Introduction and Background


The effects of climate on the growth and survival of plants has long been shown to influence species’ distributions and community structure (Holdridge 1947; Mather and Yoshioka 1968), especially in arid or semi-arid areas (Noy-Meir 1973; Allen and Breshears 1998; Van Auken 2000). One of the most basal and crucial environmental factors a plant must cope with is the acquisition of water, and its effective transport throughout the plant body. All plants require water for photosynthesis, and increasing specialization and development of vascular tissues for water transport (xylem) have allowed plants to invade even some of the hottest and driest places on Earth, for example the widespread occurrence of Larrea tridentata in Death Valley, California.  


Xylem morphology is constrained by many factors, primarily related to physiology, climate, and safety.  Plants rely on maintaining continuous columns of water in the xylem, from the root to the leaf, under negative hydrostatic pressure, “tension”. These columns of water under tension are what allow plants to take up water from the soil. Both drought and freezing stresses can permanently disrupt this column, resulting in the loss of water transport, and restricting the plant’s ability to maintain photosynthesis. Drought stress can lead to negative pressures in the xylem that are stronger than the forces maintaining the integrity of the water column. The end result of this process, called cavitation, is an air-filled, embolized conduit and loss of water transport through that vessel (Zimmerman 1983).  Another important climatic factor influencing xylem anatomy is the intensity of freezing. Xylem diameter is the prime determining factor for vulnerability to cavitation by freezing (Davis et al 1999, Hacke and Sperry 2001).  Increasing xylem diameters lead to an exponential increase in the loss of water flow due to cavitation by freezing (Davis et al 1999, Sperry and Robison 2001, Hacke and Sperry 2001).  Freezing-induced cavitation has been shown to be an important factor in limiting species ranges (Pockman and Sperry 1997, Davis et al 1999, Martinez-Villata and Pockman 2002). 

In a dry environment, narrow, more numerous vessels should be expected rather that a few larger ones (Carlquist 1977). This is thought to be a safety mechanism; the loss of one, smaller, vessel among many would not have as great an impact as losing one of few large ones. 
 Narrower vessels are less vulnerable to freezing-induced cavitation (Davis, Sperry et al. 1999), and may also be less susceptible to implosion from strong negative tensions (Hacke, Sperry et al. 2001; Martinez-Vilalta and Pockman 2002).  It is also important, however, to consider the trade-off to narrow-diameter vessels, a reduction the amount of water that can be moved when it is available. The flow rate of water through the xylem, the hydraulic conductivity, is proportional to the fourth power of the internal radius of the vessel (Hacke and Sperry 2001, Zimmerman 1983).  


The dimensions of xylem vessels, therefore, are directly related to ecological factors such as water availability and freezing frequency and can have important consequences for a plant in terms of survival, growth, and competitive ability (Carlquist 1977; Pockman and Sperry 1997; Kolb and Sperry 1999; Pockman and Sperry 2000; Carlquist 2001; Martinez-Vilalta and Pockman 2002).  In a water limiting environment, small differences in the hydraulic architecture and hydraulic functionality of a plant can have large effects on its ability survive and thrive, and can be critical in limiting its distribution (Pockman and Sperry 2000). In fact, selection on ecophysiological traits related to water transport through the xylem and its efficient use has been shown in a number of species (Ackerly, Dudley et al. 2000).  For example, the resistance to xylem cavitation due to water stress has evolved independently in multiple plant families (Maherali In review), and water use efficiency was shown to be selected for in cocklebur (Xanthium) (Farris and Lechowicz 1990). 

The differentiation of xylem and its pattern in the plant are likely the result of an interaction between the genes and the environment in which they are being expressed, although the mechanism of this interaction is not well understood. Additionally,we lack fundamental information regarding if, or how much, plasticity (the ability of a single genotype to alter its phenotypic expression in response to environmental conditions) occurs within the xylem architecture. Plasticity in morphology or physiological function can affect a plant’s growth rate, the amount of resources available for reproduction, competitive ability, distribution, and abundance (Bradshaw 1965, Schlichting 1986, Sultan 1987, Schlichting and Pigliucci 1998, Sultan 2000).  Plasticity in xylem anatomy and hydraulic function could allow a species to tolerate a wider range of environmental conditions, potentially extending its geographical range, or allowing it to become invasive.

Fundamental questions have yet to be answered regarding the genetic and environmental mechanisms producing the observed patterns of xylem anatomy and their evolutionary, ecological and functional significance. Two approaches to questioning the functionality of xylem design are looking at variation in xylem anatomy occurring between species in similar and contrasting environments, and within individual species whose range covers a broad spectrum of climatic conditions. This research seeks to take the latter approach by investigating the potential mechanisms affecting xylem anatomy in a widely occurring, drought tolerant species, Larrea tridentata.

Larrea tridentata (Zygophyllaceae), creosote bush, is an evergreen, drought tolerant, desert shrub that dominates three of the North American deserts, the Mojave, Chihuahuan, and Sonoran. Its distribution extends from western Texas westward into southern California, and from southwestern Utah south to north-central Mexico (Barbour 1969). The three deserts represent an ecological gradient of increasing heat and aridity, and decreasing summer rainfall and freeze intensity. Larrea’s dominance across this gradient makes it an ideal species to explore the effects of climate on xylem anatomy. This species provides a unique opportunity to investigate the two climate factors that appear to have the strongest influence on xylem anatomy, freezing and drought, and the potential for plasticity in xylem architecture within a species with a broad geographical range. Further, use of Larrea tridentata could lead to interesting studies of phylogenetic patterns in xylem anatomy as closely related species in the genus exist in similar dry habitats in South America, while several other species in the Zygophyllaceae are known to be weedy and invasive annuals in dry climates (e.g. Tribulus terestris).
Goals


Ultimately, this research seeks to answer the following questions regarding xylem anatomy in Larrea tridentata:
1) Is there variation in the xylem anatomy and hydraulic architecture of Larrea in response to environmental variation?

2) If variation is present, what is the primary climatic factor determining vessel size?

3) How much environmental plasticity in xylem structure in is seen in Larrea tridentata? 
This research will initially focus on questions one and two and will begin with a large-scale comparison of xylem structure in Larrea tridentata across the three desert populations.  Specifically we will address the following hypotheses about xylem anatomy:
H1
Mean Larrea vessel diameters will increase with an increase in water availability, and will result in higher hydraulic conductivity.

H2
Larrea vessel diameters will increase with a decrease in the frequency and strength of freezing events.

Methods

The hypotheses will be addressed through microscopic analysis of vessel diameters from L. tridentata stems collected in the field, and through the comparison of distributions of the diameters in 2μm size classes.  Sampling locations within the three deserts will be chosen to encompass the range of climatic variation experienced by Larrea tridentata, and for their relative closeness to meteorological stations.  Climate data from the existing stations will be used and will include maximum and minimum temperatures, amount of precipitation, season of precipitation, and the frequency and duration of freezing events.  These data will be averaged to encompass the probable period of growth of the samples. At each of the sites, ten shrubs will be chosen to represent the local population, with at least 20 meters between each shrub to minimize the likelihood that the shrubs will be clonally related.  One live stem, with a diameter between 7 and 10 mm, will be collected from each shrub. Because Larrea tridentata does not produce annual growth rings, using similarly sized, live stems is the best way to ensure that all samples have been grown during the same period and are of approximately the same age.
The stems will be brought back to the laboratory for processing. One portion of the stem will be stained to determine the amount of sapwood (active xylem) in the stem. An adjacent segment will be sectioned for microscopy. These sections will be viewed at 100x with a compound light microscope and digitally photographed.  Using digital imagery techniques, the maximum, minimum,  and mean internal vessel diameters, as well as the frequency of  the 2μm size class will be measured.   If possible, all vessels within a border of two ray segments from the pith to the edge of the stem will be included, and only sections with at least 200 vessels will be used.
Using principle components analysis, the climatic factors important in determining vessel diameter will be elucidated.  Analysis of variance will determine if there are significant differences in mean vessel diameter among the deserts.  A goodness-of fit analysis will compare the vessel diameter distributions among the populations to indicate whether there may be any shift in strategy from many small vessels to fewer, larger ones as the environment becomes less stressfull.
Implications

Plant species vary widely in their tolerance to drought and freezing stress (Pockman and Sperry 1997; Pockman and Sperry 2000). The results of this research will lead to a greater understanding of what potential anatomical and physiological mechanisms may lead to greater stress tolerance, and that may act in determining a species’ distribution. This study will lead to a better understanding of how environmental factors may interact with a species’ genome to lead to differences in xylem structure. 
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