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Abstract 

 

Understanding the extent to which physiological tolerances of climate may limit plant 

distributions is critical to predicting the effects of a changing climate. This dissertation 

research focuses on how responses to drought and cooling influence species ranges 

among oaks (Quercus L.), a globally-distributed woody genus that is highly diverse 

within the Americas. I used functional and physiological traits to investigate correlations 

between cold and drought resistances and climate at two scales: 1) local species elevation 

limits in a semi-arid montane system and 2) regional range limits among North and 

Central American oaks. In Chapter 1, I found that a trade-off between the leaf-level 

drought resistance traits of avoidance (leaf abscission) and desiccation recovery (leaf 

capacitance), and not stem freezing tolerance, influenced species sorting by elevation in a 

semi-arid mountain system in the southwestern US. In Chapter 2, I found that stem 

drought tolerance (xylem vulnerability) is correlated with aridity of climate of origin 

among oaks from across the Americas, but that the seasonality of precipitation best 

predicted leaf level drought avoidance (leaf habit and stomatal closure). Finally, in 

Chapter 3, I found that oak species in the Americas have different leaf level cooling 

responses (chlorophyll fluorescence measurements of photosynthetic stress and yield) 

that were correlated with minimum temperatures in their climate of origin, but that ability 

to acclimate to cold temperatures was best predicted by leaf phenology, not climate of 

origin. I also found that we could predict chlorophyll fluorescence measurements with 

models created from hyperspectral reflectance data measured on the same leaves. These 

models included regions of important biological significance, including wavelengths 

corresponding with reflectance of photosynthetic and protective pigments. Overall, there 
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I found significant evidence that species distributions are strongly influenced by climate. 

Oak species have suites of traits as mechanisms of drought resistance, and these strategies 

are correlated with not only overall aridity in their current habitats, but with the 

seasonality of precipitation. Oak species may also be able to acclimate to cooler 

temperatures outside of those commonly experienced in their current range. Oak species 

within the Americas and the mountainous, arid southwest US, may be vulnerable to range 

shifts as global temperatures continue to rise and precipitation regimes change.
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Introduction 

 

 

It is not overly simplistic to summarize a large part of ecological investigations as 

primarily concerned with why any species grows or lives where it does. While the factors 

that can influence species ranges are numerous, they can be broadly split into abiotic and 

biotic causes. The abiotic climate factors, especially temperature and precipitation, have 

long been a topic of research and are increasingly important as global climate change 

alters long-standing climatic patterns and thus alters the habitats of current species 

ranges. In this dissertation, I report on research into how physiological resistances to long 

and short term drought and cold temperatures structure oak (Quercus L.) species ranges 

on both the relatively small scales of mountain elevation ranges and within the wider 

landscape of continental ranges. 

 

Researchers have long observed the coincidence of species distributions and climatic 

gradients (Merriam 1894, Shreve 1915, Livingston and Shreve 1921, Whittaker and 

Niering 1965, MacArthur 1972, Stephenson 1990). At global scales, species distributions 

were thought to be limited at the polar latitudes by ability to tolerate increasingly cold 

temperatures and growing season limits, while at more equatorial latitudes limitations 

were due to increasing temperatures (Merriam 1894, MacArthur 1972). Available water, 

which varies within continents more locally than on latitudinal gradients, is a highly 

important factor in shaping distributions as well, especially those of plants (Stephenson 

1990). Research into how physiological limitations relate to these limits shows that plants 

have both growth and survival limitations due to cold and lowered physiological function 
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in high heat (Osmond et al. 1987). However, limitations at warm edges may be more 

complicated by biotic factors, as, for example, more cold tolerant plants have slower 

growth rates and thus may be simply less successful in warmer climates than their less 

tolerant neighbors (Koehler et al. 2012).  

 

At continental scales, climatic factors can be used to accurately model species 

distributions, but local range boundaries, like species turnover along an elevation 

gradient, may be less clearly influenced by climate envelopes  (Pearson and Dawson 

2004). However, there are analogies between continental limits and local elevation. 

Elevational tree lines and latitudinal tree lines have been found to be analogous to one 

another in European trees (Randin et al. 2013). Additionally there have been many 

documented shifts in species elevation ranges as temperatures increase and precipitation 

regimes shift (Lenoir et al. 2008, Kelly and Goulden 2008, Crimmins et al. 2011, Brusca 

et al. 2013, Harsch and HilleRisLambers 2016). However, not all shifts track changes in 

climate. For example, some elevation range shifts may be the result of biotic interactions 

or due to demographic causes (Schwilk and Keeley 2012) or idiosyncratic movements of 

particular species (Lenoir et al. 2008). This leaves open the question of how much 

physiological tolerances influence local species distributions within mountain ranges. 

 

The physiological limitations of individual plants are categorized by their degree of 

resistance to particular stressors. Species that cannot resist a common climatic stress in 

any area simply cannot occupy that space. Stress resistance can be achieved through 
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several different pathways (Levitt 1980). Annual plants may employ an escape strategy 

and avoid adverse environmental conditions, while perennial plants must avoid or tolerate 

any potential ill effects of stresses. Woody plants must maintain their longer lived 

lignified stems. Species may tolerate ill-effects from freezing by increasing the freezing 

resistance of the tissue (Sakai 1970, Friedman et al. 2008), or they may withstand the 

effects of increasing water stress by reducing their vulnerability to xylem dysfunction 

(Sperry et al. 1988). The leaves of woody plants may be either tolerant or avoidant of 

stress. Species may tolerate water or cold stresses through adjustment of osmotic 

potentials to avoid freezing or desiccation damage (Medeiros and Pockman 2011, Bartlett 

et al. 2012), they can avoid short-term water stress by closing stomata (Brodribb et al. 

2003, Bartlett et al. 2016), or they can avoid the stresses altogether, and possibly reduce 

the stress on the rest of the plant, with seasonally-timed leaf loss (Chabot and Hicks 

1982, Tyree et al. 1993). Woody plant physiological limitations must be considered as the 

complex sum of parts, and, possibly, contrasting strategies in both leaves and stems. 

 

The oaks (Quercus L.) are a highly diverse woody genus that is especially abundant in 

North and Central America (estimated to be 243 species within the Americas, Nixon 

2006, Cavender-Bares 2016). The genus occupies a wide range of habitats within the 

Americas (see for example Whittaker and Niering 1964, Abrams 1990, Nixon 2002, 

Romero Rangel et al. 2002, Cavender-Bares et al. 2004b, Aguilar-Romero et al. 2017) 

and has diversified within the Americas, with oaks of the two most abundant subgenera 

(red, Lobatae, and white, Quercus) diversifying in parallel, while the live oaks, Virentes, 

occupy the subtropical to tropical areas of North and Central America (Hipp et al. 2017). 
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Additionally, oaks exhibit a range of leaf habits, from winter deciduous, to evergreen, 

and drought deciduous, often within broadly sympatric areas (Nixon 1997). This broad 

range of habitats, leaf strategies, and phylogenetic history, makes them a useful system 

for investigations of how physiological limitations may underlie their distributions.  

 

I use the oaks to investigate physiological limitations and species distributions, with the 

goals of a) understanding how distributions in woody plants may be linked to climate and 

b) whether different physiological strategies may be more successful in different climatic 

conditions. I specifically ask: 1) Do physiological limitations to drought and/or freezing 

correspond with elevation limits among a set of red and white oaks of different leaf habits 

in semi-arid mountains? 2) Are stem and leaf drought resistance strategies correlated with 

species distributions among a group of red, white, and live oaks from warm regions of 

North and Central America? 3) Do leaf photosynthetic responses to cooling differ across 

a group of live, white, and red oak species, and can we detect those responses accurately 

with hyperspectral reflectance? 
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Chapter 1. Leaf-level trade-offs between drought avoidance and desiccation 

recovery drive elevation stratification in arid oaks 

 

Summary  

The extent to which climate limitations drive the stratification of species by elevation is 

integral to understanding past and current range shifts, as well as predicting the impacts 

of climate change. Zonation patterns of species within mountains have been well-

documented, and shifts in these patterns have been correlated with recent warming. 

However, the physiological mechanisms that explain these zonation patterns are not well 

understood. We used a system of broadly sympatric oak species within semi-arid 

mountains to 1) investigate the extent to which species elevation ranges correlate with 

climate, 2) test for associations of cold and drought resistances and trade-offs between 

resistances with upper and lower elevation limits, and 3) examine the extent to which 

species-wide climatic ranges predict patterns of local community assembly along 

elevation gradients. We found that aridity gradients but not winter minimum temperatures 

predict oak stratification. Species differed in drought resistance, demonstrating a trade-off 

between drought avoidance and drought recovery. At lower elevations species avoided 

drought stress during the dry season through leaf abscission while at upper elevations 

they maintained transpiration but recovered from daily desiccation via higher leaf storage 

capacity (rather than tolerated via lower turgor loss points). Stem electrolyte leakage was 

not correlated with elevation differences. These results indicate that environmental 

filtering is linked to drought resistance rather than freezing resistance. We found 

evidence of niche partitioning closely-related oaks that was correlated with differences in 

leaf phenology. The functional, phenological, and physiological traits important to 

elevation stratification were not correlated with aridity at the wider species range, but 
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rather overall precipitation and precipitation seasonality. Our findings indicate that 

drought resistance along a leaf avoidance-recovery trade-off is integral to species 

stratification within this semi-arid montane system. Additionally, environmental filtering 

is acting on traits and strategies conserved at the species level. Species within this system 

are likely vulnerable to range retraction under increased drought as a consequence of this 

functional-physiological trade-off. 

 

Introduction 

Pronounced poleward or upward elevation range shifts in many organisms have been 

attributed to modern climate change (Parmesan and Yohe 2003, Lenoir et al. 2008, 

Freeman and Class Freeman 2014), presumably due to a retreat from warming and drying 

central latitudes or lower elevations. However, montane species elevation limitations are 

not solely restricted by climatic tolerances and the consequent range shifts may be due to 

other demographic or disturbance factors (see for example, Kelly and Goulden 2008 and 

the response by Schwilk and Keeley 2012). Deciphering the mechanisms that can explain 

plant elevation limits is critical to understanding species distributions and predicting the 

consequences of climate change. 

 

The effects of climate on range limitations have been central to the study of plant ecology 

(Shreve 1915, Grinnell 1917, MacArthur 1972). However, range limitations can be 

attributed to a mix of abiotic, both climatic and edaphic, and biotic factors (as reviewed 

in Sexton et al. 2009), complicating the understanding of climatic influence and 
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predictions of effects of global warming. At large, continental scales, plant ranges may be 

well predicted with only bioclimatic models (Pearson and Dawson 2004, Araújo and 

Pearson 2005). Yet, even at these broad scales, minimal thermal tolerances may be the 

best predictors of poleward limits, and biotic factors may be more important at warmer 

edges (MacArthur 1972, Koehler et al. 2012). The topography of mountains may make 

elevation range limits analogous to latitudinal limits, and physiological limitations may 

be more important at only one range edge. Upper elevation range limits within mountains 

can be due to minimal thermal tolerances (Randin et al. 2013), while lower elevations 

may be limited by physiological tolerances to warmer temperatures and associated 

drought (Adams et al. 2009, Gifford and Kozak 2012).  

 

Patterns of range shifts correlated with climate change support underlying physiological 

mechanisms for elevation limits within mountains (Parmesan and Yohe 2003), but may 

not clearly identify whether cold or heat related stresses underlie the limits, as shifts in 

ranges may both demonstrate contraction from warming or expansion at upper elevations. 

Reconstructions of mountain edge vegetation communities during and after the last 

glacial maximum in the unglaciated American southwest revealed shifts in species 

composition aligned with overall warming (Betancourt et al. 1990, Van Devender 1990, 

Holmgren et al. 2006) and Lenoir et al. (2008) found significant mean upward shifts in 

alpine vegetation correlated with modern warming. A recent study revisiting the historic 

vegetation gradient study of Whittaker and Niering (1965) within the Santa Catalina 

Mountains of Arizona found that many species had shifted upslope, but not all had done 

so uniformly (Brusca et al. 2013). Differences in shift direction or magnitude may either 
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show that physiological mechanisms are not establishing some species elevation limits or 

may simply expose different stressors. Modern down slope shifts in California plant 

species were not predicted solely by warming but rather by associated water stress 

(Crimmins et al. 2011). Differences in shifts may show prevailing regional climatic 

stresses: in the American west, northern plant species were more likely to shift downward 

while plants of the central and southern regions had greater proportions of species 

shifting upward (Harsch and HilleRisLambers 2016). Some elevation shifts may 

confound physiologically established limits with other factors: elevation range 

contractions in arid systems in southern California were tightly correlated with warming 

(Kelly and Goulden 2008), but one documented species shift was also partly due to 

demography and fire effects (Schwilk and Keeley 2012). Deciphering the physiological 

mechanisms that underlie plant elevation limits is critical to understanding species 

distributions and predicting the consequences of climate change. 

 

Whether the physiological mechanisms that influence species elevation range limits can 

be directly inferred from wider species distributions remains an open question. Processes 

of community assembly do act upon species physiological and functional traits and result 

in vegetation sorting along elevational gradients (Harrison et al. 2010, Randin et al. 

2013). However, direct relationships between those traits and mean climate of origin can 

be muddied by intraspecific diversity, causing overestimation of the suitable climatic 

range of individuals of the same species in both broadly overlapping populations (Banta 

et al. 2012) and along range edges (Davis and Shaw 2001). Additionally, it may be more 

difficult to predict climate envelopes of species with broad niche distributions (Kadmon 



 

9 

 

et al. 2003), increasing errors in predicting small scale elevation distributions. Correctly 

linking the physiological mechanisms that influence elevation limits with the mean 

climate of broader species ranges increases our ability to accurately infer local 

physiological mechanisms from broadly accessible climate data. 

 

Perennial plants exposed to stress must have resistance strategies, which can fall along a 

spectrum from avoidance, physiological responses meant to reduce exposure of specific 

tissues to stress, to tolerance, responses that expose tissue to stress but mitigate damages 

(Levitt 1980). Different types of resistance may be more advantageous in responding to 

different qualities of stresses. For example, McDowell et al. (2008) proposed that plants 

may avoid short term drought stress while tolerating low intensity water shortages. In 

semi-arid mountain systems plants may experience both cold and drought, and the two 

stress factors may be most extreme on opposite ends of the elevation gradient 

(MacArthur 1972), where plants may already be near the edge of their physiological 

limits. Across elevation gradients, trade-offs in physiological functions may be expected, 

for example, drought avoidance may be most important in the extreme droughts of low 

elevations while drought tolerance is most effective in the low intensity droughts of the 

higher elevations. 

 

Drought and freezing stresses impose critical limitations that long-lived species may 

resist through a number of responses. Drought stresses may cause leaf tissue desiccation 

and wilting or disrupt water flow in plant vasculature. Species may avoid water loss in 
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the short term by closing stomata (McDowell et al. 2008, Skelton et al. 2015), while 

drought deciduousness may be more valuable under longer-term stress to avoid leaf 

damage and to protect stems vulnerable to drought-induced embolism (Tyree et al. 1993, 

Wolfe et al. 2016). Conversely species may tolerate drought in multiple ways: lower 

turgor loss points, or more negative pressures at which the leaf wilts (Lenz et al. 2006), 

have been found to correlated with aridity, while leaf capacitance, a measure of available 

water storage in leaf tissue, has been found to be negatively correlated with resistance to 

water loss (in leaves) and may speed tissue recovery from desiccation (Nobel and Jordan 

1983, Lamont and Lamont 2000, Sack et al. 2003). Cold stresses may cause tissue 

damage through freezing, through either ice crystal formation or ice-induced embolism 

(Cavender-Bares 2005). Species may avoid critical freezing damage to leaf tissue through 

cold deciduousness, which may also consequently reduce vascular damage to the whole 

plant (Cavender-Bares and Holbrook 2001). Cold tolerant species must prevent ice 

crystal formation in long-lived perennial tissues and may have increase osmotic content 

in their cells, during a cold acclimation period, to avoid ice formation and cell death 

(Sakai 1970, Friedman et al. 2008).  

 

We used a system of six species of broadly sympatric oak species (Quercus L.) that co-

occur in southeastern Arizona, USA (Fig. 1a,b) to test for species climatic differences and 

trade-offs in physiological stress responses to drought and cold. We specifically examine 

mechanisms of stress avoidance (timing of leaf abscission), drought tolerance (leaf turgor 

loss point, ΨTLP, and leaf capacitance, Cleaf), and freezing tolerance (temperature causing 

50% cell injury, T50). We asked: 1) Do the oak species occupy habitats that differ in 
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minimum temperatures and drought conditions? 2) Do the oak species have different 

stem tolerances to freezing or differences in leaf drought resistance that are correlated 

with elevation? 3) Can the stratification of species in the mountains be explained by their 

species-wide climatic niches?  

 

Methods 

Study system  

The Sky Islands of southeastern Arizona are part of an archipelago of isolated mountain 

ranges surrounded to the north by the high elevation Colorado Plateau and the south by 

the Sierra Madre Occidental and flanked to the east and west by the Chihuahuan and 

Sonoran Deserts (Warshall 1995). Annual precipitation in the region is bimodal: dry 

periods are interrupted by steady, widespread winter precipitation, and the strong, 

unpredictable storms of the North American monsoons in the summer (Rodwell and 

Hoskins 2001, Sheppard and Comrie 2002). Mountain elevations are stark in comparison 

to the surrounding valleys (Barton and Teeri 1993, Mitchell and Ober 2013) and the 

elevation gradient is associated with sharp climatic slopes. Temperatures can decline by 

up to 3
o
C with every 400m rise in elevation: the highest elevations have an average 

annual maximum temperature of 13
o
C, while the lowest intermountain zones average 

30
o
C. High elevations receive over 1.1m of annual precipitation compared to the 0.3m 

delivered to the valley floors (Mitchell and Ober 2013).  
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This system is rich in oak species with at least ten species native to most mountain 

ranges. The elevational stratification of several species has been historically documented 

(Blumer 1909, Shreve 1915, Whittaker and Niering 1965) and both climatic and fire-

regime related reasons for the environmental filtering have been proposed (Poulos 2009, 

Schwilk et al. 2013). We used six of the most commonly occurring species within Sky 

Islands as a basis for this study. Quercus emoryi (EM, Torrey 1848) and Q. 

hypoleucoides (HY, A Camus 1932) are within the red oak section Lobatae. Q. grisea 

(GR, Liebmann 1854), Q. arizonica (AZ, Sargent 1895), Q. rugosa (RG, Née 1801), Q. 

gambelii (GM, Nuttall 1848) are within the white oak section Quercus (Nixon 1997). 

 

All of the field studies took place in the Chiricahua Mountains (peak 2980m elevation). 

This range is situated in grasslands and converted rangeland (1300m elevation) in the 

southeastern corner of Arizona and extends 80km north from the southern USA border 

(Fig. 1, Barton and Teeri 1993). We focused our study on the eastern part of the mountain 

range accessible from a network of maintained forest roads in the Coronado National 

Forest, managed by the United States Forest Service. The surficial geology of the study 

area is primarily volcanic, either tuff and rhyolite from an Oligocene caldera eruption in 

the same range or rhyolite rocks predating that eruption but still of the Oligocene era (Du 

Bray et al. 1995). 

 

Site selection and establishment 
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We surveyed a set of elevationally stratified random sites first for oak vegetation cover 

by elevation and selected a subset to use as longer term temperature and physiological 

data collection sites. We generated a point data set that included only high irradiance 

sites, on either north (337.5 to 22.5
o
) or south-facing (and 157.5 to 202.5

o
) slope aspects, 

to avoid the influence of differing microclimates (Boyko 1947, Holland and Steyn 1975), 

and excluded areas near streams or roads. We stratified the points by elevation (bands of 

200m starting at 1400m) and randomly selected 5 sites in each band of each aspect 

(Appendix S1 Methods). 

We visited the prioritized sites in May 2014 (sites=74, most very low elevation sites on 

private land) and collected data on: 1) predominant aspect of site, 2) slope degree, 3) oak 

species present within 50m radius of point, 4) growth form, 5) estimated vegetative cover 

of each oak species, and 6) a relevé-type description of vegetation present. From among 

these sites, we selected 12 sites, one of each elevation by aspect, that included all oak 

species found within that elevation band and met our aspect criteria (Appendix S1: Table 

S1.1). We excluded the sites in the 1400-1600m elevation band because oaks were only 

present within the stream buffers at that low elevation. At each site, we selected six 

healthy individuals (recent leaf cohorts, live buds, few dead branches) of each oak 

species present that were closest to the center of the plot. We excluded obvious hybrid 

individuals using Nixon (1997) for identification and collected seasonal samples of the 

white oak section (Quercus) to confirm identification. On a single site (south, 1600m) we 

had to alter identification of 4 of 6 individuals of Q. arizonica to its relative Q. grisea. 

We identified 138 individuals and used these for all subsequent trait measurements.  
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Site temperature, water availability, leaf transpiration 

We installed a temperature monitoring network of thermochron iButtons (model DS1920, 

Maxim Integrated Products, Sunnyvale CA USA) in May 2014 at all 12 established sites 

and an additional 5 temperature-only sites and measured air temperature every three 

hours (Appendix S1 Methods, Appendix S1: Table S1.1). We corrected the temperature 

data from calibration readings at 0
o
C and we used the average of three readings per site 

per time for air temperature. We also interpolated long term mean bioclimatic variables 

from high resolution (30 arc second) publicly available data, focusing on mean annual 

temperature (BIO1, 
o
C *10), minimum temperature of the coldest month (BIO6, 

o
C *10), 

(Hijmans et al. 2005) and an aridity index (AI, the ratio of mean annual precipitation to 

mean annual evapotranspiration, lower values are more arid, Zomer et al. 2007, 2008, 

CGIAR-CSI 2008), using spatial analysis tools in ArcMap v10.1 (ESRI 2011).  

 

We collected leaves and measured leaf predawn water potential (ΨPD) and mid-day water 

potential (ΨMD) to examine differences in plant water status and change in plant water 

status (ΔΨ = ΨMD - ΨPD) between pre-dawn and mid-day during dry and rainy seasons. 

We use ΨPD as both a possible indicator of abiotic soil water availability, because plants 

are assumed to be reasonably well equilibrated with soil water potential after several 

hours of stomatal closure at night, and biotically-controlled plant water access, as plants 

of different rooting depth can achieve different access to ground water. ΔΨ is a measure 

of daily water loss; more negative values indicate actively transpiring leaves. We 

collected leaves pre-dawn (before nautical twilight, ΨPD) and between 11am – 1pm (ΨMD) 

in both June and October 2014 from all study plants ( Appendix S1 Methods, Kramer and 
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Boyer 1995). We tested leaf water potentials in positive pressure chambers (40 and 

100bar models, Soilmoisture Equipment Corporation, Goleta, CA, USA) within 2 hours 

of sampling (Scholander et al. 1965). We measured individuals for ΨPD
 
and ΨMD on the 

same day and finished all measurements among sites within a 5 day period.  

 

Phenology 

Leaf habit differs among species in this system, with three species classified as evergreen 

or consistently retaining leaves (Q. hypoleucoides, Q. rugosa, Q. emoryi), one as winter-

deciduous (Q. gambelii), and two as sub-evergreen (Q. grisea, Q. arizonica) (Nixon 

1997). We monitored differences in the timing of leaf loss over one year, starting 

immediately after the summer monsoons, on each study individual using a marked cohort 

of recently mature leaves (Appendix S1 Methods). We monitored leaf retention during all 

subsequent seasons (winter, drought, post-monsoons). 

 

To find both mean percentages of leaf retention of the previous year’s cohort and shape 

of leaf loss over time, we fit nonlinear and linear models to percent of marked leaves 

retained by leaf age since marking using both species level and species by site level 

(intraspecific) data subsets. We used the Akaike information criterion score of each 

model to determine the best fit. For each species and intraspecific model, we calculated 

the percentage of marked leaves retained and standard error of model fit for each season 

(winter, dry, and wet seasons, package nlstools Baty et al. 2015). All analyses were done 

in R version 3.2 or greater (R Core Team 2016). 
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Turgor loss point and leaf capacitance 

We determined leaf turgor loss point for each study individual from collections 

immediately following the rainy season in 2014. We collected stems with recent, fully-

expanded, healthy, full-sun leaves at the shoulder times of the day to minimize xylem 

cavitation, rehydrated the stems for up to 18 hours, and determined ΨTLP (MPa) and Cleaf 

(mol m
2
 MPa

-1
) using the bench dry method (Appendix S1 Methods, Koide et al. 1989, 

Sack et al. 2013). We used ImageJ (Schneider et al. 2012) to determine leaf area and 

calculated specific leaf area (SLA, mm
2
 mg

-1
). To find ΨTLP, we removed saturated points 

from the pressure volume curves and fit isoclines using reduced major axis regression, 

which accounts for error in both axes (Smith 2009). We calculated Cleaf as the product of 

saturated leaf water content and relative leaf water content decline before turgor loss, 

normalized by leaf area (Bartlett et al. 2012, Appendix S1 Methods). 

 

Freezing injury 

We measured freezing injury to stems as electrolyte leakage induced by different 

experimental temperatures following the methods of Flint et al. (1967), and expanded by 

Friedman et al. (2008), and Koehler et al. (2012). Because perennial plants will harden in 

the cold, increasing their ability to tolerate lower freezing temperatures before cellular 

damage (Sakai 1970), we collected twigs in two seasons: winter (January 2015) to 

examine freezing tolerance after hardening, or cold acclimation, and late summer 

(September 2015) to examine inherent, or unacclimated, tolerances to freezing. We 
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collected live, leaf- or bud- bearing twigs of the most recent flush from study individuals 

and kept them in water in the dark. We shipped stems from Arizona field sites to the 

University of Minnesota and processed them within four days. We sectioned stems and 

subjected each to different declining experimental temperatures (-5, -10, -15, -20, -25, 

and -38
o
C), and calculated index of injury at each temperature as electrolyte leakage 

compared to an unfrozen stem section, normalized by total stem conductivity (Appendix 

S1 Methods). 

 

To directly compare freezing vulnerabilities, we found the temperature inflicting 50% 

injury (T 50). We first calculated the index of injury (It) for each stem at each freezing 

temperature as a normalized percentage of control specific conductivity (Flint et al. 1967, 

Friedman et al. 2008). We removed individuals from the analyses with two or more 

negative It values, as these indicated a greater injury in the control than in the freezing 

treatments. We also excluded any It values that were greatly out of range (<-25% or 

>125%). We then fit models of mean experimental temperatures by It for each 

combination of species, site, collection season, and test Round to find Tx. We compared 

simple linear, quadratic polynomial, and non-linear models and chose the model with the 

best fit as the lowest AIC score and then predicted T50 (
o
C) for each combination 

(package nlstools, Baty et al. 2015). 

 

Data analysis 

Site temperature and bioclimatic variables 
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We examined responses of locally collected site annual mean temperatures, summer 

(months 6-9) mean and maximum temperatures (average daily maximum), and winter 

(months 11-2) mean and minimum (average daily minimum) temperatures in multiple 

regression models of elevation and aspect (factor, north or south). We tested Pearson’s r 

correlations of locally collected temperatures against derived (and interpolated) 

bioclimatic variables at each site and adjusted significance values for false discovery 

rates in multiple comparisons (Benjamini and Hochberg 1995, Hijmans et al. 2005, 

CGIAR-CSI 2008).  

 

Species occurrence and elevation optima 

We converted species cover from site surveys into presence and absence data and used 

logistic regression to estimate mean (peak of distribution) species elevation, mean aridity 

index and mean minimum temperature of the coldest month, testing model fits between a 

null, linear, and quadratic model (Lenoir et al. 2008), and excluding all sites that were not 

within 30
o
 of either direct north or south (as measured on ground) . We tested for single 

elevation means for each species and different means on north and south facing aspects. 

We also used species cover estimates to visually compare two dimensional density of 

occurrence along aridity and cold temperature (package MASS, Venables and Ripley 

2002). We tested for niche differentiation, both within our whole oak system and within 

oak subgenera, against a null model, along an elevation, aridity, and cold temperature 

gradient using cover estimates from the site surveys using the NicheOverlap function in 

the EcoSim R 1.00 packages (Gotelli and Ellison 2013).  

 



 

19 

 

 Leaf water potential, TLP, and freezing injury models 

We used linear multiple regression and ANOVA (type III to allow unbalanced data) to 

test the effect of two climatic variable predictors (mean temperature of coldest month or 

aridity index, both highly correlated with elevation, see results) and species on responses 

(leaf water potentials (ΨPD, ΔΨ) in both dry and post-rain seasons), ΨTLP, Cleaf, and T50). 

In addition, in models for T50, we included collection season (summer or cold 

unacclimated stems) and testing round (as stems were processed in two batches) as 

predictors. We included all possible interaction terms and reduced each model by 

removing terms from the full model when not significant (α = 0.05). We examined all 

models fits for homoscedasticity and normality. We also fit separate simple linear models 

between response variable and climatic variables and tested for pairwise differences 

among species using post-hoc Tukey tests (95% CI).  

 

Climate of species range and trait correlations 

We found two sets of mean values for all measured traits, species means (N=6) and 

species means at each collection site (N=24). We obtained mean climate values for each 

species range from subsampled occurrence data, which were confirmed with identified 

specimens or in the literature, using the dismo package in R (GBIF 2013, Hijmans and 

Elith 2013, Hijmans et al. 2016). We tested for the correlation of species mean trait 

values with mean climatic values of each species range using both Pearson’s r, for linear 

relationships, and Spearman’s rho, for nonlinear, but monotonic relationships correlations 

(package Hmisc, Harrell Jr and Dupont 2016), and adjusted for multiple comparisons by 

reducing false discovery rates (Benjamini and Hochberg 1995). In order to compare 
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timing of leaf loss in different seasons, to mean values of other traits, we dropped any 

species from analysis if the likelihood of it retaining its leaves through the previous 

season was less than 0.01. This resulted in dropping Q. gambelii from comparisons of dry 

season leaf loss and wet season leaf loss. We also examined local trait data for inter-trait 

correlations (species x site). 

 

Results 

Minimum temperatures do not correspond to elevation 

Local MAT and summer temperatures were significantly predicted by elevation, while 

minimal winter temperatures were not (Appendix S1: Fig. S1.1). Local MAT was 

significantly predicted by both elevation (p = 0) and aspect (p = 0), without an interaction 

(R
2 

= 0.93, F3,13 = 94.07). MAT declined with elevation by 0.005
o
C m

-1
 while the warmer 

south-facing aspect increased the intercept by 1.46
o
C. A model of elevation alone was 

still strongly predictive of MAT (R
2 

= 0.80, F1,15 = 61.5, p = 0.0001). Average maximum 

summer temperatures were predicted strongly by an additive model of elevation (p < 

0.0001) and aspect (p = 0.001, R
2
 = 0.90, F2,14 = 66.1). Summer mean temperatures had a 

similarly significant relationship and the slopes of both were steeper than the MAT. 

Average winter mean temperatures were also significantly predicted by elevation 

(p<0.0001) and aspect (p<.0001, R
2 

= 0.82, F2,14 = 34.8) but winter absolute minimum 

temperatures were not significantly predicted by elevation (R
2 

= 0.20, F1,15 = 3.644, p = 

0.076, Appendix S1: Fig. S1.1c). Winter minimum temperatures did drop below freezing 

(to -13 to -17
o
C on average since 1992) and historically reached a record minimum of -

23
o
C at 1640m (since 1955) and -25

o
C at 2902m (since 1992, NOAA 2016). 
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Elevation and local temperatures highly correlated with long-term climate variables 

Elevation and locally measured mean and maximum temperatures were significantly 

correlated with interpolated long-term climatic variable (Appendix S1: Table S1.2). The 

aridity index was positively correlated with elevation (higher MAP/MAE ratios at higher 

elevations) and temperature variables were negatively correlated with elevation. All 

locally collected temperature data, with the exception of winter minima, were 

significantly (p < 0.01) correlated with interpolated long term bioclimatic data, although 

the strongest correlations (r > |0.85|, p < 0.001) were between summer and annual 

temperature measures (Appendix S1: Table S1.2). The average difference between two 

fitted models of temperature (either long term mean annual temperature or local annual 

temperature) by elevation was 1.93
o
C, which is in near agreement with temperature 

anomalies (over historic averages) recorded for the region during the collection period 

(Appendix S1: Fig. S1.2, Kalnay et al. 1996, NOAA 2016). Because of the highly 

supported relationships between site level elevation, temperature data, and long-term 

climatic variables, we use the latter in the rest of the results to show the relationship 

between species location and the longer term climate variables. 

 

Oak species have overlapping distributions but different mean elevations 

All oak species were found to have different mean elevations (and mean aridity, mean 

cold temperatures, Fig. 2). All species except Q. rugosa had overlapping elevation 

distributions on north- and south-facing aspects. The quadratic generalized linear model 
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predicted all optima (or elevation of highest likelihood of occurrence) better than a null 

model (Appendix S1: Table S1.3). All species except Q. gambelii and Q. rugosa were 

found to have mean elevations strongly predicted by a quadratic fit, and the model 

prediction likely suffer from the low number sites at which individuals were observed 

(Appendix S1: Table S1.3). Because the simple mean elevation of presence data for both 

species (Q. gambelii: 2500.5m ±132.4, Q. rugosa: 2315 m ± 258.4) overlapped with the 

quadratic maxima, we used the maxima for comparing species means for simplicity. 

When presence was analyzed by aspect, all species had slightly lower optima on north-

facing slopes than their south-facing counterparts. Despite the differences in optima, we 

found no significant niche differentiation by elevation, AI, or BIO6 (mean temperature of 

coldest quarter) among the full set of oak species. The standardized effect sizes of each 

model compared to a null distribution were close to zero (SESelev= -0.83, p < null = 

0.194; SESAI = -0.83, p < null = 0.194; SESBIO6 = -0.80, p < null = 0.217), indicating that 

while the species are occupying different elevational means, there is significant overlap 

among species inconsistent with niche differentiation. However, when the oak species 

were split into their respective subgenera, Quercus (white) and Lobatae (red), overlap 

was low indicating significant niche differentiation across elevation among species within 

the same clades (SESwhite = -2.54, p < null = 0; SESred = -1. 61, p < null = 0.001). 

 

Plant water access differences are greatest in the dry season 

Dry season ΨPD was significantly predicted by an interaction of aridity index with species 

(R
2
 = 0.70, F10,124 = 29.0, p = 0, Appendix S1: Table S1.4); dry season ΨPD showed 

significantly lower water availability in the most arid sites compared to higher elevation 
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sites (Fig. 3a). The interactive effect was significant in two higher elevation species that 

had either more moderate intraspecific responses to changing aridity index (Q. rugosa) or 

an opposite sign (Q. gambelii). Pairwise-species differences are correlated with species 

mean elevation, with the exception of the two lowest elevation species (Fig. 3b). Wet 

season ΨPD had a negative relationship with AI when both AI and species were included 

in the model (R
2
 = 0.36, F6, 131 = 12.2, p = 0), but the effect of the climate gradient was 

small compared to species (Appendix S1: Table S1.4). The range of ΨPD was quite small 

after rains (-0.96 - -0.01MPa) while during the dry season, the lowest elevation 

individuals often differed substantially from the highest elevations (-4.49 - -0.44MPa).  

 

Differences in daily transpiration are primarily species driven and greater in the dry 

season  

Diurnal changes in leaf water potential were also correlated with aridity index in the dry 

season, but not in the wet season (Appendix S1: Table S1.4). Dry season ΔΨ had a 

negative relationship with aridity index but species level differences had a larger effect 

(slope = -4.0, R
2
 = 0.30, F6, 128 = 9.3, p = 0). Q. gambelii had significantly greater dry 

season ΔΨ than both Q. hypoleucoides and Q. arizonica (p<0.001) and Q. rugosa also 

had greater diurnal change than Q. hypoleucoides (p<0.05). Wet season ΔΨ was not 

significantly correlated with aridity index, but species level differences were significant 

(R
2
 = 0.1, F6,131 = 131, p, 0.02). Q. rugosa had significantly greater daily change ΔΨ than 

Q. hypoleucoides, Q. gambelii, Q. arizonica (p < 0.05).  
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Leaf capacitance, not turgor loss point, is predicted by site aridity and species 

ΨTLP is best fit in an interactive AI by species model (R
2
 = 0.24, F10,118 = 3.6, p = 0.000, 

Appendix S1: Table S1.4). The non-significant slope of ΨTLP by AI (Fig. 3c) was 

positive, but not large (less negative ΨTLP at low aridity), but there were significant 

species by AI interaction effects. There were no significant species-level differences in 

ΨTLP (Fig. 3d). Cleaf was best predicted by an additive model of species and AI, where 

species-level differences had the largest effect (R
2
 = 0.30, F6,122 = 8.6, p = 0, Appendix 

S1: Table S1.4). Cleaf increased significantly with AI, and species-level differences were 

driven by comparisons between mid-elevation Q. hypoleucoides and lower elevation Q. 

arizonica and Q. emoryi (Fig. 3e,f).  

 

All species can acclimate to local cold extremes 

Simple linear models were most commonly the best model to find Tx in acclimated stems 

(64% of models, N = 47, mean correlation = 0.90 ± 0.06), while non-linear exponential 

models were the best fit for unacclimated stems (88%, N = 48, mean correlation = 0.83 ± 

0.09). We removed Q. grisea from further analyses because it never experienced 50% 

injury.  

 

An overall, additive model of collection season, test group, and species best predicted T50 

(R
2
 = 0.81, F8, 82 = 44.7, p = 0). Collection season and species were both large effects, 

indicating cold acclimated stems were less vulnerable (T50 was lower) than summer, 

unacclimated, stems, and Q. emoryi and Q. hypoleucoides were significantly more 
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vulnerable to freezing than other species (Appendix S1: Table S1.5). Test group, or the 

time of stem processing before experimental freezing, did affect T50: on average, stems 

tested a day later had T50 values 2.5
o
C higher than stems tested the day prior. This 

experimental effect was only significant in unacclimated stems. Species was the largest 

effect in acclimated stems (Appendix S1: Table S1.5). Neither BIO6 (mean minimum 

temperatures of the coldest month), nor mean prior temperature, were significant in the 

larger models of seasonal T50 (Appendix S1: Table S1.5). In single predictor models, T50 

was significantly predicted by prior mean temperatures at the collection site in 

unacclimated stems (R
2
 = 0.23, p = 0.019) but not in acclimated stems (Fig. 4a,b). 

Species-level differences shifted between seasons: Q. gambelii was significantly less 

vulnerable to freezing than most other species in summer when stems were unacclimated, 

while Q. hypoleucoides was significantly more vulnerable in winter when stems were 

cold acclimated (Fig. 4c). 

 

Leaf retention is correlated with SLA in all seasons and Cleaf in dry and wet seasons 

Percentage of leaf retention (of previous year’s cohort) during different seasons differed 

among species by mean elevation (Fig. 5). A non-linear, sigmoidal model was the best fit 

(p < 0.01 compared to null) for all species except Q. rugosa, Q. hypoleucoides, and Q. 

gambelii. Only the highest elevation species, Q gambelii, was winter deciduous; it 

retained no marked leaves in the cold season and simple linear models were a perfect fit 

to total leaf loss during that period (Fig. 5a). The lowest elevation species, Q. grisea and 

Q. emoryi, lost all marked leaves in the dry season while Q. arizonica lost most leaves 

(Fig. 5d). Q. rugosa and Q. hypoleucoides, both intermediate to higher elevation species, 
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retained a majority of their previous season leaves throughout the study period and linear 

model fits of leaf retention were not significant for most species by site combinations 

because leaf age since marking was not a significant predictor, indicating a true evergreen 

leaf habit.  

 

Species mean SLA was negatively and significantly correlated with probability of 

retaining previous leaves through in all seasons (cold season: R
2
 = 0.86, p = 0.008, dry 

season: R
2
 = 0.84, p = 0.029, wet season: R

2
 = 0.84, p = 0.029, Fig. 5). Species mean 

absolute leaf capacitance had a significant positive relationship with dry and wet season 

leaf retention (dry season: R
2
 = 0.9, p = 0.014, Fig. 5f, wet season: R

2
 = 0.93, p = 0.009), 

but no significant correlation with winter leaf retention (p = 0.668). 

 

SLA, wet season ΔΨ, and leaf phenology are correlated with mean climate of species 

range 

SLA, wet season ΔΨ, and cold season leaf phenology were linearly correlated with 

climate of species range (Table 1). Dry and wet season leaf retention had significant 

Spearman’s rho correlations. SLA was positively correlated with temperature seasonality 

(rs = 0.94, p < 0.05) and precipitation in the dry season and negatively correlated with 

temperature (rp = -0.92, p < 0.05), overall precipitation (rs = -0.94, p < 0.05), and 

precipitation seasonality (rp = -0.98, p < 0.01). Wet season ΔΨ, where more negative 

values indicate greater transpiration, was lower in species of less arid wider ranges with 

higher precipitation seasonality (Table 1). Wet season ΔΨ was positively correlated with 
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temperature seasonality (rp = 0.90, p<.05) and negatively correlated with the aridity index 

(rp = -0.97, p < 0.01), mean annual precipitation (rp = -0.97, p < 0.01), and precipitation 

seasonality (rs = -0.89, p < 0.05). Differences in leaf retention were significantly 

correlated (p < 0.1) to mean annual temperature (winter), temperature seasonality (dry 

and wet seasons), mean annual precipitation (dry and wet seasons), precipitation 

seasonality (all seasons), dry season precipitation (winter), and wet season precipitation 

(dry and wet seasons, Table 1). As Q. gambelii is the only winter deciduous species, with 

a much more northern distribution than the other species, we also check for correlations 

with Q. gambelii removed from the analysis. Without gambelii, mean species elevation 

and local aridity index and mean cold temperatures were significantly correlated with 

climatic variables of species ranges. Local elevation and aridity were positively 

correlated (p < 0.01) with mean annual precipitation, precipitation seasonality, and wet 

season precipitation, while local cold minima were negatively correlated with the same 

variables.  

 

Discussion 

We demonstrated that a trade-off between leaf level drought avoidance and desiccation 

recovery (tolerance) are more critical in explaining oak species distributions across the 

elevation gradients of the semi-arid Sky Islands, than physiological traits associated with 

freezing vulnerability or drought stress tolerance. We confirm classic studies of species 

distributions in this region showing that oak species are stratified across elevation 

gradients, though we found no evidence of niche partitioning among all oaks, but rather 

partitioning within oak subgenera (Shreve 1915, Wallmo 1955, Whittaker and Niering 
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1965, Sawyer and Kinraide 1980). Local climatic conditions vary significantly and 

predictably with elevation, and derived climatic values match our fine-scale temperature 

observations, however environmental variables associated with aridity, including pre-

dawn water potential, and maximum temperatures, have stronger relationships with 

elevation than winter minimum temperatures. In concordance with this finding, freezing 

tolerance among all species is high and demonstrates a general ability of these oak 

species to acclimate to and tolerate common winter minimum temperatures. Turgor loss 

point, often considered a critical indicator of drought tolerance (Bartlett et al. 2012), 

varies only weakly across the elevation gradient and is not significantly different among 

species. The important mechanisms driving species distributions are drought avoidance 

strategies, leaf loss during the dry season in the lowest elevation species, contrasted with 

long leaf retention of species at mid-elevation and winter deciduousness at high 

elevation. The dry season leaf loss is also negatively with leaf water storage (absolute 

capacitance at full turgor) and positively associated with SLA. SLA, wet season 

transpiration, and timing of leaf loss are also the traits most strongly correlated with the 

range-wide climatic conditions of each species. 

 

Abiotic effects: drought, not cold, limits elevation ranges 

Our study confirms elevation zonation among the oaks as observed in this region by early 

scholars (Shreve 1915, Whittaker and Niering 1964, 1965). The zonation patterns we 

observed correlated with an aridity gradient but not with severity of freezing, suggesting 

two contrasting spatial scales of environmental filtering: aridity drives local elevation 

limits while minimum temperatures are important in filtering the regional species pool. 
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We found significant relationships of water access, mean and maximum temperature and 

species specific differences in water access, all correlated with elevation. These oak 

species may also mediate their water access to reduce the impact of local vapor pressure 

deficits: the lowest elevation species, occupying the highest aridity zones, have 

intermediate soil water potentials in the dry season (Fig. 3b), indicating that deeper root 

systems may moderate the more extreme environments. Additionally, Q. gambelii, the 

highest elevation species has been found to develop deep roots for water access 

(Ehleringer and Phillips 1996) and was found to have the highest dry season water 

potentials in our study. The differences in local climates and abiotic and biotic 

differences in dry season water access support drought resistance (avoidance and 

tolerance) as a primary mechanism of elevation range limits. These results agree with 

research that found different limitations to water stress among two elevationally stratified 

oaks in northern Mexico (Poulos et al. 2007) and support studies in semi-arid mountain 

systems that have demonstrated increased mortality associated with warming driving 

upward vegetation shifts (Kelly and Goulden 2008) and, within a system including many 

of the same oaks as in our study, upward movements correlated with increased drought 

(Brusca et al. 2013). Given that only long term average minimum temperatures vary 

along an elevation gradient, but absolute minimum temperatures do not, we conclude that 

physiological resistances to freezing are not a genus wide driver of species sorting into 

current elevations.  

 

Drought resistance: a recovery avoidance-trade off in leaf-level strategies  
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We observed a general avoidance--desiccation recovery trade-off that reflects the leaf 

economic spectrum, but did not find any differences in drought tolerance of plastic strain 

(turgor loss points). Leaf stress avoidance strategies were found at both ends of the 

elevation gradient: winter deciduousness in the highest elevation species (Q. gambelii) 

and drought deciduousness in the lowest elevation species. These deciduous strategies, in 

both seasons, are strongly correlated with SLA and drought tolerance through desiccation 

recovery or leaf water storage (Cleaf) in the dry season. We propose that the contrasting 

patterns of winter and dry season leaf loss along the elevation gradient are still reflective 

of drought resistance, rather than a cold resistance spectrum. SLA declines significantly 

between the temperate winter deciduous Rocky Mountain Q. gambelii, occurring at the 

highest elevations, and the subtropical winter evergreens. This difference is expected 

following the global leaf economics spectrum wherein we expect lower SLA in more arid 

regions (Wright et al. 2004). The summer dry season most strongly affects the lowest 

elevation species, where we observed ΨPD as low as -4MPa, average maximum air 

temperatures near 30 
o
C, and transpiration (ΔΨ) near zero (whether because of leaf 

desiccation or stomatal closure is unclear). The high SLA, high wilting points, and the 

relatively short life span of the leaves of the winter deciduous species make it ill-suited 

for any prolonged summer drought stress. Among the non-winter deciduous species we 

observe a second negative relationship with SLA and dry season leaf retention, where 

SLA is highest among drought deciduous plants. This fast-slow life strategy divide is 

between drought dispensable leaves at the lowest elevations and long-lived leaves at the 

middle to high elevations (Reich 2014). The evergreen species do not have low enough 

wilting points to withstand the most extreme drought, nor can they shed their leaves to 
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avoid it. Conversely, the lowest elevation species maintain an intermediate SLA: leaves 

are less expensive to shed during droughts, yet may more readily withstand the daily 

vapor pressure deficits of a semi-arid region in any season.  

 

Habitats at elevations of less water stress are not enough to protect the non-drought 

deciduous species, but rather the plants must still be able to tolerate summer water stress 

(even of lower magnitudes). Oaks have been observed to maintain open stomata longer 

during drought than co-occurring species and drought adapted oaks, even Q. gambelii, 

will continue to transpire well below their own turgor loss points and despite decreasing 

water access (Abrams 1990, Ehleringer and Phillips 1996). Vapor pressure deficits can 

still be very high in the dry season within the high elevations (Fallon, unpublished data), 

so actively transpiring species in our study also experienced ΨMD well below their wilting 

points. High leaf water storage has been associated with higher leaf hydraulic 

conductance, faster leaf recovery from water loss, and functions as a drought tolerance 

through stress recovery trait (Nobel and Jordan 1983, Sack et al. 2003). Cleaf acts as a 

safety margin after some leaf desiccation (Levitt 1980, Lamont and Lamont 2000), and is 

highly correlated in our study with dry season leaf retention and evergreen status 

(retention through wet season, Fig. 3f). However there is some evidence that the bulk leaf 

capacitance may not be the most accurate measure of xylem available water, so this 

safety margin may be less robust than drought avoidance strategies (Blackman and 

Brodribb 2011). While Q. gambelii did not maintain previous season leaves, through the 

year, all living plants flush in the spring and maintain summer season leaves and its leaf 

capacitance values are significantly higher than those of the dry season deciduous 
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species. Leaf capacitance serves a role in desiccation recovery of non-drought deciduous 

species. 

 

Drought tolerance, as ability to withstand the strain of negative potentials, ΨTLP, was not 

significantly different among species or reflective of the local or species-wide climatic 

zones, despite being a measure highly correlated with biome-level aridity (Bartlett et al. 

2012). ΨTLP was measured on plants right after the rainy-season when all plants were well 

watered (ΨPD > -1 on all plants) and ΨTLP can shift seasonally within oaks (Abrams 

1988). Bartlett et al. (2014) found that ΨTLP seasonal adjustments still reflect local 

environmental differences and the magnitude of those shifts were similar to osmotic 

adjustments observed in eastern oak species (Abrams 1990). Leaf level tolerances are 

moderate for all species to permit leaf retention in a semi-arid region (0.35 – 0.56 range 

of aridity index), but not a significant factor in environmental filtering. 

 

Freezing tolerance due to range limits or other stress responses, but not elevation 

gradient 

The oak species in this system showed significant ability to acclimate to winter 

temperatures and no evidence of elevation-related cold stress filtering. Unacclimated 

freezing vulnerability tracked temperatures of previous exposure (which were strongly 

confounded with elevation gradients) and only the deciduous species of the highest 

elevation sites was significantly less vulnerable to freezing damage. All species 

acclimated to cold temperatures with decreasing freezing vulnerability, though Q. 
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hypoleucoides was the most vulnerable species. Q. hypoleucoides would be the only 

species that would experience 50% injury during local record freezes (average of ten 

record minimum winter temperatures in the study system is -19.4
o
C) and all species can 

withstand the average winter minimum (-14.3
o
C (± 3), measured at 1645m since 1955, 

NCEI and NOAA).  

 

A combination of different northern range limits, winter leaf phenology, and fire 

responses may explain the species level differences in freezing vulnerability. Lenz et al. 

(2013) observed, in a system of cold deciduous trees in the Swiss Alps, that freezing 

tolerances were significantly correlated to an elevation gradient, despite similar freezing 

pressures, on dormant twigs and primarily correlated with time of bud burst, but once 

leaves were developed, stems were similarly vulnerable. As most species in this system 

are winter evergreen, and only one breaks bud after winter, common leaf phenology may 

lead to similar freezing vulnerabilities along the elevation gradient. Despite these within 

mountain similarities, we have reason to suspect that stem tissue freezing vulnerabilities 

should differ among species. Freezing tolerance has been found to differ among oaks of 

different origins (Koehler et al. 2012) and stem embolism and photosynthetic 

vulnerabilities have been found to differ among oaks of different latitudinal limits 

(Cavender-Bares et al. 2005). Northern latitudinal limits may explain the significant 

species differences in our system (Fig. 1b). In our study, only Q. gambelii, has a northern 

temperate latitude range limit (41.5
o
N) and is the only species to have significantly 

greater freezing tolerance in unacclimated stems. Q. hypoleucoides has the lowest 

northern range limit (33.8
o
N) and is the most vulnerable stem.  
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While Q. hypoleucoides has the most southern upper latitude range limit, there may also 

be a secondary, explanation for its more vulnerable stems. All species in our study system 

have some fire resistance and recovery abilities. Schwilk et al. (2013) determined that Q. 

hypoleucoides had thinner bark and a faster estimated burn damage time than the other 

oaks in this study. We have personally observed this species to resprout vigorously 

following total above ground stem death and Barton (2002) found that this species was 

more successful in recovering after a fire than conifers within the same mountain range. 

Cavender-Bares et al. (2004) found that evergreen oak species may be less suited for fire 

prone areas, but in these semi-arid mountain ranges, all oaks may be adapted for frequent 

fires (Swetnam and Betancourt 1998, Barton 2002, 2008). As we have never observed Q. 

hypoleucoides living but without leaves, it may be that any foliar aboveground tissue 

death (as would likely happen in a fire or extreme freezing event) triggers stem above 

ground death and resprouting rather than maintenance of leafless stems. 

 

Species range associations 

SLA, leaf phenology, and wet season transpiration were highly correlated with climate of 

species range among all species and elevationally-associated climate zones are correlated 

with wider species ranges among the Madrean (non-winter deciduous oaks in this study) 

oaks. SLA was strongly associated with broad ecological differences (Díaz and Hodgson 

2004, Wright et al. 2004) and the biggest differences are between winter deciduous 

species and Madrean oaks. SLA remained weakly (p < 0.1) correlated with temperature 

seasonality (positive) and precipitation seasonality (negative) among the winter 
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evergreens. Leaf phenology in the dry and wet seasons was also weakly correlated with 

temperature seasonality (negative) and mean annual precipitation (positive). When Q. 

gambelii was not considered, the species local elevation ranges and associated climate 

were correlated with species ranges as well, though not directly to aridity. Species with 

higher precipitation seasonality and higher wet season precipitation live at the highest 

elevations in the mountains, while species of lower seasonality occupy lower elevations. 

Similarly, wet season transpiration was strongly correlated, in all species and among 

winter evergreens, with mean annual precipitation, and larger changes occur among 

species with the highest precipitation. These are surprising relationships, as we might 

have expected the drought-deciduous low elevation species to be adapted to high 

seasonality. However, this may show differences in resource acquisition strategies. The 

higher seasonality and precipitation of the ranges of Q. rugosa and Q. hypoleucoides may 

influence the evergreen strategy, as species retain leaves longer and develop strategies, 

such as higher Cleaf, to avoid leaf loss during drought until the following rainy season. 

These species then increase transpiration and photosynthetic capacity during the wettest 

growing season, once they have greater water access and do not have to rely on the safety 

margin of leaf capacitance. The lower seasonality in the ranges of Q. emoryi and Q. 

arizonica shows species that experience overall less precipitation and so must be adapted 

to drought as severe without the seasonal high influx of water.  

 

Species coexistence and niche partitioning within subgenera 

Density dependent interactions may also be important in community assembly of the oaks 

in the sky islands. While we observed a high degree of overlap in the in elevation limits 
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among species, unsurprising given the broadly overlapping ranges of the oak species 

(Fig. 1), we found evidence for niche partitioning within species of the same subgenus. 

This supports the hypothesis that there are underlying competition or other density 

dependent interactions (common pests, for example) among the more closely related oaks 

and fits with previous observations of red-white oak pairs coexisting more frequently 

than those of the same subgenus (Mohler 1990, Cavender-Bares et al. 2004a). In our 

study, we find contrasting leaf phenology across the whole gradient within each 

subgenus. The red oaks, Q. emoryi and Q, hypoleucoides are drought-deciduous (to 

subevergreen) and true evergreen, respectively, while the white oaks shift from dry-

deciduous (Q. grisea), semi-dry deciduous (Q. arizonica), true evergreen (Q. rugosa), 

and winter deciduous (Q. gambelii) along the slope. These contrasting phenologies along 

the gradient, rather than within sites, demonstrate niche differentiation within a wider 

species pool, rather than within local sites. The more closely-related species within the 

regional pool that occupy similar spaces (dry, often exposed, volcanic slopes) differ in 

leaf phenology. Species sorting along the gradient follows our findings of an avoidance-

desiccation recovery trade-off, but within each subgenus, so that the true evergreens are 

red and white and have nearly similar mean elevations. This supports the findings of 

Cavender-Bares et al. (2004a), that co-occurring species within a Florida oak community 

were less likely to be related and that contrasting leaf phenology was common among 

closely-related co-occurring oaks. In the case of the red oaks with our study, Q. emoryi 

can access deeper water sources  than its higher elevation relative Q. hypoleucoides, 

allowing it to persist longer throughout the higher vapor pressure deficits of low elevation 

dry seasons and may benefit from wet season water run-off, allowing it to quickly grow 
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new leaves. Q. hypoleucoides, with its longer lived leaves, may benefit less from a boom 

and bust cycle of the lower elevations. It’s also possible that Q. emoryi is pushed 

downslope from its optimal elevation zone. It was found to be more vulnerable to drought 

induced mortality than either Q. grisea and Q arizonica in a long-term drought in Texas 

(Poulos 2014). Among the white oaks, Q. rugosa has been found to be a relatively shade 

tolerant species (Poulos et al. 2008), which may allow it to live a similarly conservative 

evergreen lifestyle at the middle elevations of the white oak gradient, while its relatives 

demonstrate different timing of deciduousness. While not part of our study on adult 

plants, differences in timing of acorn production have also been proposed to promote 

coexistence (Mohler 1990) among red and white oak pairs, as recruitment will occur at 

different times and acorn and seedling predators won’t impact unrelated species. Red 

oaks usually produce acorns every two years, while white oaks have annual production. 

In our system, Q. emoryi, actually does produce acorns every year, but it does so during 

beginning of the summer monsoons, while its co-occurring white oaks do so in later 

summer (Q. grisea) and autumn (Q, arizonica), this would then separate recruitment 

timing by at least several months. 

 

Changing climate and increasing drought: retreats and limits 

This drought-filtered oak system may be particularly vulnerable to climate changes. 

Species shifts in response to past global cooling and warming have been well-

documented in the region (Betancourt et al. 1990, Holmgren et al. 2006) and given our 

observations of low freezing vulnerabilities among the oaks, we may expect that many of 

the past movements have been range retractions upward away from increasingly arid low 
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land environments. All of the oak species in this study operate at minimum water 

potentials, or ΨMD, well below their turgor loss points and some can avoid the most 

extreme habitats and recover from the stress, while the lowest elevation species simply 

can tolerate leaf loss during drought periods. Local annual temperatures have increased 

dramatically in the 60 years of local recorded data. Mean minimum temperatures at the 

lowest elevations have increased by 4
o
C and our snippet of temperature data found 

temperatures on the mountain were 1.5
o
C greater than average (NCEI and NOAA, 

Appendix S1: Fig. S1.2). Weather extremes, that exacerbate drought and stress, have 

increased and are expected to continue to change under business as usual emissions 

scenarios (IPCC 2013). While there may be some density dependent interactions among 

closely related species and local adaptation among these oak species, as their mountain 

climate envelopes are not highly correlated with those of their wider range, there is strong 

evidence that environmental filtering is acting upon species-level conserved traits (SLA, 

leaf phenology) and that local elevation limits are correlated with precipitation of the 

species wider ranges. As we expect that these traits are less plastic than osmotic shifts 

that can adjust stem freezing vulnerability or leaf turgor loss point, we should expect 

selection against these traits, increased mortality at range edges, and range retractions, as 

have already been observed in a very similar system (Brusca et al. 2013) and other semi-

arid mountains (Kelly and Goulden 2008).  

 

Conclusions 

Our research shows that aridity, and not cold, filters oak species within this semi-arid 

system and influences elevation limits. Leaf phenology and leaf drought recovery (leaf 
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capacitance) form a drought avoidance-desiccation recovery trade-off and highly 

associated with functional traits (SLA). The trade-off and associated traits are the primary 

factors in establishing species drought resistance and consequent elevation zones. These 

traits are not associated with the aridity of the species wider ranges, but rather with 

precipitation. We did find evidence of niche partitioning within oak subgenera where 

elevation differences among subgenera are closely related to leaf phenology.  

 

Acknowledgements 

This research was done with funding to BF from the Southwestern Research Station 

(SWRS, American Museum of Natural History), the University of Minnesota Charles J. 

Brand, Carolyn Crosby, and Dayton Bell Fellowships, and the Department of Plant and 

Microbial Biology. Additional funding was provided by NSF Award 1146380 (JCB PI). 

We performed all data collection under permit with the Coronado National Forest, 

Douglas Ranger District, managed by the United States Forest Service (USDA). We 

thank Sally Ratliff, Christopher Walker, and Chip Blackburn for extensive help with 

fieldwork, as well as the staff and many volunteers of the SWRS.  



 

40 

 

Chapter 1 Tables 

 

Table 1. Trait and local elevation correlations with climate of species range, among all species and among only the winter evergreens 

(without Q. gambelii). Only traits with significant correlations are shown (p < 0.001 ***, p< 0.01**, p<.05*, p< 0.1†, significance 

values were adjusted for false discovery rates in multiple comparisons). Bioclimatic variables are Aridity Index (AI = MAP/MAE 

(CGIAR-CSI 2008)), and WorldClim variables from Hijmans et al. (2005): MAT (BIO1, 
o
C*10), Temperature seasonality (BIO4), 

driest quarter temperature (BIO9, 
o
C*10), temperature of warmest quarter (BIO10, 

o
C*10), temperature of coldest quarter (BIO11, 

o
C*10), MAP (BIO12, mm), precipitation seasonality (BIO15), precipitation in driest quarter (BIO17, mm), and precipitation in 

wettest quarter (BIO18, mm).  

 

 

 

 

 

 

 

 

 

 

 

 



 

41 

 

 

Table 1. 

    AI BIO1 BIO4 BIO9 BIO10 BIO11 BIO12 BIO15 BIO17 BIO18 

P
ea

rs
o
n
's

 

r 

cold leaf retention 0.11  0.87 ꝉ -0.57  0.71  0.61  0.80  0.35  0.89 ꝉ -0.93 ꝉ 0.66  

wet ΔΨ -0.97 ** -0.44  0.90 * -0.33  0.37  -0.67  -0.97 ** -0.50  -0.05  -0.70  

SLA -0.28   -0.92 * 0.67   -0.81 ꝉ -0.57   -0.88 ꝉ -0.51   -0.98 ** 0.85 ꝉ -0.85 ꝉ 

S
p
ea

rm
an

's
 

rh
o
 

dry leaf retention 0.80   0.40   -0.90 ꝉ 0.20   -0.10   0.70   0.90 ꝉ 0.90 ꝉ 0.20   0.90 ꝉ 

wet leaf retention 0.80  0.40  -0.90 ꝉ 0.20  -0.10  0.70  0.90 ꝉ 0.90 ꝉ 0.20  0.90 ꝉ 

wet ΔΨ -0.66  -0.71  0.89 * -0.37  -0.09  -0.77  -0.89 * -0.89 * 0.14  -0.89 * 

SLA -0.71   -0.66   0.94 * -0.54   -0.37   -0.83 ꝉ -0.94 * -0.94 * 0.31   -0.94 * 

P
ea

rs
o
n
's

 

r 
w

it
h
o
u
t 

g
a
m

b
el

ii
 

wet ΨPD -0.78   -0.90 ꝉ 0.79   -0.72   0.15   -0.97 * -0.85   -0.96 * -0.23   -0.95 * 

wet ΔΨ -0.97 * -0.56  0.99 * -0.27  0.64  -0.91 ꝉ -0.98 * -0.76  -0.63  -0.78  

elev 0.76   0.75   -0.74   0.57   -0.22   0.85   0.79   1.00 ** 0.32   0.99 ** 

S
p
ea

rm
an

's
 r

h
o
 

w
it

h
o
u
t 

g
a
m

b
el

ii
 dry leaf retention 0.80   0.40   -0.90 ꝉ 0.20   -0.10   0.70   0.90 ꝉ 0.90 ꝉ 0.20   0.90 ꝉ 

wet leaf retention 0.80  0.40  -0.90 ꝉ 0.20  -0.10  0.70  0.90 ꝉ 0.90 ꝉ 0.20  0.90 ꝉ 

wet ΨPD -0.80  -0.90 ꝉ 0.90 ꝉ -0.30  0.10  -1.00 *** -0.90 ꝉ -0.90 ꝉ -0.30  -0.90 ꝉ 

wet ΔΨ -0.70  -0.60  0.90 ꝉ 0.00  0.40  -0.70  -0.90 ꝉ -0.90 ꝉ -0.30  -0.90 ꝉ 

SLA -0.80  -0.40  0.90 ꝉ -0.20  0.10  -0.70  -0.90 ꝉ -0.90 ꝉ -0.20  -0.90 ꝉ 

elev 0.90 ꝉ 0.70   -1.00 *** 0.10   -0.30   0.90 ꝉ 1.00 *** 1.00 *** 0.40   1.00 *** 
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Chapter 1 Figures 

Figure 1 Study system and sites. a) typical leaves of each oak species within the 

Chiricahua Mountains. b) Broader ranges of each oak species (Little Jr. 1971, USGS 

2013) in bold colors and transparent colors showing scale of distribution probabilities as 

calculated with species distribution modeling (Hijmans et al. 2005, GBIF 2013, Hijmans 

and Elith 2013). c) Region map, with color gradient of log(Mean annual precipitation, 

Hijmans et al. 2005), box shows inset map of the Chiricahua Mountains, d) and circles 

denote sampling points for all physiological traits and local temperature data (color scale 

denotes only elevation). Digital elevation models via USGS (2009). 
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Figure 2. Species occurrences within Chiricahua Mountains, by elevation and local 

climate a) Species occurrence curves by elevation, dotted lines denote red oaks (section 

Lobatae) and solid lines denote white oaks (section Quercus). Species are Q. grisea (GR), 

Q. emoryi (EM), Q. arizonica (AZ), Q. hypoleucoides (HY), Q. rugosa (RG), Q. gambelii 

(GM). b) Presence points show observed locations of each species within survey sites in 

the eastern Chiricahua Mountains. c) Occurrence density by minimum temperature of 

coldest month, BIO6 (Hijmans et al. 2005) and a measure of aridity (the ratio of mean 

annual precipitation to mean annual evapotranspiration, CGIAR-CSI 2008). 
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Figure 3. Plant water access measures and drought tolerance traits. All error bars show 

standard error of the mean and letters denote significant pairwise differences at p<0.05. 

Species are Q. grisea (GR), Q. emoryi (EM), Q. arizonica (AZ), Q. hypoleucoides (HY), 

Q. rugosa (RG), Q. gambelii (GM). a, c, e) Dry season ΨPD (N=135), Turgor loss point 

(ΨTLP, N=127), and absolute leaf capacitance (Cleaf, N=127) by aridity index, MAP/MAE 

(CGIAR-CSI 2008) at each site. b, d, f) Species means of ΨPD, ΨTLP, Cleaf by mean elevati 

on of occurrence. 
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Figure 4. Oak species freezing vulnerability, T50 (species by site means). Species are Q. 

grisea (GR), Q. emoryi (EM), Q. arizonica (AZ), Q. hypoleucoides (HY), Q. rugosa 

(RG), Q. gambelii (GM). a) Summer-collected stem T50 mean temperature 14 days prior 

to collection (N = 24 species x site combinations). b) T50 of winter collected stems (N = 

23 species x site combinations). c) Mean T50 for each species by mean elevation. Species 

codes, in upper part of plot, Q. grisea (GR), Q. emoryi (EM), Q. arizonica (AZ), Q. 

hypoleucoides (HY), Q. rugosa (RG), Q. gambelii (GM). Letters signify significant 

comparisons (at p<0.05 from post-hoc Tukey test) and upper two letter codes denote 

species. 
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Figure 5. Percentage of leaves retained (marked in preceding wet season) by species 

mean aridity index, species mean SLA, and species mean absolute leaf capacitance. 

Seasonal evergreen status (E) and seasonal deciduousness (D) are shown at 100% and 0% 

retention. Error bars show SE of the phenology model (a,d) or SE of the mean. a – c) 

Leaf retention during the cold season (N = 6 species) d-f) Leaf retention in the dry season 

(N = 5 species). 
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Chapter 2. Precipitation seasonality and leaf habit result in decoupled stem and leaf 

drought resistances among American oaks 

 

Summary 

Drought frequently occurs as short term or localized events, yet vulnerability to drought 

influences species ranges at large scales. Tree drought resistances are bounded by an 

inherent trade-off between maintaining gas exchange and efficient hydraulic 

conductance, while avoiding embolism formation within conducting tissues.  The greater 

frequency and intensity of droughts occurring with global climate change increase the 

risks of trees encountering fatal drought stress. We used a set of 21 species of American 

oaks to ask how climate of origin is correlated with stem vulnerability to drought 

(vulnerability curves) and leaf stomatal closure (during an imposed drought), and how 

leaf habit affects resistances. We found that stem and leaf drought avoidance strategies 

are decoupled from one another by a stronger influence of precipitation seasonality, 

rather than annual aridity, on leaf resistance. Longer-lived woody stems showed greater 

embolism resistance in more arid environments, but water potential at stomatal closure—

and overall leaf habit—was most strongly correlated with precipitation seasonality. We 

classified these stomatal closure and leaf loss strategies along a precipitation seasonality 

gradient: acquisitive (drought deciduous), conservative (evergreen), and opportunistic 

(winter deciduous). We found that oak species ranges are influenced by drought 

resistances and that seasonality of precipitation separately favors different overall leaf 

habits and stomatal closure strategies. 
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Introduction  

Water availability in the environment shapes whole biomes (Stephenson 1990) and 

influences range shifts under warming (Crimmins et al. 2011). Woody plants have 

contended with and adapted to historical droughts within current ranges (Pockman and 

Sperry 2000, Williams et al. 2012).  Increasing drought stress under global warming 

(IPCC 2013) is likely to increase tree mortality globally (Breshears et al. 2005, Allen et 

al. 2015, Greenwood et al. 2017). Understanding how drought resistances, both to short-

term and long-term water stress, shape tree ranges is important in understanding the 

potential consequences of high temperature droughts exacerbated by global change 

(Breshears et al. 2005). 

 

Plants face fundamental tradeoffs during drought between carbon acquisition and 

reducing water loss through transpiration (Sperry 2003, McDowell et al. 2008). As plants 

maintain open stomata, water stress increases the risk of hydraulic failure (Tyree and 

Sperry 1988). Highly negative pressures that form in a drought stressed plant can lead to 

the expansion of air bubbles into and between vessels, causing embolism formation and 

disrupting hydraulic flow (Tyree and Sperry 1988, Pockman et al. 1995). Broadly, trees 

may resist drought and avoid hydraulic disruption by 1) maintaining xylem that is less 

vulnerable to embolism formation, 2) slowing or halting transpiration via stomatal 

closure or 3) leaf dehiscence (Sperry 1995).   
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Strategies for drought resistance may differ based upon the severity and length of drought 

within a species range. less vulnerable xylem can lead to lower efficiency in water 

movement and an overall loss of hydraulic potential in woody angiosperms, reducing 

potential growth rate during wet seasons (safety- efficiency tradeoff, Sperry 2003; Hacke 

et al. 2006; Sperry et al. 2008). Closing stomata to reduce negative pressure gradients can 

may avoid embolism (Tyree and Cochard 1996, Hochberg et al. 2017) but the hydraulic 

safety conferred by closure may be incomplete (Brodribb and Holbrook 2003a) and lead 

to additional risks of carbon starvation during prolonged drought (Jones and Sutherland 

1991, McDowell et al. 2008). Leaf abscission in response to drought can serve as a 

protective mechanism, and may be promoted if more disposable or distal parts of a plant 

(i.e. leaves, petioles) are more vulnerable to embolism than proximal parts (i.e. twigs, 

stems) (Tyree et al. 1993, Tsuda and Tyree 1997, Tyree and Zimmermann 2002, Choat et 

al. 2005, Bartlett et al. 2016). Leaf abscission during drought may be a way to keep 

stomata in any remaining leaves at least partially open for longer periods of time until 

shedding (Jones and Sutherland 1991, Brodribb and Holbrook 2003b). However, leaf 

drop may not always serve to maintain stem hydration and embolism may continue to 

spread in some species (Wolfe et al. 2016). Additionally, evergreen species are by 

definition unable to use this hydraulic safety mechanism. 

 

Oaks (Quercus, L. family Fagaceae), a globally distributed woody genus, and highly 

abundant and diverse woody genus in North and Central America (Nixon 2006) are more 

drought hardy than many other co-occurring angiosperms (Abrams 1990). Oaks have 

been found to both confirm and defy expectations of drought resistance mechanisms. 
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Fagaceous species have weak xylem safety-efficiency correlations (Gleason et al. 2016), 

but species specific studies have found evidence supporting safety-efficiency tradeoffs, 

(e.g. Hacke et al. 2006). Oaks have also been found to maintain open stomata at more 

negative water potentials (Abrams 1990, Klein 2014) than sympatric species, although 

partial stomatal closure in oaks has also been found to keep xylem water potential in 

deciduous oaks above cavitation potentials (Cochard et al. 1996). Oak species may also 

be exceptions to expectations of hydraulic segmentation with no significant differences 

between petiole and stem xylem vulnerability to embolism (Cochard et al. 1992). We 

used a set of 21 oak species to ask how species from across an aridity gradient use 

different strategies to respond to drought. Specifically, we asked 1) how stem xylem 

vulnerability (expressed as water potential at a given % stem embolism) and leaf drought 

avoidance (through stomatal closure or leaf abscission) are related to annual drought 

(aridity, temperature, and precipitation), and drought seasonality (the variation in 

precipitation) among American oaks, and 2) whether leaf loss and leaf habit (general leaf 

loss phenology) are critical mechanisms of drought resistance in oaks. 

  

Methods 

Greenhouse common garden 

We grew Quercus saplings from a broad collection of species (Table 1), representing 

three subgenera (Quercus or white oaks, Lobatae or red oaks, and Virentes or live oaks) 

of the warm regions of North and Central America. We collected acorns from native 

ranges (Fig. 1) in late 2013 and stored them at 4
o
C until planting in University of 

Minnesota greenhouse facilities February 2014. We transplanted one-year old saplings to 
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a 1:1 potting soil: sand mix in tree pots (TP616, Steuwe and Sons, Oregon USA) in 2015. 

Saplings were well watered and kept at constant temperature for the first year of growth, 

then exposed to a cooler winter in 2015, and returned to warm conditions (22
o
C before 

measurements). Seedlings were regularly treated with a water-soluble acidic fertilizer 

(Peters Professional 21-7-7 Acid Special, Everris NA Inc., Dublin, Ohio USA). 

 

Dry down experiment 

We continuously monitored gas exchange before midday (8-11) for stomatal closure 

during a dry down experiment on two-year-old saplings (in June – July 2016) (Species = 

21, N = 77, Table 1, Fig. 1). We reduced watering to dry out soils to near 0% volumetric 

soil water content (VWC) over the course of one month (Fig 2.). We monitored soil 

volumetric water content (VWC %) with a handheld soil moisture meter (Fieldscout TDR 

300, Spectrum Technologies, Inc., Illinois, USA), and gas exchange for stomatal closure. 

We used a LiCor 6400XT portable photosynthesis system (LI-COR Biosciences, 

Nebraska USA) to monitor leaf photosynthesis (Amax) and stomatal conductance on study 

plants every 2-3 days throughout the dry down. We let leaves equilibrate in the leaf 

chamber until measurements stabilized in fixed conditions: PAR = 600 μmol m
-2

 s
-1 

(ambient light level in greenhouse), CO2 = 400ppm, block temperature = 24
o
C, relative 

humidity = 45% (±0.85). We defined the point of stomatal closure to be when gs was less 

than 5% of maximum conductance (measured on each individual of well-watered plants) 

or less than 5 mmol m
-2 

s
-1

, whichever was greater (Craine et al. 2012). We measured Ψ, 

the leaf water potential, collected immediately after gs measurements and found Ψcrit as 

the water potential at the point of stomatal closure (for list of measurements and 
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abbreviations, see Table 2). We recorded any leaf water potentials greater than the 

maximum capacity of our pressure chamber (8MPa, Soilmoisture Equipment Corp., 

California USA) as -8MPa. To determine experimental effectiveness, we tested for soil 

VWC differences among individuals that did and did not show stomatal closure using 

unpaired, one-sided t-tests. 

 

Throughout the dry down experiment, we recorded qualitative leaf responses to drying 

soils for all leaf cohorts: i) immature or new flushes, ii) mature flushes, and iii) leaves 

older than two flushes. We recorded leaf loss as a binary state in each age class. We 

calculated 1) both the likelihood of leaf loss for each species using binomial generalized 

linear models and 2) percent leaf loss in each leaf age class, calculated as the percentage 

of individuals per species that lost leaves in that cohort by the end of the dry-down 

measurements. The two measures were highly correlated with each other for all age 

classes (r > 0.92) and we use percentage of individuals showing leaf loss (% leaf loss, 

Table 2) for all further analyses. We determined overall species leaf habit (evergreen, 

winter deciduous or drought deciduous) from the literature and classified semi-deciduous 

species by the seasonal timing of leaf loss (Table 1, Muller 1942a, 1942b, 1954, Bryant 

and Kothmann 1979, Nixon 1997, Williams-Linera 1997, Garcia Moscoso 1998, 

Cavender-Bares 2000, Romero Rangel et al. 2002, Cavender-Bares et al. 2004b, Fallon, 

unpublished). 

 

Stem xylem vulnerability 
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We selected nine oak species from the greenhouse garden to represent a broad range of 

species climatic distributions (Table 1, Fig. 1). We measured stem embolism following 

the pneumatic protocol of Pereira et al. (2016). This method uses vacuum measurements 

of air discharge in woody stems as a proxy for xylem embolisms and is robust to stem 

section length (Appendix S2: Methods). P50 or the stem water potential at 50 percent 

embolism, a common and meaningful measure of xylem vulnerability was found to be 

highly correlated with measurements of PAD50, the stem water potential at 50 percent air 

discharge (PAD) from the stem, in a diverse set of tropical species (Pereira et al. 2016). 

As a consequence, this method is likely to have advantages over other methods, such as 

centrifugation or bench-drying, that may be problematic for species, such as oaks, with 

long vessel lengths. We cut leafy stems > 50cm in length in air, immediately recut at least 

10 cm from the ends in water, and left the stems to rehydrate for at least 1 hour (no more 

than 3) covered with heavy black plastic bags. We measured stems of six individuals of 

each species when fully hydrated and then used the bench drying method to let stems 

desiccate at ambient conditions (Sperry et al. 1988).  We used plastic covered and dark 

equilibrated leaves to find stem water potential (Ψstem, MPa) and stopped when stems 

were fully dehydrated (Appendix S2: Methods). Each air discharge measurement was 

made for 3 minutes.  

 

We calculated change in moles of air and converted to air discharged (AD, μL) for each 

measurement and adjusted for system leakage (mean  = 3.96μL 3min
-1

 ± 0.49) (Appendix 

S2: Methods). We found a normalized percent air discharged (PAD, %) for each 

individual as: 
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                                             Eq. 1 

where ADmax is the AD at which Ψstem was most negative (most desiccated) and ADmin 

was the AD of the most hydrated measurement (when Ψstem ≈ 0 MPa) (Appendix S2: Fig. 

S2.1). We removed individuals from further analyses that had ADmin values greater than 

mean ADmin + one standard deviation, because those deviations likely indicated poor 

seals around the stem (leaks). 

 

We used the packge plcfit to fit Weibull curves to PAD, as a proxy for percent loss 

conductivity (Duursma and Choat 2017). This package uses bootstrapping to fit a non-

linear Weibull curve (following the parameters of Ogle et al. (2009)) and generate 

confidence intervals around predicted parameters. We choose the Weibull model because 

it can fit r- or s-shaped curves and r-shaped curves have been found in Quercus hydraulic 

vulnerability curves (Cochard et al. 1992, Cavender-Bares and Holbrook 2001).  The 

Weibull model also incorporates parameters for Px (susceptibility to drought, or here, 

Ψstem at x% PAD, which we call here PADx) and S50 (sensitivity, or slope of the curve at 

the fit value of PAD50) (Pammenter and Willigen 1998). Additionally, the resulting 

model allows the curve to be fit at any value of PADx and other values of PADy can still 

be extracted from that model (Ogle et al. 2009, Duursma and Choat 2017). We fit two 

types of models to each species: 1) fixed effects only, pooling data from all individuals of 

a species and 2) non-linear mixed model, with each individual as a random effect 

(Appendix S2: Fig. S2.2). For a single species, Q. lyrata, the model fitting failed to 

converge and we dropped single individuals in an iterative model fitting (five individuals 

instead of six) and kept the model with the lowest error (σ). We also calculated PAD12, as 
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an approximation of the air entry point or the Ψstem beyond which embolisms can 

propagate quickly through the xylem (Sparks and Black 1999, Domec and Gartner 2001) 

and PAD88, or the water potential at full embolism (Domec and Gartner 2001), for each 

species. In the event of failure of model fit for these more extreme values, we used the 

values of PAD12 and PAD88 fit from the PAD50 model. We found a strong relationship 

between both model types (Appendix S2: Fig. S2.3) and used the non-linear mixed model 

results for all analyses because the fit should be less affected by outlier individuals 

(Duursma and Choat 2017). 

 

Bioclimatic data 

We used the point of maternal plant collection to find climate of origin and used 

herbarium and literature records to find mean climatic values for whole species range 

(climate of range). We downloaded specimen occurrence records, based upon collected 

specimens and occurrence in literature, from GBIF (GBIF 2013). We retained all 

specimens with location data and then randomly sampled one point per one degree grid. 

For both climate of origin and of range, we extracted long term publically available 

bioclimatic variables (temperature, precipitation, seasonality, and aridity) from high 

resolution (30 arc second) datasets for each maternal plant location of all study 

individuals (Hijmans et al. 2005, CGIAR-CSI 2008, Zomer et al. 2008) using packages 

raster and dismo (Hijmans 2016, Hijmans et al. 2016). We found the mean, minimum, 

and maximum value for each bioclimatic variable for climate of range and the species 

mean for climate of origin (Table 1). We tested for correlations between climate of origin 

and climate of range and found high correlations between means for these variables of 
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interest: aridity index (mean annual precipitation/mean annual evapotranspiration, higher 

values indicate less aridity), mean annual temperature and precipitation, and temperature 

and precipitation seasonality (Appendix S2: Table. S2.1). We used climate of origin for 

all analyses. 

 

Analyses 

We conducted all analyses in R (R Core Team 2016). We averaged data to species for all 

measured variables (Ψcrit, PADx, and percent leaf loss, Table 1). We also included simple 

hydraulic safety margins as i) S50, a sensitivity measure of the slope of embolism with 

declining Ψstem (Pammenter and Willigen 1998) , ii) leaf-stem safety margin (Ψcrit – 

PADx), where larger, positive values indicate stomatal closure that to maintain Ψstem 

above the pressure at 50% embolism and iii) stem safety margin (PAD12 – PAD50), where 

larger values have been found indicate a less rapid propagation of embolism and have 

been found to be correlated with stem drought tolerance (Meinzer et al. 2009).  

 

We used simple linear regressions to test effects of climate of origin, subgenus (coarse 

phylogenetic similarity), leaf loss, and leaf habit (species mean habits from literature, 

Table 1) on all response variables. We fit simple linear models to relationships among 

PADx, Ψcrit, S50, and safety margins to test the relationships between these variables. 

When the predictors were a factor, we used post-hoc Tukey tests (α = 0.05) to determine 

pairwise significance. We checked all models for normality and transformed if necessary. 
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Results 

Soil volumetric water content and precipitation declined through dry down 

Soil VWC, photosynthetic rate, and stomatal conductance declined throughout the 

experiment (Fig 2). The variance in final soil VWC (mean 3.79% (± 4.7)) was largely due 

to the fact that some pots never fully dried out during the monitoring period. Individuals 

of some species remained in soil VWC between 5 and 9%, even while most individuals 

experienced VWC below 3%. Q. falcata was the only species for which no individuals 

experienced extreme drought (minimum VWC 7.3%), likely because these were quite 

small trees, and thus water loss was limited and plants were not effectively drying down 

the soil. 

 

Leaf loss correlation with climate differs by leaf cohort age class 

Only four species (total N = 21) showed no leaf abscission at all during the measurement 

period. Mature cohort loss was positively correlated with mean annual temperature of 

origin (F1,19 = 5.25, P = 0.034, R
2
 = 0.22). Early cohort leaf loss (more than two flushes 

prior to measurements) was weakly correlated with mean annual temperatures of origin 

(F1,17 = 3.39, P = 0.083, R
2
 = 0.16). Abscission of the immature leaf cohort was positively 

predicted by aridity index (F1,19 = 3.48, P = 0.078, R
2
 = 0.15).  Subgenus was marginally 

significant predictive factor of immature leaf abscission; species of subgenus Virentes 

had greater percentages of immature leaf loss (F2,18 = 2.67, P = 0.09, R
2
 = 0.23). 

 

Stomatal closure correlated with precipitation seasonality and aridity index 
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Ψcrit was negatively correlated with precipitation seasonality, such that plants 

experiencing greater seasonality closed stomata at more negative water potentials 

(ln(Ψcrit), F1,15 = 4.65, P = 0.048, R
2
 = 0.24, Table 3, Fig. 3b). Ψcrit was positively but not 

significantly correlated with aridity index (ln(Ψcrit), F1,15 = 4.42, P = 0.053, R
2
 = 0.23) 

(Table 3, Fig. 3a), as well as mean annual precipitation (ln(Ψcrit), F1,15 = 4.53, P = 0.05, 

R
2
 = 0.23). Ψcrit was not significantly predicted by subgenus. Differences between 

individuals that closed stomata and those that did not were likely influenced by the 

effectiveness of drought imposition. Soil VWC was significantly different between 

closed and unclosed individuals (mean open soil VWC = 3.64, mean closed soil VWC = 

1.04, t49.9 = 3.7, p = 0).  Subgenus was not a significant factor in predicting stomatal 

closure. 

 

PAD50, PAD12, but not PAD88, correlated with aridity gradient 

Xylem vulnerability, or PAD50, was positively correlated with aridity index of origin, 

such that plants from less arid environments had less negative PAD50 values (F1,7 = 

9.138, P = 0.019, R
2
 = 0.57, Fig. 4b, Table 3). PAD50 was also correlated with mean 

annual precipitation (P = 0.029, R
2
 = 0.52). PAD50 was not significantly correlated with 

precipitation seasonality nor with temperature seasonality (Table 3). The air entry point, 

PAD12, was also positively correlated with aridity index (F1,7
 
= 10.93, P = 0.013, R

2
 = 

0.61, Fig. 4a) and mean annual temperature (F1,7 = 7.02, P = 0.033, R
2
 = 0.50), but not 

with precipitation or temperature seasonality. PAD88 was not strongly correlated with any 

climatic variables (Fig. 4c). Neither stem hydraulic safety margin (PAD12 – PAD50) nor 

leaf-stem hydraulic safety margin (Ψcrit – PAD50) were significantly correlated with any 
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climatic variables. Xylem vulnerability (any PADx) and safety margins were not 

significantly predicted by subgenus. The xylem vulnerability curves were not strong 

model fits in all cases (Q. lyrata, Table 1). The median width of the confidence interval 

around PAD50 was 1.7MPa (Table 1, Appendix S2: Fig. S2.2).  

 

Stomatal closure and stem vulnerability are uncoupled 

Ψcrit was not significantly correlated with any measurements of stem vulnerability (PADx) 

or stem safety margins (Appendix S2: Fig. S2.4). There was a positive, but non-

significant relationship between Ψcrit and PAD12 (P = 0.109, P = 0.117, Appendix S2: Fig. 

S2.4a) and PAD50 (P = 0.117, Appendix S2: Fig. S2.4b).  

 

Stomatal closure and total stem embolism point (PAD88) differ by leaf habit  

 Ψcrit was significantly and negatively correlated with percent early cohort leaf loss in all 

individuals (ln(Ψcrit), F1,14 = 7.10, P = 0.018, R
2
 = 0.34, Fig. 5a). There was no 

relationship with other leaf age classes. Ψcrit was significantly lower among drought 

deciduous species than winter deciduous species (Fig. 5b, Table 3). Ψcrit was also 

negatively correlated with leaf retention: species with more negative Ψcrit values were 

more likely to lose early cohort leaves during the drought (Fig. 5d). PAD88, complete 

stem embolism point, was significantly predicted by overall species leaf habit (F2,6
 
= 

8.06, P = 0.020, R
2
 = 0.73, Table 3). Evergreen species had significantly lower PAD88 

than drought- or winter-deciduous species. Leaf habit (described from literature) was not 
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significantly correlated with other stem vulnerability or safety margins variables (Figure 

6, Table 3). 

 

Leaf habit correlated with precipitation seasonality 

Precipitation and temperature seasonality was significantly different among leaf habits. 

Winter deciduous species were from origins of much lower precipitation seasonality than 

drought deciduous species (F2,18 = 11.49, P = 0.001, R
2
 = 0.56, Fig. 5c). Drought 

deciduous species are of origins that have significantly less temperature seasonality than 

evergreen or winter deciduous species (F2,18 = 6.79, P = 0.006, R
2
 = 0.43).  Leaf habits 

were not significantly correlated with leaf loss observed during the experiment. However, 

drought deciduous species showed uniformly higher percentages of leaf loss (≥ 0.5) than 

winter deciduous species (range 0.0 – 1.0). 

 

Discussion 

We predicted that oak species distributions would be influenced by drought resistances 

and that these drought resistances would fall among three strategies 1) low xylem 

vulnerability, 2) stomatal closure to avoid shorter term droughts, and 3) leaf dehiscence. 

We see evidence that all species have xylem vulnerability correlated with aridity, but that 

stomatal closure and dehiscence are tradeoffs correlated with variability of precipitation 

rather than simply average aridity. The stem and leaf drought resistances are decoupled as 

each is better predicted by different precipitation related climate factors. In the long lived 

woody tissues of the stems, xylem vulnerability is highly correlated with annual average 
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aridity (the ratio of mean annual precipitation over estimated mean annual 

evapotranspiration, Fig. 4). In the shorter lived leaves, drought avoidance via stomatal 

closure is significantly correlated with precipitation seasonality (the annual coefficient of 

variation in precipitation, Fig. 3) and is significantly different between winter and 

drought deciduous leaf habits, which occupy low and high ends of the precipitation 

gradient, respectively (Fig. 5). There is a positive, but not significant, relationship 

between stem xylem resistance to embolism (PAD12 and PAD50) and stomatal closure 

(Appendix S2, Fig. S2.4). Common hydraulic safety margins are not significantly 

correlated with either climate or leaf habit (Table 1, Fig. 6). Only evergreen species 

showed a significant connection with stem vulnerability: PAD88, or the point of runaway 

embolism, was significantly lower among species of evergreen leaf habits.  

 

We expected that stomatal closure and stem vulnerability would be correlated (Bartlett et 

al. 2016) as a consequence of coordination between stems and leaves in strategies of 

drought resistance. Aguilar-Romero et al. (2017) found that leaf habit and stem xylem 

resistance in a set of broadly sympatric subtropical oaks were correlated with an aridity 

gradient, wherein drought deciduous species occupied the most arid areas, while  species 

with longer leaf lifespans occupied the more humid areas and also maintained less 

vulnerable stem xylem. Kröber et al. (2014) found that among a group of co-occurring 

species in China, stem hydraulic traits were not closely linked to stomatal conductance, 

but rather to morphological traits and that evergreen species had much lower P50 values. 

Our results concur with findings that stomatal closure and stem xylem vulnerability are 

decoupled, although most variation in stem xylem vulnerability was not explained by 
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expected leaf lifespan. We found more resistant xylem among our evergreen species, but 

only at the PAD88, or near total stem embolism measure. We found no evidence of stem 

to leaf safety margins that aligned with leaf habit or local climate. Instead of evidence for 

similar drought resistance strategies among leaves and stems, that leaf lifespan and 

stomatal closure are tightly correlated and best predicted by precipitation seasonality, 

while stem drought resistance can be independently predicted by average aridity. 

 

The greater embolism resistance of stems in more arid areas agrees with expectations of 

maintaining safer stems in areas with stronger drought pressures. While we did not 

observe evidence that would agree with hypotheses of hydraulic segmentation, for 

example stem to leaf safety margins such that leaves are more vulnerable than stems to 

embolism and are shed as a fuse to prevent stem embolism, we did find evidence 

supporting our expectation that longer lived, or less disposable, tissues should be more 

adapted to local conditions of water stress (Tyree and Zimmermann 2002). Woody 

species do not consistently maintain safety margins (minimum water potential – P50) that 

are correlated with aridity (Choat et al. 2012).  However, we did not examine the 

minimum annual water potentials that any species may be expected to reach in their 

native environments, so we cannot definitively assert that each species is maintaining 

xylem safe from embolism.  

Like other woody angiosperms, oaks have a wide array of leaf habits. Among oaks, 

aridity gradients have been found to separate drought deciduous species from evergreen 

species on smaller spatial scales (Aguilar-Romero et al. 2017).  However, oaks also 

demonstrate intraspecific variation in response to differences in seasonal severity of 
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drought, where populations experiencing more severe drought are more likely to be 

deciduous (Ramírez-Valiente and Cavender-Bares 2017). Precipitation seasonality, rather 

than aridity, of the whole species ranges has been found to be more strongly correlated 

with specific leaf area (itself tightly correlated with timing of leaf dehiscence)  among a 

subset of the winter, evergreen and drought deciduous species included in this study from 

Arizona, USA (Fallon and Cavender-Bares, unpublished).  Stomatal closure has not been 

explicitly tied to aridity in a diverse set of grass species (Craine et al. 2012), so leaf 

stomatal responses to intra-annual variability in precipitation rather than mean annual 

aridity may result from the relatively short lifespans of leaves, compared to stems, and 

the timing of stress in the lifespans of the leaves. Winter deciduous species almost 

uniformly occupy low precipitation seasonality environments, while drought deciduous 

species occur in the most seasonal environments. Winter deciduous species generally 

experience more temperature variability and uniform precipitation, and winter 

precipitation (in the form of rain or snow) is less available because of low temperatures. 

Stomatal closure may be most advantageous in short term droughts, when plants can 

preserve leaf and stem water while not incurring large carbon deficits (Jones and 

Sutherland 1991, McDowell et al. 2008). In our study, winter deciduous species had 

closed stomata at less negative leaf water potentials and avoided drought induced 

desiccation; these species were the least likely to occupy habitats of large intra-annual 

variation in precipitation. Drought deciduous species occupy the highest seasonality 

environments, and may be more likely to experience carbon starvation if stomatal closure 

is a strategy to maintain leaf or plant water status. Recent work by Martin-StPaul et al. 

(2017) found that -4MPa was standard point of stomatal closure in woody plants. We find 
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values near or just below that value for some drought deciduous species. This may be due 

to leaf desiccation rather than stomatal closure during dry down among some of the 

drought-deciduous oak species. Among our species, the drought deciduous species with 

the highest Ψcrit value, Q. lancifolia, is from the cloud forests of Honduras, which 

experiences a high annual rainfall, but a dry season that brings stretches of 1-2 months in 

which less than 3% of annual rainfall is received (Stadtmuller and Agudelo 1990). 

Therefore Q. lancifolia may be able to close stomata earlier and without serious 

starvation costs for shorter periods of time because the drought is followed by high 

precipitation. In our set of species, the two winter deciduous species that showed the 

highest precipitation seasonality (Fig. 5a) are from the semi-arid mountains of southern 

Arizona where they are relegated to high elevation areas, where they experience less 

water stress, or low elevation intermittent streams, where they may benefit from summer 

rain run-off during the warmer season (Fallon and Cavender-Bares, unpublished). These 

Arizona species close stomata at similar values to other winter deciduous species of less 

seasonal environments, possibly because of having access to root water that reduces the 

severity of precipitation seasonality (Ehleringer and Phillips 1996).  

 

Conclusions 

The distributions of American oak species are influenced by drought resistances and the 

timing of precipitation deficits, resulting in three strategies associated with broad 

differences in leaf habit. All species have stem xylem vulnerabilities that are well 

predicted by annual aridity, although they may not be safe from embolism at that mean 

level of aridity. Winter deciduous species occupy areas of significantly lower 
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precipitation seasonality and are opportunistic in gas exchange. These species close 

stomata at lower water potentials likely because longer term droughts are unlikely to lead 

to carbon starvation. Drought deciduous species live in habitats of high precipitation 

seasonality and are carbon-acquisitive at the expense of water loss. These species are 

most likely to experience severe droughts more frequently and thus might experience 

losses of opportunity for carbon fixation frequently if they closed stomata at high water 

potentials. They sacrifice leaf desiccation, and possible stem hydraulic failure, for 

continued gas exchange. Evergreen species are the most conservative in approach. These 

species close stomata at intermediate water potentials, relative to the shorter-lived leaf 

habits, occupy areas of medium seasonality, and maintain less vulnerable stem xylem to 

avoid stem hydraulic dysfunction. 
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Chapter 2 Tables 

 

Table 1. Oak (Quercus) species, authorities, subgenera (Lobatae = red, Quercus = white, Virentes = live), leaf habit, mean values of 

annual temperature (MAT, 
o
C), annual precipitation (MAP, cm), and aridity index (AI, MAP/mean annual evapotranspiration) of 

maternal plant origins, mean values of Ψcrit, leaf water potential (MPa) at stomatal closure, and PAD50, stem water potential (MPa) at 

50% embolism. Standard deviation of Ψcrit is shown for species with more than one individual having closed stomata (Closed = 

n/total). Bootstrapped model 95% CI values follow PAD50. n(VC) = total individuals measured to build xylem vulnerability curve. 
1 

Garcia Moscoso 1998, 
2 

Nixon 1997, 
3 

Fallon, unpublished, 
4
 Cavender-Bares et al. 2004b, 

5
 Cavender-Bares 2000, 

6 
Muller 1942a, 

7
 

Romero Rangel et al. 2002, 
8

 Muller 1954, 
9
 Muller 1942b, 

10
 Williams-Linera 1997, 

11
 Bryant and Kothmann 1979 
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Table 1. 

species subgenus leaf habit MAT MAP AI Ψcrit Closed PAD50 n(VC) 

elliptica Née Lobatae drought
1 

22.3 101.3 0.64 -4.59  (1/4) -3.89 (-2.78,-4.18) 5 

emoryi Torr. Lobatae drought
2,3 

13.1 48.0 0.33 -3.93 (±0.15) (2/4) -4.75 (-2.41,-5.22) 6 

falcata Michx. Lobatae winter
4,5 

20.2 132.2 0.86   (0/2)    

hemisphaerica 

Bartram ex Willd 

Lobatae winter
4,5 

20.3 128.5 0.83 -3.72 (±0.73) (3/4) -3.49 (-1.9,-4.17) 

 

5 

mexicana Bonpl. Lobatae drought
6, 7 

14.5 79.4 0.57 -3.77  (1/3)    

velutina Lam. Lobatae winter
2 

13.1 109.7 0.89   (0/4)    

ajoensis C.H. Mull. Quercus evergreen
8
 20.1 27.8 0.18 -3.83 (±0.66) (3/4)    

arizonica Sarg. Quercus drought
2,3 

12.3 51.9 0.38 -5.98 (±2.86) (2/4) -3.98 (-3.14,-4.87) 4 

austrina Small Quercus winter
4 

20.3 131.6 0.87 -2.40  (1/4)    

chapmanii Sarg. Quercus winter
4 

20.5 119.2 0.77 -1.75  (1/4)    

gambelii Nutt. Quercus winter
2,3 

10.5 59.6 0.48 -2.54  (1/4)    

insignis Mart. & Gal. Quercus drought
9,1,10 

17.0 149.4 1.19 -3.67 (±1.52) (2/4)    

lancifolia Schltdl.&Cham. Quercus drought
9,1 

17.0 149.4 1.19 -2.00 (±1.04) (2/4) -2.72 (-2.23,-3.21) 4 

lyrata (Walter) Dippel Quercus winter
2 

20.1 116.3 0.76 -2.47 (±0.88) (4/4) -3.26 (-1.48,-5.57) 5 

margarettae (Ashe) Small Quercus winter
4 

20.1 127.3 0.82 -2.82  (1/4)    

michauxii Nutt. Quercus winter
2 

20.2 129.0 0.84 -3.14 (±0.85) (2/4) -3.69 (-3.03,-4.18) 5 

pungens Liebm. Quercus winter
2,3, 11 

13.5 45.6 0.31   (0/4)    

rugosa Née Quercus evergreen
2,3

 8.9 66.6 0.57 -3.27  (1/4) -4.09 (-3.69,-4.56) 6 

stellata Wang. Quercus winter
4 

20.2 121.8 0.78   (0/2)    

geminata Small Virentes winter
4,5

 20.2 122.1 0.79 -2.64  (1/2)    

virginiana Miller Virentes evergreen
4,5

 20.2 129.2 0.84 -3.43 (±0.36) (4/4) -3.85 (-2.6,-5.22) 6 
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Table 2. Responses measured and abbreviations.  

abbrev. measurement description 

gs stomatal conductance, mol m
-2

 s
-1

 water movement out of the leaf 

Ψcrit stomatal closure, MPa water potential of leaf at gs < 5mmol m
-2

 s
-1

  

Ψstem stem water potential, MPa water potential of stem, measured with covered, equilibrated, leaf 

leaf loss leaf abscission, % percent of individuals within a species showing any leaf wilt or 

senescence 

PAD percent air discharge, % stem embolism, or air discharged from stem as a percentage of 

total air lost 

PAD12 air entry point, MPa Ψstem at which embolisms begin to form in stem xylem 

PAD50  50% stem embolism point, MPa Ψstem at which 50% of xylem is embolized 

PAD88 total stem embolism point, MPa Ψstem of full stem embolism 

S50 sensitivity of xylem embolism, PAD MPa
-1 

slope of xylem vulnerability curve at PAD50 

PAD12 - PAD50 stem hydraulic safety margin, MPa slope of change between air entry point and 50% embolism 

Ψcrit - PAD50  leaf-stem hydraulic safety margin, MPa difference of water potential at stomatal closure and 50% stem 

embolism 
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Table 3. Linear model summary statistics: stomatal closure, stem vulnerability, and safety margins as responses, climate of origin and 

leaf habit as predictors. DF = 1,15 (Ψcrit x climate models); 2,14 (Ψcrit x leaf habit); 1,7 (stem vulnerability x climate); 2,6 (stem 

vulnerability x leaf habit). 

    MAT 

temperature 

seasonality  MAP 

precipitation 

seasonality 

aridity 

index 

leaf 

habit 

ln(Ψcrit) R
2
 0.05 0.00 0.23 0.24 0.23 0.33 

 

P 0.399 0.994 0.050 0.048 0.053 0.058 

  F 0.76 0.00 4.53 4.65 4.42 3.50 

PAD50 R
2
 0.26 0.41 0.52 0.01 0.57 0.30 

 

P 0.161 0.063 0.029 0.768 0.019 0.338 

  F 2.45 4.85 7.45 0.09 9.14 1.31 

PAD12 R
2
 0.04 0.05 0.50 0.24 0.61 0.25 

 

P 0.620 0.577 0.033 0.186 0.013 0.421 

  F 0.27 0.34 7.02 2.15 10.93 1.00 

PAD88 R
2
 0.12 0.32 0.08 0.05 0.08 0.73 

 

P 0.358 0.112 0.473 0.579 0.454 0.020 

  F 0.97 3.30 0.57 0.34 0.63 8.06 

S50 R
2
 0.24 0.46 0.00 0.25 0.00 0.20 

 

P 0.184 0.044 0.917 0.168 0.882 0.509 

  F 2.18 5.99 0.01 2.36 0.02 0.76 

Ψcrit - PAD50 R
2
 0.00 0.00 0.19 0.20 0.26 0.02 

 

P 0.947 0.986 0.245 0.222 0.162 0.945 

  F 0.00 0.00 1.61 1.80 2.44 0.06 

PAD12 - PAD50 R
2
 0.02 0.05 0.08 0.22 0.12 0.47 

 

P 0.703 0.576 0.449 0.200 0.357 0.152 

  F 0.16 0.34 0.64 2.00 0.97 2.63 
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Chapter 2 Figures 

 

Figure 1. Mean maternal plant locations for each species measured. Symbol shapes are 

oak subgenera (Quercus or white oaks = circles, Lobatae or red oaks = triangles, and 

Virentes or live oaks = squares). Dark symbols show species for which xylem 

vulnerability curves were also measured, white symbols were only used for stomatal 

closure and leaf drought response measurements. Points are randomly dispersed when 

clustered for easier viewing.  
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Figure 2. Mean soil water content (VWC), photosynthetic rate (Amax), and stomatal 

conductance (gs) throughout the dry-down period. Error bars around VWC show standard 

error of the mean. 
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Figure 3. Stomatal closure by climate of origin. a) Water potential Ψcrit (MPa) by aridity 

index (mean annual precipitation/mean annual evapotranspiration). b) Ψcrit by 

precipitation seasonality (coefficient of variation, mm). Symbols are subgenera (Quercus 

= circles, Virentes = squares, Lobatae = triangles). Models were fit to natural log of Ψcrit. 

Shaded areas show 95% confidence interval of model. Bars are standard error of the 

mean and no bars indicates stomatal closure was observed in only one individual. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

73 

 

Figure 4. Stem xylem vulnerability, PADx (MPa), by mean aridity index of species 

origin. a) PAD12, Ψstem at 12% embolism, b) PAD50, Ψstem at 50% embolism, c) PAD88, 

Ψstem at 88% embolism. Shaded areas show 95% confidence interval of models with 

significant fits. Symbols are subgenera (Quercus = circles, Virentes = squares, Lobatae = 

triangles). Bars are upper and lower confidence intervals and bars are absent in some 

individuals where the PAD12 or PAD88 confidence intervals exceed the data on lower or 

upper estimation. 
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Figure 5. Leaf habits, precipitation seasonality, and stem and leaf vulnerability. a) 

Precipitation seasonality of origin differences by leaf habit and b) PAD88, or water 

potential of complete stem embolism, by leaf habit. c) Ψcrit (MPa) by overall species leaf 

habit and d) by percentage of early cohort leaf loss (oldest leaves) during drought. Bars 

are standard error of the mean and no bars indicates stomatal closure was observed in 

only one individual. Symbols are subgenera (Quercus = circles, Virentes = squares, 

Lobatae = triangles). 
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Figure 6. Leaf habit and a) air entry point (PAD12) and b) leaf to stem safety margin. 

Symbols are subgenera (Quercus = circles, Virentes = squares, Lobatae = triangles). 
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Chapter 3. Leaf phenological responses to cooling determine spectral detection of 

chlorophyll fluorescence 

 

 

(This work was done in collaboration with José Eduardo Meireles and Jeannine 

Cavender-Bares) 

 

Summary 

Correctly and rapidly determining plant responses to cold stress can help us understand 

potential range expansions under global change. We exposed 14 species (N = 69) of 

American oaks, varying from warm temperate to tropical species, to cooling stress to 

examine how chlorophyll fluorescent responses (Fv/Fm and ΦPSII), and derived 

chlorophyll fluorescent measures, differ among plants from different climates, subgenera, 

and winter leaf habits. We then tested whether leaf chlorophyll fluorescent responses 

(measured on dark- and light-adapted material) could be predicted from hyperspectral 

measurements on light-adapted leaves of the same individuals. We found that responses 

to initial cooling (from 22
o
C to 8

o
C) were similar among oak species, but that changes in 

dark-adapted Fv/Fm, photosynthetic yield (ΦPSII), and electron transport rate during cold 

acclimation were best explained by with leaf loss propensity rather than by climate of 

origin or subgenus. We successfully modeled Fv/Fm and ΦPSII from single hyperspectral 

reflectance measurements taken on plants on the same day as fluorescence measurements, 

but we were not able to predict responses as well from models created during other 

periods of the experiment. Predictive ability of spectral models increased when greater 

variation in fluorescent responses among the measured leaves was encompassed by the 

data. We could also successfully predict overall rates of change in Fv/Fm and ΦPSII, but 
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not but the models of best fit were constructed from measurements made after the 

imposition of cooling stress.  

 

Introduction 

Responses to cold are important factors in determining tree range extents (MacArthur 

1972, Osmond et al. 1987, Friedman et al. 2008, Koehler et al. 2012, Kreyling et al. 

2014) and yet woody plants from different climates may be able to tolerate cold in similar 

ways (Sakai 1970, Fallon, unpublished). Plants from the same climate may resist cold 

using different strategies leading to different responses and cold resistances (Cavender-

Bares et al. 1999). Understanding how and why stress responses to cold differ among 

plants is important for predicting range expansions and contractions that are likely under 

climate change (Parmesan and Yohe 2003, Crozier 2003). Common leaf stress response 

measurements of chlorophyll fluorescence require multiple measurements of light- and 

dark- adapted tissues (Cavender-Bares and Bazzaz 2004). Using single hyperspectral 

measurements to successfully model these fluorescent responses will speed assessment of 

plant stress responses and evaluations of plant performance in changing environments 

(Peñuelas and Filella 1998). 

 

Plant cold tolerance, photosynthesis, and chlorophyll fluorescence 

The long-lived tissues of woody species exposed to cooler temperatures must have some 

form of cold resistance in their leaves to survive (Levitt 1980, Lichtenthaler 1996). 

Immediate responses to cooling are usually a depression of photosynthetic function, 
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although plants may successfully acclimate to new lower temperatures over time (Berry 

and Bjorkman 1980, Huner et al. 1993). Metabolic restraints on photosynthetic processes 

at low temperatures may make plants more vulnerable to light damage (photoinhibition) 

and thus damage to the photosynthetic apparatus of the initial photosynthetic reaction 

centers, PSII (Berry and Bjorkman 1980, Cavender-Bares et al. 1999). Cooling may also 

result in changes to the lipid membranes of the chloroplasts in which photosynthesis 

takes place, providing a physical obstacle to efficient photosynthetic function (Berry and 

Bjorkman 1980). To cope with cold stresses plants may undergo winter senescence, have 

a semi-deciduous leaf habit (often deciduous after damage), or have evergreen leaves that 

are either able to function well at colder temperatures or which become functionally 

dormant. Evergreen species may adjust xanthophyll compounds in their leaves to reduce 

stress to PSII and increase non-photochemical quenching to reduce damage by 

photoinhibition, while deciduous species may experience more damage and be less able 

to recover from cold stress (Adams III and Demmig-Adams 1995, Verhoeven et al. 1996, 

Cavender-Bares et al. 1999, 2005).  

 

Photosynthetic function, and thus plant response to cold stress, can be measured through 

two different measurements of chlorophyll fluorescence. Plants use light-harvesting 

complexes of chlorophyll within the chloroplasts to capture photons and move received 

light energy. The light-harvesting complexes of photosystems can deal with the high 

energy inputs in four ways: photochemistry, fluorescence, non-photochemical quenching, 

and decay (Muller 2001). Letting energy passively decline through electron decay can 

result in oxidative damage, so other pathways of handling the high energy inputs may be 
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prioritized in excess light or stressful conditions (Muller 2001). Fluorescence releases 

excess energy though the excitation of an electron in the form of red and far-red light. 

Chlorophyll is constantly fluorescing, though the amount of fluorescence increases in 

stressed or photo-damaged leaves (Bolhar-Nordenkampf et al. 1989). The ratio of 

minimum (basal or steady state) and maximal fluorescence provides measures of 

photosynthetic efficiency and photosynthetic yield (Cavender-Bares and Bazzaz 2004). 

Non-photochemical quenching (NPQ), or the amount of energy that must be dissipated 

through, primarily,  heat, can be calculated from the dark and light adapted 

measurements, while electron transport rate (ETR), or electron movement from PSII, is a 

function of the light applied and photosynthetic yield (Maxwell and Johnson 2000, 

Cavender-Bares and Bazzaz 2004, Kalaji et al. 2014).  In practice, these measurements 

are made on the same plants at pre-dawn or on artificially dark-adapted tissues (for 

quantum efficiency measurements and calculation of NPQ) and in light adapted tissues 

(realized yield, ETR, and calculation of NPQ). Collecting both measurements requires 

either separation in space (some individuals kept in dark conditions) or time 

(measurements collected in the dark, often before dawn) of tissues. 

 

Leaf level spectral detection 

The profile of light reflected from a leaf is an integrated measure of aspects of plant 

morphology, physiology and chemistry (Peñuelas and Filella 1998). Leaf level spectra 

have been used to detect changes in leaf function following chlorophyll content 

transitions (Gitelson and Merzlyak 1998, Gitelson et al. 2001). Hyperspectral reflectance, 

or high resolution reflectance across a broad range of wavelengths, can be a highly useful 



 

80 

 

tool in detecting multiple leaf properties from a single measurement and detecting 

between species differences (Cavender-Bares et al. 2017). Leaf hyperspectral reflectance 

measurements have been successfully used to determine the leaf water potentials of oak 

leaves (Cotrozzi et al. 2017), to predict gas exchange responses at different temperatures 

(Serbin et al. 2012), and to differentiate oak populations and predict functional traits 

(Cavender-Bares et al. 2016).  Using hyperspectral reflectance, especially using remote 

sensing technology, to predict chlorophyll fluorescence, and thus plant stress, is a 

continuously developing field of study and some simple indices have been created to 

model fluorescence, yet these models cannot directly predict yield or potential 

photosynthetic efficiency (Gamon et al. 1990, 1997, Zarco-Tejada et al. 2001, 2013, 

Dobrowski et al. 2005, Grace et al. 2007, Meroni et al. 2009). Correctly predicting 

chlorophyll fluorescent responses (measured in dark and light adapted leaves) throughout 

the imposition of stress from a single spectral measurement would allow insight into 

multiple aspects of plant physiological resistance to cold while avoiding the multiple 

measurements required for accurate measures of chlorophyll fluorescence. 

 

We use a system of diverse oaks (Quercus L.), from three subgenera, to investigate leaf 

chlorophyll fluorescence cold responses and whether leaf hyperspectral reflectance can 

accurately predict these responses. Oaks are a globally distributed woody genus that is 

highly diverse within North America (Nixon 2006). The species occupies a broad range 

of environments and occupies latitudes from 50
o
N to the tropics (Axelrod 1983). Oak 

species diversity is greatest in warm temperate to subtropical locations, despite the 

species origins being boreal (Hipp et al. 2017). Oaks also exhibit a range of leaf 
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phenological responses to cold, from winter deciduous, evergreen and brevideciduous 

responses (Nixon 1997, Cavender-Bares and Holbrook 2001, Cavender-Bares et al. 

2004b). Species leaf responses to cooling may be a consequence of 1) evolutionary 

history, 2) climate, and 3) seasonal leaf habits. Similar cooling tolerances may be 

achieved through different physiological strategies. We ask, 1) do a) clades (oak 

subgenera), b) climate, or c) deciduousness best predict cooling responses? 2) Can 

photosynthetic responses to cooling (measured by chlorophyll fluorescence) among a 

diverse set of oaks be predicted from leaf reflectance spectra?  

 

Methods 

We grew Quercus saplings of 14 species representing three subgenera (Quercus (white), 

Virentes (live), Lobatae (red)) from acorns collected (October - December 2013) from 

wild populations in native ranges (Fig. 1, Table 1). We stored acorns at 4
o
C until planting 

in University of Minnesota greenhouse facilities in February 2014. We planted acorns in 

a 1:1 mix of sand:potting soil, kept seedlings at constant temperature after planting and 

later transplanted year-old seedlings to tree pots (TP616, Steuwe and Sons, Oregon USA) 

in 2015. Seedlings were regularly treated with a water-soluble acidic fertilizer (Peters 

Professional 21-7-7 Acid Special, Everris NA Inc., Dublin, Ohio USA).  

 

We subjected 1.5 year old seedlings to cooling treatments in November and December of 

2015. We lowered temperatures in stages from 22
o
C to 18, 14, 10, and 8

o
C over the 

course of eleven days, measuring plant responses at each temperature (Fig. 2). We then 
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held plants at 8
o
C for 26 days, measuring the plants repeatedly (three fluorescence 

measurements and two hyperspectral reflectance measurements) during the acclimation 

period. We used growth lamps to maintain a 12 hour photoperiod prior to and during the 

experiment. We monitored leaf loss over the course of the experiment by counting leaves 

in pots at the end of the acclimation period and calculating percent loss from abscised 

leaves as a percentage of total leaves at the start of the experiment. 

 

At all cooling and acclimation stages we measured the leaf level responses on the adaxial 

surface of mature, undamaged, upper-canopy leaves of healthy individuals (Table 1, Fig. 

2, total N = 69). Tree pots were thoroughly watered the evening before any data 

collection. We measured chlorophyll fluorescence with an FMS2 Field Portable Pulse 

Modulated Chlorophyll Fluorometer (Hansatech, King’s Lynn, UK). Chlorophyll 

fluorescence in dark adapted leaves (Fv/Fm) provides a measure of the potential quantum 

efficiency of PSII and is a general indication of plant health (Cavender-Bares and Bazzaz 

2004). Chlorophyll fluorescence measured in a light adapted leaf provides a measure of 

realized photosynthetic yield (ΦPSII) in a plant, which may also be experiencing non-

photochemical quenching, thermal energy dissipation of excess absorbed light 

(Cavender-Bares and Bazzaz 2004). Additionally, we can calculate non-photochemical 

quenching (NPQ) and electron transport rates (ETR) from the dark- and light-adapted 

fluorescence measurements. We measured leaf-level hyperspectral reflectance (350 - 

2500nm) using an SVC HR1024i spectroradiometer and reflectance probe (SpectraVista 

Corporation, Poughkeepsie, NY, USA) on three sections of  a single leaf blade. We 

selected single leaves of each individual for measurement for either chlorophyll 
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fluorescence or hyperspectral reflectance and repeated measurements on the same leaves 

throughout the experiment. We measured Fv/Fm on plants before dawn light exposure and 

all other measurements between 8:30 and 11am.  

 

Analyses 

We performed all analyses in R version 3.4.1 (R Core Team 2016). We removed spectra 

with low reflectance (< 0.3) in the near infrared and resampled the spectra at each 

nanometer from 400 -2400nm (package spectrolab, Meireles et al. 2017). We averaged 

leaf level spectra for each individual at each measurement time point to obtain a single 

mean spectrum. We created three subsets of the measured spectra: full (400-2400nm), 

reduced to visible (400-700nm), and surrounding the peak of chlorophyll fluorescence of 

photosystem II (640-800nm, peak at 683nm Pedrós et al. 2008) (Fig. 3). We then fit 

models between each spectrum and the physiological measurements made at the same 

time point using jack-knifed, cross-validated, partial least squares regression (PLSR, 

package pls, Mevik, Wehrens, & Liland, 2016). PLSR analysis is a standard approach in 

hyperspectral data analysis, as it reduces the many correlated values of spectra into 

uncorrelated predictive variables (Wold et al. 1984, Serbin et al. 2012, Cotrozzi et al. 

2017).  We selected a minimum of three model components and then added subsequent 

model components that minimized the prediction residual sum of squares (PRESS) to 

reduce the likelihood of overfitting the models (Chen et al. 2004, Cotrozzi et al. 2017). 

We evaluated model fit by magnitude of effect size (R
2
) between predicted and measured 

variables. We analyzed effect of different experimental times and spectral regions in type 

III ANOVA (package car Fox and Weisberg 2011) and tested for differences in effect 
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size between experimental times with post-hoc Tukey tests. We additionally tested for the 

predictive quality of spectral PLSR between measurement periods by testing the 

predictive power of models constructed from data at different experimental times (non-

contemporary measures). Finally we fit a model of all hyperspectral reflectance (full 

spectra) measures with data from all experimental times. 

 

We calculated rates of change of each fluorescent measurement in simple linear models 

(response ~ time) for each individual and each species in three time periods: over the 

whole experiment (total), during the cooling period, and during the acclimation period at 

8
o
C (Fig. 2). We used species-level rates of change to evaluate effects of climate of origin 

(minimum temperature of coldest period, Hijmans, Cameron, Parra, Jones, & Jarvis, 

2005), leaf phenology (percent leaf loss during the experiment), and clade (oak subgenus) 

in additive linear models and found the effects of each predictor using a type III ANOVA 

(package car, Fox & Weisberg, 2011). We fit PLSR models of full spectra to rates of 

change per individual and evaluated model fit at each experimental time. 

 

Results 

Differences in photosynthetic function during acclimation due to differences in leaf loss 

We observed declines in all fluorescence measures during the cooling period (Fig. 4, 

Table 2), with most measurements then stabilizing at slightly depressed levels. The mean 

rates of decline in all fluorescent measurements were greatest during the cooling period, 

and were significantly lower or near zero during the acclimation period (Table 2).  
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Overall declines were observed during the whole experiment, but the mean rates of total 

decline were less than the initial cooling suggesting some degree of acclimation to the 

cold.  

 

Percent leaf loss was a significant predictor of rates of photosynthetic change during the 

experiment and more important than clade or climate of origin (Table 2). Neither mean 

minimum temperature of climate of origin nor percent leaf loss were significantly 

different among subgenera (post-hoc Tukey test, α = 0.05). Minimum temperature and 

percent leaf loss were correlated with marginal significance and weak effect (R
2
 = 0.27, p 

= 0.057, F1,12 = 4.42). We observed greater rates of decline in Fv/Fm during cooling, 

acclimation, and in the overall experiment in species that showed higher percentages of 

temperature-associated leaf loss. We also found that the minimum temperature of the 

coldest month was a significant predictor of declines during cooling in Fv/Fm. Percent 

leaf loss was also a significant predictor of rates of change in realized fluorescent yield 

and electron transport rate (ETR) during the acclimation period. Species showing greater 

leaf loss had greater rates of decline in yield and ETR (Table 2). Non-photosynthetic 

quenching (NPQ) was not significantly predicted by clade, climate of origin, or leaf loss. 

Subgenus was marginally significant (P < 0.1) in explaining some differences between 

red and white oaks in Fv/Fm responses during cooling (less negative rates of change in 

white oaks than red), and realized yield and ETR (more negative declines in white oaks).  

Mean minimum temperature of origin was a marginally significant predictor of rates of 

change in ETR, and NPQ. Species from warmer climates experienced greater declines in 

ETR during cooling and less overall change in NPQ during the same period. During 
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acclimation, climate of origin had a different effect: species from warmer climates 

experienced greater declines in NPQ and less negative declines in ETR (Table 2).  

 

Spectral model fit changes in experimental time  

Experimental time (date of measurement) was more often a significant factor in accurate 

model fitting than spectral region used to make the model. The experimental period after 

some degree of cooling, but not the final measurement, generated the best predictive 

models for all responses (Fig. 5). Spectral region used to create the model was only a 

significant factor in predicting differences in ETR models fits, however full spectra and 

fluorescent spectra generated the best models overall, though neither was consistently 

better than the other (Table 3, Fig.5). Models generated from different spectral regions 

had similar predicted by observed relationships (slopes and intercepts, Table 3). Model 

coefficients were consistently the largest in the visible, fluorescent, and near infrared 

regions (Fig. 6.i). Models from different experimental times and temperatures had the 

greatest variance in the visible and fluorescent regions for Fv/Fm and ETR, while NPQ 

and ΦPSII models also had large variance in coefficients in the water balance (near 

infrared and shortwave infrared) and far SWIR (> 1900nm) regions of the spectra (Fig. 

6.e-h). 

 

Contemporary measures of spectra and fluorescence construct best models 

All fluorescent measurements could be predicted from spectral measurements taken 

during the same experimental period, although the best fits (R
2
  > 0.75) were only found 
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in quantum efficiency and yield measurements (Fv/Fm and ΦPSII) of the acclimation 

periods at 8
o
C (Fig. 7). These better model predictions coincided with increased 

coefficient of variation in the response values (Fig. 5). NPQ was not strongly predicted 

from spectra (maximum R
2
 = 0.6) and PLSR models of ETR had high adjusted error rates 

(adjusted coefficients of variation in the moel) (Fig. 7).   

 

Fluorescent responses were not well-predicted by models fit to responses at different 

experimental times, with the exception of rare cases (Fig. 8). All simultaneous models 

were stronger (higher R
2
) with the exception of Fv/Fm at 22

o
C, which could be predicted 

with a similar fit from a model created at 14
o
C (simultaneous R

2
 = 0.37, P = 0; non-

contemporary model R
2
 = 0.44, P = 0), and NPQ. NPQ had poor model fits from full 

spectra at 14
o
C (R

2
 = 0.06, P = 0.056) and final 8

o
C acclimation (R

2
 = 0.12, P = 0.003), 

but could be only marginally better predicted by non-contemporary full spectral models 

made at initial 8
o
C (R

2
 = 0.1, P = 0.011) and the middle acclimation step at 8

o
C (R

2
  = 

0.15, P = 0.001), respectively. Models fit to data and spectra from the whole experiment 

predicted Fv/Fm and ΦPSII, significantly and with strong effect, while models of ETR and 

NPQ were poorer predictors (Table 4).  

 

Rates of response to cooling can be predicted from non-simultaneous measures 

Individual rates of change in fluorescent measurements of realized (ΦPSII) and maximum 

(Fv/Fm) photosynthetic yield could be well predicted (R
2
 > 0.5) by full spectral models, 

but ETR and NPQ could not (Table 5). Fv/Fm changes during acclimation and total 
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changes were best predicted by spectral models fit from spectra collected after plants 

were exposed to 8
o
C and during acclimation (R

2
 > 0.85 for all). Fv/Fm individual rates of 

change during acclimation and total change during the experiment were best predicted by 

models made at the end of the experiment (R
2
 = 0.97, P = 0, PLSR adj CV = 0.002; and 

R
2
 = 0.99, P = 0, PLSR adj CV = 0.001, respectively, Fig. 9).  The models of best fit for 

Fv/Fm and ΦPSII rates of acclimation included larger model coefficients in the NIR and 

SWIR1 regions (800 – 1400nm) than were observed in predictions of simple fluorescent 

measurements, as well as larger coefficients in the peak chlorophyll and fluorescent 

reflectance regions. Fv/Fm cooling response rates could be marginally well predicted by 

spectral measurements made at 14
o
C, in the middle of cooling (R

2
 = 0.55, P = 0, PLSR 

adj CV = 0.001). Rates of change in ΦPSII during acclimation and the total experiment 

were best predicted by measurements taken as the greenhouse temperature reach 8
o
C (R

2
 

= 0.87, P = 0, PLSR adj CV = 0.003; and R
2
 = 0.81, P = 0, PLSR adj CV = 0.002, 

respectively, Fig. 9). Rates of change in ΦPSII during cooling were very poorly predicted 

(R
2
 < 0.16) as were all rates of change in NPQ and ETR. 

 

Discussion 

Our research shows that oak species have common responses to initial cooling, but that 

they acclimate in different ways (Fig. 4), primarily influenced by winter deciduous habits 

rather than climate of origin or oak subgenus (Table 2). Importantly, we can predict 

fluorescent responses, especially Fv/Fm (a pre-dawn, dark-adapted measurement) and 

ΦPSII, from leaf level hyperspectral reflectance measured at a similar time, but not 

simultaneously, using full spectra or a fluorescent region subset (Table 3). We can predict 
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the responses best when plants are exposed to a cooling stress for a longer period of time, 

increasing variation in response (Fig. 5, 7). And while we cannot predict fluorescent 

responses as well from spectral models constructed at different experimental times (Fig. 

8), we can predict rates of acclimation in fluorescent response from measurements made 

at single time points (Fig. 9). This will allow us to predict species overall responses to 

cooling before a prolonged acclimation period. 

 

Differences in photosynthetic function during acclimation due to differences in leaf loss 

Chlorophyll fluorescence and photosynthetic function showed common evidence of 

decline in all measurements. Only in the cooling response rates of quantum efficiency 

(Fv/Fm, a measure of photosynthetic function and plant stress) was minimum temperature 

of origin a significant factor, where rates of decline were greater in plants of warmer 

temperatures (although electron transport rate showed a similar, marginally significant 

effect in cooling response). This lack of association was surprising because our 

experiment includes oaks from tropical climate and because temperature of origin should 

predict photosynthetic function  (Berry and Bjorkman 1980, Huner et al. 1993). However, 

an initial cooling shock response is expected among cold-tolerant plants before any 

acclimation which may explain the lack of effect of minimum temperature of origin and 

the general lack of effect of leaf habit, with the exception of Fv/Fm, on predicting cooling 

responses (Huner et al. 1993).  
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Percent leaf loss, an immediate measure of leaf habit, was a significant predictor in rates 

of response during acclimation. Quantum efficiency response rates were negatively 

associated with percent leaf loss while realized photosynthetic yield (ΦPSII) and ETR 

were positively associated with leaf loss.  Even as stress may increase during prolonged 

cooling  (declines in Fv/Fm),  increases in yield and electron transport rates have been 

observed in cold-hardy plants--even among senescing leaves—as evidence of acclimation 

or beginning processes of senescence (Adams et al. 1990, Huner et al. 1993). Non-

photochemical quenching was the single measure where response rates were not well 

predicted by clade, minimum temperature, or leaf habit. NPQ has been found to increase 

in cold-hardy evergreens like pines and winter grasses during acclimation (Savitch et al. 

2002, Rapacz et al. 2004), and we did observe less-negative declines in plants from 

cooler climates during acclimation. However, NPQ and photochemical quenching 

strategies can differ among plants and may be additionally variable among the oaks, 

wherein similar NPQ values can be the result of different non-photochemical quenching 

pathways (Cavender-Bares et al. 1999, Savitch et al. 2002). In our case, increased yield 

and ETR during acclimation among winter deciduous species may signal an increase in 

photosynthetic productivity as these plants prepare for the controlled process of leaf 

senescence, while hardier evergreen and brevideciduous species adjust or experience 

lower photosynthetic rates in the cooler period.  

 

None of the tropical species in our experiment experienced high leaf loss, and all showed 

evidence of acclimation. All of the tropical species are montane oaks and may experience 

some degree of cooling in native ranges, though the minimum temperature for most is 
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greater than 8
o
C. Tropical species of live oaks have been found to be freezing-intolerant 

(Koehler et al. 2012), but perhaps simple chilling rather than freezing among the tropical 

oaks of the red and white subgenera is not enough to induce significant stress. 

 

Quantum efficiency and yield are better predicted from spectra than NPQ and ETR 

Quantum efficiency and yield were the best-predicted fluorescent responses at all 

experimental times from spectral models. This is perhaps unsurprising as both are 

measures that are directly collected from chlorophyll fluorescence data, though each 

requires an initial, steady state, or background fluorescence measurement, followed by a 

high light exposure maximal fluorescence measurement (Cavender-Bares and Bazzaz 

2004, Kalaji et al. 2014). However, in collecting hyperspectral measurements, we have 

only a measure of light-exposed tissue at a single standard illumination without 

prolonged dark exposure to allow recovery of PSII and electron transporters, so the 

spectral measurements provide some estimate of reflectance correlated with compounds 

that affect chlorophyll fluorescence. The primary regions of important coefficients in the 

models for yield and quantum efficiency were in the visible and near-infrared regions, 

with most models including the fluorescent region (Fig. 6). These coefficients include 

wavelengths corresponding to carotenoids, important in photoprotection, in models of 

quantum efficiency; xanthophylls, important in stress response and photoprotection and 

found to be correlated to cold response in evergreen leaves, in both yield and quantum 

efficiency models; chlorophyll content; and direct measures of fluorescence (Gamon et 

al. 1990, 1997, Verhoeven et al. 1996, Peñuelas and Filella 1998, Sims and Gamon 2002, 

Dobrowski et al. 2005, Sun et al. 2008). Some spectral models of yield also have higher 
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coefficients related to water balance. Yield and ETR have been found to be sensitive to 

water stress, as might occur in some leaves nearing senescence (Peñuelas and Filella 

1998, Cavender-Bares and Bazzaz 2004, Sun et al. 2008, Thenkabail et al. 2011).  

Perhaps because most of the spectral models have the highest model coefficients in the 

visible and near infrared range there were few differences in model performance between 

those that used full spectra as variables and those that used only visible or fluorescent 

subsets. 

 

The models of yield and quantum efficiency, while not direct measurements of dark- and 

light-adapted chlorophyll fluorescence ratios, may be more direct proxies than ETR and 

NPQ, both of which are calculated from fluorescent measurements. ETR coefficients 

were primarily related to chlorophyll content and fluorescence wavelengths. Realized 

yield, and therefore electron transport rates, increase non-linearly with chlorophyll 

content  (Adams et al. 1990). Models of NPQ, while not highly predictive in our work, do 

include more carotenoids that may be associated with increased photoprotection and also 

more consistently include areas of longer wavelength short-wave infrared. Surprisingly 

NPQ model coefficients did not emphasize xanthophyll pigment reflectances which have 

been found to be correlated with NPQ in cold stressed evergreens (Verhoeven et al. 

1996). 

 

Predictive ability of spectral models differs by experimental time and response variance 
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Our spectral models were able to robustly predict quantum efficiency (Fv/Fm) and 

realized yield, however the model fits were better after cold exposure and some 

acclimation (Fig. 5, Fig. 7). This better fit coincides with higher coefficients of variation 

among the fluorescent measurements. As eventual leaf loss drives this variation among 

our species, the model fit increases as leaf responses, due to different leaf habits, change 

with the onset of winter senescence or cold acclimation. Additionally, spectral models fit 

to measurements at different experimental times did not perform as well as models made 

from same day (and same temperature) measurements.  This experimental time sensitivity 

may limit the application in predicting quantum yield and efficiency. However, strong 

spectral models have been fit to photosynthetic performance among plants experiencing a 

range of temperatures and to water potential of oak leaves under different watering 

treatments (Serbin et al. 2012, Cotrozzi et al. 2017), so constructing models from highly 

variable data may result in better models. Our predictive ability from all data was again 

the best in modeling quantum efficiency and yield (Table 4), although both could be 

better predicted by models of specific experimental times (Table 3). The larger models 

may have strong fits because of the increased variability in response in the full data set, 

but lose some predictive power because that variability is due to different stress responses 

over time. Models more robust to time might be constructed from controlled experiments 

on plants of the same age experiencing different stresses. 

 

Rates of response to cooling can be predicted from non-contemporary measures 

While non-contemporary models were not strong predictors of fluorescent responses, 

rates of quantum efficiency and yield could be modeled from single spectral 
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measurement periods. Both could be robustly predicted from measurements at initial 

cooling to 8
o
C and changes in Fv/Fm could be predicted by all cold acclimation measures. 

Importantly, we could predict rates of overall change from measurements made before 

imposing the stress. However, the predictive ability of these measurements was not as 

strong (0.58 < R
2
 < 0.76). The coefficients of these models included more high values in 

the 800-1400nm range, which includes areas of the spectra that best model leaf and cell 

structure (Govender et al. 2007). As the rates of decline are primarily predicted by leaf 

habit and leaf habit is directly linked to structure, the rate models are including variable 

components that represent leaf habit rather than simply photosynthetic function spectra. 

 

Conclusions 

We find that hyperspectral reflectance measurements taken on light-exposed leaves can 

accurately model dark-adapted quantum efficiency and light-adapted realized 

photosynthetic yield measurements. But we include the caveat that, even among plants of 

varied evolutionary history, leaf morphology, and leaf habit, the models are more 

accurate when made on individuals with higher variance in responses. In our study this 

variance was due to differences in cold-induced leaf phenology and resulting differences 

in physiological responses.  
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Chapter 3 Tables 

 

Table 1. Oak species used in this experiment. Mean latitude and longitude and mean minimum temperatures are of maternal origin of 

plants. Percent leaf loss shows actual observed leaf loss by the conclusion of the experiment (± 1 standard deviation). Overall species 

leaf habits (if deciduous, season of leaf loss) are derived from literature: 
1
Muller 1954, 

2
Nixon 1997, 

3
Fallon, unpublished, 

4
Aguilar-

Romero et al. 2017, 
5
Garcia Moscoso 1998, 

6
Cavender-Bares et al. 2004b, 

7
Cavender-Bares 2000, 

8
Muller 1942b, 

9
Williams-Linera 

1997, 
10

Muller 1942a, 
11

Romero Rangel et al. 2002  

species section n latitude longitude 

min. 

temperature 

(C) % leaf loss leaf habit 

ajoensis C.H. Mull. Quercus 5 32.07 -112.71 4.3 1.2 

 

(± 1.6) evergreen
1
 

arizonica Sarg. Quercus 5 31.96 -109.23 -4.2 0.2 

 

(± 0.5) drought
2,3 

castanea Née Lobatae 5 16.96 -92.76 10.9 0.3 

 

(± 0.6) evergreen
4
 

elliptica Née Lobatae 5 13.94 -87.01 14.3 0.6 

 

(± 1.4) drought
5
 

emoryi Torr. Lobatae 5 31.89 -109.19 -4.0 0.4 

 

(± 0.8) drought
2,3 

gambelii Nutt. Quercus 5 31.93 -109.27 -4.8 77.9 

 

(± 15.3) winter
2,3 

hemisphaerica Bartram ex Willd Lobatae 5 29.78 -82.63 5.1 0.3 

 

(± 0.6) winter
6,7 

insignis Mart. & Gal. Quercus 5 14.03 -87.07 9.8 9.3 

 

(± 9) drought
5,8,9 

lancifolia Schltdl. & Cham. Quercus 4 14.03 -87.07 9.8 0.0 

 

(± 0) drought
5,8 

mexicana Bonpl. Lobatae 5 20.31 -99.55 3.7 0.0 

 

(± 0) drought
10,11 

michauxii Nutt. Quercus 5 29.90 -82.73 4.8 12.0 

 

(± 8.1) winter
2
 

rugosa Née Quercus 5 31.91 -109.27 -5.8 1.4 

 

(± 3.1) evergreen
2,3 

velutina Lam. Lobatae 5 36.88 -93.16 -6.9 87.1 

 

(± 7.1) winter
2 

virginiana Miller Virentes 5 29.90 -82.64 4.9 0.2   (± 0.2) evergreen
6,7 

 

  



 

97 

 

Table 2. Mean rates of change during experimental periods across all species and effects of subgenus, coldest mean temperature at 

climate of origin, and percent of leaf loss observed during the experiment. Fv/Fm = maximum potential photosynthetic yield, ΦPSII = 

realized photosynthetic yield, ETR = electron transport rate, and NPQ = non-photosynthetic quenching. Significance of terms is 

indicated by * (P < 0.05) or ᵻ (P < 0.1).  

       

intercept and section effects   

 

slope       

variable period mean   SD R
2 

F4,9 

intercept 

(Lobatae)   Quercus    Virentes     Min. temp   % leaf loss 

Fv/Fm cool -0.002 

 

(±0.001) 0.61 3.55 -0.002 

 

0.001 ᵻ 0.000 

  
-8.82E-06 * -0.002 * 

 

acclim -0.001 

 

(±0.004) 0.71 5.39 -0.001 

 

0.002 

 

0.001 

  
-9.68E-06 

 
-0.012 * 

 

total -0.001 

 

(±0.003) 0.70 5.27 -0.001 

 

0.002 

 

0.001 

  
-6.82E-06 

 
-0.008 * 

ΦPSII cool -0.009 

 

(±0.002) 0.53 2.49 -0.010 

 

0.001 

 

-0.002 

  
1.42E-05 

 

0.005 ᵻ 

 

acclim -0.002 

 

(±0.003) 0.66 4.29 -0.003 

 

-0.002 ᵻ -0.002 

  
1.64E-05 

 
0.009 * 

 

total -0.004 

 

(±0.002) 0.69 4.97 -0.006 

 

-0.001 

 

-0.001 

  
1.83E-05 ᵻ 0.008 * 

ETR cool -0.300 

 

(±0.317) 0.37 1.35 -0.104 

 

-0.092 

 

0.108 

  
-3.59E-03 ᵻ -0.350 

 

 

acclim -0.129 

 

(±0.088) 0.54 2.69 -0.141 

 

-0.074 ᵻ -0.086 

  
7.88E-04 ᵻ 0.223 * 

 

total -0.183 

 

(±0.074) 0.31 1.03 -0.169 

 

-0.042 

 

-0.017 

  
-1.64E-04 

 

0.096 

 NPQ cool -0.022 

 

(±0.013) 0.48 2.08 -0.034 

 

0.010 

 

0.015 

  
1.42E-04 ᵻ 0.013 

 

 

acclim -0.013 

 

(±0.009) 0.52 2.40 -0.008 

 

-0.004 

 

-0.001 

  
-9.17E-05 ᵻ 0.001 

   total -0.014   (±0.004) 0.04 0.09 -0.013   0.001   -0.002     -8.50E-06   -0.001   
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Table 3.  PLSR model results of spectra and contemporary fluorescence measurements during the cooling period, models fit from 

different spectral regions are shown in column sections. T = temperature setting and c/a indicate cooling or acclimation period. We fit 

models using the number of components (com) shown, resulting in the adjusted coefficient of variation (CV) and prediction residual 

error sum of squares (PRESS) values. R
2
 (R

2
 values greater than 0.5 in bold) and F statistics show fit of predicted to observed values 

for each model. Predicted by observed model significance are shown as P < 0.1 (ᵻ), P < 0.05 (*), P < 0.01 (**), P < 0.001 (***).  

    

visible 400-700nm  fluorescent 640-800nm  full 400-2400nm 

resp 

 

T n com CV PRESS R2   F   com CV PRESS R2   F   com CV PRESS R2   F 

Fv/Fm c 22 67 6 0.014 0.01 0.45 *** 52.4 

 

4 0.014 0.01 0.30 *** 27.5 

 

4 0.014 0.01 0.37 *** 38.5 

 

c 14 66 8 0.011 0.01 0.62 *** 105.8 

 

7 0.012 0.01 0.52 *** 70.4 

 

8 0.011 0.01 0.66 *** 125.0 

 

c 8 68 3 0.018 0.02 0.54 *** 78.8 

 

5 0.017 0.02 0.58 *** 92.9 

 

5 0.018 0.02 0.58 *** 90.3 

 

a 8 69 5 0.030 0.04 0.95 *** 1246.0 

 

8 0.021 0.03 0.95 *** 1197.0 

 

5 0.023 0.04 0.93 *** 946.2 

  a 8 67 3 0.063 0.25 0.75 *** 198.9 

 

7 0.044 0.13 0.92 *** 705.1 

 

11 0.033 0.06 0.94 *** 993.6 

ΦPSII c 22 67 5 0.099 0.64 0.31 *** 28.6 

 

7 0.101 0.68 0.33 *** 32.5 

 

4 0.096 0.61 0.35 *** 35.3 

 

c 14 66 5 0.044 0.12 0.51 *** 66.7 

 

7 0.047 0.14 0.56 *** 82.8 

 

3 0.045 0.13 0.47 *** 56.5 

 

c 8 68 5 0.065 0.28 0.34 *** 33.9 

 

12 0.060 0.24 0.52 *** 70.8 

 

4 0.061 0.25 0.43 *** 50.7 

 

a 8 69 10 0.042 0.05 0.89 *** 539.2 

 

12 0.032 0.07 0.89 *** 563.3 

 

24 0.033 0.07 0.97 *** 2171.8 

  a 8 67 4 0.038 0.09 0.51 *** 66.9 

 

12 0.037 0.07 0.72 *** 165.2 

 

8 0.039 0.09 0.64 *** 116.9 

ETR c 22 67 5 10.687 7597 0.16 *** 12.1 

 

6 10.570 7222 0.15 ** 11.4 

 

3 10.164 6776 0.13 ** 9.8 

 

c 14 66 5 1.350 120 0.34 *** 33.0 

 

7 1.312 112 0.39 *** 41.3 

 

3 1.339 119 0.27 *** 24.1 

 

c 8 68 4 4.737 1514 0.11 ** 8.0 

 

8 4.649 1420 0.27 *** 23.9 

 

3 4.586 1471 0.13 ** 9.9 

 

a 8 69 9 0.719 16.71 0.69 *** 146.2 

 

12 0.375 9.32 0.73 *** 178.9 

 

6 0.453 13.17 0.66 *** 128.5 

  a 8 67 3 2.423 401 0.10 ** 7.4 

 

11 2.607 348 0.34 *** 33.4 

 

5 2.309 352 0.22 *** 18.5 

NPQ c 22 67 9 0.419 11.39 0.33 *** 32.5 

 

4 0.388 10.07 0.14 ** 10.4 

 

3 0.382 10.30 0.14 ** 10.5 

 

c 14 66 9 0.255 4.33 0.43 *** 48.0 

 

3 0.251 4.57 0.03  2.2 

 

3 0.249 4.06 0.06 ᵻ 3.8 

 

c 8 68 8 0.309 6.20 0.57 *** 86.0 

 

3 0.377 9.08 0.22 *** 18.6 

 

10 0.367 8.94 0.57 *** 89.1 

 

a 8 69 3 0.198 3.51 0.07 * 5.2 

 

3 0.201 2.84 0.04 ᵻ 2.9 

 

13 0.192 2.56 0.60 *** 100.8 

  a 8 67 3 0.279 5.42 0.09 * 6.2 

 

3 0.273 5.14 0.14 ** 10.6   3 0.279 5.19 0.13 ** 9.4 
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Table 4. Model fits of full spectra with all data collected during the experiment. Number of model components (com), adjusted CV, 

and PRESS are from PLSR model fitting. F statistic and R
2
 value from models of predicted by observed responses. All models are 

significant at P << 0.001 (***) 

resp n com CV PRESS F R
2
  

Fv/Fm 337 13 0.022 0.16 2768.7 0.89 *** 

ΦPSII 337 28 0.080 2.19 540.2 0.62 *** 

ETR 337 12 5.732 10890 81.9 0.20 *** 

NPQ 337 11 0.314 32.95 198.6 0.37 *** 
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Table 5. Predictive fits (R
2
) of spectral models (full spectra) of fluorescent response rate changes during experiment. R

2
 values greater 

than 0.75 are in bold and R
2
 values between 0.5 and 0.75 are italicized. 

  

predicted by spectra  

 

 

 

 

 

 

  

cooling       | acclimation       

  rates 22
o
C    14

o
C    8

o
C    8

o
C    8

o
C    

Fv/Fm cooling 0.33 *** 0.55 *** 0.45 *** 0.36 *** 0.43 *** 

 

acclimation 0.58 *** 0.56 *** 0.88 *** 0.85 *** 0.97 *** 

 

total 0.60 *** 0.57 *** 0.84 *** 0.90 *** 0.99 *** 

ΦPSII cooling 0.12 ** 0.12 ** 0.17 *** 0.06 * 0.18 *** 

 

acclimation 0.75 *** 0.79 *** 0.87 *** 0.67 *** 0.60 *** 

 

total 0.73 *** 0.47 *** 0.81 *** 0.64 *** 0.51 *** 

ETR cooling 0.11 ** 0.11 ** 0.08 * 0.09 * 0.05 ᵻ 

 

acclimation 0.11 ** 0.11 ** 0.14 ** 0.17 *** 0.16 *** 

 

total 0.16 *** 0.14 ** 0.12 ** 0.16 *** 0.09 * 

NPQ cooling 0.13 ** 0.13 ** 0.08 * 0.10 ** 0.11 ** 

 

acclimation 0.16 *** 0.16 *** 0.18 *** 0.34 *** 0.25 *** 

  total 0.07 * 0.07 * 0.04   0.07 * 0.16 ** 
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Chapter 3 Figures 

Figure 1. Oak species acorn collection sites and subgenera by minimum temperature of 

coldest month at origin (Hijmans et al. 2005).  Clustered points were dispersed for 

visibility. 
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Figure 2. Greenhouse temperature settings and measurement times. Chlorophyll 

fluorescence was measured at each time point and leaf hyperspectral reflectance was 

measured at each point highlighted by a vertical gray bar. 
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Figure 3. Spectra quantiles (P = .95) from all plants at three points during the 

experiment: initial measurements, after cooling to 8
o
C, and after being held at 8

o
C for 26 

days. We created predictive models from the full spectral range (400-2400nm) and from 

the two subsets shown at vis (visible, 400-7s00nm) and fluor (PSII fluorescence, 640-

800nm). 
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Figure 4. Chlorophyll fluorescence over time and by cooling or acclimation status of 

experiment (central bars). Species means are larger dots, all individual measurements are 

shown as gray points in background. Points are jittered slightly for visibility. a) Dark 

adapted predawn Fv/Fm, b) non-photochemical quenching, c) ΦPSII, light-adapted realized 

photosynthetic yield, and d) electron transport rate. 
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Figure 5. Effect size of fluorescence values predicted by observed values from PLSR 

models created from measurements taken on the same day. Spectral regions used to 

predict fluorescent observations are shown as visible (vis), fluorescent (fluor), and full a) 

R
2
 of models of all responses, letters denote significant differences at P < 0.05). b) – e) 

Effect sizes of models for each fluorescent response. P-values show significance of 

experimental time and spectral region in effect size of prediction. Open triangles show 

coefficient of variation in each response variable at each experimental time. Dark squares 

in (e) denote models with low support (P > 0.05). 
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Figure 6. PLSR model coefficients from full spectra (a-d) and variance among model 

coefficients at different experimental times (e-f).  Gray shading highlights spectral 

regions (V = visible, F = fluorescent, NIR = near infrared, SW1,2 = short-wave infrared 1 

& 2). g) Model coefficients that exceed 95% of the coefficient value for each model. 

Dashed lines show areas of reflectance important for measuring carotenoids (Car), 

xanthophyll pigments (X), chlorophyll (Ch), fluorescence (Fl), and water (W).  
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Figure 7. Predicted by observed fluorescent responses at each experimental time (left to 

right), shown with best model (maximum R
2
), adjusted coefficients of variation, and 

predicted by observed R
2
 and P values. Light gray background points are all predicted 

values from all spectra and dashed lines show 1:1 relationship. 
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Figure 8. Model fits of predicted by observed fluorescent responses (all) predicted from 

non-simultaneous pls models (fit to spectra and observations measured at other 

experimental times) and simultaneous measurements. Dashed line is 1:1 relationship and 

colors show the experimental time step from which the pls models were constructed 

(using full spectra). 
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Figure 9. Rates of response predicted by models of best fit from full spectra collected at 

a-b) 8
o
C final after acclimation and c-d) 8

o
C upon initial cooling. Dashed line shows 1:1 

relationship. 
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Appendix S1. Chapter 1 Supplementary Methods and Results 

 

 

Site selection and establishment 

We surveyed a set of elevationally stratified random sites first for oak vegetation cover 

by elevation and selected a subset to use as longer term temperature and physiological 

data collection sites. We generated a random set of survey points within the eastern 

Chiricahua study area. We used only sites on high exposure sites to avoid the large 

differences in microclimate (water availability and temperature) and correlated occurring 

vegetation, that can occur with topographically diverse dry mountains (Boyko 1947, 

Holland and Steyn 1975, Pearson and Dawson 2003). We used a 10m-resolution digital 

elevation model (USGS 2009) to calculate aspect of exposure and total average solar 

irradiance during the dry season (Wh m
-2

), June 1- July 31 in ArcMap (ESRI 2011) and 

generated a grid of points that were only of the highest 30% of irradiance values (lowest 

value: 130916 Wh m
-2

) and either of primarily north (337.5 to 22.5
o
) or south-facing 

aspect (and 157.5 to 202.5
o
). We then excluded points near waterways (30m) or roads 

(100m) to avoid edge habitat-effects and human disturbance (USDA 2014). We assigned 

all points were than assigned to one of seven 200m elevation bands, proceeding from 

1400m to 2800m.and randomly selected 20 points from each elevation and aspect (north 

or south) strata using the Sampling Tool Extension for ArcMap (Buja and Menza 2013). 

Then we randomly ordered each set and prioritized visits to the first five points in each 

elevation by aspect (north or south) stratum, only visiting the subsequent points if the 

initial points were inaccessible or did not meet the selection criteria (aspect, distance 

from road or stream).  
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Site temperature, water availability, leaf transpiration 

At each site, we placed a piece of rebar (under special use permit USFS-DOU0149) in an 

unshaded location and affixed an aerated PVC pipe 0.75m above the ground. The pipe 

provided shade and relatively unimpeded air movement for exposed air temperature 

readings. We hung three iButtons inside the aerated housing at each site to log the 

temperature every three hours (0, 3, 6, 9, 12, 15, 18, 21 hours) from May 2014 to 

September 2015.  

We determined, from a 24-hour period of sampling multiple individuals of the focal 

species, the daily period during which Ψleaf was at a minimum and stable, and we 

collected leaves for ΨMD measurements from 11am – 1pm. We removed petioled leaves 

from plants and immediately placed and sealed them into strong polyethylene bags, 

which included small, damp pieces of paper towel to reduce vapor pressure deficit and 

this water loss, and transported the bags in coolers. 

 

Phenology--leaf marking 

On all study individuals, we marked three fully-expanded, healthy, full-sun leaves of the 

most recent flush to monitor leaf retention, starting in October 2014. We loosely looped 

plastic-coated, flexible shape-retaining wire around leaf petioles and then looped the wire 

ends around the twigs to increase the chances of retention after leaf abscission. We 

checked leaves 3 times to 335 days after marking (following the next summer monsoons) 
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and used the timing of monitoring as a predictor in the leaf retention models (0, 90, 240, 

335 days each coincidental with seasonal changes). 

 

Turgor Loss Points 

We measured ΨTLP as the osmotic potential at which leaf turgor is zero, following the 

relationship between the inverse of the leaf water potential and the leaf water lost, found 

by repeated measurements in a dehydrating leaf (Tyree and Hammel 1972, Koide et al. 

1989). The results of these curves were also used to find absolute capacitance at full 

turgor, Cleaf (mol m
2
 MPa

-1
), a measure of the water storage within the leaf (Bartlett et al. 

2012, Sack et al. 2013). We collected stems with recent, fully-expanded, healthy, full-sun 

leaves at the shoulder times of the day to minimize xylem cavitation, and transported the 

stems, wrapped in damp paper towels, in polyethylene bags and recut the stems under 

distilled water and rehydrated each for up to 18 hours in a dark and humid environment. 

We followed the bench-dry method to determine ΨTLP (Koide et al. 1989, Sack et al. 

2013), allowing leaves to desiccate briefly and the equilibrate between leaf water 

potential measurements that were reduced by approximately 0.3MPa at each repeated 

measure. We placed the leaves in a loose plastic wrap and let them equilibrate for at least 

ten minutes between measurements in Whirl-Pak polyethylene bags (Nasco, Fort 

Atkinson, WI, USA) to reduce any water loss during the measurements. We additionally 

scanned the leaves just before measuring and dried the leaves for at least 72 hours before 

weighing for leaf dry weight and calculations of leaf water. 

We removed saturated points, or points at which water loss did not reduce the Ψleaf by 

more than 0.01MPa, before ΨTLP calculation. We then plotted relationship curve and fit a 
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line to the linear portion of the curve, found using Reduced Major Axis regression 

techniques (package lmodel2 Legendre 2014) to allow for error in both water weight and 

Ψleaf measures (Smith 2009) and maximized linear fit of osmotic potential portion of the 

curve. We did not calculate the ΨTLP when we had fewer than 4 points after turgor loss 

point to fit (average support=7.4±1.8 points). We calculated Cleaf as the product of 

saturated water content (mol)/leaf area (m
2
) and the slope of relative water content over 

declining Ψleaf (MPa
-1

) before TLP (Bartlett et al. 2012, Sack et al. 2013). We dropped 

individuals from analysis which had R
2
<0.8 values for lines of fit to osmotic potential 

declines. 

 

Freezing injury 

We cut stems under water to reduce any embolism, and then immediately placed the cut 

end of stems in rose tubes filled with distilled water. Distal stem ends were kept covered 

in polyethylene bags to maintain humid environments and kept cool (4-8
o
C). We shipped 

samples back to the University of Minnesota and tested the live stems within 4 days of 

collection. We tested stems in two rounds (half of each species set from each site). We 

sectioned the stems into seven 1-cm segments, avoiding nodes as much as possible, and 

placed them in 15ml conical tubes containing 1ml of nanopure water (<1 μS specific 

conductivity). Stem sections from each individuals were allotted to an unfrozen control 

and the other tubes were allotted to a treatment temperature (-5, -10, -15, -20, -25, and -

38
o
C). Tubes were frozen at a rate of -5

o
C/hour in a programmable freezing chamber 

(Cole-Parmer Instrument Co. , Vernon Hills, IL, USA) and removed after being held at 

their assigned temperature for 30 minutes. Because of equipment limitations, we 
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achieved the lowest temperatures (-25, -38
o
C), by removing the tubes to stand-alone 

freezers. We monitored temperatures every minute in all environments with multiple 

copper-constantin thermocouples attached to a datalogger (Campbell Scientific, Inc., 

Logan, UT, USA). We added an additional 8ml of nanopure water to each tube after 

freezing, agitated for the tubes at 200rpm for 24 hours, and measured the specific 

conductivity of the solutions. We then autoclaved all of the tubes to heat kill the stems, 

agitated the tubes again for 24 hours, and again measured specific conductivity.
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Appendix S1 Tables 

 

Table S1.1. Study site species and environmental data. Number of species per site shown following species name and sites without 

species were used only for temperature data collection. Mean temperatures for study duration, including mean summer maximum 

(mean of daily summer maxima) and absolute winter minimum are shown.  

elevation 

(m) aspect 

aspect 

(deg) species N 

mean T 

(
o
C) 

mean 

summer 

max T 

(
o
C) 

winter 

minT 

(
o
C) 

1612 N 14 -- 0 14.9 (±10.2) 35.2 -10.5 

1665 S 169 -- 0 16.1 (±9.3) 33.7 -7.8 

1735 S 174 Q. arizonica (2), Q. emoryi (6), Q. grisea (4) 12 14.5 (±11.5) 36.5 -11.5 

1761 N 353 Q. arizonica (6), Q. hypoleucoides (6) 12 14.2 (±9.6) 34.6 -10.0 

1807 S 159 -- 0 15.4 (±10.5) 35.8 -10.5 

1887 N 11 -- 0 13.3 (±8.8) 30.8 -10.5 

1947 N 12 Q. arizonica (6), Q. hypoleucoides (6) 12 13 (±9) 31.4 -10.3 

1980 S 198 Q. arizonica (6), Q. emoryi (6) 12 15.4 (±8.9) 33.0 -7.0 

2026 N 357 Q. arizonica (6), Q. hypoleucoides (6), Q. rugosa (6) 18 13.3 (±8.5) 31.4 -9.5 

2140 S 170 Q. arizonica (6) 6 14 (±8.4) 31.9 -8.0 

2303 S 199 Q. arizonica (6), Q. hypoleucoides (6) 12 13.3 (±9.4) 31.7 -10.8 

2359 N 12 Q. arizonica (6), Q. hypoleucoides (6) 12 11.8 (±7.7) 27.8 -9.5 

2481 N 338 Q. gambelii (6), Q. rugosa (6) 12 10.7 (±7.5) 27.8 -10.5 

2495 S 189 Q. hypoleucoides (6), Q. rugosa (6) 12 11.3 (±8.5) 28.9 -12.8 

2547 N 10 -- 0 9.4 (±7.3) 24.6 -11.3 

2586 S 163 Q. gambelii (6), Q. hypoleucoides(6) 12 11.3 (±8.5) 29.2 -12.0 

2620 N 341 Q. gambelii (6) 6 9 (±7.2) 24.1 -11.5 

   
total individuals 138 
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Table S1.2. Pearson correlations between locally collected temperature data (2014 – 2015), elevation, and extracted long-term climate 

variables. Temperature data was collected from June 2014 – June 2015 at all measurement sites (N=17) and local elevations and 

compared to bioclimatic variables of BIO1 (mean annual temperature), BIO6 (minimum temperature of coldest month) and AI (aridity 

index, MAP/MAE, Hijmans et al. 2005, CGIAR-CSI 2008). Significance values were adjusted to reduce the false discovery rate 

(Benjamini and Hochberg 1995) and shown as p<0.01 **, p<0.0001 ***.  

  elevation AI BIO1 BIO6 

annual mean -0.90 *** -0.91 *** 0.90 *** 0.90 *** 

summer maximum -0.89 *** -0.89 *** 0.88 *** 0.86 *** 

summer mean -0.97 *** -0.97 *** 0.97 *** 0.95 *** 

winter mean -0.66 ** -0.69 ** 0.66 ** 0.68 ** 

winter minimum -0.44 

 

-0.51 

 

0.49 

 

0.54 

 elevation --    0.99 *** -0.99 *** -0.97 *** 
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Table S1.3. Species mean (quadratic peak) elevation, calculated from presence data of site surveys (N=62) following Lenoir et al. 

(2008). Peak elevation are shown for each species in an overall model of presence by elevation (aspect=both) and in data subset to 

either aspect. Amplitude is the amplitude of the fitted normal curve and maximum is the maximum probability the peak. Chi-squared 

tests show significance (p-values) of comparison to quadratic model. 

species aspect N 

Peak 

elevation 

(m) 

Amplitude Maximum χ
2 

(null) 
χ

2 

(linear) 

arizonica both 30 2031.012 133.456 0.957305 0.000 0.000 

arizonica N 10 1971.836 143.0053 0.865168 0.000 0.006 

arizonica S 20 2075.279 85.9152 0.999962 0.000 0.000 

emoryi both 17 1808.574 115.7416 0.770255 0.000 0.000 

emoryi N 5 1799.378 57.83943 0.854863 0.000 0.035 

emoryi S 12 1828.342 116.0103 0.857677 0.000 0.000 

gambelii both 13 2586.903 177.4363 0.569839 0.000 0.182 

gambelii N 11 2572.663 183.9474 0.781605 0.000 0.252 

gambelii S 2 2556.581 3.011176 1 0.001 0.002 

grisea both 7 1635.689 62.35952 0.632243 0.000 0.031 

grisea N 3 1246.296 120.4997 0.999251 0.003 0.934 

grisea S 4 1633.367 68.86928 0.572564 0.003 0.121 

hypoleucoides both 20 2259.107 183.8011 0.668685 0.000 0.000 

hypoleucoides N 9 2129.971 147.5525 0.812217 0.002 0.001 

hypoleucoides S 11 2374.154 136.3639 0.835974 0.000 0.012 

rugosa both 7 2329.76 253.7643 0.21987 0.109 0.158 

rugosa N 4 2145.647 143.2551 0.500939 0.045 0.013 

rugosa S 3 2523.802 68.19184 0.494564 0.008 0.145 

 



 

134 

 

Table S1.4. ANOVA (Type III) of plant water access and leaf physiological measurements by average Aridity Index at collection site 

(MAP/MAE) and species. Interactive terms were dropped when not significant. Significance notations are p < 0.001 ***, p< 0.01**, 

p<0.05*. 

 
AI species 

AI x 

species residuals 

dry season ΨPD         

SS 4.68 7.83 4.39 34.6 

df 1 5 4 124 

F stat 16.8*** 5.6*** 3.9** 

 ΨTLP         

SS 0.02 2.45 2.18 11.07 

df 1 5 4 118 

F stat 0.2 5.2*** 5.8*** 

 Cleaf         

SS 0.2 0.61 -- 2.45 

df 1 5 -- 122 

F stat 10.2** 6.1*** -- 

 dry season ΔΨ         

SS 4.97 9.93 -- 47.7 

df 1 5 -- 128 

F stat 13.3*** 5.3*** -- 

 wet season ΔΨ         

SS 0.06 4.45 -- 38.33 

df 1 5 -- 131 

F stat 0.2 3* --   

wet season ΨPD 

    SS 0.1 0.29 -- 1.76 

df 1 5 -- 131 

F stat 7.2** 4.3** --   
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Table S1.5. ANOVA (Type III) of T50 by climatic and species predictors, and test round (covariate), a) T50 of all collected stems, b) 

T50 in summer stems, unacclimated to cold, c) T50 in acclimated stems Term significance as denoted as p < 0.001 ***, p< 0.01**. 

 

a 

    

b 

    

c 

   

 

all seasons, T50 

 

unacclimated, T50 

 

acclimated, T50 

predictor variables SS df F stat   SS df F stat   SS df F stat 

BIO6 0.5 1 0 

  

6.51 1 0.9 

  

1.67 1 0.1 

 previous mean temperature --  -- --   

 

19.82 1 2.7 

  

1.1 1 0.1 

 collection season 4404.5 1 275 *** 

 

 -- -- --   

 

 -- -- --   

test group 144.2 1 9 ** 

 

451.11 1 61 *** 

 

18.18 1 1.4 

 species 1086.9 5 13.6 *** 

 

244.68 5 6.6 *** 

 

1058.81 4 20.7 *** 

residuals 1313.3 82       280.93 38       459.88 36 0   
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Table S1.6. Species trait correlations (means of species at each collection site, N = 24, except in leaf retention, when N in dry and wet 

seasons = 21), upper diagonal is Pearson’s r and lower is Spearman’s rho. Significant correlations (p<0.05, alpha adjusted for multiple 

comparisons) are in bold. 

 

  

Pearson's r 

S
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cold leaf 

retention 

dry leaf 

retention 

wet leaf 

retention 

dry 

ΨPD 

wet 

ΨPD 

dry 

ΔΨ 

wet 

ΔΨ  ΨTLP Cleaf SLA 

accli- 

mated 

T50 

unaccli- 

mated 

T50 elev AI BIO6 

cold leaf retention   0.37 0.35 -0.45 0.67 0.54 -0.16 -0.34 -0.01 -0.89 0.24 0.63 -0.46 -0.52 0.50 

dry leaf retention 0.44   0.99 0.12 -0.35 0.04 -0.34 0.00 0.67 -0.62 0.68 0.31 0.45 0.45 -0.40 

wet leaf retention 0.42 1.00   0.13 -0.31 0.07 -0.34 0.02 0.69 -0.70 0.71 0.38 0.42 0.43 -0.38 

dry ΨPD -0.36 0.00 0.02   -0.57 -0.72 -0.04 0.30 0.37 0.29 0.14 -0.45 0.75 0.77 -0.78 

wet ΨPD 0.32 -0.22 -0.22 -0.67   0.48 0.34 -0.45 -0.36 -0.56 0.13 0.62 -0.75 -0.74 0.71 

dry ΔΨ 0.45 0.31 0.31 -0.67 0.45   -0.06 -0.24 -0.15 -0.52 0.07 0.53 -0.49 -0.52 0.50 

wet ΔΨ  -0.12 -0.33 -0.34 0.01 0.35 -0.14   0.20 -0.28 0.19 -0.07 0.03 -0.19 -0.12 0.12 

ΨTLP 0.07 0.13 0.13 0.23 -0.22 -0.18 0.21   0.30 0.23 0.03 -0.09 0.37 0.32 -0.33 

Cleaf 0.25 0.77 0.77 0.39 -0.50 -0.02 -0.26 0.29   -0.22 0.63 0.14 0.52 0.52 -0.51 

SLA -0.47 -0.79 -0.80 0.11 -0.18 -0.48 0.19 -0.13 -0.51   -0.43 -0.73 0.25 0.30 -0.28 

acclimated T50 0.51 0.73 0.75 0.15 0.10 0.13 -0.12 0.11 0.55 -0.66   0.47 0.14 0.14 -0.15 

unacclimated T50 0.54 0.34 0.34 -0.48 0.65 0.54 0.10 -0.01 0.07 -0.62 0.45   -0.51 -0.52 0.48 

elev -0.27 0.48 0.50 0.71 -0.82 -0.39 -0.23 0.40 0.58 -0.08 0.14 -0.50   0.98 -0.97 

AI -0.27 0.42 0.44 0.76 -0.78 -0.45 -0.22 0.37 0.53 -0.07 0.14 -0.49 0.98   -0.99 

BIO6 0.28 -0.41 -0.43 -0.76 0.83 0.42 0.20 -0.42 -0.57 0.09 -0.18 0.50 -0.98 -0.97   
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Appendix S1 Figures 

 

 

Figure S1.1. Average annual (a) and average daily summer maximum (b) and winter 

minimum (c) temperatures by elevation of site for study period of 2014-2015. North-

facing (circles) and south-facing (triangles) and their lines of fit are shown around the 

overall mean (solid line).  
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Figure S1.2. Mean annual temperatures (local observed MAT in light gray circles and 

WorldClim derived BIO1 in dark circles) by elevation of site (N=17). Open circles show 

local NOAA temperature stations (NOAA 2016). A 95% CI is shown around local MAT 

and the average difference between all fitted values of the model is shown as 1.93
o
C, an 

estimate of local temperature anomalies over historic averages. 
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Appendix S2. Chapter 2 Supplementary Methods and Results 

 

Methods 

Pneumatic method 

We calculated reservoir volume as the sum of all area between stem end and the pressure 

transducer. We used a vacuum gage pressure transducer (PX141-015V5V, Omega 

Engineering), which ranged from 1V at 0psi to 6V at -15psi, when supplied with an 8V 

input (repeatability ±.15% span of range). We kept input constant at 8V with a step-down 

voltage regulator with an output display reading accurately to one significant digit. 

Voltage and air temperature were recorded every second on a Campbell 850x Datalogger 

(Campbell Scientific, Utah USA). We converted voltage of start and end of each 180 

second measurement to pressure (in kPa) using the manufacturers reported linearity, y = 

20.682 – 20.6842 * x.   

 

We found covered leaves to be in equilibrium with stem water potential. In several 

species of oaks, we covered multiple leaves with plastic and foil and let the stem 

desiccate. We measured leaf water potential (leaf pressure chamber, Soilmoisture 

Equipment Corp., California USA) of two covered leaves simultaneously from each stem 

after an hour of being covered and after the stem had been kept in a dark bag to 

equilibrate for up to an hour. We found an average difference of 0.1MPa ± 0.1 between 

any two covered leaves and no significant change in covered leaf water potential after the 

whole stem had been left to equilibrate for at least 15 minutes in a dark humid 

environment, indicating that covered leaves are equilibrated with stems with minimal 
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additional equilibration time. We then used covered leaves to measure stem water 

potential and we let stems equilibrate in a dark bag for 30 minutes after drying before 

measuring.  

 

We covered 1-2 leaves were wrapped in plastic wrap and foil before leaving to rehydrate. 

Just before the initial (most hydrated) stem air volume test, we sampled one covered leaf 

to insure that plants were well-hydrated (≤ -1MPa). We recut stem ends immediately 

before measuring and fit with a tight section of silicone tubing. We clamped the tubing to 

the stem with hose clamps or zipties and used latex glue to seal the edge of tubing to 

stem. We kept stems in a black polyethylene bags during measurements to reduce 

transpiration. Between measurements, we left stems to bench dry in ambient laboratory 

conditions  (low interior light, mean air temperature of 21.5
o
C) between measurements 

with the ends of the stems (with tubing still attached) loosely wrapped with Parafilm 

(Bemis, Wisconsin, USA).  

 

We considered stems dehydrated when we reached the limit of the pressure chamber or 

when the sap emerging from the cut petiole was minimal. Most individuals measured had 

strongly wilted leaves by the end of measurements. We left stems to desiccate for up to 

18 hours. 

 

We recorded the initial pressure as the pressure immediately after opening the vacuum to 

the stem section, as there is a volume of air within that section that immediately lowers 
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the pressure. We found this by referencing the recorded start time and referencing a 

visual plot of the datalogger output to find the initial drop.  End voltages (pressure) were 

recorded at 180 seconds after the initial pressure. Some measurements had large enough 

air volume that the vacuum chamber needed to be depressurized to finish a measurement. 

In those cases, the total air discharged (AD, μL) was added from subsequent measures 

until 180 seconds of measurement was achieved. 

 

We found leakage following Pereira et al. (2016), as Kleak, a measure of air flow into the 

system from atmospheric pressure, for all leakage measurements (N=18). We measured 

system leakage on a cut and sealed stem (sealed with superglue) and mounted in the same 

way that samples were measured. The mean value of Kleak was used to adjust the AD 

values for each measurement as a function of Kleak, duration of testing, and change in 

pressure between atmosphere and vacuum system. We used the mean value of the 

internal vacuum throughout a single measurement as the mean internal pressure. Stem 

leakage was subtracted from each calculated value of AD (air discharge amount μL 3 

min
-1

). Some individuals were dropped due to very large leaks in the system (an order of 

magnitude larger than the average value). The mean AD of any stem leak test was 4.4μL 

3min
-1

 ±1.26. The mean value of Kleak 2.932 x10
-7

 μL s
-1

 MPa
-1

 and the mean amount of 

leakage subtracted from any measurement was then 3.96μL 3min
-1

 ± 0.49.  

 

Before fitting curves, we dropped any individual stems from the analysis that had an 

ADmin of greater than the mean and one standard deviation. This was a conservative effort 
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to remove samples for which leakage may have been greater than the measured stem 

leakage. 
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Appendix S2 Tables 

 

 

Table S2.1. Correlations of climate of origin and climate of range variables. AI = aridity 

index, mean annual precipitation/mean annual evapotranspiration (CGIAR-CSI 2008), 

BIO15 = precipitation seasonality, BIO12 = mean annual precipitation, BIO1 = mean 

annual temperature, BIO4 = temperature seasonality (Hijmans et al. 2005) 

 

  

climate of range 

 

  mean max min 

cl
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AI 0.96 0.81 0.45 

BIO15 0.92 0.89 0.86 

BIO12 0.92 0.65 0.63 

BIO1 0.64 -0.02 0.64 

BIO4 0.86 0.87 0.70 
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Appendix S2 Figures 

 

Figure S2.1. Percent air discharged (PAD) by stem water potential for each species. 

Different symbols represent individual stems. 
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Figure S2.2. Percent air discharged (PAD) by stem water potential, with model fits. 

Curves fit as non-linear mixed models (individuals as random effect) to find PAD50 (P50) 

for each species with a 95% bootstrapped CI (dotted upright lines). Data fit with package 

fitplc (Duursma and Choat 2017).  
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Figure S2.3. PAD50 predicted by non-linear mixed model and PAD50 predicted from 

model with only Ψstem as a fixed effect. Solid line shows linear fit between variables, 

dashed line shows 1:1 relationship. Grey polygon outlines 95% CI. Both species-level 

PAD50 were found using plcfit (Duursma and Choat 2017).  
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Figure S2.4. Stomatal closure by stem xylem vulnerability. Species mean leaf water 

potential at stomatal closure, Ψcrit  (MPa), by stem xylem vulnerability, PADx. (MPa).  a) 

PAD12, Ψstem at 12% embolism, dashed line indicates significant relationship at p < 0.1, b) 

PAD50, Ψstem at 50% embolism, c) PAD88, Ψstem at 88% embolism, relationship is not 

significant. Shaded areas show 95% confidence interval of model. Models were fit to 

natural log of Ψcrit. 
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Appendix S3. Supplementary species monthly temperature and precipitation 

summaries 

 

Methods 

We downloaded species occurrence data, verified within the literature or with herbarium 

samples, for all oak species included in this dissertation (GBIF 2013). We used a subset 

of those occurrences (1 pt per 1 degree
2
) and extracted the associated monthly average 

precipitation and temperature data from WorldClim v2 30 arc second raster files (Fick 

and Hijmans 2017). We found the mean values of monthly precipitation and temperature 

for each species. We also extracted the same values for each collection point for acorns 

used in our greenhouse experiments (Chapters 2 and 3) and from the study sites along the 

elevation gradient in the Chiricahua Mountains (Chapter 1) and found the mean monthly 

values for each species. 
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Appendix S3 Figures 

 

Figure S3.1. Monthly precipitation and temperature for all oak species included in this 

dissertation (a - l this page, m - x, next page). Mean monthly precipitation (blue bars) and 

temperature (red points) for whole species ranges. Error bars show standard deviation for 

monthly temperature values. Solid lines are the mean monthly values from acorn 

collection sites (oaks in greenhouse experiment) and dashed lines are mean monthly 

values from sites in Arizona. 
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