make multiple comparisons corrections. 

If no significant differences existed among populations, treatments, and/or days, the 

response variable was pooled by averaging over population, treatment, and/or day to 
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simplify data visualization. Statistical analyses were conducted in SigmaPlot 13.0 (Systat 

Software, San Jose, CA, USA) and R version 3.2.3 (2015-12-10, The R Foundation for 

Statistical Computing).  

 

4.4 Results 

Needle thermotolerance curves 

Mean FV/FM of untreated, detached needles was 0.72±0.003 for PIPOdry, 

0.73±0.004 for PIPOwet, 0.75±0.006 for PSMEdry, and 0.74±0.004 for PSMEwet and did 

not significantly differ between populations or species (P>0.05). Thermotolerance curves 

based on FV/FM, electrolyte leakage, and Fo showed that PSME was less heat-sensitive to 

temperatures >50°C than PIPO regardless of population (Figure 4.1). T50 and Tcrit did not 

show significant differences between populations but did show significant differences 

between species where T50 (FV/FM), T50 (electrolyte leakage), and Tcrit were significantly 

greater in PSME than PIPO (P<0.05, Table 4.2).  

 

Whole-plant responses to heat stress 

Interactions among the main effects (treatment, type (i.e., speciespopulation: PIPOdry, 

PIPOwet, PSMEdry, PSMEwet), and day) on FV/FM, photosynthesis, stomatal conductance, 

and δ13C are summarized in Table 4.3. FV/FM was significantly affected by treatment and 

day, and the interaction between treatment and day was significant (P<0.0001, Table 4.3) 

but the effect of type was not significant (P=0.9552, Table 4.3). Because there were no 

significant differences in FV/FM, photosynthesis, and stomatal conductance between 
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populations within species, populations were pooled (Figure 4.2). Heat treatment 

significantly and similarly reduced FV/FM 1 and 2 days after treatment in both species 

(Figure 4.2A,B). Both species did not recover to pretreatment (day 0) FV/FM values until 

day 7. FV/FM values of controls did not differ between species. 

Photosynthesis was significantly affected by treatment, species, and day, and all 

interactions among main effects were significant (P<0.05, Table 4.3). Photosynthesis was 

significantly greater in PIPO than PSME on days 0, 2, and 7 in controls and on days 0 

and 2 in the heated group (Figure 4.2C,D). One day after heat treatment, photosynthesis 

of treated PIPO significantly declined by 81% relative to day 0 values and became 

significantly lower than that of treated PSME. Photosynthesis of treated PIPO recovered 

to control values on day 14, although photosynthesis on day 14 was not significantly 

different from that on days 2 and 7. In contrast, photosynthesis of the PSME treatment 

group did not significantly change with day nor differ from the PSME control group. 

Stomatal conductance was significantly affected by species and day (P<0.0001, 

Table 4.3), but not treatment (P=0.2411, Table 4.3). Stomatal conductance of PIPO was 

significantly greater than PSME on all days in the controls (Figure 4.2E). This pattern 

held in the heated group with the only exception on day 1 after treatment when stomatal 

conductance of treated PIPO significantly declined from day 0 by 42% and did not differ 

from that of treated PSME (Figure 4.2F). In contrast, treated PSME stomatal conductance 

did not significantly change between days 0 and 1. Treated PIPO and PSME stomatal 

conductance changed with day but not in a consistent pattern.  
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δ13C was significantly affected by type (speciespopulation, P=0.0157) and day 

(P<0.0001), but not treatment (P=0.2123, Table 4.3). Because δ13C was not significantly 

affected by treatment (P=0.2123) and the interaction between day and type was also not 

significant (P=0.3381), control and treatment δ13C were pooled for all sampled days in 

Figure 4.3. In contrast to all other response variables, δ13C significantly differed between 

populations (P=0.015 for PIPO, P=0.032 for PSME) but not between species when 

populations were pooled (P=0.48, Figure 4.3). PSMEwet and PIPOwet δ13C values were 

significantly more negative (i.e. lower) than those of PSMEdry and PIPOdry (Figure 4.3).  

Interactions among the main effects (treatment, type, and day) on total NSC, 

starch, sucrose, and glucose + fructose are summarized in Table 4.4. NSC constituents of 

populations within species did not significantly differ so populations were pooled within 

species. Total NSC was significantly affected by day (P=0.0009) and marginally by 

treatment (P=0.0465, Table 4.4). Total NSC did not differ between species in the control 

group and only differed between species in the treatment group on days 7 and 14 and not 

in a consistent pattern (Figure 4.4A,B). Starch was significantly affected by day 

(P=0.0001) and the interaction between treatment and day was significant (P=0.0001). 

Starch of treated PIPO significantly declined at day 2 relative to day 0 before increasing 

back to pretreatment values at days 7 and 14 (Figure 4.4C,D). In contrast, starch of 

treated PSME steadily declined from day 0 to day 14 and was significantly lower than 

pretreatment values by day 14. Starch of control PIPO and PSME did not significantly 

change with day. Sucrose was significantly affected by treatment (P=0.0203), type 

(P=0.0051), day (P=0.002), and the interaction between treatment and type was 
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significant (P=0.0008). However, sucrose of both PIPO and PSME treatment groups did 

not significantly differ from that of controls on any day. Sucrose of the heated group only 

differed between species at days 1 and 14 and not consistently, while sucrose did not 

significantly differ between species in the controls (Figure 4.4E,F). Glucose + fructose 

was significantly affected by day (P<0.0001) and the interaction between type and day 

was significant (P=0.0033). Glucose + fructose of both heat treated PIPO and PSME 

spiked on day 2 before declining back to pretreatment values by day 14 (Figure 4.4G,H). 

Control glucose + fructose increased with day in PSME but did not change with day in 

PIPO. Starch and glucose + fructose of both species were negatively related in the 

treatment group (P=0.049, R2=0.40) but not in the controls (Figure 4.5).   

 

4.5 Discussion 

Thermotolerance assessments 

Contrary to our hypothesis, PSME had a greater T50 assessed with both FV/FM and 

electrolyte leakage and Tcrit assessed from FO than PIPO, suggesting that PSME was more 

heat tolerant than PIPO. This is surprising given the habit of PIPO to establish on sunny, 

dry sites that experience higher temperatures than the cooler, moister sites on which the 

relatively more shade-tolerant PSME establishes (Hermann and Lavender 1990, Oliver et 

al. 1990). This result however is consistent with a study on co-occurring field-grown 

Pinus halepensis and Quercus ilex where (Méthy et al., 1997) also hypothesized that P. 

halepensis, that naturally occurs under warmer and drier conditions and has become more 

dominant than Q. ilex in southern France, would be more heat tolerant than Q. ilex. 
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However, the authors found that P. halepensis was less heat tolerant than Q. ilex, 

underscoring that leaf heat tolerance is not always directly indicative of a species’ 

distribution pattern and that other life history strategies related to reproductive age, 

germination rate, and dormancy may also impact species’ distributions (Méthy et al., 

1997). In our study, life history strategies related to seasonal shifts in heat tolerance and 

rooting may help to elucidate our unexpected results. Heat tolerance of PSME seedlings 

remains the same year round whereas that of PIPO has been observed to fluctuate 

seasonally where heat tolerance declines during dormancy when it becomes fully cold-

hardy (Burr et al., 1993). The thermotolerance curves in this study were constructed in 

October when dormancy of field-grown plants begins, which may be why PIPO appeared 

to be less heat tolerant than PSME. 

Another explanation for the lower heat tolerance in PIPO than PSME may be 

related to rooting strategies. Unlike PSME, which has a relatively shallow root system, 

PIPO has a deep root system that enables it to access deep soil water and maintain 

stomatal conductance and evaporative cooling during drought (Kolb & Robberecht, 1996; 

Kerr et al., 2015). This is consistent with the observed greater stomatal conductance in 

PIPO than PSME (Figure 4.2). Thus, if grown in the same environment, PSME may 

experience higher leaf temperatures than does PIPO, which would require a greater heat 

tolerance in PSME (Cunningham & Read, 2006). PIPO seedlings that survived a summer 

drought in the field used transpiration to maintain leaf and stem temperatures 15°C and 

30°C, respectively, below surrounding air temperature than those that died (Kolb & 

Robberecht, 1996). Consistent with these findings, PIPO seedlings were less susceptible 
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to drought-induced mortality than PSME seedlings in a common garden experiment (D. 

Marias, unpublished observations; (Rother et al., 2015).  

Regardless of population or species, T50 measured with electrolyte leakage was 

significantly greater than T50 assessed using FV/FM (Table 4.2, Figure 4.1), indicating that 

PSII was more sensitive to heat than cell membranes (Cunningham & Read, 2006). This 

highlights that different plant processes and tissues have different heat tolerances and that 

overall heat tolerance is difficult to evaluate with one metric (Bilger et al., 1987; Larcher, 

1995; Schreiber et al., 1995; Teskey et al., 2015).  

The mean untreated FV/FM range of 0.72-0.75 for both populations and species is 

lower than optimal values of 0.83 (Björkman & Demmig, 1987), which could be related 

to the low PPFD conditions in the greenhouse. However, the FV/FM range is similar to 

previously reported values for PIPO and PSME in fall and winter, similar to the timing of 

this experiment (Marshall et al., 2001; Adams III et al., 2002). Regardless of population 

and species, FV/FM thermotolerance curves began to significantly decline above ~40°C 

(Figure 4.1A), also observed in tropical species (Krause et al., 2010) and consistent with 

the finding that optimal leaf temperatures are relatively conserved from subtropical to 

boreal biomes (Helliker & Richter, 2008). FV/FM declined to 0 at ~55-58°C in both 

species, which is less than 63°C, the stem temperature of PIPO seedlings that resulted in 

mortality (Kolb & Robberecht, 1996). This suggests that needle thermotolerance is lower 

than stem thermotolerance and is consistent with the conclusion that stem temperatures 

may be a better indicator of seedling mortality than leaf temperatures (Kolb & 

Robberecht, 1996).  
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Responses to simulated heat wave 

Both species exhibited significant reductions in FV/FM on days 1 and 2 after heat 

treatment (Figure 4.2), indicating substantial heat-induced damage including impairment 

of PSII reaction centers and disruptions in electron transport (Maxwell & Johnson, 2000; 

Sharkey, 2005; Chen et al., 2012; Zhang et al., 2012). However, heat treatment induced 

more significant reductions in FV/FM than gas exchange in both species (Figure 4.2). This 

is consistent with evidence that PSII is the most heat-sensitive component (Havaux, 

1996) and that reductions in FV/FM can occur without corresponding shifts in 

photosynthesis (Baker, 1991; Murchie & Niyogi, 2011). Only PIPO displayed a transient 

reduction in photosynthesis and stomatal conductance one day after treatment that 

recovered to stable photosynthesis values by day 2. The transient decline in gas exchange 

only in PIPO is consistent with the lower T50s, Tcrit, and apparent heat tolerance of PIPO 

compared to PSME (Table 4.2, Figure 4.1) because chlorophyll fluorescence is a proxy 

for overall photosynthetic performance (Maxwell & Johnson, 2000). The greater relative 

decline in PIPO photosynthesis (81%) than stomatal conductance (42%) indicates that the 

ratio of photosynthesis to stomatal conductance or iWUE (Farquhar et al., 1989) declined 

after treatment while that of PSME did not change. Although photosynthesis and stomatal 

conductance are often correlated, the smaller decline in stomatal conductance than 

photosynthesis in PIPO allowed evaporative cooling to occur when water supply was 

adequate. This was also observed in loblolly pine (Pinus taeda) seedlings in response to a 

12°C heat wave under well-watered conditions (Ameye et al., 2012). 
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Consistent with previous work, NSC dynamics after heat stress were variable 

(Sala et al., 2012; Bita & Gerats, 2013; Escandón et al., 2016). Although heat treatment 

did not affect total NSC or sucrose, heat treatment did induce a significant negative 

relationship between starch and glucose + fructose that was not observed in controls 

(Figure 4.5). In PSME from days 0 to 2, starch declined while glucose + fructose 

increased, and in PIPO on day 2, starch was lowest when glucose + fructose was highest 

(Figures 4.4, 4.5). This may indicate new production of glucose + fructose with 

concurrent consumption of starch and/or the conversion of starch to glucose + fructose 

(Geigenberger, 2011) in response to heat treatment. (Matías et al., 2016) also observed an 

increase in total soluble sugars in response to elevated temperature in eastern and western 

provenances of silver fir (Abies alba Mill.) seedlings, and (Lafta & Lorenzen, 1995) 

found that starch declined in potato leaves in response to heat stress. The lack of 

treatment effect on sucrose, the end product of photosynthesis, suggests that this pattern 

was due to the conversion of starch to sugars rather than new production of 

photosynthate. Consistent with this, leaf δ13C, which can indicate turnover of NSC if δ13C 

shifts (Gutierrez & Meinzer, 1994; Damesin et al., 1998; Scartazza et al., 2013), was also 

not affected by treatment. The accumulation of glucose + fructose in response to heat 

treatment may indicate the allocation of NSC to repairing the heat-induced damage (as 

indicated by FV/FM, Figure 4.2). Glucose + fructose are necessary for osmoregulation, 

maintaining cell water balance, and membrane stability (Bita & Gerats, 2013), and higher 

glucose levels have been associated with higher heat stress tolerance (Liu & Huang, 

2000; Xiong et al., 2015). Although heat treated PSME demonstrated no shifts in gas 
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exchange, starch of heat-treated PSME steadily declined with day unlike controls (Figure 

4.4c,d). This suggests that heat stress can influence NSC dynamics without changes in 

gas exchange in PSME. These findings support that the shifts in starch and glucose + 

fructose (Figure 4.5) were related to NSC demand (i.e. repair, metabolism) rather than 

supply (i.e. gas exchange). Although this study was conducted under well-watered 

conditions, it is likely that high temperature stress will substantially impact carbon 

metabolism during drought (Adams et al., 2013). 

 

Population differences 

We found no significant differences in thermotolerance parameters (e.g. T50, Tcrit), 

gas exchange, or NSC between populations from different climates of origin (Table 4.2), 

consistent with other studies (Maherali et al., 2002; Daas et al., 2008; Gimeno et al., 

2009). This may be because our seedlings were grown in and were acclimated to the 

same environmental growing conditions in the greenhouse. This was also the case in a 

common garden experiment where coastal and desert species expected to have heat 

tolerances reflecting the contrasting climates of origin did not display population 

differences in heat tolerance based on chlorophyll fluorescence (Knight & Ackerly, 

2002). Similarly, (Gimeno et al., 2009) found that the heat tolerance based on chlorophyll 

fluorescence of Quercus ilex seedlings increased with increasing exposure to drought and 

(Ghouil et al., 2003) found that Tcrit increased with greater acclimation temperature 

independent of climate of origin. Together, these suggest that phenotypic plasticity to the 

environmental growing conditions may override ecotypic adaptations to the climate of 
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origin (Gimeno et al., 2009) in terms of heat stress responses. However, population 

differences may become more apparent under greater heat stress (Matías et al., 2016) 

than that applied in this study. 

In contrast to the thermotolerance parameters and heat stress responses, δ13C 

significantly differed between populations and reflected each population’s climate of 

origin and associated drought resistance. The δ13C values were lower than previously 

reported due to the relatively higher [CO2] in the greenhouse, common in greenhouse 

studies (Matías et al., 2016). PIPOdry and PSMEdry from climates with lower MAP had 

greater mean δ13C than the PIPOwet and PSMEwet populations from climates with higher 

MAP (Table 4.1, Figure 4.3). As δ13C is a proxy for iWUE (Farquhar et al., 1989) and 

drought resistance (Jones, 2009), these data provide support for ecotypic variation in 

iWUE between populations where populations from drier climates have greater iWUE 

and drought resistance than those from wetter climates (Schulze et al., 1998; Diefendorf 

et al., 2010; Kerr et al., 2015). Greater iWUE potentially increases the ratio of carbon 

gained to water lost through stomata, which becomes increasingly important during 

drought when plants balance the competing risks of hydraulic failure and impaired carbon 

assimilation. Thus, populations with greater iWUE are better adapted to cope with 

drought stress. Although populations differed, δ13C did not significantly differ between 

species when populations were pooled. This study was conducted under well-watered 

conditions but species differences may emerge under drought stress (Matías et al., 2016), 

given the different drought tolerances and rooting strategies between species. Our results 

suggest that thermotolerance and heat stress responses may be governed by phenotypic 
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plasticity while drought resistance appeared to be determined by ecotypes and the climate 

of origin. This may be because the difference in MAP between wet and dry populations 

was greater than temperature (Table 4.1). 

 
Conclusions 

Due to the projected increases in the frequency of heat waves and drought, the 

high vulnerability of the seedling developmental stage to heat stress at the soil surface, 

and the major impacts of temperature and seedling survival on species’ distributions, 

characterizing seedling physiological responses to heat stress is crucial. This study 

emphasizes that leaf thermotolerance is only one metric describing how seedlings 

manage heat stress and that mitigating heat stress involves whole plant traits and 

strategies likely including stem thermotolerance, seasonal shifts in thermotolerance, and 

rooting strategies. Heat stress influenced seedling NSC dynamics, providing more 

evidence that heat stress will impact carbon metabolism during drought. The results also 

suggest that population differences in drought resistance were driven by climate of origin 

while heat stress responses were governed more by phenotypic plasticity and acclimation 

to environmental growing conditions. This is important to consider when predicting 

responses to future climatic change and identifying physiological mechanisms 

underpinning shifts in species’ distributions. 
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4.8 Figures & Tables  

 

Figure 4.1  Thermotolerance curves measured with FV/FM (A), Fo (B), and electrolyte 
leakage (C) as a function of temperature for dry, wet, and dry+wet 
populations of PIPO and PSME used to derive thermotolerance parameters: 
T50 (FV/FM), T50 (electrolyte leakage), and Tcrit (FO), respectively. N=5. Error 
bars represent SE.
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Figure 4.2  Time courses of mean FV/FM (A,B), photosynthesis (C,D), and stomatal 
conductance (E,F) of PIPO and PSME in control (A,C,E) and heat treatment 
(B,D,F) groups. Uppercase letters indicate significant differences between 
species within each day and group. Lowercase letters indicate significant 
differences among days within species and group. Asterisks indicate 
significant differences between control and heat treatment groups within 
species and day. N=10. Error bars represent ± SE. 



134 
 

 

 

Figure 4.3  Mean leaf δ13C of PIPOdry, PIPOwet, PSMEdry, and PSMEwet pooled for all 
sampling days and both treatment groups. Letters indicate significant 
differences among type (i.e. speciespopulation). Error bars represent ± SE. 
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Figure 4.4  Time courses of mean leaf total NSC (A,B), starch (C,D), sucrose (E,F), and 
glucose + fructose (G,H) of PIPO and PSME in control (A,C,E,G) and heat 
treatment (B,D,F,H) groups. Uppercase letters indicate significant differences 
between species within each day and group. Lowercase letters indicate 
significant differences among days within species and group. Asterisks 
indicate significant differences between control and heat treatment groups 
within species and day. N=10. Error bars represent ± SE. 
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Figure 4.5  Mean leaf starch plotted against mean glucose + fructose for each sampling 
day in PIPO and PSME control (A) and heat (B) treatment groups (R2=0.40, 
P=0.049). Error bars represent ± SE.  
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Table 4.1  Mean annual precipitation (MAP) and mean minimum and maximum 
temperatures in winter (December-February) and summer (June-August) of 
each PIPO and PSME population. 

  PIPOdry PIPOwet PSMEdry PSMEwet 

 

Coordinates 

 

Elevation (m) 

MAP (mm) 

44.8343°N, 

119.7944°W 

621 

337 

44.5646°N, 

123.2620°W 

71 

1043 

42.895N, 

123.0W 

750 

1056 

44.851N, 

123.818W 

401 

3054  

Winter 

(Dec-Feb) 

Minimum 

temperature (°C) 

Maximum 

temperature (°C) 

-2.7 

 

8.4 

1.2 

 

8.6 

0.2 

 

9.1 

1.5 

 

8.3 

Summer 

(Jun-

Aug) 

Minimum 

temperature (°C) 

Maximum 

temperature (°C) 

10.7 

 

32.4 

10.2 

 

25.8 

10.4 

 

26.9 

9.2 

 

21.1 
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Table 4.2  Thermotolerance parameters (°C) derived from curves of FV/FM, electrolyte leakage, and FO as a function of 
treatment temperature for dry, wet, and dry+wet populations of PIPO and PSME. Uppercase letters indicate 
significant differences between species. There were no significant differences between populations. Asterisks 
indicate significant differences in T50 between FV/FM and electrolyte leakage methods.  

 PIPOdry PIPOwet PIPOdry+wet PSMEdry PSMEwet PSMEdry+wet 

T50 (FV/FM) 48.8 ± 1.4 * 50.5 ± 0.41 * 49.6 ± 0.76 B * 52.8 ± 1.2 * 52.0 ± 0.22 * 52.4 ± 0.29 A * 

T50 (electrolyte leakage) 61.8 ± 1.8 * 61.6 ± 1.7 * 61.7 ± 1.6 B * 63.6 ± 1.5 * 66.0 ± 2.4 * 64.8 ± 2.3 A * 

Tcrit (FO) 45.1 ± 0.33 42.3 ± 1.1 44.3 ± 1.0 B 48.1 ± 0.88 48.3 ± 0.30 48.2 ± 0.45 A 

N=5. Significance level is P<0.05. Means ± SE. 
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Table 4.3  Marginal F-tests for FV/FM, photosynthesis, stomatal conductance, and δ13C.  

 FV/FM 
 

Photosynthesis 
(µmol m-2 s-1) 

Stomatal Conductance 
(mol m-2 s-1) 

δ13C 
(‰) 

 numDF denDF F-value P-value numDF denDF F-value P-value numDF denDF F-value P-value numDF denDF F-value P-value 

Intercept 1 713 11530.7 <0.0001 1 59 1147.0 <0.0001 1 58 3219.2 <0.0001 1 48 94418.
91 <0.0001 

Treatment 1 62 126.8 <0.0001 1 58 29.2 <0.0001 1 58 1.4 0.2411 1 48 1.60 0.2123 

Type 
(speciespopulation) 

1 62 0.003 0.9552 2 58 12.9 <0.0001 2 58 34.5 <0.0001 1 48 6.27 0.0157 

Day 4 713 141.0 <0.0001 4 59 12.2 <0.0001 4 57 10.0 <0.0001 2 37 19.87 <0.0001 

Treatment x 
Type 1 62 0.12 0.7322 2 58 4.8 0.0123 2 58 0.90 0.4141 1 48 0.25 0.6226 

Treatment x  
Day 4 713 131.6 <0.0001 4 59 

4.5 
 

0.0030 4 57 0.19 0.9451 2 37 4.55 0.0172 

Type x Day 4 713 0.99 0.4103 8 59 3.6 0.0017 8 57 1.5 0.1735 2 37 1.12 0.3381 

Treatment x 
Type x Day 4 713 0.45 0.7692 8 59 2.1 0.0456 8 57 1.7 0.1218 2 37 1.85 0.1711 

N=5. Bolded P-values indicate P<0.05. Type = PIPOdry, PIPOwet, PSMEdry, PSMEwet. NumDF and denDF are the degrees of freedom in the numerator 
and denominator, respectively.
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Table 4.4  Marginal F-tests for total NSC, starch, sucrose, and glucose + fructose. 

 Total NSC Starch Sucrose Glucose + Fructose 

 numDF denDF F-
value 

P-
value numDF denDF F-

value P-value numDF denDF F-
value 

P-
value numDF denDF F-

value 
P-

value 
Intercept 

1 97 571.1 <0.000
1 

1 96 14.2 0.0003 1 80 472.7 
<0.000

1 
1 97 132.7 

<0.000
1 

Treatment 
1 62 4.1 0.0465 1 62 0.11 0.7389 1 62 5.7 0.0203 1 62 3.4 0.0699 

Type (speciespopulation) 
1 62 1.0 0.3101 1 62 2.1 0.1545 1 62 8.4 0.0051 1 62 2.0 0.1583 

Day 
4 97 5.1 0.0009 4 96 7.0 0.0001 4 80 6.1 0.0002 4 97 8.4 

<0.000
1 

Treatment x Type 
1 62 1.8 0.1845 1 62 1.7 0.1944 1 62 12.3 0.0008 1 62 0.35 0.5581 

Treatment x  Day 
4 97 2.0 0.1041 4 96 6.4 0.0001 4 80 0.31 0.8678 4 97 1.1 0.3542 

Type x Day 
4 97 2.3 0.0688 4 96 1.6 0.1802 4 80 0.43 0.7845 4 97 4.2 0.0033 

Treatment x Type x 
Day 4 97 2.7 0.0374 4 96 2.4 0.0548 4 80 1.2 0.3294 4 97 0.63 0.6379 

N=5. Bolded P-values indicate P<0.05. Type = PIPOdry, PIPOwet, PSMEdry, PSMEwet. NumDF and denDF are the degrees of freedom in the numerator and 
denominator, respectively
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4.9 Appendices 

Appendix Table 4.1  Average daytime and nighttime air temperature, relative humidity, 
and maximum photosynthetic photon flux density (PPFD) in the 
greenhouse during the two growth chamber experimental rounds in 
the fall of 2014. 

 

 
16-30 October 

2014 
PSME 

17 November-1 December 
2014 
PIPO 

Average daytime temperature 
(°C) 22.2 20.9 

Average nighttime temperature 
(°C) 19.1 18.2 

Average daytime relative 
humidity 

(%) 
67.6 66.6 

Average nighttime relative 
humidity 

(%) 
73.8 72.1 

Daily maximum  PPFD  
(µmol m-2 s-1) 357.3 213.2 
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Appendix Table 4.2  Average air, soil, and leaf temperatures during 1 h of temperature 
treatment in the growth chamber. 

 
 
 
 
 
 
 
 

 
 

 

 16-30 October 2014 
PSME 

17 November-1 December 2014 
PIPO 

Air 
(°C) 45.7 45.5 

Soil 
(°C) 22.1 22.6 

Leaf 
(°C) 45.4 43.9 
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5.  INVESTIGATING OLD-GROWTH PONDEROSA PINE PHYSIOLOGY USING 
TREE-RINGS Δ13C, Δ18O, AND A PROCESS-BASED MODEL 

 

Danielle E. Marias, Christopher Still, J. Renée Brooks, Youngil Kim, Frederick C. 
Meinzer
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5.1 Abstract 

The carbon and oxygen isotope ratios of tree-ring cellulose (δ13Ccell, δ18Ocell) are 

useful for reconstructing physiological responses to environmental conditions underlying 

tree growth and productivity. The Physiological Principles in Predicting Growth (3-PG) 

model utilizes physiological principles to predict forest stand responses to changing 

environmental conditions. We incorporated a δ18O submodel into 3-PG to complement 

the recently added δ13C submodel. We parameterized the model using long-term 

trajectories of tree-ring growth, δ13Ccell, and δ18Ocell collected from the Metolius 

AmeriFlux site (Me-2) in central Oregon (~1 km from the Metolius river: ‘upland’). We 

then applied the parameterized model to a nearby set of trees closer to the Metolius river 

(~0.015 km: ‘riparian’) to investigate the physiological drivers underpinning the 

differences in observed basal area increment (BAI) and δ13Ccell trajectories between 

upland and riparian trees. The model showed that greater available soil water and 

maximum canopy conductance (gc) likely explain the greater BAI and lower δ13Ccell of 

riparian trees. Unexpectedly the observed and simulated δ18Ocell trajectories did not differ 

between the upland and riparian trees, likely due to similar source water as indicated by 

measured δ18O values of river water, stem water, and atmospheric water vapor. The 

δ18Ocell with the Peclet effect simulated observed values more accurately than without the 

Peclet effect. Because the 3-PG-simulated transpiration (E) is used in the δ18O submodel, 

this suggested that leaf-level physiology such as the effective path length could be 

predicted using the stand-level 3-PG estimates of E. The δ18O submodel may improve 3-
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PG predictions because parameterization based on gc and E must account for both δ18Ocell 

and δ13Ccell, providing a useful and novel way to constrain 3-PG. 

 

5.2 Introduction 

The Physiological Principles in Predicting Growth (3-PG) model is a process-

based model developed by Landsberg and Waring (1997) to estimate forest growth and 

productivity using radiation use efficiency, carbon balance, and biomass partitioning. Its 

development was motivated by the need for more accurate growth and yield models used 

by foresters to address silvicultural and management needs. Empirical growth and yield 

models were inaccurate under changing environmental conditions, could only be applied 

to the stand on which original measurements were made, and were limited to relatively 

short timescales (Landsberg, 2003a). Thus, 3-PG addressed these deficiencies by 

incorporating physiological principles to accurately estimate growth and productivity in 

changing environmental conditions, on diverse forested stands, and across longer 

timescales. 3-PG utilizes simple light-use efficiency and allometric equations that 

estimate the amount of energy absorbed by the canopy and converted to below- and 

aboveground biomass. 3-PG has been widely applied to and tested on diverse forest types 

using available information on environmental conditions, stand characteristics, and 

species-specific physiological measurements to parameterize the model (Coops et al., 

1998, 2007; Law et al., 2000; Waring & Gao, 2016). 

Because 3-PG uses physiological principles governing carbon productivity and 

allocation, tree-rings are often used in conjunction with the model, especially to predict 
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long-term growth (Waring & Gao, 2016). Tree-rings provide valuable information 

because their annual resolution allows researchers to reconstruct past environmental 

conditions, such as precipitation, drought, temperature, and relative humidity throughout 

the lifetime of the tree. However, tree-rings are limited in what they can tell us about 

more detailed aspects of tree physiological responses to environmental conditions. One 

way to address this limitation is by using tree-ring stable isotopes (McCarroll & Loader, 

2004).  

Environmental conditions such as drought or extreme temperatures influence how 

foliage obtains C from CO2 in the atmosphere and O from H2O in the soil for 

photosynthesis. The products of photosynthesis are converted to cellulose and laid down 

in the cell walls of the xylem. Thus, the isotopic ratios of C and O (δ13C, δ18O) of tree-

ring cellulose (δ13Ccell, δ18Ocell) are used to reconstruct environmental growing conditions 

and the tree’s leaf-level physiology (McCarroll & Loader, 2004; Gessler et al., 2014). 

These proxies for past leaf-level gas exchange shed light on physiological responses to 

environmental conditions such as precipitation, temperature, relative humidity, 

fertilization, thinning, and pests (e.g. Williams et al., 2010; Brooks & Mitchell, 2011; 

Marias et al., 2014; Saffell et al., 2014; Voelker et al., 2014a, 2014b; Hartl-Meier et al., 

2015). Therefore, tree-ring growth and stable isotopes advance modeling efforts to 

examine physiological processes underlying growth and productivity including carbon 

allocation, water use, and gas exchange at the stand level.  

Improving process-based models such as 3-PG informs our understanding of the 

physiological mechanisms underpinning forest responses to changing climatic conditions. 
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Submodels and additional routines have successfully been added to 3-PG such as 

structural stand variation across landscapes (Seidl et al., 2012), mixed species 

interactions (Forrester & Tang, 2016), soil organic matter decomposition (Xenakis et al., 

2008), soil properties affecting soil water balance (Nolè et al., 2013), and carbon 

accumulation (Nolè et al., 2009). These often improve model predictions as the 

submodels account for study-specific conditions (Law et al., 2000; Wei et al., 2014a, 

2014b). Wei et al., (2014b) applied a submodel with tree-ring δ13C to Abies grandis 

stands that constrained and improved 3-PG growth predictions because δ13C was 

sensitive to key parameters controlling canopy conductance and carbon assimilation. 

Consistent with this, the tree-ring δ13C signal is a proxy for both stomatal conductance 

(gs) and photosynthesis (A) because δ13C is influenced by the relative stomatal limitation 

of A, which determines the ratio of intercellular to ambient [CO2], and consequently 13C 

discrimination (Farquhar et al., 1989). Thus, an increase in δ13C can be interpreted as an 

increase in A/gs.  

δ18O has been used to tease apart the contributions of A and gs to the δ13C signal 

because the δ18O signal only reflects processes affecting gs. This combination of both 

δ13C and δ18O is known as a ‘dual isotope approach’ and is a useful proxy for leaf-level 

gas exchange (Scheidegger et al. 2000, Barnard et al. 2012). Therefore, the addition of a 

tree-ring δ18Ocell submodel along with the existing the δ13C submodel could reveal more 

information about stand carbon dynamics and water use, improving 3-PG predictions and 

our understanding of physiological responses to environmental conditions.  
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However, interpretations of δ13Ccell and δ18Ocell are complex, and various models 

developed for the interpretation of δ18Ocell vary in complexity with some containing 

variables that cannot be measured directly. The original δ18O model is based on a model 

developed for bodies of water (Craig & Gordon, 1965) and accounts for isotopic 

evaporative enrichment of 18O of source water at evaporative sites within the leaf, 

influencing δ18Ocell. However, this becomes complicated by the Peclet effect that 

describes the mixing of unenriched water arriving at the evaporative site via bulk flow 

driven by transpiration with the enriched water diffusing back from the evaporative site 

(Farquhar & Lloyd, 1993). For example, reduced gs and thus transpiration reduces the 

amount of unenriched water moving from leaf veins to the evaporative site, while 

concurrently increasing the amount of back diffusion of enriched water. The Peclet effect 

can drive the δ18Ocell signal more than effects of evaporative enrichment alone (Farquhar 

& Lloyd, 1993). Thus, the incorporation of the Peclet model has improved δ18Ocell 

predictions in multiple systems (Barbour et al., 2000; Holloway-Phillips et al., 2016). A 

component of the Peclet effect that impacts the water arriving via transpiration at the 

evaporative site is the effective path length (L). However, L is not possible to measure 

directly and its relationship with 18O incorporated into photosynthate is still unclear 

(Song et al., 2013; Loucos et al., 2015). Due to these challenges, approaches for 

estimating L are needed to improve our understanding of oxygen isotope fractionation 

and δ18Ocell. 

The goal of this study is to test the utility of the newly modified version of 3-PG 

that includes the δ13Ccell and δ18Ocell submodels to predict and understand physiological 
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drivers of stand characteristics using long-term tree-ring growth, δ13Ccell, and δ18Ocell 

trajectories from old-growth Pinus ponderosa at the AmeriFlux Metolius site in the 

Oregon Cascades. The combination of measured tree-ring growth and stable isotopes, 

extensive historical meteorological and physiological measurements recorded at this site 

(Law et al., 2000, 2001a; Warren et al., 2005), and previous application of 3-PG to P. 

ponderosa (Law et al., 2000; Coops et al., 2005; Wei et al., 2014a) makes this study well 

suited to evaluate the utility of the combination of tree-ring δ13Ccell and δ18Ocell into 3-PG. 

We parameterized the model using an ‘upland’ set of P. ponderosa trees ~1 km from the 

Metolius river. We then applied the parameterized model to a nearby ‘riparian’ set of 

trees closer (~0.015 km) to the Metolius river to examine the physiology driving the 

observed differences in BAI, δ13Ccell, and δ18Ocell between sites. Our research questions 

were 1) How well can the 3-PG model be applied to the upland and riparian sets of trees? 

2) Does incorporation of the Peclet effect improve 3-PG estimates of δ18Ocell? 3) How 

sensitive is δ18Ocell to drivers of gas exchange? and 4) Can L be optimized by model 

calibration? 

 

5.3 Materials & Methods 

Study site 

This study was conducted in a P. ponderosa forest on the eastern side of the 

Cascade Mountains in central Oregon within the Metolius Research Natural Area (RNA) 

(US Me-2, 44.4957, -121.6224) at an elevation of 915 m. The site consists of 27% old 

trees (~250 years), 25% younger trees (~45 years), and 48% mixed-age trees. Bitterbrush 
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(Purshia tridentata) and bracken fern (Pteridium aquilinum) comprise the sparse 

understory. Precipitation is greatest between October-June with dry summer months. 

Winters are wet and cool, snow cover in winter is intermittent, and freezing temperatures 

occur mostly at night and early morning. Soil is classified as sandy loam (73% sand, 21% 

silt, and 6% clay) and soil nutrients are low (Law et al., 2000; Warren et al., 2005). 

 

Climate data 

AmeriFlux CDIAC climate data for the intermediate ponderosa pine site (US-Me 

2) was available for 2002-2012. To extrapolate back in time, minimum and maximum 

temperature obtained from PRISM (http://oldprism.nacse.org/) for 1895-2012 was 

compared with the site-level AmeriFlux data and that relationship (y = 1.27Tmin_AmeriFlux + 

2.46, R² = 0.92; y = 0.89Tmax_AmeriFlux -1.42, R² = 0.98) was used to correct PRISM data 

because PRISM data are based on 4 km grid cells. Precipitation data were also obtained 

from PRISM. As PRISM climate data only went back to 1895, we focused on 1895-2002 

in this study. Atmospheric [CO2] and δ13C of the atmosphere from Francey et al. (1999) 

were used.  

Figure 5.1 describes annual average minimum air temperature (Tmin), average air 

temperature (Tav), maximum air temperature (Tmax), vapor pressure deficit (VPD), solar 

radiation, and precipitation from 1895-2002 although mean monthly climate data was 

used in the model. Mean monthly VPD was calculated as the difference between 

saturation vapor pressure at minimum and maximum temperature. Mean daily solar 

radiation was calculated from mean monthly Tmin and Tmax (Bristow & Campbell, 1984; 

http://oldprism.nacse.org/
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Thornton et al., 1997; Coops et al., 1998, 2000) in Landsberg et al. (2003). The number 

of frost days per month (F) was calculated based on mean monthly Tmin: 

𝐹𝐹 =  𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 ∗  (−2) +  11.6                                         Eqn 1 

If Tmin > 7, then F was zero.  

 

Tree-ring analyses 

Tree cores were collected in early spring 2003 from two sets of trees: an upland 

set ~1 km from the Metolius River and a nearby riparian set within 0.015 km of the 

Metolius river. We sampled five upland and five riparian P. ponderosa of approximately 

the same stem diameter at 1.3 m height (upland: 87.8 ± 3.9 cm, riparian: 112.3 ± 8.2 cm) 

and age (mean age ≈ 260 years) (Table 5.1). In spring 2003 prior to diameter growth, 

three 12 mm cores from each tree were collected for isotopic analysis and a 5 mm core 

was collected as an archive. Cores were dried, and sanded, and the 5 mm core was 

mounted. All cores were age dated, and ring widths were measured using a sliding stage 

incremental micrometer (Velmex Inc., Bloomfield, NY, USA) with Measure J2X 

software (VoorTech Consulting, Holderness, NH, USA). Visual cross-dating was verified 

using the COFECHA program to identify false or missing rings (Holmes 1983) for all 

cores collected.  

 

Sample preparation 

The 12 mm cores were separated into annual increments spanning from 2002 to 

1850 (152 years). The annual increments from three cores per tree were combined for a 
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single sample per tree per year.  Each annual ring was ground with a ball mill to a fine 

powder. All samples were extracted for alpha-cellulose. Oils and resins were removed 

with toluene-ethanol and ethanol Soxhlet extractions (Leavitt & Danzer, 1993). 

Holocellulose was isolated by delignification in an acetic acid-acidified sodium chlorite 

solution and converted to alpha-cellulose in sodium hydroxide (Sternberg, 1989).  

Approximately 0.8 mg of alpha-cellulose was loaded into tin capsules for C 

combustion and 0.4 mg into silver capsules for O pyrolysis for subsequent isotopic 

analysis by isotope ratio mass spectrometer (IRMS) at the Integrated Stable Isotope 

Research Facility at the Western Ecology Division of the U.S. EPA, Corvallis Oregon. 

Samples analyzed for 13C were flash combusted using an elemental analyzer (ECS 4010, 

Costech, Valencia, CA), and the resulting CO2 analyzed by continuous-flow IRMS (Delta 

Plus XP, Finnigan MAT, now Fisher Scientific).  Each run was calibrated using three 

internal standards (NIST concentration standards of corn, bovine liver and tomato) 

spanning the range of expected values, with an independent QC standard (cellulose)to 

calculate accuracy.  Internal standards were routinely calibrated to international standards 

USGS42 (Tibetan hair), NIST 8542 sucrose, NIST 8573 and 8574 glutamic acid, and 

NIST 8514 graphite. Typical precision and accuracy was ± 0.1‰ or better as determined 

by repeated measures of internal quality control standards and from sample replicates. 

Samples were analyzed for 18O using a high temperature conversion elemental analyzer 

(TC/EA ThermoQuest Finnigan, now Fisher Scientific) interfaced to an IRMS (Thermo 

Electron Delta XL, now Fisher Scientific). Internal laboratory standards (NIST 

concentration standards of pine needles, sucrose, and corn) were used for calibration 
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standards with an independent QC standard (cellulose) for accuracy estimates. IAEA-601 

and IAEA-602 benzoic acid were used to routinely calibrate the internal standards. 

Typical error was ± 0.2‰ or better as determined by repeated measures of internal 

quality control standards and from sample replicates. The C and O stable isotope ratios 

(R) of the heavier (i.e. 13C, 18O) to lighter isotope (i.e. 12C, 16O) were represented by delta 

(δ) notation in parts per thousand (‰) relative to the VPDB or VSMOW international 

standards (McCarroll and Loader 2004): 

δ13C or δ18O = � Rsample

Rstandard
− 1� ‰                                  Eqn 2 

 

3-PG Isotope Model 

3-PG is a process-based model that runs on a monthly timestep that incorporates 

physiological processes underlying net primary productivity (NPP), biomass allocation, 

water use, soil water balance, stem mortality (self-thinning), litterfall, and root turnover 

(Landsberg & Waring, 1997). The input/driving data include mean monthly values of 

Tmin, Tmax, Tav, precipitation, F, solar radiation, VPD, atmospheric [CO2], δ13C of the 

atmosphere, and δ18O of source water. The outputs include biomass pools for roots, 

stems, and foliage, gross primary productivity (GPP), NPP, transpiration (E), growth and 

stand characteristics, and now δ13Ccell and δ18Ocell.  

3-PG is based on the light-use efficiency model that describes a positive linear 

relationship between aboveground growth/biomass/carbon and intercepted radiation. 

Thus, 3-PG calculates gross primary productivity (GPP) from absorbed 

photosynthetically active radiation (ϕp.a, MJ m-2) and canopy quantum efficiency (αc, mol 
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C (mol photon)-1) and is constrained by factors that influence stomatal closure including 

atmospheric VPD, soil moisture, temperature, frost, and site nutrient status:  

GPP = αc ϕp.a ≈ αcx ϕp.a fT fF fN fD fϴ fage fphys                               Eqn 3 

where fT, fF, fN, fD, fϴ, fage, and fphys are the temperature, frost, nutrition, VPD, soil water, 

age, and physiology modifiers, respectively, and αcx is the maximum canopy quantum 

efficiency.  

The temperature modifier (fT) incorporates the minimum, maximum, and 

optimum temperatures for growth. The frost modifier (fF), calculated using F, assumes 

photosynthesis does not occur on days with temperatures below -2 (Waring, 2000). The 

nutrient modifier (fN) is a function of site fertility rating (FR) ranging from 0-1 and is 

based on available nutrients. The VPD modifier (fD) is a function of kg, a species-specific 

coefficient describing the strength of the response of canopy conductance (gc) to VPD 

(Law et al., 2001a). The soil water modifier (fϴ) is calculated using the moisture ratio of 

current:available water and a soil water constant (cϴ) and power (rϴ) that reflect different 

soil types (Landsberg et al., 2003). For sandy loam at our study site, cϴ is 0.4 and rϴ is 7. 

The age and physiology modifiers (fage, fphys) account for reductions in hydraulic and 

stomatal conductance as stands age.  

3-PG assumes the ratio of NPP to GPP is fixed at 0.47 (Waring et al., 1998). NPP 

is allocated to foliage, woody tissue, and root biomass pools based on partitioning rates 

which depend on site and growth conditions, litterfall, and root turnover (Waring et al., 

1998). The model uses a simple relationship to determine root growth and turnover to 

estimate belowground biomass allocation. Allometric ratios are used to determine the 



155 
 

 

allocation of biomass to stems and foliage. Stem growth, stand density, and stem 

mortality are calculated according to the self-thinning rule based on the negative 

relationship between tree density and stem mass (Landsberg & Waring, 1997). Soil water 

balance is based on rainfall, irrigation, evapotranspiration, and runoff/drainage. 

Evapotranspiration is determined from the Penman-Monteith equation and canopy 

conductance (Penman, 1948; Monteith, 1965; Monteith & Unsworth, 2007).  

We updated the calculation of canopy conductance by multiplying it by the frost 

modifier (fF) to prevent any transpiration or conductance from occurring on days with 

frost. Canopy conductance (gc) was calculated as: 

    gc = (TK2 + TK3Tav) gcmax fF fage fphys (LAI / LAIgcx)                  Eqn 4 

where TK2 and TK3 are temperature modifiers (0.244, 0.0368, respectively, Wei et al. 

2014a), gcmax is maximum canopy conductance, LAI is leaf area index, and LAIgcx is the 

LAI required for gcmax. 

 

Allometric equation to estimate stem biomass 

Diameter at breast height (DBH) and biomass measured in Pinus species (Gholz 

et al., 1979) were used to determine the stem constant (Sc) and stem power (Sp) used in 3-

PG in Wei et al. (2014). Live branch mass, stem wood mass, and stem bark mass (Gholz 

et al., 1979) were summed to calculate total stem biomass. Total stem biomass was then 

plotted against stem DBH. The relationship between DBH and total biomass (W) was 

described by an exponential function: 

𝑊𝑊 =  𝑆𝑆𝑐𝑐𝐷𝐷𝐷𝐷𝐻𝐻−𝑆𝑆𝑝𝑝                                              Eqn 5 
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where 0.0273 is Sc and 2.6405 is Sp. 

 

Basal area increment calculation 

To compare with observed BAI (cm2), simulated BAI (cm2 tree-1) was calculated 

from modeled outputs: 

𝐵𝐵𝐵𝐵𝐵𝐵 =  𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝑚𝑚2 ℎ𝑎𝑎−1) 
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ℎ𝑎𝑎−1)

 * 10000 c𝑚𝑚2                    Eqn 6 

 

δ13C theory and submodel 

The δ13C of photosynthate (δ13Cplant) is described in Farquhar et al., (1982) as: 

δ C𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝13 ≈ δ C𝑎𝑎𝑎𝑎𝑎𝑎13 −  𝑎𝑎 − (𝑏𝑏 − 𝑎𝑎) 𝑐𝑐i
𝑐𝑐a

                            Eqn 7 

where a is the fractionation effect associated with diffusion of CO2 through stomata 

(4.4‰) and b is the fractionation effect (27‰) associated with discrimination against 13C 

by the enzyme RUBISCO (ribulose bisphosphate carboxylase-oxygenase) during C 

fixation, and ci/ca is the weighted mean ratio of the intercellular CO2 concentration (ci) to 

that in the ambient air (ca) (Farquhar et al., 1982, 1989). The ci can be estimated from ca, 

photosynthesis (A), and conductance (g) (Farquhar & Sharkey, 1982): 

𝑐𝑐𝑖𝑖 =  𝑐𝑐𝑎𝑎 −  𝐴𝐴
0.66𝑔𝑔

                                                  Eqn 8 

The value of 0.66 describes the ratio of diffusivities of CO2 to water vapor in air. 

Therefore, tree-ring δ13Cplant reflects factors that influence discrimination against 13C 

during photosynthetic CO2 fixation. These factors include the biochemical capacity to fix 

CO2 (A), and the conductance (g) to CO2 from the atmosphere to the sites of 
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carboxylation. Although g includes stomatal conductance (gs) and mesophyll 

conductance, we assume the simplified equation from Farquhar et al. (1982, 1989) using 

gs and ci are sufficient to model δ13Cplant (Cernusak et al., 2003). 

The δ13C submodel (Wei et al., 2014b) treats the canopy as a big leaf (Farquhar 

1989) and combines equations 7 and 8 so δ13Cplant is calculated as: 

δ C𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝13 ≈ δ C𝑎𝑎𝑎𝑎𝑎𝑎13 −  𝑎𝑎 − (𝑏𝑏 − 𝑎𝑎)(1 − 𝐴𝐴
𝑐𝑐𝑎𝑎0.66𝑔𝑔

)                     Eqn 9 

To convert δ13Cplant of new photosynthate to δ13C of tree-ring wood (δ13Cwood), a constant 

offset (εsp) of 1.99‰ was assumed (Wei et al., 2014b), similar to that observed in other 

Pinus species (Gessler et al., 2009; Wei et al., 2014a): 

𝛿𝛿13𝐶𝐶𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = 𝛿𝛿13𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 + ε𝑠𝑠𝑠𝑠                                     Eqn 10 

This equation was modified to include a constant offset (εwc) of 1.5‰ observed in P. 

ponderosa (English et al., 2011) between the δ13Cwood and the δ13C of tree-ring cellulose 

(δ13Ccell): 

𝛿𝛿13𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝛿𝛿13𝐶𝐶𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 +  ε𝑤𝑤𝑐𝑐                                          Eqn 11 

 

δ18O theory and submodel 

The δ18O of plant tissue (δ18Oplant) incorporates a signal imparted by the δ18O 

value of source water and leaf water, which is mainly influenced by 18O-enrichment at 

the sites of evaporation within the leaf (Craig & Gordon, 1965; Dongmann et al., 1974). 

Under steady state conditions: 

δ18Oleaf =  δ18Os + ε ∗  + εk + �δ18Ov −  δ18Os − εk�
𝑒𝑒a
𝑒𝑒i

               Eqn 12 
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where δ18Oleaf, δ18Os, and δ18Ov represent the O isotopic composition of leaf water at the 

site of evaporation, source water, and atmospheric water vapor, respectively. ea/ei is the 

ratio of ambient vapor pressure to saturation vapor pressure within the leaf, ε* is the 

equilibrium fractionation between liquid water and vapor, and εk is the kinetic 

fractionation factor of vapor diffusion from the leaf to the atmosphere. Mean monthly 

δ18Os values were obtained from WaterIsotopes.org 

(http://wateriso.utah.edu/waterisotopes/index.html) for January-December. Monthly 

values were assumed not to change year to year.  

Leaf water δ18O (δ18Olw) heterogeneity can be explained further by the Peclet 

effect, which describes the ratio between the transpiration-induced mass flow (advection) 

of unenriched source water to the evaporative sites and the back diffusion of isotopically-

enriched water from the sites of evaporation (Farquhar & Lloyd, 1993; Barbour, 2007):  

δ18Olw =  δ18Oleaf  
 (1− e−℘) 

℘
                                    Eqn 13 

℘ =  𝐸𝐸 𝐿𝐿
𝐶𝐶 𝐷𝐷

                                                   Eqn 14 

where δ18Olw is the steady state isotopic enrichment of mean leaf lamina water, ℘is the 

Peclet number describing the ratio of advection to diffusion, E is the leaf transpiration 

rate (mol m-2 s-1), L is the scaled effective path length (m) for water movement from the 

veins to the site of evaporation, C is the molar density of water (55.56 103 mol m-3), and 

D is the diffusivity of the heavy water isotopologue (H2
18O) in water (2.66 x 10-9 m2s-1). 

L is defined as the product of two components: l, the actual distance of the water pathway 

from xylem to the evaporative surface, and k, a scaling factor that accounts for the 
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tortuosity of the path of water through a porous medium (Farquhar & Lloyd, 1993; 

Barbour et al., 2000).  

Isotopic fractionation during the incorporation of the δ18Olw signal into cellulose 

of plant tissue is described by the following equation (Farquhar et al., 2000; Barbour, 

2007): 

δ18Ocell =  δ18Olw (1 − 𝑝𝑝ex𝑝𝑝x) + εo                             Eqn 15 

where pex is the proportion of oxygen atoms that exchange with source water during 

cellulose formation (0.42, Roden et al., 2000), px is the proportion of unenriched water 

(xylem water) at the site of cellulose formation, which is equivalent to 1 for wood 

collected from the main trunk, and εo is a fractionation factor of +27‰ associated with 

the water/carbonyl interactions (Yakir et al., 1990). The δ18O submodel in 3-PG 

calculates δ18Ocell with and without the Peclet effect (i.e. substituting δ18Oleaf for δ18Olw in 

equation 15). The model was modified so the modeled E output is used in the Peclet 

calculation rather than a fixed E. 

 

Parameterization 

The model was parameterized using previously reported stand characteristics of 

the upland trees (Table 5.1). Parameters used in this study are listed in Table 5.2. We 

used the Wei et al. (2014b) version of 3-PG with the δ13C submodel, and the δ18O 

submodel added in this study in Python version 2.7. Parameterization was conducted as 

in Landsberg et al. (2003) and Wei et al. (2014b). First, parameters were set to defaults 

used in previous applications of 3-PG at the Metolius site (Table 5.2). Then, maximum 
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canopy conductance (gcmax) and the coefficient describing the sensitivity of canopy 

conductance to VPD (kg) were calibrated based on previously reported values of E and g 

for P. ponderosa at this site (Law et al., 2000, 2001a), and the equation describing the 

relationship between conductance and VPD (Law et al., 2001a). Next, fertility rating 

(FR), foliage:stem partitioning ratio of tree diameter of 20 cm (pfs20), maximum root 

partitioning (prx), maximum tree stem mass likely in mature stands of 1000 trees ha-1 

(wSx1000), and maximum quantum efficiency (αcx) were adjusted to match observed 

values of LAI, basal area, BAI, stand density, and δ13C. αcx and gcmax were adjusted to 

match observed δ13Ccell with other parameters held constant (Wei et al., 2014b). L was 

varied to match observed δ18Ocell with Peclet.  

To focus on the validity of the model using the observed values of BAI, δ13Ccell, 

and δ18Ocell obtained in this study, these observed metrics were prioritized for 

parameterization over previously published values and other stand characteristics. The 

parameterized model was then applied to the riparian trees. To simulate the observed 

values of riparian trees, water balance parameters including maximum available soil 

water (ASW), gcmax, and wSx1000 were adjusted until the simulated BAI, δ13Ccell, and 

δ18Ocell values were the same as or within range of observed values at the riparian site. 

Because the upland and riparian sites were only <1 km apart, as few parameters as 

possible were adjusted. 

 

Sensitivity Analysis 
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We investigated the sensitivity of modeled outputs BAI, LAI, gc, E, δ13C, δ18Oleaf, 

and δ18Ocell with Peclet, to 20% and 40% changes in the parameters gcmax, kg, FR, αcx, 

pfs20, prx, maximum ASW, and wSx1000. These parameters were selected because they 

are known to influence δ13Ccell and biomass allocation (Wei et al., 2014b), but it is 

unknown how they influence δ18Ocell. δ18Ocell with Peclet was used to optimize L. To 

conduct the sensitivity analysis, one parameter at a time was varied while all other 

parameters were held constant. The % change in output response was then quantified 

from the original output value. An output was considered ‘sensitive’ if a change in 

parameter resulted in a ≥10% change in output. Only output variables that changed ≥10% 

and were considered sensitive to shifts in each parameter are shown in figures. Output 

data are averages for 1895-2002. 

 

5.4 Results 

With proper parameterization, the model reasonably simulated observed and 

previously reported stand characteristics for the upland Metolius site (Figure 5.2). 

Modeled basal area agreed well with observed basal area of 30 m2 ha-1 and 35 m2 ha-1. 

The model accurately predicted BAI, although the model overestimated BAI in recent 

years 1986-2001. Modeled stand density was lower than observed stand densities of 54 

trees ha-1 but modeled height matched the observed value of 34 m. Modeled LAI was 

within range of measured values of 0.9-1.45 m2 m-2. The model accurately predicted 

measured NPP of 9.2 tDM ha-1 yr-1. Simulated δ13Ccell was within range of observed 

values, although simulated δ13Ccell exhibited more inter-annual variation than observed 
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δ13Ccell. Simulated E was lower than the observed water vapor flux (LE) of 50 mm month-

1 for this site (Figure 5.3).  

The addition of the frost modifier in the calculation of gc caused gc to become 

lower compared to that without the frost modifier in fall, winter, and spring months with 

values reaching 0 in winter (Figure 5.4). This also resulted in increased δ13Ccell in fall, 

winter, and spring months compared to δ13Ccell without the frost modifier (Figure 5.4). 

The inhibition of canopy conductance during winter months also coincided with minimal 

NPP. 

The parameterized model was used to compare the upland and riparian sets of 

trees. Compared to upland trees, measured BAI was consistently greater in riparian trees 

(Figure 5.5). Riparian trees also exhibited consistently lower δ13Ccell than upland trees 

with δ13Ccell of the upland trees, ranging from -24.8‰ to -22.3‰ while δ13C of the 

riparian trees ranged from -25.3‰ to -23.1‰ (Figure 5.5). While δ13Ccell varied inter-

annually by ~2.5‰ for both upland and riparian sets of trees, δ18Ocell varied by over 5‰ 

for both sets of trees (Figure 5.6, Appendix Figure 5.1). However, the difference in 

δ18Ocell between upland and riparian trees was smaller than that of δ13Ccell. Mean δ18Ocell 

for 1895-2002 was 28.3‰ in upland trees and 28.9‰ in riparian trees. Due to the lack of 

difference between sets of trees (Appendix Figure 5.1), δ18Ocell trajectories of both sets of 

trees were combined (N=10, Figure 5.6). At both sites, δ18Ocell declined between 1992-

2002. The δ18O of river water did not differ from the δ18O of stem water in either upland 

or riparian trees (Table 5.3). The δ18O of stem water and atmospheric water vapor did not 

differ between upland and riparian trees (Table 5.3). 
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To simulate the observed BAI, δ13Ccell, and δ18Ocell of riparian trees, maximum 

available soil water (ASW) was increased from 163 mm to 300 mm, maximum canopy 

conductance (gcmax) was increased from 0.012 m s-1 to 0.0135 m s-1, and the maximum 

tree stem mass likely in mature stands of 1000 trees ha-1(wSx1000) was decreased from 

45 kg tree-1 to 30 kg tree-1 (Figures 5.5, 5.6). The model adjusted for the riparian trees 

simulated the greater BAI and lower δ13C values observed in riparian trees (Figure 5.5). L 

for both sets of trees combined (Appendix Figure 5.1) was adjusted to 0.022 m based on 

the equation for δ18Ocell that includes the Peclet effect. Mean observed δ18Ocell of the 

combined upland and riparian trees for 1895-2002 was 28.7‰, median was 28.9‰, 

minimum was 25.9‰, and maximum was 30.6‰. Modeled δ18Ocell without the Peclet 

effect slightly overestimated δ18Ocell where the mean was 29.4‰, median was 29.3‰, 

minimum was 28.1‰, and maximum was 31.0‰. In contrast, δ18Ocell with Peclet more 

closely matched observed values, where the mean was 28.8‰, median was 28.9‰, 

minimum was 27.5‰, and maximum was 29.9‰.  Modeled δ18Ocell was within range of 

observed values except for ~1992-2002 when observed δ18Ocell rapidly declined. The 

difference between δ18Ocell with and without the Peclet effect declined with time.  

The sensitivity analysis showed that BAI, LAI, gc, and E were sensitive to 

changes in all tested parameters: gcmax, kg, FR, αcx, pfs20, prx, maximum ASW, and 

wSx1000 (Figure 5.7, Appendix Table 5.1). In contrast, δ13C was only sensitive to 

changes in gcmax and prx. The δ18Oleaf was not sensitive to any parameter while δ18Ocell 

with Peclet was sensitive to kg, FR, αcx, pfs20, and prx. L was optimized using δ18Ocell 
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with Peclet, where L of 0.022 resulted in modeled δ18Ocell that best matched observed 

δ18Ocell (Figure 5.8). 

 

5.5 Discussion 

Model Parameterization 

Previously reported stand densities ranged from 54-137 trees ha-1 (Table 5.1) with 

a standard deviation of ±36 trees ha-1 and a standard error of ±18 trees ha-1. Therefore, 

although the model underestimated stand density, it is within a reasonable range of the 

observed values. The range of stand density is consistent with the wide range of 

measured DBH at this site (55-63 cm, (Law et al., 2001a, 2001b; Youngblood et al., 

2004; Warren et al., 2005), which is lower than that of the trees cored in this study (88-

112 cm, Table 5.1). Because DBH and stand density are closely related (Meyer, 1938) 

and 3-PG utilizes this relationship, it is not surprising that the model predicted fewer, 

larger diameter trees. Further, growth is related to the self-thinning parameter, wSx1000, 

yet adjusting wSx1000 to match observed stand density would result in underestimating 

basal area and BAI. Since we prioritized measured BAI over previously reported stand 

density for model parameterization, this resulted in the accurate prediction of BAI and 

basal area, and underestimation of stand density. It is also important to note that we did 

not randomly select trees within the stand but preferentially selected the old, large 

dominant trees so it could not be expected that the model could accurately estimate all 

stand attributes when modeling BAI for the selected trees. Growth relationships have 

been challenging to accurately model in 3-PG (Wei et al., 2014b) likely due to site-
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specific and microclimatic conditions such as non-uniform tree spacing not accounted for 

in a generalizable forest stand model like 3-PG (Waring et al., 2016).  

Modeled height and LAI fell within the range of previously reported values. 

Modeled LAI reached ~2.2 at a stand age of 30 years in 1770 (not shown), consistent 

with observed values for P. ponderosa at that age (Law et al., 2001b), indicating the LAI 

was well predicted beyond our study period of 1895-2002. Modeled NPP matched 

previously reported NPP (Law et al., 2000) for P. ponderosa (Wei et al., 2014a). 

Modeled E was lower than the water vapor flux (LE) values reported by Law et al. (2000) 

but LE includes all forms of evaporation from the soil and understory E which may 

explain why LE was greater than simulated E. In contrast, modeled E was within range of 

30 mm month-1 and 45 mm month-1 of water used in the upper 0.8 (Irvine et al., 2002) 

and 2 m of soil (Warren et al., 2005), respectively for old-growth P. ponderosa at the 

Metolius site. These studies found that P. ponderosa utilizes deep sources of water, 

suggesting that the model may more adequately capture water use in the upper 2 m of soil 

depth. 

The model did not accurately simulate growth with FR values above 0.1 

suggesting that tree growth was limited to some extent by soil nutrient availability. FR 

was lower than FR previously used for this site (0.4 in Law et al. 2000), although the soil 

is volcanic sandy ash that is low in nutrients (Law et al., 2000, 2001a; Warren et al., 

2005). FR is also challenging to parameterize in 3-PG due to inadequate soil survey data, 

the limited ability of models to describe plant responses to nutrition, and our poor 

understanding of relationships between plant growth and soil chemical properties 
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(Landsberg, 2003b; Landsberg et al., 2003). The low FR also resulted in somewhat low 

gc values (Figure 5.4) compared to observed values (Law et al., 2000). 

Modifying the calculation of gc with the frost modifier to account for inhibited E 

on days with frost reduced gc in fall, winter, and spring months with values reaching zero 

during winter months (Figure 5.4). This also caused δ13Ccell to increase compared to 

δ13Ccell without the frost modifier during fall, winter, and spring months due to reduced 

discrimination and stomatal conductance limiting CO2 uptake (Figure 5.4B), coinciding 

with periods of little or no growth as indicated by low NPP during winter months. This 

shows that the model weights the periods of little or no growth equally with high NPP 

periods for estimating δ13Ccell values despite the inhibited gas exchange and carbon 

assimilation. This modification also had a particularly strong effect on δ13Ccell during fall 

months, indicating reduced 13C discrimination due to drought-induced stomatal closure 

following dry summer months when almost no rain occurs (Law et al., 2001a). 

 The sensitivity analysis showed that δ13Ccell was ‘sensitive’ (i.e. output changed 

≥10% in response to a change in parameter) to fewer parameters than BAI, LAI, gc, and E 

(Figure 5.7, Appendix Table 5.1). Consistent with Wei et al. (2014b), δ13Ccell was 

sensitive to shifts in parameters relating to gas exchange (e.g. gcmax), supporting that 

δ13Ccell effectively constrains 3-PG parameterization of gas exchange-related parameters. 

Unlike Wei et al. (2014b), δ13Ccell was not considered ‘sensitive’ to αcx at the ≥10% level 

(-7.4%, Appendix Table 5.1), which may be due to the large timespan over which output 

was averaged for the sensitivity analysis in this study (1895-2002) compared to that in 

Wei et al. (2014) (1991-2007). However, we also found that δ13Ccell was sensitive to 
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maximum root partitioning (prx) (Figure 5.7, Appendix Table 5.1), which is likely 

because prx affects the amount of below- and aboveground biomass, impacting LAI, gc, 

and thus δ13Ccell. 

 

Upland vs Riparian: BAI, δ13Ccell 

The model helped to explain the physiological mechanisms underlying the 

differences in growth and δ13Ccell between upland and riparian trees. The close proximity 

of the riparian trees to the Metolius river suggested that their greater BAI was due to the 

greater water availability and reduced drought stress compared to the upland trees (Orwig 

& Abrams; Adams & Kolb, 2004). Because drought induces stomatal closure to reduce 

water loss, the greater water availability also allowed riparian trees to maintain hydraulic 

function and gas exchange throughout more of the growing season (Panek & Goldstein, 

2001), resulting in greater 13C discrimination, thus imparting a lower δ13Ccell signal in 

tree-rings compared to upland trees (McCarroll & Loader, 2004). This was also supported 

by the reasonably well-predicted riparian tree BAI and δ13Ccell after increasing maximum 

ASW and gcmax, and lowering wSx1000 in the model. These parameter adjustments 

suggested that the riparian trees had greater water availability as well as greater gcmax 

because trees modulate stomatal conductance with water availability to maintain 

hydraulic function. Because gcmax is related to hydraulic properties such as hydraulic 

conductivity, this is consistent with greater sapwood-specific native conductivity 

observed in P. ponderosa at a riparian site compared to an upland slope site  (Stout & 

Sala, 2003). The greater gcmax of riparian trees was supported by the observed lower 
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δ13Ccell trajectory of riparian trees indicating greater discrimination due to lower stomatal 

constraints on A (i.e. higher gcmax) and thus greater CO2 supply. The gcmax values of 0.012 

m s-1 for upland and 0.0135 m s-1 for riparian are within range for this species and site 

(Law et al., 2000, 2001a; Coops et al., 2005). To maintain the same amount of biomass 

for each set of trees, the greater BAI of riparian trees resulted in a slightly lower stand 

density as indicated by the decrease in wSx1000. Modeled δ13Ccell was more variable than 

observed δ13Ccell (Wei et al., 2014b), suggesting that the model may not sufficiently 

account for mixing of previously stored and fresh assimilates that can mute δ13Ccell in P. 

ponderosa (Sohn et al., 2014; Wei et al., 2014b).  

 

Upland vs Riparian: δ18Ocell 

Given the greater measured growth and lower δ13Ccell of riparian trees, we also 

expected δ18O of the riparian trees to differ from that of the upland trees due to 

differences in source water and/or in leaf-level physiology given their different 

proximities to the river. However, δ18Ocell did not substantially differ between the upland 

and riparian trees (Appendix Figure 5.1, Figure 5.6). To explain the underlying 

mechanism behind the unexpectedly similar δ18Ocell trajectories between sets of trees, we 

discuss potential drivers behind patterns in δ18Ocell including differences in relative 

humidity, leaf-level physiology, and the δ18O of source water (δ18Os) (Farquhar et al., 

2007; Saugier et al., 2012) with the help of the modeled parameters and outputs.  

First, although differences in relative humidity and VPD can alter tree-ring 

δ18Ocell (Kahmen et al., 2011; Voelker et al., 2014a), we assumed the upland and riparian 
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trees experienced the same evaporative demand because they were <1 km from each 

other. Further, we accurately simulated the observed differences in BAI and δ13Ccell in the 

model using the same climatic inputs for both upland and riparian trees, supporting that 

the climatic conditions did not significantly differ between sets of trees.  

Second, leaf-level physiology may contribute to δ18Ocell patterns. In addition to 

the differences in growth and δ13Ccell between the sets of trees, the greater modeled gcmax 

of the riparian trees also suggested that riparian trees had greater water availability and 

may have different leaf-level gas exchange compared to the upland trees. However, 

δ18Ocell was not considered sensitive to changes in gcmax in the model (Figure 5.7, 

Appendix Table 5.1). This suggested that instead the Peclet effect may underlie the 

expected differences in δ18Ocell, although unexpectedly the δ18Ocell trajectories did not 

differ between sets of trees. 

Finally, δ18Os is considered to be a primary driver of δ18Ocell (Treydte et al., 

2014). In our study, we did not vary source water inputs year to year as the river is spring 

fed and thought to have a long residence time (Manga, 2001). The difference in proximity 

of the upland and riparian trees to the Metolius river suggested that they may use 

different sources of water (Marshall & Monserud, 2006) where riparian trees may rely on 

river water and upland trees may rely on both river water and precipitation (Stout & Sala, 

2003; Kerhoulas et al., 2013). Also, P. ponderosa has deep tap roots with evidence that 

droughted plants develop a larger root system than control plants (Kerr et al., 2015), 

suggesting that the upland and riparian trees may access water at different depths. 

However, the similar observed δ18O signal of the tree-ring cellulose, stem water, and 
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atmospheric water vapor (Table 5.3) at both sites suggested that upland and riparian trees 

were likely accessing the same water. In addition, the δ18Os from the Metolius river is 

reflected in the stem water of both upland and riparian trees (Table 5.3). Further, 

adjusting parameters related to rooting depth and below- and aboveground biomass ratios 

in the model was not necessary to match observed growth and tree-ring trajectories. Our 

finding is consistent with Dawson & Ehleringer (1991) who found that proximity to a 

stream did not influence source water used by mature Quercus and Acer and instead, 

mature trees used deeper sources of water while young trees relied on stream water and 

recent precipitation. 

Interestingly, both the upland and riparian sites displayed a decline in δ18Ocell 

1992-2002 that is likely related to a change in source water δ18O. This decline was not 

observed in other central Oregon P. ponderosa (Roden & Ehleringer, 2007) likely 

because the authors examined latewood as opposed to the whole ring as in our study. The 

presence of this decline imprinted in the growth rings of trees from both sites provided 

more support that the upland and riparian sites and trees were very similar, as shown by 

the similar δ18O of source water (Table 5.3). 

 

δ18O submodel 

The δ18Oleaf without the Peclet effect was not sensitive to any of the tested 

parameters because it is calculated solely with δ18Os and climate inputs including VPD 

(Equation 12). Therefore, the Peclet effect was crucial for connecting the δ18O submodel 

to the rest of the model because δ18Ocell with Peclet was calculated using modeled 
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transpiration (E). Similar to other studies, δ18Ocell without the Peclet effect slightly 

overestimated observed δ18Ocell providing more evidence that incorporating the Peclet 

effect may improve δ18Ocell estimates (Barbour et al., 2000; Kahmen et al., 2008; 

Ripullone et al., 2008; Holloway-Phillips et al., 2016). Interestingly, the difference 

between δ18Ocell with and without the Peclet effect diminished with time, which was due 

to the steady temporal decline in E (Appendix Figure 5.2). As E decreases, δ18Ocell 

increases (Equations 13, 14, Appendix Figure 5.3) due to the increased back diffusion of 

enriched water relative to the unenriched stem water, thus increasing the δ18Ocell signal. 

This temporal decline in E led to an underestimation of E in 1996 and 1997 compared to 

measured values by Law et al. (2000) (Figure 5.3), which also coincided with the 

overestimation of δ18Ocell (Figure 5.6). However, 1996 and 1997 was within the 1992-

2002 period when we observed the aforementioned unexpected source water-related 

decline in δ18Ocell. This suggests that the potential changes in source water may have 

influenced the discrepancy between modeled and observed δ18Ocell and E during 1992-

2002 (Figures 5.3, 5.6).  

In addition to E, L also substantially influenced predictions of δ18Ocell with Peclet 

(Figure 5.8, Equations 13, 14, (Kahmen et al., 2009). L of 0.022 m was within range of 

previously reported values for Pinus species (Song et al., 2013). This study provides 

support for the use of a well-parameterized model based on observed stand characteristics 

to estimate L since δ18Ocell with Peclet is calculated using the E output. This could be a 

useful way to evaluate the impacts of variation in leaf-level physiology on the stand 

scale. 
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To our knowledge, this is the first time a δ18O submodel has been added to 3-PG. 

Because the E output is used in the calculation of the Peclet number and thus δ18Ocell with 

Peclet (Equations 13, 14), δ18Ocell provides a new way to constrain 3-PG that differs from 

δ13Ccell. Unlike δ13Ccell that constrains gas exchange parameters before allocation 

processes (Wei et al. 2014), δ18Ocell is calculated “downstream” of other model 

calculations with output E. Thus, δ18Ocell with Peclet was sensitive to parameters that also 

influence E including kg, FR, αcx, pfs20, and prx. The difference in how δ13Ccell and 

δ18Ocell constrain 3-PG occurs because δ13Ccell depends primarily on A and g while δ18Ocell 

depends on other biophysical factors in addition to A and g (Roden et al., 2000; 

McCarroll & Loader, 2004). This was observed with the sensitivity analysis where 

δ18Ocell was considered sensitive to kg, FR, αcx, and pfs20 while δ13Ccell was not. Since E 

and gc are related and both influence δ13Ccell and δ18Ocell, model parameters that influence 

E and gc would need to be adjusted to match observed values of both δ13Ccell and δ18Ocell. 

In this way, the use of both δ13Ccell and δ18Ocell added a useful modeling constraint to 3-

PG. 

 

Conclusion  

We used long-term trajectories of observed growth, δ13Ccell, and δ18Ocell to 

represent growth and productivity of old-growth P. ponderosa in central Oregon using 3-

PG, the δ13Ccell submodel, and the newly added δ18Ocell submodel. The model helped to 

explain physiological drivers underlying the different tree-ring growth, δ13Ccell, and 

δ18Ocell trajectories measured on the upland and riparian trees. Because δ18Ocell with the 
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Peclet effect is calculated using stand-level E output from the model, L and leaf-level 

physiology may be estimated using a well-constrained model. The δ18O submodel may 

improve 3-PG predictions because parameterization based on gc and E must account for 

both δ18Ocell and δ13Ccell, providing a useful and novel way to constrain 3-PG. The 

application of 3-PG with the δ13C and δ18O submodels on the upland and riparian sets of 

trees indicate the potential of such coupled models to be parameterized for diverse stands 

using site- and stand-specific information for examining the physiological mechanisms 

behind forest responses to changes in climate.  
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5.8 Figures & Tables 

 

 

Figure 5.1  Climate inputs from 1895-2002 at the Metolius site: average annual minimum 
temperature (Tmin), maximum temperature (Tmax), average temperature (Tav) (A), 
vapor pressure deficit (VPD, B), solar radiation (C), and precipitation (D) based on 
the mean monthly values that are used in 3-PG. 
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Figure 5.2  Modeled and previously observed basal area (A), basal area increment (BAI, B), 
stand density (C), height (D), leaf area index (LAI, E), net primary productivity 
(NPP, F), and δ13Ccell (G) for 1895-2002. For δ13Ccell, N=5. Error bars are ± SE. 
Previously observed values also listed in Table 5.1. 
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Figure 5.3  Monthly transpiration (E, mm month-1) in 2001-2002 predicted by the model 
compared with previously reported water vapor flux (LE) from Law et al. (2000). 
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Figure 5.4  The effect of the addition of the frost modifier for calculating canopy conductance 
(gc) to account for zero conductance on days with frost (where minimum temperature 
<0°C) on gc (A), δ13Ccell (B), and net primary productivity (NPP, B) in 2001-2002. 
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Figure 5.5  Modeled and measured time courses of basal area increment (BAI) and δ13Ccell of 
upland (A,C) and riparian (B,D) trees. N=5. Error bars are ± SE. 

 
 
 
 



186 
 

 

 

Figure 5.6  Modeled and measured time courses of δ18Ocell and δ18Ocell with Peclet of combined 
upland and riparian trees. N=10. Error bars are ± SE. 
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Figure 5.7  Sensitivity analysis results examining the effect of parameters: maximum canopy 
conductance (gcmax), sensitivity of canopy conductance to VPD (kg), fertility rating 
(FR), maximum quantum efficiency (αcx), foliage:stem partitioning ratio for tree 
diameter of 20 cm (pfs20), maximum root partitioning (prx), maximum available soil 
water (ASW), and maximum tree stem mess in mature stands of 1000 trees ha-1 
(wSx1000) on output variables: δ13Ccell, basal area increment (BAI), leaf area index 
(LAI), canopy conductance (gc), transpiration (E), δ18Oleaf, and δ18Ocell with Peclet. 
Only output variables that changed ±10% and were considered ‘sensitive’ to shifts in 
each parameter are shown. Appendix Table 5.1 shows complete sensitivity analysis 
values. Note the different y-axis ranges for αcx and prx. 
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Figure 5.8  Optimization of L using δ18Ocell with Peclet. L values are ±20% and ±40% of the 
optimized L=0.022 m. 
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Table 5.1  Stand characteristics for old-growth P. ponderosa at the Metolius AmeriFlux site used 
to parameterize the model. 

Tree height (m) 30.9 ± 0.93 
33.5 ± 1.26 
34 ± 0.8 

(Youngblood et al., 2004) 
(Law et al., 2001b) 
(Law et al., 2001a) 

Age (years) ~260 This study 
DBH (cm) Upland: 87.8 ± 3.9 

Riparian: 112.3 ± 8.2 
This study 
This study 

δ 13Ccell (‰) - This study 
δ18Ocell (‰) - This study 
LAI  
(m2 m-2) 

<1.0  
0.89-1.6 
1.1-1.8 
2.1 

(Ryan et al., 2000) 
(Law et al., 2001b) 
(Law et al., 2000) 
(Irvine et al., 2002) 

Basal area  
(m2 ha-1) 

30 
35 
45 

(Youngblood et al., 2004; Warren et al., 2005) 
(Zhang et al., 2013) 
(Meyer, 1938) 

Stand density 
(trees ha-1) 

54 
72 
84 
137 

(Youngblood et al., 2004) 
(Law et al., 2001a; Warren et al., 2005) 
(Law et al., 2001b) 
(Meyer, 1938) 

NPP 
(tDM ha-1 year-1) 

9.2 (Law et al., 2000) 

Transpiration  
(mm month-1) 

30 
45 
50 

(Irvine et al., 2002) 
(Warren et al., 2005) 
(Law et al., 2000) 
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Table 5.2  Parameters for old-growth Pinus ponderosa at the Metolius site, Oregon. Default 
values from 3PGpjs vsn 2.7, 2010. 

Parameter Units Abbreviation Value Reference 
Initial conditions     
Initial foliage biomass kg ha-1 InitialWF 1.5 (Wei et al., 

2014a) 
Initial root biomass kg ha-1 InitialWR 1.4 (Wei et al., 

2014a) 
Initial stem biomass kg ha-1 InitialWS 0.9 (Wei et al., 

2014a) 
Initial stocking  trees ha-1  550 (Warren et al., 

2005) 
Initial available soil water mm InitASW 30 Default 
Maximum available soil water mm Maximum 

ASW 
163 (Law et al., 

2000) 
Allometric relationships and 
partitioning 

    

Foliage:stem partitioning ratios for 
D=2 cm 

- pfs2 1.2745 Coops et al. 
2005 

Foliage:stem partitioning ratios for 
D=20 cm 

- pfs20  0.77 Calibrated 

Stem constant - Sc 0.0561 Equation 5 
Stem Power - Sp 2.488 Equation 5 
Maximum root biomass 
partitioning 

- prx 0.95 Calibrated 

Minimum root biomass 
partitioning 

- prn 0.25 Default 

Modifiers for photosynthesis and NPP/GPP   
Maximum temperature °C Tmax 40 Law et al. 

(2000) 
Minimum temperature °C Tmin -2  
Optimum temperature °C Topt 20 Law et al. 

(2000) 
Days production lost per frost day days kF 1 Default 
Assimilate use efficiency -  0.47 Default 
Soil water and fertility     
Soil type -  Sandy 

loam 
(Law et al., 
2000) 

Fertility rating - FR 0.1 Calibrated 
Value of ‘fN’ when FR=0 - fN0 1 Default 
Value of m when FR = 0 - m0 0 Default  
Age modifier (fage)     
Maximum age years MaxAge 500  
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Power of relative age in function 
for fage 

- nAge 4 Default 

Relative age to five fage=0.5 - rAge 95 Default 
Litterfall and root turnover     
Maximum litterfall rate month-1 γFx 0.021 Default 
Coefficients in litterfall rate at t=0 month-1 γF 0.001 Default 
Age at which litterfall rate has 
median value 

month tγF 36 Default 

Root turnover rate month-1 γR, Rttover 0.04 Default 
Conductance     
Maximum canopy conductance m s-1 gcmax  0.012 Calibrated 
LAI required for maximum canopy 
conductance 

- LAIgcx 3.3 Default 

Response of canopy conductance 
to VPD 

mbar-1 kg 0.05 Calibrated 

Canopy boundary layer 
conductance, assumed constant 

m s-1 BLcond 0.2 (Law et al., 
2000) 

Stem mortality     
Maximum stem mass (kg) likely in 
mature stands of 1000 trees ha-1 

kg tree-1 wSx1000 45 Calibrated 

Power in self-thinning law - thinPower 1.5 Default 
Leaf mortality fraction - mF 0.0 Default 
Root mortality fraction - mR 0.2 Default 
Stem mortality fraction - mS 0.2 Default 
Branch & bark fraction at age 0 - fracBB0 0.15 Default 
Branch & bark fraction for mature 
trees 

- fracBB1 0.15 Default 

Stand age for fracBB = 
(fracBB0+fracBB1)/2 

years tBB 1.5 Default 

Canopy structure and processes     
Specific leaf area for mature trees 
(m^2/kg) 

m2 kg-1 SLA1 4.2 (Law et al., 
2000) 

Stand age (years) for SLA = 
(SLA0+SLA1)/2 

m2 kg-1 tSLA 2.5 (Law et al., 
2000) 

Age at full canopy cover (years) years fullCanAge 15 Default 
Radiation extinction coefficient - k 0.5 Default 
LAI required for maximum rainfall 
interception 

- LAImaxIntcptn 5 Default 

Max proportion of rainfall 
intercepted by canopy 

- MaxIntcptn 0.1 Default 

Canopy quantum efficiency mol C 
(mol 
PAR)-1 

αcx 0.04 Calibrated 

Power term used for describe the 
trajectory of canopy closure 

- CanPower 1 Default 
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Added parameter for tree height - HtC0 4.85 Calibrated 
Added parameter for tree height - HtC1 -7.0 Default 
Basic wood density t m-3  0.4 Default 
δ13C submodel     
Conductance CO2 to water - RGcGW 0.66 Default 
δ13C difference of modeled tissue 
and new photosynthate 

‰ δ13CTissueDif 1.7 (Wei et al., 
2014b) 

Fractionation against 13C in 
diffusion through air 

‰ aFracDiffu 4.4 (Farquhar & 
Sharkey, 1982)  

Enzymatic fractionation by 
Rubisco 

‰ bFracRubi 27 (Farquhar & 
Sharkey, 1982) 

Temperature modifier for gc:k2 - TK2 0.244 (Wei et al., 
2014b) 

Temperature modifier for gc:k3 - TK3 0.0368 (Wei et al., 
2014b) 
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Table 5.3  δ18O of source river water, stem water, and atmospheric water vapor at the 
upland and riparian sites in 2002 and 2004. N=1-4 ± SE.  

Location Sample Type  Date δ18O  
(‰) 

Metolius River river water 29 Aug 2002 
13 Jul 2004 

-13.9 
-14.2 

Upland stem water 29 Aug 2002 
13 Jul 2004 

-13.3 ± 0.1 
-14.6 

water vapor 13 Jul 2004 -26.0 
Riparian stem water 13 Jul 2004 -14.22 

water vapor 13 Jul 2004 -25.3 
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5.9 Appendices 

 

Appendix Figure 5.1  Time courses of δ18Ocell measured in upland and riparian trees. 
N=5. Error bars ± SE. 
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Appendix Figure 5.2  Modeled transpiration (mm year-1) for upland and riparian trees. 
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Appendix Figure 5.3  Modeled δ18Ocell with the Peclet effect was negatively related to 
annual transpiration for each year 1895-2002. 
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Appendix Table 5.1  Sensitivity analysis evaluating the effect of ±20% and ±40% 
changes in parameters on outputs. Bolded outputs are those that 
changed ≥10%, are considered ‘sensitive,’ and are depicted in 
Figure 5.7. 

Parameter Output -40% -20% +20%  +40% 
 
 
 
gcmax 
 

δ13Ccell 21.7 8.0 -5.1 -8.6 
BAI 25.4 12.7 -13.4 -27.6 
LAI 18.2 7.8 -9.3 -17.5 
gc -40.5 -19.2 13.5 22.4 
E -40.1 -18.9 13.8 23.1 
δ18Oleaf 0.0 0.0 0.0 0.0 
δ18Ocell with Peclet 5.6 2.3 -1.2 -1.7 

 
 
 
kg 

δ13Ccell -2.8 -1.7 3.5 6.7 
BAI 84.7 40.6 -53.2 -81.7 
LAI 35.8 22.0 -38.3 -69.0 
gc 36.4 24.7 -43.8 -74.3 
E 44.3 28.8 -44.4 -75.0 
δ18Oleaf 0.0 0.0 0.0 0.0 
δ18Ocell with Peclet -0.5 -1.3 6.3 14.7 

 
 
 
FR 

δ13Ccell 6.0 2.7 -1.7 -2.8 
BAI -83.3 -49.5 52.1 98.5 
LAI -64.2 -30.6 21.7 37.0 
gc -63.7 -30.0 18.2 28.2 
E -63.2 -29.6 18.6 29.4 
δ18Oleaf 0.0 0.0 0.0 0.0 
δ18Ocell with Peclet 11.1 3.9 -1.5 -2.0 

 
 
 
αcx 

δ13Ccell -7.4 -2.9 3.4 7.0 
BAI -98.4 -69.6 83.3 179.7 
LAI -89.2 -48.4 32.3 55.1 
gc -89.0 -47.8 25.4 37.7 
E -88.8 -47.3 26.3 40.0 
δ18Oleaf 0.0 0.0 0.0 0.0 
δ18Ocell with Peclet 20.2 7.2 -1.9 -2.0 

 
 
 
pfs20 

δ13Ccell 9.9 5.8 -2.9 -4.6 
BAI -92.5 -50.5 -3.5 -19.6 
LAI -94.2 -60.8 37.4 60.8 
gc -94.0 -60.3 28.5 40.3 
E -93.9 -59.8 29.7 42.9 
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δ18Oleaf 0.0 0.0 0.0 0.0 
δ18Ocell with Peclet 22.7 10.2 -2.0 -2.0 

 
 
 
wSx1000 

δ13Ccell 1.1 0.5 -0.3 -0.6 
BAI 86.9 34.5 -18.3 -32.6 
LAI -13.3 -5.5 4.0 7.1 
gc -12.7 -5.2 3.6 6.4 
E -12.6 -5.1 3.6 6.5 
δ18Oleaf 0.0 0.0 0.0 0.0 
δ18Ocell with Peclet 1.4 0.5 -0.4 -0.6 

 
 
 
prx 

δ13Ccell -10.6 -7.0 10.7 -32.4 
BAI 458.8 91.5 -100.0 -100.0 
LAI 169.5 96.8 -100.0 -100.0 
gc 78.8 54.3 -99.9 -99.9 
E 71.6 56.3 -100.0 -100.0 
δ18Oleaf 0.0 0.0 0.0 0.0 
δ18Ocell with Peclet -1.2 -1.7 26.3 26.3 

 
 
 
Maximum ASW 

δ13Ccell 0.9 0.3 -0.1 0.0 
BAI -31.2 -11.7 9.3 14.8 
LAI -9.2 -2.9 0.6 -0.1 
gc -13.5 -4.5 1.3 0.7 
E -12.3 -3.9 1.0 0.4 
δ18Oleaf 0.0 0.0 0.0 0.0 
δ18Ocell with Peclet 1.9 0.6 -0.2 -0.1 
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6.  CONCLUSION 

Climate change will have substantial impacts on vegetation worldwide (Allen et 

al., 2010; Intergovernmental Panel on Climate Change, 2014). However, predicting how 

vegetation will respond to future shifts in climate regimes is challenging for many 

reasons. Firstly, there is great uncertainty related to the amount and extent of climate 

change so research approaches have to encompass a wide range of temperatures, 

precipitation regimes, and combinations of stressors. Further, the extent of climate 

change will not be uniform around the globe. Biomes will be differentially impacted so 

understanding adaptations of different plant functional types improves our ability to 

predict how future changes in climate will impact diverse vegetation types. Finally, 

responses to climate will not only vary by plant functional type, but also species, 

populations within species, and growth stages. Therefore, it is vital that we focus our 

research efforts on a broad range of functional types, species, and growth stages with 

both modeling and physiological approaches.  

By utilizing multiple approaches on broadleaf and coniferous species from the 

seedling through old-growth developmental stages, this dissertation highlights the 

advantages and limitations of observational, experimental, greenhouse, field, and 

modeling methodologies. This dissertation provides strong support for the use of 

multiple, diverse approaches to effectively and comprehensively address how vegetation 

will respond to changes in climate.  

In Chapter 2, I evaluated the heat tolerance of detached leaf discs from Coffea 

arabica saplings using chlorophyll fluorescence and electrolyte leakage methods. An 
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advantage of measuring heat tolerance with these methods is that they are well-

established and widely used (Flint et al., 1967; Bilger et al., 1984; Larcher, 1995; 

Maxwell & Johnson, 2000; Baker & Rosenqvist, 2004), allowing comparisons with other 

species and functional types. However, Chapter 2 showed that standardizing the 

methodology is crucial for accurately evaluating heat tolerance, as the greater recovery 

time of 24 h yielded more accurate heat tolerance assessments than the 15 min recovery 

time. I also showed that photochemistry as measured with chlorophyll fluorescence is 

more sensitive to heat stress than cell membranes as measured with electrolyte leakage, 

emphasizing the importance of considering the plant function being assessed for heat 

tolerance (Teskey et al., 2015). C. arabica heat tolerance also increased with leaf age, an 

evolutionary adaptation that protects older leaves of evergreen species from irreversible 

damage (Yamada et al., 1996; Zhang et al., 2012). Thus, the time between temperature 

exposure and measurement, tissue type, and leaf age should be considered to accurately 

quantify heat tolerance, a crucial component for understanding vegetation responses to 

high temperature stress. This chapter also highlighted that heat tolerance is only one 

metric and that surviving heat stress requires whole-plant strategies that cannot be 

characterized using detached leaf discs. For instance, evaporative cooling through 

stomatal conductance mitigates heat stress but is not considered on detached leaf discs. 

To address this limitation, in Chapter 3 I exposed whole C. arabica plants to a 

simulated heat wave and monitored physiological responses in situ. This enabled me to 

monitor physiological recovery and capture whole-plant strategies for mitigating heat 

stress. I also demonstrated that the increase in heat tolerance with leaf age measured on 
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leaf discs in Chapter 2 generally held on whole plants as shown in Chapter 3. However, 

this study was conducted on potted saplings in a greenhouse. This enabled us to grow 

tropical C. arabica year round in the Pacific Northwest, without confounding effects of 

competing vegetation or variable soil conditions. However, greenhouse conditions such 

as temperature and relative humidity were regulated (~18°C, ~64%, respectively) and did 

not necessarily mimic field conditions. Photosynthetically active radiation in the 

greenhouse was also lower than that in field conditions, limiting the scope of inference of 

this study. We also were only able to impose experimental heat stress using a relatively 

small growth chamber as opposed to growing plants at elevated temperatures or using a 

more gradual rise in temperature regime. Thus, the jump in temperature (18°C to 49°C) 

may appear to be extreme but aseasonal fluctuations in temperature and the sudden onset 

of heat waves are expected to increase in frequency. Our approach enabled us to 

investigate the impacts of heat waves on leaf temperatures, which far exceed 

temperatures to which C. arabica was adapted. Because leaf temperatures can be ~20°C 

greater than air temperature, especially in outer canopy leaves in sun-grown C. arabica 

(DaMatta & Ramalho, 2006; Alvim & Kozlowski, 2013), a heat wave resulting in leaf 

temperatures of 49°C is realistic in field grown C. arabica, as shown by the leaf energy 

balance model.  I also observed that even a 45 min heat wave can substantially influence 

physiology and inhibit flowering, and that the duration of a heat wave has substantial 

impacts on physiological recovery, non-structural carbohydrate dynamics, and gas 

exchange. In a real world context, elevated temperatures and heat waves are often 

accompanied by drought as in the coffee-growing regions of Mexico, Central America, 



202 

 

 

and Vietnam (The Climate Institute, 2016). To explore this further, I used the leaf energy 

balance model to more accurately predict leaf temperatures in response to drought-

induced stomatal closure. The combination of observational gas exchange measurements 

and the leaf energy balance model enabled me to estimate the effects of drought during a 

heat wave on leaf temperatures and the extent to which drought may exacerbate heat 

stress. The potential for drought to accompany increased temperatures emphasizes the 

value of combining physiological and experimental approaches with modeling. However, 

it is important to acknowledge that other regions that grow C. arabica such as Colombia, 

Brazil, Tanzania, and Ethiopia are expected to become warmer and wetter (The Climate 

Institute, 2016). This variability in temperature and precipitation regimes emphasizes the 

importance of understanding the effects of both abiotic stressors on physiology. 

Regardless of the precipitation shifts, the “Bean Belt” where C. arabica is grown is 

experiencing elevated temperatures (Davis et al., 2012; Bunn et al., 2014), further 

highlighting the importance of investigating the impacts of high temperatures on C. 

arabica physiology.  

Shifts in climate impact vegetation worldwide (Allen et al., 2010) and not just 

tropical regions. Further, the C. arabica plants studied in Chapters 2 and 3 were ~1 m 

tall, but heat stress impacts smaller, younger plants such as germinant seedlings much 

differently. This is because seedlings are found close to the soil surface where they 

experience reduced wind and turbulent eddies compared to taller plants, making seedlings 

highly susceptible to temperatures that commonly reach between 40°C and 50°C or 

higher in exposed sites (Alexander, 1987; Kolb & Robberecht, 1996).  Because seedling 
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establishment has huge impacts on species’ distributions in response to climate regimes 

(Johnson et al., 2011), examining the effects of heat stress on seedlings is essential for 

understanding species’ responses in a warmer world. To address this, in Chapter 4 I 

investigated the physiological responses to heat stress of Pinus ponderosa (PIPO) and 

Pseudotsuga menziesii (PSME) seedling populations from contrasting climates. 

Unexpectedly, PSME was more heat tolerant than PIPO when measured on detached 

needles, again highlighting the limitation of heat tolerance assessments on detached 

leaves. This also emphasized the importance of considering whole plant strategies such as 

rooting depth, capacity for evaporative cooling, and seasonal shifts in heat tolerance 

when evaluating mechanisms to cope with heat stress among species. Although this study 

was also conducted on potted seedlings in the greenhouse with the same limitations as 

those in Chapter 3, growing populations from climates with contrasting temperature and 

precipitation regimes in the same controlled environment was advantageous because it 

allowed us to examine the extent to which phenotypic plasticity and ecotypic variation 

influenced mechanisms underlying population-specific resistances to high temperature 

and drought, respectively (Daas et al., 2008; Gimeno et al., 2009; Du et al., 2014; Matías 

et al., 2016). Interestingly, heat stress responses exhibited phenotypic plasticity and 

reflected the conditions under which the plants were grown (Knight & Ackerly, 2002), 

whereas intrinsic water use efficiency, a measure of potential drought resistance, 

reflected ecotypic differentiation and the climates from which the seedlings originated 

(Kerr et al., 2015). This suggests that these populations may more readily adapt to 

elevated temperatures, but less drought-adapted populations may not mitigate drought 
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stress as effectively as more drought-adapted populations. This sheds light on plant 

responses to environmental stress and how species with large geographic ranges such as 

PSME and PIPO may persist under future shifts in climate.  

Although drought is expected to accompany high temperature stress in some 

regions, heat is less studied than drought (Sevanto & Dickman, 2015), underscoring the 

importance for studies such as Chapters 2, 3, and 4 that focus on physiological responses 

to heat stress. Isolating the effects of heat waves on physiological responses will help us 

better understand the dynamic interactions between heat and other abiotic stressors such 

as drought, pests, disease, and increasing atmospheric [CO2], elements expected to shift 

with climate change. For example, heat damage may reduce pathogen resistance in C. 

arabica (Chen et al., 2003). I also saw in Chapter 3 that heat stress will be exacerbated by 

drought, expected to occur in certain tropical regions where C. arabica is grown (The 

Climate Institute) and temperate regions where PSME and PIPO grow (Allen et al., 

2010). We are still trying to understand the impacts of increasing ambient [CO2] and high 

temperature stress on vegetation (Curtis & Wang, 1998) as elevated [CO2] may induce 

stomatal closure and thus increase leaf temperatures and exacerbate heat stress (Surano et 

al., 1986). However, elevated [CO2] may mitigate the impacts of heat stress in C. arabica 

(Rodrigues et al., 2016).  In contrast, high temperature stress may negate the increased 

growth caused by elevated atmospheric [CO2] in other species (Lewis et al., 2015). 

Elevated [CO2] also may differentially impact growth and intrinsic water use efficiency 

in PIPO and PSME (Soulé and Knapp 2015). Therefore, by intensively examining heat 

stress effects from the leaf to whole plant scale, we improve our understanding of the 
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interacting effects of high temperature stress with other abiotic stressors on physiology 

and growth.   

To achieve a more comprehensive understanding of vegetation responses to 

environmental stress, in Chapter 5 I employed the 3-PG process-based model on old-

growth PIPO in central Oregon to provide growth and physiological information at larger 

temporal and spatial scales, as well as at a different developmental stage. This chapter 

highlighted the advantages of predictive physiological process-based vegetation models 

such as 3-PG that extend physiological processes beyond the whole-tree level to larger 

spatial and temporal scales without destructive sampling to predict vegetative growth and 

productivity (Kerns & Peterson, 2014). Chapters 3 and 4 were useful for examining 

current in situ responses to environmental stress on seedlings and saplings while Chapter 

5 highlighted the use of tree-ring growth and stable isotopes for reconstructing past 

physiological responses of old-growth trees to environmental stress. This study was a 

unique application of 3-PG because 3-PG was applied to over a century rather than only a 

few years (Law et al., 2000) to understand physiological drivers behind observed growth 

patterns. Although tree-ring growth and stable isotope analyses provide information on 

longer time scales than in situ physiological measurements, these studies are still 

relatively limited to individual trees. Thus, the combination of tree-rings, stable isotopes, 

and a generalizable forest stand model such as 3-PG enabled me to estimate stand-level 

responses of upland and riparian trees with contrasting soil water availability. 3-PG is 

also advantageous because it allowed me to estimate stand-scale physiological responses 

without the challenges that accompany sampling old-growth trees. For example, I 
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investigated the effect of heat stress on leaf non-structural carbohydrates in Chapters 3 

and 4, which is valuable for quantifying how carbon allocation is influenced by heat 

stress. However, destructive sampling of old-growth canopies and roots is challenging 

because they are often inaccessible. Therefore, well-established allometric equations used 

in 3-PG are valuable for estimating carbon dynamics and allocation at the stand level 

without intensive destructive sampling. Both empirical and modeling approaches have 

advantages and disadvantages so understanding and utilizing both is crucial.  

Process-based models like 3-PG are widely used and applied to diverse species 

because they utilize simple equations to describe physiological processes and incorporate 

species-specific characteristics under changing environmental conditions. This is an 

improvement over other types of models that use plant functional type to make 

predictions (Lauenroth et al., 1993; Bodegom et al., 2014), which does not accurately 

describe how vegetation characteristics vary across different sites. This transferability 

and flexibility of 3-PG combined with the abundance of observed stand characteristics 

and physiological measurements on this species at the Metolius site in Oregon allowed 

me to parameterize the model with reasonable accuracy and use it to investigate the 

physiological mechanisms underlying the differences in observed tree-ring growth, 

carbon stable isotope (δ13C), and oxygen stable isotope (δ18O) trajectories between the 

upland and riparian sets of trees. This was also the first time a δ18O sub-model was 

utilized in conjunction with a δ13C sub-model in 3-PG, providing a novel way to 

constrain the model and estimate leaf-level physiological characteristics using stand 

characteristics.  
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Although 3-PG is useful for long-term stand-scale forest data sets, 3-PG has its 

own set of limitations. 3-PG is optimized for even-aged, single-species stands when many 

forests are mixed-age and -species, although attempts have been made to accommodate 

this (Forrester & Tang, 2016). 3-PG also uses simplistic equations which makes it easy to 

manipulate but can be overly simplistic for accurately predicting reality. This was 

observed when stand density was underestimated to accurately estimate basal area 

increment (BAI) in upland trees, for example. Tree-ring stable isotopes are useful for 

reconstructing tree physiological responses to climate but the analyses are costly and 

time-consuming. These challenges further emphasize the importance of utilizing multiple 

approaches to examine the effects of environmental stress on physiological responses.  

This dissertation employed creative approaches to monitor a suite of physiological 

parameters to understand the comprehensive effects of environmental stress on C. 

arabica saplings and PSME and PIPO seedlings, and old-growth PIPO. Although it is 

clear that environmental stress such as increased temperature and drought are expected to 

increase in duration and frequency throughout the 21st century, it is unclear how 

vegetation will respond, complicating predictions of and impacts on plant species 

distributions (Allen et al., 2010; Intergovernmental Panel on Climate Change, 2014). In 

this dissertation, the combination of physiological and modeling methods applied to 

multiple species and growth stages informs our knowledge of plant physiological 

responses to environmental stress. These types of experimental and observational studies 

combined with process-based modeling inform predictions of species distributions by 

providing insight into species-, population-, and growth stage-specific physiological 
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responses to heat and drought stress. Combining scales and methods to create innovative 

and multifaceted approaches is necessary to adequately address the challenge of 

understanding the effects of future climate change on vegetation.  
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