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Abstract 

 

Climate change studies predict that mediterranean-type climate regions around the world will 

experience more intense and protracted drought events in the coming years, which could have 

significant effects on the already seasonally drought-stressed plant communities in these regions. 

Many studies have quantified recent drought-associated plant mortality and dieback, including in 

plant communities of California. Although the effect of water stress on plant structure and 

hydraulic function has been studied, the different roles of xylem tracheary element types (i.e., 

vessels and tracheids) within some woody angiosperms and the contribution of these cells to 

plant hydraulic function have not been a central focus in the context of water stress. Particularly 

of interest are the water-stress responses of California native oak (Quercus) species, which 

occupy a wide variety of plant communities throughout California, ranging from low water and 

high temperature foothill woodland communities to high water and low temperature mixed 

conifer forests. These oak species are also of interest because of their xylem hydraulic transport 

network that includes both vessels and tracheids. The relative contribution to plant hydraulic 

function and water stress response of these different types of conduits within an organism have 

never been separated. It has been hypothesized that these xylem structural features, particularly 

the presence of tracheids in a species with vessels, may contribute to xylem hydraulic function 

under conditions of low water availability. I examined the vulnerability to embolism of five 

different oak species of the southern Sierra Nevada mountains of California. I also considered 

the effect of elevation on xylem conduit structure and hydraulic function in these species.  
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Chapter 1. Introduction 

 

As one of the five mediterranean-type climate regions in the world, California boasts high 

biodiversity and represents a unique bioregion of the globe. The mediterranean-type climate of 

California is characterized by cool, wet winters and a regular prolonged dry period during the 

summer months (Keeley and Davis 2007). This unique climate pattern and the variable landscape 

topography combine to produce many diverse habitat types, sometimes over short distances. 

Within the California Floristic Province, there are many plant communities represented, 

including wetlands, grasslands, shrublands, woodlands, conifer forests and deserts (Allen-Diaz et 

al. 2007). Plants within most of California’s plant communities experience seasonal tissue 

dehydration and may also experience below freezing temperatures during certain times of the 

year. In southern California, lower elevation plant communities are water-limited, since 

precipitation is typically lower than higher elevations. Plant communities occurring at higher 

elevations receive more water but may be temperature-limited during the winter months, 

particularly at sites that experience freezing. 

Elevation effects such as rainfall and temperature gradients may be important for 

projecting plant community distributions in the future as climate change progresses. Various 

elevation effects have been studied in the context of climate change, with predicted changes in 

plant distributions either up- or down-slope based on plant susceptibility to water stress 

(Crimmins et al. 2011; Moyes et al. 2013; Kopp and Cleland 2014). Some studies have predicted 

the upward and downward movement of different plant community types because of water 

stress-related factors such as temperature and water availability (Moyes et al. 2015).  

Furthermore, many climate change projections indicate that more severe and prolonged weather 
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events, such as drought, are likely to occur in mediterranean-type climate regions around the 

world, including California (IPCC 2013). In turn, these intensified weather patterns may 

exacerbate water stress in temperature- and water-limited plant communities, leading to plant 

mortality, shifts in community make-up and distribution, and ultimately loss of biodiversity.  

Many plant communities in the USA and around the world are already showing evidence 

of plant mortality and dieback due to water stress (Venturas et al. 2016; Anderegg et al. 2016). 

Most recently, studies have quantified wide spread plant mortality and dieback in several of 

California’s rich plant communities, such as chaparral and forest ecosystems (Paddock III et al. 

2013; Venturas et al. 2016; Jacobsen and Pratt 2018). Oak (Quercus) species have been included 

in many of these studies because they represent woody plant species that are often dominant in 

California plant communities (Brown et al. 2018). Understanding how plant water transport is 

impacted by drought and how this response differs among different species, may be particularly 

important in predicting plant community responses to future extreme weather events.  

 

Tracheary elements and plant water transport 

 

Within plants, xylem tissue transports water and nutrients from the roots, up the stems 

and ultimately to the leaves, where transpiration occurs. Within xylem tissue, xylem sap is under 

tension, that is, water is pulled up the plant. This phenomenon is explained by the cohesion-

tension theory, whereby the evaporation of water molecules at the site of transpiration in the 

leaves and the hydrogen-bonding among water molecules creates the conditions that lead to the 

upward movement of water through the plant (Tyree and Sperry 1989; Tyree and Ewers 1991). 
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Tracheary elements are the cells that are primarily responsible for bulk axial water 

transport. In woody angiosperms, the most common type of tracheary elements within the xylem 

are vessel elements many of which connect axially via perforation plates to form multi-celled 

vessels that vary in length between and within species, and which may be several centimeters to 

more than a meter in length (Jacobsen et al. 2012). Many woody plants, including many 

angiosperms, also contain a second type of tracheary element called tracheids within their xylem 

tissue. These imperforate (lacking perforation plates) tracheary elements are derived from the 

same cellular progenitor cells (i.e. fusiform initials) and are similar to vessel elements in that 

they have secondary walls, are connected laterally to other tracheary elements via pits, and are 

dead when mature and hydraulically functional. Tracheids in angiosperms differ from the 

tracheids that occur in gymnosperms; they connect to one another via pits with homogenous pit 

membranes rather than the torus-margo pit membranes found in many gymnosperm tracheids. 

They are also evolutionarily derived in many cases having been lost during the course of 

evolution only to be revolved in diverse taxa in what is probably a case of convergent evolution 

(Carlquist and Hoekman 1985).   

Both vessel elements and tracheids, the two types of angiosperm tracheary elements, may 

contribute to plant hydraulic function and part of understanding this requires a consideration of 

how the tracheids are arranged in the xylem. Carlquist and Hoekman (1985) divided angiosperm 

tracheids into types based on the location of their occurrence with the xylem. Species with true 

tracheids were defined as tracheids that occurred throughout the xylem, often replacing fibers as 

the most common cell type. This type of tracheid arrangement was hypothesized to be ancestral 

and thus represents the more ancient state of tracheary element type. Vascular tracheids occurred 
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only as a narrow band of cells at the end of growth rings and vasicentric tracheids were present 

only surrounding vessels. These latter two types are hypothesized to be evolutionarily derived. 

The occurrence of both tracheids and vessel elements within xylem is common in species 

from arid plant communities and may represent a plant adaptation to water stress (Carlquist 

1984; Carlquist and Hoekman 1985). For example, vascular tracheids, which are located the end 

of growth rings have been hypothesized to aid in maintaining cambium hydration, which may be 

important in drought-deciduous species (Carlquist 1989). Vasicentric tracheids have been 

hypothesized to be particularly important for California chaparral species, because these 

tracheids could potentially form a water-filled sheath that maintained hydraulic conductance 

among vessels during drought periods (Carlquist and Hoekman 1985). More recently, this idea 

was also evaluated in Pratt et al. (2015), which found that among various chaparral shrubs, 

species without tracheids were most vulnerable to drought-induced cavitation (air being sucked 

into vessels during drought) compared to species with vasicentic tracheids, which had the most 

resistant xylem.  

 

Tracheary element diameter and resistance to water-stress and freeze-thaw embolism 

 

The direct relationship between the diameter of tracheary elements and hydraulic flow is 

mathematically explained by the Hagen-Poiseuille equation. This physical principle explains that 

the flow capacity of a conduit is directly proportional to the diameter of the conduit raised to the 

fourth power (Tyree and Zimmermann 2002). Thus, the wider diameter vessels of the xylem 

should account for a significantly larger proportion of hydraulic transport, relative to the narrow 

tracheids. Additionally, this difference may be compounded by the resistance of flow contributed 
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by the many pits that must be traversed in flow through tracheids as opposed to predominantly 

vessel-based flow through open perforation plates, because the Hagen-Poiseuille equation does 

not account for differences in pit resistances (Sperry et al. 2005). Nevertheless, measurements of 

hydraulic conductivity of stems correlates very strongly with vessel diameter suggesting that it is 

a key structural feature of xylem that determines water transport capacity in plants (Hacke and 

Sperry 2001; Chave et al. 2009; Jacobsen et al. 2016).  

Under conditions of low water availability or freezing, species with wider diameter 

tracheary elements may suffer from hydraulic function failure. During drought conditions, air 

bubbles may be pulled into a conduit from an adjacent air-filled space if the tensions in the water 

column become too extreme. This process, termed air-seeding, causes cavitation of the water 

column. Cavitation events lead to emboli, which are gas bubbles within the tracheary elements, 

that block transport of xylem sap throughout the plant. Ultimately, this can lead to hydraulic 

failure and mortality of the whole plant. Previous studies have found that risk of cavitation and 

embolism formation is linked to vessel diameter. This trend has been found in multiple species 

comparisons (Hargrave et al. 1994; Martinez-Vilalta et al. 2002; Jacobsen et al. 2016) and the 

same pattern holds for comparisons within species (Cai and Tyree 2010).  

Under freezing conditions, like low water conditions, hydraulic transport failure occurs 

due to the blockage by gas emboli. However, the mechanism for embolism formation is 

different. As sap is frozen and thawed within the xylem conduits, gas bubbles are forced out of 

solution. As thawing continues, these gas bubbles may coalesce, expand and spread, creating 

emboli. Alternatively, the gas may simply dissolve back into solution without expanding with no 

embolism formation. The risk of gas emboli formation with freeze-thaw is directly linked to the 

diameter of the tracheary conduits within the xylem (Davis et al. 1999; Pittermann and Sperry 
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2003; Pittermann and Sperry 2006). The diameter threshold is 44 microns under hydrated 

conditions (Davis et al. 1999), but smaller diameter conduits become susceptible if freezing and 

water stress co-occur (Sperry and Sullivan 1992).  

Thus, for both freezing and water-stress, smaller diameter tracheary elements are likely to 

be more resistant to hydraulic transport failure, but small diameter conduits also have greatly 

reduced hydraulic transport capacity compared to large diameter conduits. This suggests that 

there is a tradeoff between hydraulic transport safety (i.e. ability to resist emboli formation) and 

hydraulic transport efficiency at the conduit level. The safety-efficiency tradeoff describes that 

species with highly efficient xylem, due to wide diameter conduits, also tend to be less safe or 

more vulnerable to cavitation due to water stress. Species with more narrow xylem conduits and 

therefore, less efficient xylem tissue, are predicted to have safer, more resistant, xylem with 

respect to cavitation induced by drought or freeze-thaw cycles. Consistent with this, meta-

analyses have found a significant, but weak, tradeoff between xylem tissue safety and efficiency 

when analyzed broadly across species and plant communities (Tyree et al. 1994, Gleason et al. 

2016, Hacke et al. 2017). The reason why this relationship is not stronger when scaled from the 

small scale (individual tracheary elements) up to the tissue level and interspecific comparisons is 

likely due to the rearrangement of cells at the tissue level that partially obscures the relationship 

(Gleason et al. 2016, Bittencourt et al. 2016; Jacobsen and Pratt 2018).  

 

California oaks as a unique ecological and anatomical study system 

 

Quercus (oak) species are ideal for studying the effects that the environment may have on 

how plants transport water through both vasicentric tracheids and vessels. Thus, this plant group 
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is the focus of this thesis. There are many Quercus species globally and several oak species are 

found in or are endemic to California. The Quercus species in California occupy a wide range of 

habitats and elevations and exist in diverse forms (see Table 2.1). Varying phenology, leaf habit 

(i.e. evergreen, drought deciduous), plant habit (i.e. tree, shrub), and wood porosity (i.e. ring, 

diffuse) are some characteristics that vary among Quercus species in California (Baldwin et al. 

2012). Taxa within Quercus occupy a variety of plant communities at various elevations 

including foothill woodlands, chaparral, and mixed conifer forests of California (Baldwin et al. 

2012). In turn, different species are exposed to various environmental conditions, including 

water stress and freezing.  

Anatomically, Quercus provide a unique system in which to evaluate the different roles of 

tracheids and vessels in contributing to plant hydraulic function. Within their xylem, oak species 

contain both vessels and vasicentric tracheids and both likely contribute to hydraulic function. 

However, to date, no study has examined the contribution of these cell types to oak hydraulic 

function because of the methodological difficulties in determining when these different cell types 

are functional and when transport within them fails.  

The wide distribution of tracheid-bearing Quercus species along an elevation gradient and 

throughout diverse plant communities provides an opportunity to evaluate the potential 

contributions of tracheids and vessels to xylem hydraulic efficiency and safety. Additionally, 

examination of the hydraulic structure and function of Quercus may be important in 

understanding their current ranges and in predicting their future potential distributions under 

varying environmental conditions. By limiting this study to oak species, other xylem features 

that may vary between more distantly related plant groups are controlled (IAWA 1989). 
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Chapter 2. Xylem structure and function of five oak (Quercus) species along an elevation 

gradient in the southern Sierra Nevada of California 

 

Abstract 

 

Climate change studies predict that mediterranean-type climate regions around the world 

will experience more intense and protracted drought events in the coming years, which could 

have significant effects on the already seasonally stressed plant communities in these regions. 

Many studies have quantified recent drought-associated plant mortality and dieback, including in 

plant communities of California. Although the effects of water stress on plant structure and 

hydraulic function have been studied, the different roles of xylem tracheary element types (i.e. 

vessels and tracheids) within some woody angiosperms and the contribution of these cells to 

plant hydraulic function have been little studied. Oaks have both vessels and tracheids. I 

hypothesized that the presence of tracheids in a species also containing vessels may contribute to 

xylem hydraulic function under conditions of low water availability. I predicted that oaks of the 

same species growing at drier low elevation sites would have more tracheids and be more 

cavitation resistant compared to individuals growing at higher elevation sites. I found that the 

five studied species did not generally differ in their hydraulic function and structure between 

lower and upper elevation sites in spite of differences in plant water status, although some 

species did exhibit changes in some traits. The five different oak species differed in many of 

their xylem structure and function traits. My results suggest that oaks are not adjusting (plasticity 

or adapting) their xylem traits to drier conditions and that lower elevation sites may be 
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vulnerable to drought-induced mortality due to climate change. Consistent with this, oak crown 

dieback and mortality was observed at the lowest elevation site. 

 

Introduction 

 

Across the globe, reports of plant mortality and dieback due to water stress have 

increased (Venturas et al. 2016; Anderegg et al. 2016). This has included recent reports of 

widespread plant mortality and dieback in several of California’s biodiverse plant communities, 

such as chaparral and forest ecosystems (Paddock III et al. 2013; Venturas et al. 2016; Jacobsen 

and Pratt 2018a). Understanding how plant water transport is impacted by water stress, and how 

this response differs among different species, may be particularly important in predicting plant 

community responses to future extreme weather events.  

Elevation effects such as rainfall and temperature gradients may be important for 

projecting plant community distributions in the future as climate change progresses. Plants 

within most of California’s plant communities experience seasonal tissue dehydration and may 

also experience below freezing temperatures during certain times of the year (Esler et al. 2018). 

Lower elevation plant communities are often water-limited, since precipitation is typically less 

compared to higher elevations. Plant communities occurring at higher elevations receive more 

water but may be temperature-limited during the winter months, particularly at sites that 

experience freezing. Various elevation effects have been studied in the context of climate 

change, with predicted changes in plant distributions either up- or down-slope based on plant 

susceptibility to water stress (Crimmins et al. 2011; Moyes et al. 2013; Moyes et al. 2015; Kopp 

and Cleland 2014).  
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Quercus (oak) species are found within many of the vegetation communities of 

California, represent important components of woody plant flora, and are often dominant species 

within the communities in which they are found. Oak species are diverse in the environments 

that they occupy, occur as both trees and shrubs, have different leaf habits and phenologies, and 

may exhibit diffuse or ring porous growth rings. This provides a unique opportunity to examine 

many different potential plant traits within a group of closely related species.  

Anatomically, oak xylem includes both vessel elements and tracheids. In woody 

angiosperms, most water within the xylem is transported through vessel elements which connect 

axially via perforation plates to form multi-celled vessels. Many woody angiosperm species also 

contain a second type of tracheary element called tracheids within their xylem tissue. Tracheids 

in angiosperms differ from the tracheids that occur in many gymnosperms; they connect to one 

another via pits with homogenous pit membranes rather than torus-margo pit membranes.  They 

also commonly have specific distributions such as occurring at the end of a growth ring (vascular 

tracheids) or they surround vessels (vasicentric tracheids).  

Both vessel elements and tracheids contribute to plant hydraulic function when they co-

occur in the xylem. Vasicentric tracheids, as found in oak, have been hypothesized to be 

particularly important for drought tolerance of arid plants, because these tracheids could 

potentially form a water-filled sheath that maintained hydraulic conductance during drought 

periods (Carlquist and Hoekman 1985). More recently, this idea was also evaluated in Pratt et al. 

(2015), which found that among various chaparral shrubs, species without tracheids were most 

vulnerable to drought-induced cavitation compared to species with vasicentic tracheids, which 

had the most resistant xylem.  
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The large diameter disparity between co-occurring tracheids and vessels may also be 

important in understanding how they contribute to hydraulic function. The direct relationship 

between the diameter of tracheary elements and hydraulic flow is mathematically explained by 

the Hagen-Poiseuille equation. This physical principle explains that the flow capacity of a 

conduit is directly related to the diameter of the conduit raised to the fourth power (Tyree and 

Zimmermann 2002). Based on this principle, the wider diameter vessels of the xylem should 

account for a significantly larger proportion of hydraulic transport, relative to the narrow 

tracheids. Additionally, this difference may be compounded by the resistance of flow contributed 

by the many pits that must be traversed in flow through tracheids as opposed to predominantly 

vessel-based flow through open perforation plates, because the Hagen-Poiseuille equation does 

not account for differences in pit resistances (Sperry et al. 2005) or other resistances of the vessel 

network (Mrad et al. 2018, Jacobsen and Pratt 2018b). Under conditions of low water availability 

or freezing, species with wider diameter tracheary elements may suffer from hydraulic function 

failure. Previous studies have found that risk of cavitation and embolism formation is linked to 

conduit size. This trend has been found in multiple species comparisons (Jacobsen et al. 2016; 

Martinez-Vilalta et al. 2002; Hargrave et al. 1994) and the same pattern holds for comparisons 

within species (Cai and Tyree 2010; Jacobsen et al. 2019). Under freezing conditions, like low 

water conditions, hydraulic transport failure occurs due to the blockage by gas emboli. The risk 

of gas emboli formation with freeze-thaw is directly linked to the diameter of the tracheary 

conduits within the xylem (Pittermann and Sperry 2006; Pittermann and Sperry 2003; Davis et 

al. 1999).  

Within the present study, I sought to examine the following questions looking at both 

intra- and inter-specific patterns in oak xylem hydraulic structure and function in five California-
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native oak species occurring along an elevation gradient in the southern Sierra Nevada 

Mountains of California:  

1) Does xylem structure and/or function differ between individuals occurring at the upper 

and lower ends of a species’ elevation range? This is important in understanding how species 

may shift with climate change and future extreme drought. Ranges of long-lived woody plant 

species will change due to mortality and recruitment differences along range margins.  

2) Do xylem structural traits, particularly the abundance of tracheids, correlate with 

hydraulic function? The role of tracheids in plant hydraulics remains poorly elucidated. By 

quantifying the abundance of tracheids relative to vessel elements and measuring other tracheary 

element traits, it may be possible to better understand the role of tracheids within vessel-bearing 

angiosperms. 

I examined these questions by measuring several structural and functional xylem traits. 

Functional traits included measurements of vulnerability to cavitation curves for all species at 

both their lower and upper distribution limits, as well as xylem specific hydraulic conductivity. 

Structural traits included measurements of vessel lumen and tracheid diameters, tracheid 

abundance, vessel length distributions and tracheid lengths, and pit membrane area of inter-

tracheary element bordered pits. 

 

Materials and methods 

 

Study sites and species 

I examined five California native oak (Quercus) species of varying leaf habit, plant form, 

and distribution (Table 2.1). Five field sites were established within the Sequoia National Forest 
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based on the presence of at least six individuals for each species near the lowest elevation of 

occurrence and their upper elevation of occurrence for each species (Table 2.2). The established 

sites occurred along a transect that spanned a large elevation gradient (823-1981 m) in the 

southern Sierra Nevada Mountains (Fig. 2.1; Table 2.2). At each site, six individuals of each of 

the target oak species were tagged so that they could be repeatedly sampled.  

Weather and soil data were collected from selected sites along the transect during the 

study period. Weather data was collected using small data loggers installed at sites 1, 2, and 4. At 

these same sites, manual rain gauges were also installed. Weather data was collected (November 

2017 - June 2018) from all sites. Soil samples from each site were also collected to characterize 

sites. For each site, soil samples were collected along with the leaf litter directly above each soil 

sample. At each site, three soil samples were collected along where tagged plants occurred. 

These samples were labeled and sent to USU Analytical Labs (Utah State University, Logan, 

Utah, USA) for testing. Samples were pooled within a site for soil analysis and results computed 

as a bulk sample mean. 

The water status of plants was also assessed seasonally (wet season, dry season), in order 

to gather additional information potential differences in water stress between plants occurring at 

the upper and lower distributions of each species. For each sampling period, water potential (Ψw) 

was measured on four small branchlets (for species with small leaves) or four leaves from six 

individuals of each species at both their upper and lower elevation distribution sites. Sampling 

occurred on November 2017 – June 2018, and leaves were measured at both midday and 

predawn. Leaves were not bagged prior to their collection and these values thus represent the 

water potential of potentially transpiring leaves and not the water potential of the xylem.  
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Hydraulic conductivity and vulnerability to embolism 

Vulnerability to water-stress induced embolism was measured on six individuals for each 

species from each of their low and high distribution sites in June-July 2017 using a standard 

centrifuge method with hydration reservoirs (Tobin et al. 2013). For all plants, large branches (≥ 

1 m) were cut under water in the field. The cut ends of the harvested branches were kept under 

water, and branches were double-bagged with large plastic bags before being transported to the 

laboratory at California State University, Bakersfield. Branches were refrigerated until they were 

processed for measurements within two days of harvesting. The large branches were cut 

underwater until a 14 cm long stem sample was obtained. Stem ends were shaved using a fresh 

razor blade for each sample.  

Stem segments were flushed with 20 mM degassed KCl solution at 100 kPa for 1 h to 

remove native emboli present within xylem vessels. Maximum hydraulic conductivity (Khmax) 

was measured gravimetrically using a conductivity apparatus (Sperry et al. 1988). Maximum 

xylem-specific hydraulic conductivity (Ks) was calculated by dividing Khmax by the xylem cross-

sectional area of the distal end of the samples. Stem samples were spun in a centrifuge to 

simulate water stress at successively more negative xylem pressure potentials, with hydraulic 

conductivity (Kh) measured between each spin (Alder et al. 1997; Tobin et al. 2013). 

Vulnerability to embolism curves for each sample were constructed by setting the Khmax value for 

each sample at -0.5 MPa instead of 0 MPa to account for potential cavitation fatigue (Hacke et 

al. 2001). Xylem vulnerability to embolism was quantified as the pressure at which 50% loss in 

Kh (P50) occurred for each sample and was calculated using a Weibull curve (Microsoft Excel 

2010, Microsoft, Redmond, WA, USA).  
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The leaf specific hydraulic conductivity (Kleaf) was also calculated for each sample. All 

leaves distal to the stem segment measured for Khmax were collected and their leaf area measured 

using a leaf area meter (LI-3100 Area Meter, LI-COR, Inc., Lincoln, NE, USA). Leaf specific 

conductivity was calculated as the Khmax divided by the total leaf area of each sample. These 

leaves were then dried in an oven at 60˚ C for 14 d and their mass determined using an electronic 

balance. Specific leaf area was calculated as the leaf area per dry leaf mass (mm2 mg-1).  

To evaluate the hydraulic vulnerability curve technique that we used for all species 

within the present study, we conducted follow-up measures using different independent methods. 

The first test that was conducted was a comparison of high-resolution computed tomography 

(microCT) scanned native stems from two of the species to their hydraulic vulnerability curves 

(Quercus garryana and Q. kelloggii). For these samples, five large branches were collected from 

the tagged plants in the field. The branches were >2m and were cut in air from the plant. These 

branches were then double bagged in large plastic bags and transported to the lab where they 

were left to equilibrate for > 2 h. At least 4 small branchlets or leaves were then harvested and 

their water potential measured using a pressure chamber (Model 2000 Pressure Chamber 

Instrument, PMS Instruments, Corvalis, OR, USA). A branch segment (~50 cm in length) was 

then cut from the large branch under water and was placed into the microCT scanner (Skyscan 

2211, Bruker Corporation, Kontich, Belgium) and scanned. During the scan, the cut end of the 

sample remained in water and the distal end remained intact. From these scans, the proportion of 

vessels that were filled with gas and water were calculated and used to calculate the percentage 

of gas filled conduits. This value was then compared to the percentage loss of conductivity from 

the hydraulics measures.  The native hydraulic conductivity of these stems was also measured, 

using the hydraulics technique described above. 



31 

 

As an additional test, we used single vessel air injection (SVAI) to measure the air-

seeding pressure of current year vessels in Q. douglasii and compared this to a centrifuge-based 

hydraulic vulnerability curve measured on the current year xylem of paired samples. SVAI 

measures the pressure required to seed gas across the largest pit membrane pore within a vessel 

and is an independent method of vulnerability to cavitation determination.  

Samples for hydraulic vulnerability curves were collected and prepared as described 

above; however, these samples had their inner growth rings sealed with cyanoacrylate resin so 

that only their outer growth ring was being measured. This was done so that the vessels being 

measured for hydraulics were comparable to SVAI measures, which were conducted on current 

year vessels. Stem segments used for this experiment were from different individuals than those 

used for the upper and lower site comparison and were collected specifically for this test (n = 5 

individuals sampled).  

For SVAI, segments were collected from the same 5 individuals as used for the 

vulnerability curve from paired xylem segments located immediately adjacent to the segments 

used for those measures. Emboli were removed from samples by submerging them in 20 mM 

KCl and vacuum infiltrating (-91 kPa) them for 1 h. SVAI methods follow those described in 

Venturas et al., (2016) in which each xylem segment was secured vertically under a stereo 

microscope (Olympus Corporation, Tokyo, Japan) with the proximal end submerged in 20 mM 

KCl degassed solution. A glass capillary was inserted into a single vessel within the outer growth 

ring and the other end of the capillary was connected via tubing to a pressure chamber that was 

used to slowly increase the pressure being pushed into the vessel. From each individual tree, the 

SVAI of 20 vessels was measured from several different xylem segments, for a total of 100 

vessel measures. The proximal sample end was observed until a pressure was reached that 



32 

 

resulted in bubbles emerging from a vessel or vessels. This indicated that gas had been seeded 

through a pit membrane of the injected vessel.   

As an additional examination of conductivity patterns, we examined the location of 

xylem that was actively transporting solution within a native branch. Our data indicated that oak 

vessels were highly susceptible to embolism and we were interested in trying to capture which 

conduits were functioning in highly embolized samples. Although not part of a formal test, we 

were able to feed an iodine solution into a native Q. kelloggii sample following the methods of 

Jacobsen and Pratt (2018). This sample was scanned using the microCT scanner, as described 

above, to identify the regions and cell types of the xylem that were conductive. 

 

Tracheid abundance and size 

Vessel element and tracheid densities were determined from samples of macerated 

xylem. A 1 cm section of stem was removed from the end of each of the samples that were used 

for the hydraulics measures for all species and from both the upper and lower distribution sites. 

The phloem, cortex and pith were removed and the remaining xylem pieces were placed in vials 

with 20 mL Jefferey’s solution (1:1 10% chromic acid and 10% nitric acid; Franklin 1945). 

Samples were left in vials at room temperature for 2-4 d. The maceration solution was carefully 

decanted, and the samples washed several times with DI water. Samples were suspended in 5 mL 

DI water, stained with Safranin O, and dehydrated with 70% ethanol solution prior to be 

mounted onto slides for examination.  

For each sample, slides of macerated cells were photographed at 50x magnification using 

a microscope attached to a digital camera (Axio Imager. D2, AxioCam MRc, and AxioVision 

AxioVs40, v. 4.8.2.0, Carl Zeiss MicroImaging GmbH, Gottingen, Germany). Cells with thick 
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secondary cell walls were well preserved within the macerations and easily identified. For each 

sample, 8 random slide views were photographed and the fibers, tracheids, and vessel elements 

within each view were counted. At least 100 and up to 662 cells were counted per sample, with 

an average of 372 cells per sample and over 16700 cells counted across all samples. These 

numbers were then used to calculate a percentage of fiber, tracheid, and vessel elements cells for 

each stem sample. For some sample macerations, preparation resulted in cells becoming 

degraded and fragmented. These samples were discarded, resulting in a final sample size of 

between 4 and 6 samples per site and species. 

Additionally, higher magnification images were taken of cells within these macerations 

for measures of tracheid dimensions. For each species at both their upper and lower distribution 

sites, between 19 and 41 (average of 31) tracheids were photographed at higher magnification 

and their length and diameter measured. These values were pooled for a given species and site 

distribution.   

 

Vessel diameters, lengths, and pit characteristics 

After measuring stem samples for xylem hydraulic function, stems were frozen until 

processed for additional xylem anatomical features. For vessel diameter measures, thin cross 

sections were made using a sledge microtome (Model 860 Microtome, American Optical Corp., 

Buffalo, New York, USA) and mounted on slides with glycerol. For each sample, several images 

were taken with a digital camera (AxioXam MRc, Carl Zeiss MicroImaging GmbH, Gottingen, 

Germany) mounted on a light microscope (Axio Imager. D2, Carl Zeiss MicroImaging GmbH, 

Gottingen, Germany). From cross section images, vessel lumen areas for at least 100 vessels 

were measured using an image analysis program to determine the area of hand-outlined vessel 
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lumens (AxioVision, Axio Vs40, v. 4.8.2.0, MicroImaging GmbH, Gottingen, Germany). Vessel 

diameters were calculated from lumen areas under the assumption that vessels were circular.  

The same stem samples were used to examine xylem pit characteristics. Thin longitudinal 

sections were made by hand using Teflon-coated razor blades (GEM single edge stainless steel 

Teflon-coated blades, #71970 Electron Microscopy Sciences, Hatfield, Pennsylvania, USA). 

Sections were mounted on slides with glycerol. Pit-field areas were identified within vessels and 

representative pit fields were selected from different vessels within the section to image and 

analyze (Axio Imager. D2, AxioCam MRc, and AxioVision AxioVs40, v. 4.8.2.0, Carl Zeiss 

MicroImaging GmbH, Gottingen, Germany).  At least 12 pits were measured within each pit-

field area and the number of pits counted to determine pit density (pit number per pit-field wall 

area). Pit membrane area for each individual pit was also measured (at least 12 per sample). 

These values were used to calculate the mean individual pit membrane area and the percentage 

of the pit-field wall area that was composed of pit membrane.  

 Branches from the same individuals sampled previously for vulnerability curves and Ks 

measures were collected for vessel length measurements in November-December 2017. Large 

branches (> 2 m long) were collected from the field, double-bagged, transported to CSUB and 

refrigerated until processed in a similar fashion to samples collected for hydraulic measures, 

within 3 days of collection. In the laboratory, 40 cm stem segments, including the apical ends of 

the branches were cut under water. Any side branches and leaves were cut off under underwater 

to remove resistance during flushing and the stem apical meristem was removed. Stem segments 

were flushed with 20 mM degassed KCl solution at 100 kPa for 1 h to fill embolized xylem 

vessels. Stem segments were injected with a two-part silicone (RhodorsilRTV-141, Rhodia USA, 

Cranbury, NJ, USA) containing a UV dye (Uvitex OB, Ciba Specialty Chemicals, Basel, 
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Switzerland) dissolved in chloroform (1% by weight) into the basal end at 50 kPa for 24 h. After 

silicone injection, stems were cured at room temperature for more than 72 h. To rehydrate stem 

tissue for sections, stems were submerged in water for at least 24 h. Thin cross sections were 

made using a sledge microtome (Model 860 Sledge Microtome, American Optical Corp., 

Buffalo, NY, USA) at 0, 0.7, 1.4, 2.9, 5.8, 11.8 and 24.0 cm from the injection point (i.e. at the 

basal end) for each stem sample. Images were taken of the whole cross sections using a 

microscope with fluorescent light and a digital camera attachment (Zeiss Stereo Discover V.12 

with Axiocam HRc digital camera, Carl Zeiss Microscopy, LLC, Thornwood, NY, USA). For 

each cross section, all vessels were counted, distinguishing between silicone-filled and non-

silicone filled vessels. The vessel length distribution for each sample was determined from the 

number of silicone-filled vessels at each distance relative to those filled at the injection point. 

Mean vessel length was calculated using the equations reported by Sperry et al. (2005).  

 

Statistical analyses 

Hydraulic traits between the upper and lower elevation of sites for each species were 

compared using a two-way ANOVA with species (Q. douglasii, Q. wislizeni, Q. chrysolepis, Q. 

garryana, Q. kelloggii) as a random factor and distribution along the elevation gradient (low, 

high) as a fixed factor. Tukey’s post hoc analyses were used to compare species. Within a 

species, upper and lower elevation distributions were compared using t-tests as part of pre-

planned tests of within species variation of xylem anatomical and functional traits. When data 

did not meet the assumptions of statistical tests, they were transformed as needed. This included 

a log-transformation of the absolute values for P50 data. All statistical analyses were conducted 

using Minitab (v. 17.2.1, Minitab, Inc., State College, Pennsylvania, USA).  
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Results 

 

Characteristics of sites along an elevation transect 

Climate varied along the transect I examined (Fig. 2.2). In general, the lower site was 

drier and hotter and the upper site was cooler, moister, and more humid. Soil texture was 

generally similar along the transect, with most soils categorized as loam (Table 2.3). There was a 

trend for soil organic matter to increase with elevation. Individuals occurring at the upper and 

lower ends of a species distribution also differed in their water status, particularly for predawn 

and midday water potentials during the dry season (Table 2.4 and Fig. 2.3). 

 

Hydraulic conductivity and vulnerability to embolism 

Different species were similar in the shape of their vulnerability to embolism curves (Fig. 

2.4). Species were highly vulnerable to water stress and exhibited steep losses in conductivity 

with declining water potential. The species differed significantly from one another in their 

hydraulic function, including differing in both their resistance to embolism (P50) and their 

hydraulic transport efficiency (Ks) (Table 2.5).  Species were generally quite vulnerable to 

embolism and had relatively high specific conductivity (Table 2.5). The species that was the 

most resistant to embolism was Q. wislizeni, while Q. garryana and Q. kelloggii were the most 

vulnerable species (Table 2.6). Q. garryana displayed the highest Ks, while Q. chrysolepis and 

Q. wislizeni had the lowest Ks (Table 2.6).  

 

 



37 

 

Within species variation in traits 

For most species and traits, there were no changes in hydraulic function between lower 

and higher elevation distribution sites within a species (Table 2.5; Fig. 2.4). The only exception 

to this was Q. douglasii, which was more vulnerable to embolism at higher elevation. This 

difference was consistent with the predicted direction of change for this trait.  

Similarly, structural traits did not generally differ within species between the upper and 

lower distribution limits. This was the case all vessel traits, and for tracheid traits for most 

species (Table 2.7) and also for the relative proportion of different cell types within xylem 

macerations (Table 2.8). Exceptions to this were differences in tracheid diameter and length 

between the upper and lower distribution sites for Q. chrysolepis and differences in vessel length 

for Q. wislizeni. 

 

Among species variation in traits 

Among the five different species examined, there were differences between species in 

many of the examined structural and functional traits (Table 2.5). Species differed in their P50, 

P90, Ks, specific leaf area (SLA), the proportion of tracheids and fibers within their xylem, 

vessel lumen diameter, pit membrane area, tracheid diameter, and tracheid length. A general 

pattern that emerged from these differences was a separation of the two evergreen oaks, Q. 

chrysolepis and Q. wislizeni, from the deciduous species, including in SLA, Ks, P50, P90, and 

mean and maximum vessel lumen diameter. A second pattern among the deciduous species, was 

for the species occurring at the lowest elevations, Q. douglasii, to differ from the species 

occurring at the highest elevation, Q. kelloggii. This was apparent in SLA, pit membrane area, 

and the proportion of tracheids and fibers in the xylem.   
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Comparison of data generated using hydraulic, microCT, and SVAI methods 

Tests using independent methods confirmed the same patterns as those present in the data 

form hydraulic vulnerability curves. Data from microCT scans and native conductivity values 

confirmed the presence of numerous gas-filled (embolized) vessels, even at relatively high water 

potentials (Fig. 2.4, 2.5, and 2.6). The PLC estimated from v-curves using the native water 

potentials of scanned samples did not differ from the percentage of embolized vessels that were 

counted with native scanned samples (Fig. 2.4). The native hydraulic conductivity measures for 

these samples also fell along the curves generated from the centrifuge vulnerability curves (Fig. 

2.4).  

Both SVAI and a hydraulic vulnerability curve that included only current year growth, 

also confirmed that hydraulic conductivity declined rapidly with increasing pressure and that 

current year vessels were highly susceptible to air-seeding (Fig. 2.7). A microCT scan of an oak 

stem that had been fed an iodine solution revealed that most vessels were non-conductive and 

were embolized, but a few vessels were conductive and large regions of the stem containing 

tracheids were conductive (Fig. 2.6). 

 

Discussion 

 

Oak species did not display intra-specific variation 

The oak species included in the present study did not consistently differ in xylem 

structure and function between individuals occurring at the upper and lower distribution limits of 

a species’ elevation range. One species (Q. douglasii) did conform to my prediction that moister 

upper sites would be more vulnerable to drought-induced cavitation.  A second species, Q. 
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chrysolepis, had altered tracheid size, with higher elevation tracheids being both longer and 

wider than tracheids in the xylem from lower elevation individuals. Overall, and given the large 

number of measured traits and the significant differences in seasonal water potential between 

individuals occurring at the upper and lower distribution limits of the studied species, the lack of 

intra-specific differences is striking. 

These results suggest that oak species may have limited trait variability to respond to 

changing climates. Indeed, individuals occurring at the dry ends of the distribution (i.e. low 

elevation) may be particularly threatened and some mortality has already been observed in some 

of my studied species (Brown et al. 2018).  

Limited within species variability may partially explain why so many species occurred 

along my experimental transect over a relatively short distance. If species are not able to 

plastically adjust to different conditions, they may be more limited in their potential habitats than 

species that are more flexible. This may lead to higher turnover among oak species that are 

functionally similar within their communities, but which have differing habitat preferences.  

Previous studies have found variable evidence for intra-specific variation in hydraulic 

function. Several studies have found that species may vary greatly in their conductivity and 

embolism resistance among populations and seasonally (Mencuccini and Comstock 1997, Kolb 

and Sperry 1999, Kavanagh et al. 1999, Sparks and Black 1999, Jacobsen et al. 2007b, Herbette 

et al. 2010, Jacobsen et al. 2014). Other studies have found that embolism resistance changes 

with growing conditions (Hacke et al. 2010, Awad et al. 2010, Wortemann et al. 2011). In 

contrast, other studies have found limited intra-specific variability in these traits (Lamy et al. 

2014, Jinagool et al. 2018, González-Muñoz et al. 2018). For the oak species examined in the 
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present study I found limited variability, further demonstrating that species may differ in their 

intra-specific variability or lack of variability in their xylem hydraulic functional traits. 

 

Oak species exhibited inter-specific differences in many traits  

Among the five species that were included in this study, species differed in many of their 

xylem function and structural traits. These differences illustrate the variety among these species 

in their habitats and physiology. Quercus wislizeni, an evergreen shrub whose distribution was 

limited to lower elevations, was the most resistant to cavitation. The most vulnerable species 

were Q. garryana and Q. kelloggii, both deciduous trees with middle and upper elevation 

distributions in this study. With regards to xylem hydraulic efficiency, Q. garryana and Q. 

kelloggii had the highest Ks values. Interestingly, these species were also the most vulnerable to 

cavitation, indicating a tradeoff between xylem hydraulic efficiency and safety for these species 

at these sites. Of the five species, Q. chrysolepis had the lowest Ks value and, with Q. wislizeni, 

also had the narrowest vessels, indicating limited xylem hydraulic efficiency. In this study, the 

lower elevation distribution individuals for this species occurred in a ravine. Although there is an 

abundant water availability for this species year-round, there may be an effect of the shade and 

cooler temperature, or a microclimate effect on the xylem structure and hydraulic conductivity 

for this species at these sites.  

Specific leaf area (SLA) measures the leaf area for a given leaf mass, with higher values 

indicating larger thinner leaves. In this study, the three deciduous species all differed from one 

another in their SLA and all three deciduous species had significantly higher SLA than the two 

evergreen species. This was part of a larger pattern of differences between evergreen and 

deciduous species, with the evergreen species also displaying the smallest vessels and greatest 
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resistance to cavitation, as described above. Thus, the two evergreen species appear to have traits 

consistent with resisting water stress, while the deciduous species have traits associated with 

avoiding water stress.  

None of the species differed in their proportion of vessels within their xylem, but there 

were differences in the proportion of tracheids and fibers. Species that had higher tracheid 

abundance had reduced fiber abundance, indicating that there was a tradeoff in the presence of 

these two cell types. For the proportion of the various cell types in the xylem, Q. douglasii 

showed the lowest tracheid presence and greatest fiber presence. This species also had the 

second widest vessel lumen areas and intermediate Ks. This species occurred in the warmest and 

most water-limited sites along the transect for this study. The species with the highest tracheid 

abundance and the fewest fibers in the xylem was Q. kelloggii. This species occurred at the 

highest elevation site that regularly experiences winter freezing and receives abundant snowfall. 

High tracheid presence in this species may be advantageous because their narrow lumen 

diameters makes them relatively resistance to freeze-thaw associated embolism formation.  

 

Xylem function of vessels and tracheids in oaks 

Vessels within oak xylem of the five studied species appear to be relatively vulnerable to 

water stress. This is consistent with several other studies on oaks in California, including a few 

prior studies that have examined some of these same species, especially Quercus wislizeni, 

which has been included in several studies (Matzner et al. 2001, Jacobsen et al. 2007a, Tobin et 

al. 2013). The results of my thesis contrasts with the findings of one recent study on oaks 

(Skelton et al. 2018); however, this study used a relatively new method, optical, that has recently 
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been found to poorly estimate embolism resistance compared to methods that directly measure 

hydraulic conductivity as opposed to estimating it indirectly (Venturas et al. in press).  

There has been debate about methods to measure plant hydraulic function and some have 

suggested that artifacts are prevalent with the centrifuge method that leads to overestimates of 

how vulnerable stems are to cavitation. The shape of vulnerability curves has been a chief focus 

in this debate and r-shaped curves (exponential) have been argued to be an indicator of artifacts, 

while sigmoid-shaped curves are argued to be the only correct pattern. One important factor in 

this debate is whether emboli are removed prior to beginning curves, with some labs flushing out 

emboli and other not flushing. In my methods, I flushed to remove emboli prior to initiating 

measures. Invariably, flushing out emboli will refill some vessels that were not functional in 

intact plants and some that may be damaged (fatigued). When working with older stems, flushing 

may refill vessels in the older portions of the xylem that have ceased to function over time. This 

issue could potentially be relevant to my study, since the stems that I measured were, on average, 

around 6 years old. To correct for this, I set the maximum conductivity used to evaluate 

vulnerability curves as the conductivity following a -0.5 MPa treatment, which is the 

approximate Px of hydrated tissues during the winter/spring we season. This type of correction 

has been used in many studies and is considered to be a way to correct for fatigue (Jacobsen et 

al. 2007b, Tobin et al. 2013). The rationale for this is that any vessels and tracheids that were 

damaged would easily air-seed and would therefore embolize following this relatively minor 

pressure treatment. It is possible that some vessels that are refilled by flushing in the older xylem 

will be damaged, but not so severely that they embolize at -0.5 MPa, but this has never been 

tested.  If this were so, it could lead to underestimates of embolism resistance as these damaged 
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conduits lost conductivity during the construction of a vulnerability curve earlier than they would 

have if they had not been damaged.   

In addition to using a correction for potential fatigue in my centrifuge curves, I also 

examined the potential impact of older vessels within these curves by measuring a set of samples 

in which the older rings had been sealed and only the current year’s growth was included. These 

vessels would have been grown within the year that I measured them and would not have 

experienced either the water stress of the dry season nor freeze-thaw stress for the winter. The 

vulnerability curve produced by these stems was similar to the curve measured on samples that 

included all their growth rings. This suggests that the curve shape was not impacted by fatigue 

and instead indicates that conduits within oak are susceptible to water stress associated embolism 

formation even when they have been produced within the measured year and when they are not 

fatigued. 

Another challenge when working with older stems is knowing which rings are active.  It 

is commonly assumed that only the most current growth rings are active, particularly for 

deciduous species that drop their leaves and for ring-porous species growing in cold 

environments, e.g. Q. kelloggii.  This is likely to be the case for earlywood vessels because they 

occur early in the seasonal growth of a stem; however, for tracheids and latewood vessels, there 

could be function maintained in older growth rings and there can be connections across growth 

rings (Kitin et al. 2009).  The iohexol sap flow tracer used and seen in Q. kelloggii suggests that 

tracheids can remain functional up to 7 years. In the stem that I examined, iodine tracer can be 

seen in some of the tracheids going all the way back to the very first growth ring in the sample. 

Since the tracer was introduced to the base of a large branch and transpiration was used to pull 

the tracer through the xylem, tracer in these older tracheids suggests that these older rings would 



44 

 

be functional in the plant and that they are part of a hydraulic pathway that connects to the xylem 

feeding into the current year’s leaves. This is a surprising and interesting result that suggests a 

novel role for tracheids as long-term functioning tracheary elements. This contrasts greatly with 

the vessels, which were not functional in any of the older growth rings. 

As a means to both evaluate the reliability of methods and to examine the patterns of 

embolism within stems, I measured native conductivities and scanned branches using microCT. 

Both methods produced results that were consistent with my centrifuge-based vulnerability 

curves. Regarding the native conductivities, some have suggested that xylem may become 

artificially more vulnerable when spun in a centrifuge, this would lead to lower conductivities in 

centrifuged samples compared to native samples at the same water potential. I did not find that 

this was the case and both methods produced similar values. These methods have previously 

been extensively compared for one of my study species, Q. douglasii, and this study found that 

dehydration and centrifuge data were consistent with one another and also consistent with non-

invasive measures of acoustic emissions (Tobin et al. 2013).  

Analyses of microCT images revealed several interesting patterns. One of the most 

striking patterns was the high numbers of embolized vessels within samples that were at water 

potentials between -2 and -4 MPa. These water potentials were within the range that we 

measured in plants during the dry season and this suggests that plants have very few vessels that 

remain functional within their xylem during the summer season. Also of note was the general 

agreement between microCT analyses and hydraulic vulnerability curves. This pattern has not 

been found for several other species, which have instead shown a general trend for microCT 

analysis to suggest that xylem is more resistance to embolism than hydraulics (see Venturas et al. 

2019). The agreement that I found could be due to the presence of abundant tracheids within the 
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samples that I measured. Based on the model presented by Mrad et al. (2018), Jacobsen and Pratt 

(2018) predicted that species with highly connected conduit networks would exhibit greater 

agreement between visual and hydraulic methods. In their paper, they specifically mentioned the 

possibility that tracheids within vessel-bearing species may represent a xylem network topology 

that would meet this requirement. My results seem to support their prediction that microCT and 

hydraulics would be close to agreement in samples in which vessels were connected by abundant 

tracheids. 

Both microCT and SVAI measures suggest that vessels are more vulnerable to cavitation 

than tracheids. Within the microCT images, nearly all of the vessels are embolised, while water 

filled cells are visible around the vessels. This location corresponds to where vasicentric 

tracheids occur in the xylem and suggests that many of the tracheids are still water filled when 

the vessels are already gas-filled. The iohexol fed stem sample described above further suggests 

that these tracheids are not only water filled, but that they are also conductive. SVAI measures 

showed that the current year vessels were highly susceptible to air-seeding. The SVAI curve of 

vessels was more vulnerable than the hydraulic curve. The shifting of the hydraulic curve to be 

more resistant is therefore likely due to the contribution of more resistant tracheids that were 

included in hydraulic measures. Thus, for my second proposed research question, do xylem 

structural traits, particularly the abundance of tracheids, correlate with hydraulic function, I have 

some evidence in support of a role for tracheids to function following hydraulic failure of 

vessels. This is consistent with the hypothesized role of tracheids within the xylem of vessel-

bearing angiosperm species in arid environments. Large vulnerable vessels and narrow resistant 

tracheids are consistent with hydraulic safety and efficiency tradeoffs. 
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Tables and Figures. 

 

Table 2.1. Five California native oak (Quercus) species were included in the present study that varied in leaf habit (evergreen, 

deciduous), plant form (shrub, tree), and their elevation distribution (upper and lower distribution range) along a transect in the 

southern Sierra Nevada mountains of California. List of study species, plant form and leaf habit for each species, plant community 

types where species occur and elevations are according to Baldwin et al. (2012). 

 

Species and authors 

 

Common name Plant form Leaf habit Plant community type* Elevation (m) 

Quercus chrysolepis Liebm.  

 

Canyon live oak Shrub to tree Evergreen C, MCF 30 – 2750 

Q. douglasii Hook. & Arn. 

 

Blue oak Tree Deciduous FW, C < 1590 

Q. garryana Hook.  

 

Oregon oak Shrub to tree Deciduous C, MCF 90 – 2140 

Q. kelloggii Newb. 

 

California black oak Tree Deciduous MCF 30 – 2660 

Q. wislizeni A. DC. 

 

Interior live oak Shrub Evergreen FW, C < 1600 

* FW- foothill woodland, C- chaparral, MCF- mixed conifer forest  



 

 

Table 2.2. Study sites from which oak species were sampled, including the elevation of the site, 

the vegetation type, and the common co-occurring woody species. 

 

Site Elevation (m) Community type Quercus spp. Co-occurring species 

1 823 Foothill woodland Q. douglasii 

Q. wislizeni 

Ceanothus cuneatus  

Pinus sabiniana 

Rhamnus ilicifolia 

2 1304 Foothill woodland 

and mixed 

chaparral 

 

Q. douglasii 

Q. wislizeni 

Ceanothus cuneatus  

Pinus sabiniana 

Rhamnus ilicifolia 

3 1356 Low elevation 

chaparral 

Q. chrysolepis  

Q. garryana 

Arctostaphylos viscida 

Ceanothus cuneatus 

Cercocarpus betuloides 

Fremontodendron 

californica 

Garryana flavescens 

Rhamnus ilicifolia 

4 1707 High elevation 

chaparral 

Q. chrysolepis  

Q. garryana  

Q. kelloggii 

Arctostaphylos viscida  

Cercocarpus betuloides 

Fremontodendron 

californica 

Garryana flavescens 

Rhamnus ilicifolia 

5 1981 Mixed conifer 

forest 

Q. kelloggii Abies concolor  

Calocedrus decurrens  

Pinus ponderosa 

 

  



 

 

Table 2.3. Soil analyses result from samples collected within study sites along an elevational transect in the southern Sierra Nevada 

Mountains.  

 

Site Texture pH Salinity 

(dS/m) 

P 

(mg/kg) 

K 

(mg/kg) 

N 

(mg/kg) 

Zn 

(mg/kg) 

Fe 

(mg/kg) 

Cu 

(mg/kg) 

Mn 

(mg/kg) 

S 

(mg/kg) 

Organic 

matter 

(%) 

1 Loam/ 

Sandy loam 

 

6.10 0.31 22.87 269.37 4.60 0.89 18.10 0.60 11.16 1.40 1.90 

2 

 

Loam 

 

6.37 0.37 16.16 261.33 3.27 1.53 45.13 0.80 30.73 2.50 5.13 

3 Loamy 

sand/ loam 

 

5.47 0.17 14.70 168.33 0.93 2.59 40.00 0.45 13.83 1.13 4.87 

4 

 

Loam 6.43 0.26 31.33 283.33 0.72 1.73 29.57 0.72 5.49 1.30 6.10 

5 Loam/ 

Organic 

matter 

6.13 0.23 66.83 265.00 5.00 1.72 38.30 0.44 5.19 3.33 10.07 
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Table 2.4. Mean (± SE) for seasonal maximum (Max.) and minimum (Min.) predawn (Ψpd) and midday (Ψmd) water potentials of five 

oak (Quercus) species in the Southern Sierra Nevada of California.  

 

Species Distribution n Max. Ψpd 

(MPa) 

  Max. Ψmd 

(MPa) 

  Min. Ψpd 

(MPa) 

  Min. Ψmd 

(MPa) 

  

Quercus 

chrysolepis 

High 

 

6 -0.950 ± 

0.026 

n.s. A -2.036 ± 

0.116 

n.s. A -2.206 ± 

0.284 

* B -3.010 ± 

0.191 

* A 

 Low 

 

6 -0.927 ± 

0.076 

  -2.097 ± 

0.050 

  -1.117 ± 

0.099 

  -2.375 ± 

0.200 

  

Q. douglasii High 

 

6 -0.703 ± 

0.361 

n.s. A -2.261 ± 

0.034 

* B -2.072 ± 

0.210 

n.s. BC -3.736 ± 

0.196 

n.s. C 

 Low 

 

6 -0.879 ± 

0.037 

  -2.808 ± 

0.093 

  -1.649 ± 

0.158 

  -3.860 ± 

0.167 

  

Q. garryana High 

 

6 -1.077 ± 

0.145 

* A -2.157 ± 

0.066 

n.s. A -2.785 ± 

0.117 

* C -3.367 ± 

0.078 

n.s. B 

 Low 

 

6 -0.631 ± 

0.030 

  -2.142 ± 

0.044 

  -2.140 ± 

0.227 

  -3.254 ± 

0.056 

  

Q. kelloggii High 

 

4 -1.041 ± 

0.033 

n.s. A -1.603 ± 

0.069 

* A -1.662 ± 

0.090 

n.s. B -2.133 ± 

0.133 

* A 

 Low 

 

6 -1.083 ± 

0.061 

  -2.275 ± 

0.044 

  -1.632 ± 

0.165 

  -2.654 ± 

0.058 

  

Q. wislizeni High 

 

6 -0.929 ± 

0.096 

n.s. A -2.238 ± 

0.042 

n.s. A -1.140 ± 

0.182 

n.s. A -2.749 ± 

0.167 

n.s. A 

 Low 

 

6 -0.909 ± 

0.034 

  -2.088 ± 

0.153 

  -0.847 ± 

0.162 

  -2.735 ± 

0.152 

  

 

  



56 

 

Table 2.5. Results from a mixed model analysis of variance (ANOVA) with species (Q. chrysolepis, Q. douglassii, Q. garryana, Q. 

kelloggii, Q. wislizeni), distribution along the elevation gradient (low elevation site, high elevation site), and the interaction between 

the terms for several xylem structural and functional traits, including xylem vulnerability to cavitation (P50 and P90), xylem-specific 

hydraulic conductivity (Ks), leaf-specific hydraulic conductivity (Kleaf), specific leaf area (SLA), and seasonal maximum (Max.) and 

minimum (Min.) predawn (Ψpd) and midday (Ψmd) water potentials of low and high elevation distribution five oak (Quercus) species 

at low and high elevation distributions for each species occurring in the Southern Sierra Nevada mountains of California. Values in 

BOLD indicate significance (P<0.05). 

 
Trait Category Trait Species Distribution Interaction 

Hydraulic function 
    

 P50 F4,59 = 13.48, P < 0.001 F1,59 = 3.18, P = 0.080 F4,59 = 3.88, P = 0.008 

 P90 F4,59 = 12.69, P < 0.001 F1,59 = 1.23, P = 0.274 F4,59 = 3.43, P = 0.015 

 Ks F4,59 = 3.86, P = 0.008 F1,59 = 0.31, P = 0.578 F4,59 = 0.20, P = 0.938 

 Kleaf F4,59 = 2.03, P = 0.104 F1,59 = 1.28, P = 0.263 F4,59 = 1.23, P = 0.310 

Leaf structure     

 SLA F4,59 = 61.70, P < 0.001 F1,59 = 0.21, P = 0.652 F4,59 = 1.27, P = 0.296 

Water status     

 Max. pd F4,59 = 1.18, P = 0.333 F1,59 = 0.41, P = 0.523 F4,59 = 1.55, P = 0.201 

 Max. md F4,59 = 15.49, P < 0.001 F1,59 = 19.44, P < 0.001 F4,59 = 10.35, P < 0.001 

 Min. pd F4,57 = 16.89, P < 0.001 F1,57 = 17.86, P < 0.001 F4,57 = 2.25, P = 0.077 

 Min. md F4,57 = 26.69, P < 0.001 F1,57 = 0.06, P = 0.811 F4,57 = 3.59, P = 0.012 

Xylem Structure     

 Vessel element (%) F4,41 = 1.90, P = 0.128 F1,41 = 0.07, P = 0.791 F4,41 = 1.35, P = 0.207 

 Tracheid (%) F4,41 = 4.70, P = 0.003 F1,41 = 0.36, P = 0.550 F4,41 = 0.66, P = 0.624 

 Fiber (%) F4,41 = 4.83, P = 0.003 F1,41 = 0.24, P = 0.628 F4,41 = 0.65, P = 0.629 

 Mean vessel lumen diameter F4,59 = 8.24, P < 0.001 F1,59 = 0.34, P = 0.562 F4,59 = 0.34, P = 0.852 

 Maximum vessel lumen diameter F4,59 = 16.36, P < 0.001 F1,59 = 0.01, P = 0.916 F4,59 = 0.46, P = 0.764 

 Vessel length N/A N/A N/A 

 Pit membrane area F4,59 = 2.72, P = 0.040 F1,59 = 0.01, P = 0.915 F1,59 = 1.28, P = 0.291 

 Tracheid diameter F4,299 = 9.72, P < 0.001 F1,299 = 0.31, P = 0.5786 F4,299 = 2.77, P = 0.027 

 Tracheid length F4,299 = 6.34, P < 0.001 F1,299 = 3.22, P = 0.0739 F4,299 = 1.85, P = 0.119 
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Table 2.6. Means (± SE) for pressures at which 50% (P50) and 90% (P90) loss of conductivity occurred for stem segments, stem-specific 

hydraulic conductivity (Ks), leaf-specific hydraulic conductivity (Kleaf) and specific leaf area (SLA) of from sites at the high and low 

elevation distribution for each of five oak (Quercus) species. The sample size (n) and mean (± SE) age of sampled stems are also 

included. 

 

Species Dist. n Stem 

age 

(yrs) 

P50 

(MPa) 

  P90 

(MPa) 

  Ks 

(kg s-1 

m-1 

MPa-1) 

  Kleaf 

(kg s-1 

m-2 

MPa-1) 

  SLA 

(mm2 

mg-1) 

  

Quercus 

chrysolepis 

High 6 5.0 ± 

0.5 

-0.492 ± 

0.047 

n.s. BC -1.098 ± 

0.160 

n.s. B 1.180 ± 

0.112 

n.s. B 0.032 ± 

0.005 

n.s. A 5.009 ± 

0.225 

n.s. D 

 Low 

 

6 4.7 ± 

0.7 

-0.397 ± 

0.050 

  -1.107 ± 

0.286 

  1.503 ± 

0.244 

  0.053 ± 

0.012 

  4.702 ± 

0.315 

  

Q. 

douglasii 

High 

 

6 7.2 ± 

0.7 

-0.243 ± 

0.012 

* AB -0.410 ± 

0.106 

* AB 1.940 ± 

0.421 

n.s. AB 0.121 ± 

0.053 

n.s. A 7.910 ± 

0.258 

n.s. C 

 Low 

 

6 6.8 ± 

0.7 

-0.378 ± 

0.039 

  -0.963 ± 

0.125 

  1.898 ± 

0.577 

  0.436 ± 

0.274 

  7.644 ± 

0.224 

  

Q. 

garryana 

High 

 

6 5.2 ± 

0.5 

-0.288 ± 

0.025 

n.s. A -0.560 ± 

0.113 

n.s. A 3.290 ± 

0.793 

n.s. A 0.155 ± 

0.045 

n.s. A 9.868 ± 

0.277 

n.s. B 

 Low 

 

6 8.7 ± 

1.3 

-0.237 ± 

0.013 

  -0.398 ± 

0.092 

  3.091 ± 

0.910 

  0.135 ± 

0.030 

  8.741 ± 

0.660 

  

Q. 

kelloggii 

High 

 

6 6.8 ± 

1.7 

-0.308 ± 

0.043 

n.s. AB -0.532 ± 

0.153 

n.s. A 1.995 ± 

0.626 

n.s. AB 0.088 ± 

0.020 

n.s. A 10.506 ± 

0.650 

n.s. A 

 Low 

 

6 6.5 ± 

0.4 

-0.283 ± 

0.042 

  -0.388 ± 

0.053 

  2.682 ± 

0.655 

  0.055 ± 

0.017 

  11.314 ± 

0.893 

  

Q. 

wislizeni 

High 

 

6 4.5 ± 

0.8 

-0.670 ± 

0.103 

n.s. C -2.237 ± 

0.499 

n.s. C 1.339 ± 

0.174 

n.s. B 0.089 ± 

0.018 

n.s. A 5.531 ± 

0.113 

n.s. D 

 Low 

 

6 5.3 ± 

0.6 

-0.440 ± 

0.031 

  -1.233 ± 

0.151 

  1.532 ± 

0.244 

  0.133 ± 

0.037 

  5.775 ± 

0.169 

  

  



 

 

Table 2.7. Mean (± SE) conduit anatomical traits for five oak (Quercus) species in the Southern Sierra Nevada Mountains of California 

from sites at the high and low elevation distribution for each species. An asterisk (*) indicates a significant difference (P < 0.05) and 

n.s. indicates no difference (P > 0.05) between the high and low distribution measures within a species as determined using a t-test. 

 
Species Dist. n Mean 

vessel 

lumen 

diameter 

(µm) 

  Maximum 

vessel 

lumen 

diameter 

(µm) 

  Mean 

vessel 

length 

(m) 

  Pit 

membrane 

area  

(µm2) 

  Tracheid 

diameter  

(µm) 

  Tracheid 

length 

(µm) 

  

Quercus 

chrysolepis 

High 

 

6 28.95 ± 

1.12 

n.s. B 60.29 ± 

1.64 

n.s. B    29.98 ± 

1.45 

n.s. AB 13.04 ± 

0.42 

* B 450.11 ± 

15.24 

* AB 

 Low 

 

6 27.90 ± 

1.29 

  66.17 ± 

4.58 

     28.75 ± 

1.91 

  11.45 ± 

0.30 

  417.20 ± 

13.43 

  

Q. douglasii High 

 

6 32.02 ± 

0.78 

n.s. A 81.99 ± 

5.62 

n.s. A 0.137 ± 

0.032 

n.s.  31.30 ± 

3.36 

n.s. A 13.51 ± 

0.52 

n.s. A 412.81 ± 

19.27 

n.s. B 

 Low 

 

6 32.21 ± 

1.88 

  82.12 ± 

4.85 

  0.101 ± 

0.009 

  28.32 ± 

1.03 

  14.41 ± 

0.56 

  369.43 ± 

23.73 

  

Q. garryana High 

 

6 32.67 ± 

1.31 

n.s. A 85.84 ± 

3.34 

n.s. A    26.59 ± 

0.84 

n.s. AB 14.73 ± 

0.37 

n.s. A 431.29 ± 

13.59 

n.s. AB 

 Low 

 

6 29.46 ± 

1.37 

  88.30 ± 

5.01 

     30.78 ± 

2.01 

  14.64 ± 

0.44 

  444.60 ± 

15.49 

  

Q. kelloggii High 

 

6 34.05 ± 

2.51 

n.s. A 97.71 ± 

6.53 

n.s. A    25.50 ± 

1.41 

n.s. B 14.12 ± 

0.59 

n.s. A 389.50 ± 

12.60 

n.s. B 

 Low 

 

6 33.99 ± 

1.38 

  91.12 ± 

6.88 

     23.99 ± 

0.97 

  13.23 ± 

0.39 

  404.52 ± 

14.10 

  

Q. wislizeni High 

 

6 27.75 ± 

1.03 

n.s. B 65.56 ± 

3.52 

n.s. B 0.090 ± 

0.030 

*  26.97 ± 

1.66 

n.s. AB 13.86 ± 

0.38 

n.s. A 481.65 ± 

15.68 

n.s. A 

 Low 

 

6 27.11 ± 

2.22 

  65.29 ± 

3.11 

  0.178 ± 

0.023 

  27.27 ± 

1.57 

  14.69 ± 

0.60 

  438.63 ± 

14.69 

  

`



 

 

Table 2.8. Mean (± SE) proportions of conduit (vessel elements and tracheids) and fiber cells 

from xylem tissue macerations for five oak (Quercus) species in the Southern Sierra Nevada 

Mountains of California from sites at the high and low elevation distribution (Dist.) for each 

species. Following each species mean, results from comparisons of high and low distributions 

and species are included. An asterisk (*) indicates a significant difference and n.s. indicates no 

difference between the high and low distribution measures within a species as determined using 

t-tests. Different letters indicate significant differences among species as determined from Tukey 

post hoc analysis of the ANOVA model described within the text. 

 
Species Dist. n Vessel 

elements 

(%) 

  Tracheids 

 

(%) 

  Fibers 

 

(%) 

  

Quercus 

chrysolepis 

High 

 

5 3.30 ± 

0.42 

n.s. A 15.12 ± 

2.37 

n.s. BC 81.58 ± 

2.43 

n.s. AB 

 Low 

 

4 4.16 ± 

0.91 

  16.02 ± 

1.03 

  79.82 ± 

0.45 

  

Q. douglasii High 

 

5 3.36 ± 

0.66 

n.s. A 12.73 ± 

2.22 

n.s. C 83.91 ± 

2.83 

n.s. A 

 Low 

 

6 3.97 ± 

0.55 

  12.61 ± 

1.55 

  83.43 ± 

1.99 

  

Q. garryana High 

 

6 4.60 ± 

0.61 

n.s. A 18.90 ± 

0.80 

n.s. ABC 76.50 ± 

0.98 

n.s. ABC 

 Low 

 

6 4.28 ± 

0.49 

  15.59 ± 

1.81 

  80.13 ± 

1.77 

  

Q. kelloggii High 

 

5 4.54 ± 

0.42 

n.s. A 22.40 ± 

2.56 

n.s. A 73.06 ± 

2.48 

n.s. C 

 Low 

 

4 4.96 ± 

0.44 

  21.64 ± 

3.33 

  73.39 ± 

3.37 

  

Q. wislizeni High 

 

6 3.93 ± 

0.63 

n.s. A 17.41 ± 

1.68 

n.s. AB 78.66 ± 

1.82 

n.s. BC 

 Low 

 

4 3.00 ± 

0.60 

  17.70 ± 

2.91 

  79.30 ± 

3.32 

  

 

 

  



60 

 

Fig. 2.1. 

 

 
 

Figure 2.1. Representative photos of sites occurring along a transect that spanned a large 

elevation gradient in the southern Sierra Nevada mountains of California, USA, including 

foothill woodland (E,F), chaparral (C,D) and mixed conifer forests ecosystems (A,B). PC: Anna 

L. Jacobsen 
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` 

Fig. 2.2. 

 

 

 
 

Figure 2.2. Weather data from the studied period from three sites along the experimental transect 

in the southern Sierra Nevada, California, USA. The lines around the mean temperature are 

standard deviations.  
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Fig. 2.3. 

 

 

 
 

Figure 2.3. Maximum (Ψmax, A) and minimum (Ψmin; B) water potentials of five oak 

(Quercus) species from low and high elevation distribution sites measured during the dry season 

in November 2017 (B) and at the end of the wet season following rainfall in June 2018 (A). 
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` 

Fig. 2.4. 

 

 

 
 

Figure 2.4. Vulnerability to cavitation curves of stems from upper (H) and lower (L) elevation 

distribution sites for five oak species. NS indicates lack of significance (P>0.05) and an asterisk 

(*) indicates a significant difference between sites (P<0.05). Triangles from native samples 

measured for water potentials, microCT-scanned, and measured for their native conductivity 

(open blue triangles for Q. garryana and open orange triangles for Q. kelloggii). 
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Fig. 2.5. 

 

 

 
 

Figure 2.5. A native stem of Q. garryana at -2.44 MPa is highly embolized, consistent with the 

vulnerability curve shown in Figure 2.3. PC: R. Brandon Pratt 
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Fig. 2.6. 

 

 
 

Figure 2.6. A native stem of Q. kelloggii at -1.8 MPa. Nearly all of the vessels within the xylem 

are embolized.  Conductive conduits, stained with an iodine-rich solution, are visible as white 

within the xylem (Jacobsen & Pratt 2018).  Abundant flow is occurring through tracheids in the 

outer growth ring.  PC: R. Brandon Pratt 
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Fig. 2.7. 

 

 
 

Figure 2.7. Vulnerability curves from standard centrifuge and single vessel air injection (SVAI) 

methods for samples of Quercus douglasii. 
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Chapter 3. Conclusion 

 

Quercus species are ideal for studying the effects that the environment may have on how 

plants transport water through both vasicentric tracheids and vessels. The Quercus species in 

California occupy a wide range of habitats and elevations and exist in diverse forms, varying 

phenology, leaf habit (i.e. evergreen, drought deciduous), plant habit (i.e. tree, shrub), and wood 

porosity (i.e. ring, diffuse). Taxa within Quercus occupy a variety of plant communities 

including foothill woodlands, chaparral, and mixed conifer forests of California and globally, 

oak species are economically important and dominate many northern hemisphere plant 

communities. The research included in this thesis examined five oak species and measured a 

diverse suite of hydraulic functional and anatomical traits.  

My work on oak species has implications for studying plant biology in general. One 

question that has long been of interest is the evolution of vessels from tracheid-bearing ancestors, 

an additional question is why some species re-evolved tracheids. There are no simple 

explanations for these patterns, and recent studies on the evolution of vessels raise numerous 

questions (Wheeler and Bass 2018). Studies of the functional roles of these conduits types when 

they co-occur, may be important in understanding the evolution of cellular division of labor 

within the xylem. 

Finally, there are obvious connections between my research and climate change. As 

global climate continues to warm, precipitation patterns will change and plants will be subjected 

to increasingly anomalous conditions. For long-lived woody plants, such as the oak species that I 

studied, they will either have to be able to tolerate these changing conditions or they will die in 

some parts of their current ranges. The ability of these species to persist will depend in part on 
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their ability to tolerate stress and in part on their ability to colonize new habitats. My work 

suggests that the oak species that I examined have little variability among populations occurring 

at the elevational limits of their range. These species may be limited in their ability to tolerate 

change conditions within their current distribution. 
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