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ABSTRACT 

Quercus havardii is a rhizomatous oak shrub that occupies 

approximately 2.7 million ha of land In western Texas, western Oklahoma, and 

eastern New Mexico. Due to the variable rainfall conditions that exist in the 

growing region, Quercus havardii should exhibit tolerance to drought 

conditions. 

The effect of drought upon leaf gas exchange, leaf, root, and rhizome 

carbohydrate levels, and mycorrhizal infection was measured for Q. havardii 

growing in a sandy, uniform, flat site 90 km southwest of Lubbock, TX and for 

seedlings In the greenhouse. Pre-dawn leaf water potentials (^pj were 

measured as an Indication of leaf water status. Field analyses were 

conducted during a prolonged, early season drought and after subsequent 

heavy rainfall. Fully expanded leaves located at the midpoint of the first 

growth flush were used for leaf gas-exchange and carbohydrate analyses. 

Ectomycorrhizal colonization was determined for roots of ramets at the edge of 

the study site. 

During the late spring of 1996, Q. havardii had been exposed to drought 

conditions for over 1 month. Even with the extremely low soil moisture content 

of 0.23%, the H'p̂ j was relatively high at -1.28 MPa. The maintenance of a 

relatively high water potential under these conditions may have been due to 
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an ability to reach deep water resources or to store water in the roots and 

especially rhizomes. However, water loss was controlled by reducing stomatal 

conductance (g^) during the hottest period of each day. Although net COg 

assimilation (A) was maintained at a lower value throughout the drought, when 

compared to the situation after the relief of drought, water stress did suppress 

leaf A and carbohydrate levels. Thus, Q. havardii ̂ as functioning at less than 

an optimum level and under some water stress. 

The greenhouse study indicated that seedlings of Q. havardii are able 

to maintain at least some photosynthetic activity down to a ^^ of about -1.4 to -

1.5 MPa, after which A is reduced to essentially zero. For W^ down to -0.9 

MPa changes in A are Increasingly correlated with changes in g^. For 

seedlings with ^^^ between -0.9 and -1.3 MPa, there is some indication of 

biochemical dysfunction restricting A, ignoring potential patchy stomatal 

closure. Below -1.3 MPa, non-stomatal restrictions to A are the most likely 

factors leading to values of A near zero over a large range of Cj values. Unlike 

mature plants, the seedlings do not have the water holding capacity of the 

large rhizome or a root system to reach deep water sources to maintain W^^ 

and A under prolonged drought. Therefore, the seedlings are more 

vulnerable to leaf water potentials below -1.4 MPa than are the mature plants. 

If they receive water before leaf senescence in response to stress, A recovers 



well after 2 days. Therefore, Q. havardii behaves as a drought postponer 

rather than drought tolerant species. 
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CHAPTER I 

INTRODUCTION 

Quercus havardii Rybd. (sand shinnery oak) is a rhizomatous oak shrub 

that occupies approximately 2.7 million ha of land in western Texas, western 

Oklahoma, and eastern New Mexico (Jones and Pettit 1984; Pettit 1985). 

Quercus havardii Is different from other oak species in that the majority of the 

biomass is below the surface of the soil, with up to 85% of the biomass existing 

as woody rhizomes (Sears et ai. 1986a). Due to the toxicity to cattle, most 

research has focused on how to eliminate the species from range land (Jones 

and Pettit 1984; Sears et al. 1986ab). Hence, the species is considered an 

economic hindrance. However, the oak shrub can be considered as 

ecologically important. The roots and rhizomes tend to stabilize the sand 

dunes and keep the sandy soil from blowing. 

Due to the weather conditions that exist in western Texas, the oak 

experiences many environmental stresses, including drought. Water stress Is 

defined as a decrease in soil water potential that reduces plant function below 

an optimum (Hinckley, Richter, and Schulte 1991). Periods of prolonged 

drought reduce the productivity of a plant by reducing the net COg assimilation 

rate (A) in addition to slowing growth directly (Taiz and Zeiger 1991). In fact. 



low values of A may persist for one or more days after the soil water potential 

recovers to pre-drought levels. 

The effects of drought have been studied extensively on European oaks 

(e.g., Q. petraea, Q. robur, Q. pubescens, Q. cerris, Q. ile)^ (Epron and Dreyer 

1993a; Epron, Dreyer, and Breda 1992; Epron and Dreyer 1993b; Valentini et 

al. 1995; Acherar and Rambal 1992; Damesin and Rambal 1995) and on 

several North American oaks (e.g., Q. macrocarpa, Q. rubra, Q. stellata, Q. 

alba, Q. velutina) (Ni and Pallardy 1992; Abrams 1990; Weber and Gates 

1990; NI and Pallardy 1991; Bahari et al. 1985; Hinckley et al. 1978). For the 

oak species studied, a decreasing pre-dawn leaf water potential {^p^) Is a 

good Indication of water stress, and leads to a reduction In A at approximately 

-1.0 MPa. The extent of physiological changes caused by drought stress is 

species-dependent, but oaks tend to exhibit less of a decrease in CO2 

assimilation rate than do other tree species, such as maples (Abrams 1990; Ni 

and Pallardy 1992; NI and Pallardy 1991). For example, the maximum values 

of A for Q. stellata averaged 1.97 p.mol/mVs when '̂p̂  was -2.64 MPa (Ni and 

Pallardy 1992), while A for Acer saccharum averaged 0.08 jxmol/m^s when 

H'pd was -2.36 MPa (Ni and Pallardy 1992). 

The decline in CO2 assimilation for plants under water stress can be 

attributed to stomatal or non-stomatal limitations to photosynthesis (Hinckley, 

Richter, and Schulte 1991; Chaves 1991; Ni and Pallardy 1992). Stomatal 



closure is one of the first lines of defense against desiccation. However, this 

protection against desiccation also reduces CO2 diffusion to the mesophyll 

cells, and thus reduces carbon assimilation by the plant (Chaves 1991). 

Plants under severe water stress generally demonstrate greater non-stomatal 

limitations to A rather than stomatal. As water potential continues to decline, it 

is not the carboxylation capacity of RuBPCgse that is greatly affected, but the 

ability of the Calvin cycle to regenerate RuBP (Sharkey and Seemann 1989). 

Sharkey and Seemann (1989) conclude that severe water stress effects 

FBPase activity, and, thus, RuBP regeneration. Ni and Pallardy (1992) also 

conclude that non-stomatal limitations to photosynthesis are more important in 

Acer saccharum, Juglans nigra, and Quercus alba than stomatal limitations 

under severe water stress, except in the seedlings of Quercus stellata which 

demonstrated a predominately stomatal limitation to photosynthesis even at a 

^p^of-2.64 MPa. 

Net assimilation rate versus intercellular concentration of CO2 (A-CJ 

curves can be used to assess the degree of stomatal and non-stomatal 

limitations to photosynthesis (Martin and Ruiz-Torres 1992; Ni and Pallardy 

1992; Sharkey 1985). The Initial slope of the A-Cj curve indicates the 

carboxylation efficiency, which involves the ability of rubisco to fix CO2 (Martin 

and Ruiz-Torres 1992). As assimilation begins to saturate, the thylakoid-

dependent regeneration of RuBP becomes increasingly restrictive to A and at 



complete C, saturation, P, recycling for ATP synthesis limits A (Sage 1994). 

However, qualitatively, at a given atmospheric CO2 level, if the decline In A 

with stress Is associated with a decline in Cj, then stomatal limitations are 

greater than biochemical limitations. An increase In Q with a constant or 

declining stomatal conductance to CO2 would be indicative of greater 

biochemical dysfunction than stomatal limitation. 

Environmental stresses not only can affect photosynthate production, 

but can also affect the processes that regulate the translocation of 

carbohydrates from sources to sinks (Chapin III 1991). Soluble sugar 

accumulations occur as a consequence of the regulation between sucrose 

synthesis and translocation, which allows for the maintenance or Increase In 

the soluble sugar pool in the leaf with decreased photosynthetic activity (Quick 

etal. 1990). In particular, drought-stressed spinach leaves accumulate 

sucrose with lower daily starch accumulation (Quick et al. 1990). However, 

there is no evidence for end product inhibition of A by sucrose accumulation 

for plants under drought stress (Chaves 1991). 

Since all oaks support mycorrhizal symbionts (Kendrick 1992), water 

stress may alter the amount of carbohydrate translocated to the fungal 

symbiont. It has been estimated that approximately 25% of the total 

photosynthate may be required to support the growth and maintenance of 

mycorrhizae (Kozlowski 1992). Therefore, any reduction in sucrose synthesis 



and translocation may alter the effectiveness of the mycorrhizal fungi in 

supplying inorganic nutrients back to the host plant, or possibly retard normal 

colonization. This situation is especially important in the nutrient-poor sands 

in which Quercus havardii grows (Zhang 1996; Sears etal. 1986b). According 

to Sung and Krieg (1979) phloem transport in Sorghum bicolor'is less affected 

by drought stress than CO2 assimilation. Therefore, the greatest potential 

limitations to supplying carbohydrates to the roots and mycorrhizal fungi 

maybe the rate of sucrose synthesis and photosynthesis for Q. havardii. 

Most plants can be categorized as either desiccation tolerant or 

desiccation postponers (Taiz and Zeiger 1991). A desiccation tolerant species 

has the ability to function while dehydrated, whereas a desiccation postponer 

has the ability to maintain tissue hydration (Taiz and Zeiger 1991). Several 

species of Quercus belong to the drought tolerant category (Bahari et al. 1985; 

Epron and Dreyer 1993b; Ni and Pallardy 1992). This study was conducted to 

detennine the effects of drought as determined by soil water content and 4'p̂  

upon leaf gas-exchange, leaf, root, and rhizome carbohydrate content, and 

ectomycorrhizal infection of roots in Quercus havardii. Given the Importance of 

maintaining photosynthetic activity during frequent droughts by Quercus 

havardii \o maintain its mycorrhizal association and extensive rhizome system, 

I hypothesize that Q. havardii yN0u\6 belong to the desiccation tolerant 

category. 



CHAPTER II 

MATERIALS AND METHODS 

Field Studv 

Field Site 

The study site was located in the northeastem section of Yoakum, 

County, approximately 90 km southwest of Lubbock, Texas. The research site 

is characterized by an A horizon of sand overlying a B horizon of sandy clay 

loam (Sears et al. 1986ab). Within the research site, sand dunes and blowout 

areas are prevalent, however, none are present In the 100 m̂  research plot 

which is essentially level. Precipitation averages approximately 41 cm a year, 

with most being received from May through October (Jones and Pettit 1984). 

Plant Material 

Five ramets of Quercus havardii sca\\ere6 within a 100 m̂  plot were 

selected for leaf gas-exchange measurements during 1996. For each of the 

five ramets, one leaf located at the midpoint of the first growth flush was 

selected for measurements. Immediately adjacent ramets were utilized for leaf 

water potential and carbohydrate sampling due to the destructive nature of 

these tests. To minimize disturbance of the study site, ramets adjacent (within 



5 m) to the study plot were selected for root and rhizome sampling and 

determination of the colonization of roots by ectomycorrhizal fungi. 

Leaf Gas-Exchange Measurements 

Leaf gas-exchange measurements were performed on five ramets three 

times during the day [mid-morning (4 h after sunrise), mid-day (7 h after 

sunrise), and late afternoon (12 h after sunrise)] on three dates [d.o.y. 136 

(May 16), 152 (June 1), and 157 (June 6)]. These dates were selected due to 

the high degree of saturated light conditions. Measurements of PPFD, T|ga„ A, 

C,, and gs were taken on fully expanded leaves located at the midpoint of the 

first growth flush using a portable infrared gas analysis system (Analytical 

Development Company, model LCA-4, Hoddeson, UK). All measurements 

were made at ambient CO2 concentrations of 358.7±8.66 p.mol/mol over the 

season. Since, the use of transpiration rates to calculate WUE requires 

correction due to differences between vapor pressure deficits among 

measurements, WUE was calculated as A/g^ (Ni and Pallardy 1991; Ritchie et 

al. 1990). 

Water Status Measurements 

Soil moisture content was determined by sampling 20 to 30 grams of 

soil from a depth of 20 to 30 cm [location of fine root growth (Zhang 1996)] 



from four sample locations adjacent to the research plot in the mid-morning 

hours on thirteen dates (d.o.y. 98 [April 8], 122 [May 2], 133 [May 13], 141 [May 

21], 149 [May 29], 157 [June 6], 186 [July 5], 194 [July 13], 198 [July 17], 213 

[August 1], 233 [August 21], 250 [Sept. 7], and 282 [Oct. 9]). Soil was then 

dried at 80°C for at least three days to determine dry weight. Soil moisture 

content was then determined using the following calculation: [(initial weight -

dry weight)/dry weight] X 100. 

Pre-dawn leaf water potentials were determined for five ramets on 

twelve dates [d.o.y. 134 [May 13], 136 [May 16], 141 [May 21], 152 [June 1], 

157 [June 6], 170 [June 19], 186 [July 5], 194 [July 13], 198 [July 17], 213 

[August 1], 233 [August 21], and 282 [Oct. 9]) using a pressure chamber (Soil 

Moisture Equipment Corporation). One leaf for each of the five ramets that 

were immediately adjacent to those used for leaf gas-exchange analyses were 

used to determine H*^. 

Carbohydrate Analyses 

A 0.6 cm^ leaf punch was used to sample disks from one leaf/ramet for 

five ramets immediately adjacent to ramets used for leaf gas exchange and 

^^. The leaf disks were rapidly removed, placed into liquid nitrogen, and 

stored at -80°C until carbohydrates were extracted. On the same three 

selected dates (d.o.y. 136, 152, and 157) as those for leaf gas exchange, 
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leaves were sampled at three tlmes(pre-dawn [30 min. before sunrise], mid

day [7 h after sunrise], and pre-dusk [30-45 min. before sunset]) to determine 

any carbohydrate production throughout the day. 

Roots and rhizomes were sampled 20-30 cm below the surface of the 

soil during the mid-morning hours on twelve selected dates (see Figures 10-

12). Small sections of roots and rhizome were rapidly cut and placed into 

liquid nitrogen and then stored at -80°C until carbohydrates were extracted. 

Soluble carbohydrates (glucose plus fructose [hexose] and sucrose) 

were extracted with 80% ethanol at 70-80°C followed by two rinses of 70-80°C 

water (1 mL and 0.5 mL, respectively). The extract was then concentrated to 

approximately 1 mL. The hexose content was analyzed using a 

spectrophotometric assay using G6PDH + PGI followed by hexoklnase (Jones 

et al. 1977). Using the same assay solution, sucrose was determined by 

adding invertase (Jones etal. 1977). 

Starch was extracted from the pellet saved from soluble sugar 

extraction. The starch was gelatinized in 100 mM acetate buffer (pH 4.8), at 

100°C for 30 minutes. After cooling, the starch was digested to glucose using 

24 units of amyloglucosldase for 2 to 3.5 h at 50°C. The solution was then 

assayed for glucose using G6PDH and hexoklnase (Jones et al. 1977). 



Mycorrhizal Colonization 

Ectomycorrhizal colonization was determined by counting infected root 

tips. 200 root tips were counted from five to ten root segments collected from 

four ramets at a depth of 20 to 30 cm below the soil surface during the mid-

morning hours while sampling of root and rhizome carbohydrates. Percent 

colonization was determined by (number infected/total number) X 100. 

Greenhouse Study 

Plant Material 

To determine the effects of water deficit in a more controlled 

environment, acorns were collected during late summer from the research site, 

and geminated in plastic bags at room temperature before at least five of the 

germinated acorns were planted in 18-L pots containing a mixture of coarse 

and native sand. Plants were watered every other day and fertilized with full 

strength Hoaglands solution once a week. During the winter months, the 

natural photoperiod was extended to 14 h using 400 W metal halide lamps 

providing a PPFD of 500 |imol/m /̂s. Temperature was maintained at 

approximately 30/22°C (day/night). 
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Development of Drought 

Ten plants (30 to 50 cm tall) were selected during periods when not 

flushing. At the start of the experiment, the ten plants were watered thoroughly 

and then water was withheld for approximately 30 days. On the first day after 

watering and at least once a week as the soil dried, ^p^ and ̂ '̂ ĵwere 

measured from ten plants using a pressure chamber (Soil Moisture Equipment 

Corporation). The ^̂ ^̂ was measured immediately before leaf gas-exchange 

was performed. At the end of the experiment (determined by either a p̂̂ ^ of at 

least -2.0 MPa or plants having negative photosynthetic rate at ambient CO2), 

soil moisture content was determined at a depth of 20 cm (center of pot), and 

plants were then watered. Plants were watered (until water drained from pot) 

daily during the recovery period. 

Leaf Gas-Exchange Measurements 

Leaf gas-exchange measurements were performed on one fully 

expanded leaf/plant located on the midpoint of the last fully expanded flush for 

ten plants. Measurements of A, Cj, and gg were performed during the mid-day 

(at least 5 h after sunrise) using a portable infrared gas analysis system (Li-

Cor, model 6400, Lincoln, NE). All measurements were taken at the ambient 

CO2 concentration of 360 n.mol/molat a temperature of 30°C, air relative 

humidity of 30%, and a PPFD of 2000 |imol/m7s provided by a red LED light 
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source mounted on top of the leaf chamber. Plots of A versus C, were 

generated on plants at various water potentials to determine any potential 

stomatal or non-stomatal limitations to A and after re-watering to determine the 

rate of recovery. Leaf chamber conditions were maintained as described 

above except that atmospheric CO2 was first elevated to 1200 )imol/mol and 

then gradually decreased (960, 810, 660, 510, 360, 250, 200, 150, 100, 50, 0 

|imol/mol). At each C^ measurements of A, g^, and Q were obtained. 

Data Analysis 

Field Study 

Leaf gas-exchange and carbohydrate data was analyzed by a 2-factor 

(time of year and time of day) repeated measures analysis of variance 

(StatVlew"̂ *̂  SE+Graphics, 1991). A 1-factor analysis of variance using a 

Sheffe post hoc test was used to test carbohydrate content and leaf gas-

exchange means for a given time within and among dates. A 1-factor analysis 

of variance using a Sheffe post hoc test to test the mean significance of 

mycorrhizal colonization, ^p ,̂ and soil moisture content. A 2-factor analysis of 

variance (d.o.y. and root vs. rhizome) using a Sheffe post hoc test was used to 

test the mean significance of root and rhizome carbohydrate content. A 

Spearman rank correlation was used to determine the correlation between 

mean soil water content for a given d.o.y. and pre-dawn leaf water potential. 
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Greenhouse Study 

Leaf gas-exchange data was analyzed by a Mann-Whitney U test to 

determine differences between high and low water potentials. The leaf gas 

exchange data was divided into two groups with ^p^ either below -1.0 MPa or 

greater than -1.0 MPa and '¥^^ either below -1.25 MPa or greater than -1.25 

MPa. These values were chosen due to literature review of other oak species 

that had reduced gas exchange at this water potential (Epron and Dreyer 

1993ab; Ni and Pallardy 1991; Weber and Gates 1990). A-Ci curves were 

analyzed by a second order polynomial regression analysis to determine any 

significant relationship between A and Cj. 
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CHAPTER II 

RESULTS 

Field Study 

During the early part of the growing season (with growing season 

defined as occurring from d.o.y. 100 [April 10] through d.o.y. 299 [Oct. 26]), a 

drought occurred as Indicated by soil moisture content for over one month. 

During the latter portion of this drought when the oak leaves were fully 

expanded, gas-exchange measurements were obtained for only one date 

(d.o.y. 136) due to non-saturated light not fully maximizing photosynthesis. A 

substantial rainfall of undetermined amount then occurred (d.o.y. 148) that 

thoroughly wet the soil and gas-exchange measurements were obtained for 

wet soil conditions (d.o.y. 152). Further gas-exchange measurements could 

not be obtained until 5 d after the rain event (d.o.y. 157) because of a lack of 

saturated light. During August a shorter drought period occurred, however, 

due to an equipment malfunction only measurements of A were obtained for 

one date (d.o.y. 213) (Figure 28). 

Plant and Soil Water Status Relations 

There was a highly significant day of year effect on soil moisture 

content, but due to the low water holding capacity of the soil (Sears et al. 
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1986a), the soil moisture content never was greater than 5.48% (Figure 1, 

Table 4). The soil moisture content varied considerably over the growing 

season, with the wettest period occurring in the early part of the season. Soil 

moisture content averaged 2.59% over the growing season. On d.o.y. 141 the 

lowest soil water content was only 0.23%, on d.o.y. 213 soil moisture content 

of 1.39% was obtained (Figure 1). 

There was a highly significant day of year effect on pre-dawn leaf water 

potentials (Figure 2, Table 5). Pre-dawn leaf water potentials were always 

greater than -2.0 MPa throughout the growing season (Figure 2). The low 

variability between ramets on a given day indicated that these values were 

representative of those leaves used for leaf gas-exchange analyses. The 

lowest average ^^^ measured during the May dry period was -1.33 MPa (d.o.y. 

141), but this was not significantly different from d.o.y. 136 (^^^ of -1.28 MPa) 

on which leaf gas-exchange measurements were performed (Figure 2). There 

was a significant positive correlation between surface soil water content and 

pre-dawn leaf water potentials (Figure 3). Relief of the May drought did occur 

as measured by an increase in soil moisture content to 6.37%, and an 

increase In '̂p̂  to -0.30±0.08 MPa (Figures 1, 2). 
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Leaf Gas-Exchange 

There was a highly significant effect of d.o.y. on leaf temperature 

(Tables 2, 6). There was a highly significant effect of time of day on T,gaf (Table 

6). There was also a highly significant d.o.y. by time of day Interaction (Table 

6). T,g3, for all three dates (d.o.y. 136, 152, and 157) was significantly different 

during all times of the day when compared to each other (Table 2). On all 

three dates (d.o.y. 136, 152 and 157) T,ga, significantly increased throughout 

the day (Table 2). 

There was a highly significant effect of d.o.y. on PPFD (Table 1, 7). 

There was also a highly significant effect of time of day on PPFD (Table 7). 

There was a significant d.o.y. by time of day interaction (Table 7). All gas-

exchange measurements were performed under saturated light conditions as 

determined by A vs. PPFD curves (not shown). There was a highly significant 

effect of d.o.y. on net CO2 assimilation (Figure 4, 8). There was also a 

significant effect of time of day on A (Table 8). There was no significant d.o.y. 

by time of day interaction (Table 8). Net CO2 assimilation for d.o.y. 136 was 

significantly lower at all times of the day when compared to rates on d.o.y. 152 

(Figure 4). On d.o.y. 136, A was highest in the mid-morning hours (6.16±2.35 

jxmol/mVs) with similar mid-day and late afternoon depressions of A 

(2.3210.67 and 2.2411.15 [imol/m /̂s, respectively) (Figure 4). The change In 
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A over the day on d.o.y. 213 had the same trend that occurred on d.o.y. 136 

(Figure 28). 

On d.o.y. 157, A was not significantly different throughout the day 

(Figure 4). However, in the mid-day and late afternoon A was significantly 

higher than d.o.y. 136 (Figure 4). 

There was a highly significant effect of d.o.y. on stomatal conductance 

(Figure 5, Table 9). There was also a significant effect of time of day on gg 

(Table 9). There was significant d.o.y. by time of day interaction (Table 9). On 

d.o.y. 136, the stomatal conductance (gj was the highest during the mld-

moming hours (Figure 5), and 72.7% lower during the mid-day and late 

aftemoon hours (0.0310.01 and 0.0310.02, respectively) (Figure 5). On d.o.y. 

152, mid-morning g^ was 100% higher than during d.o.y. 136. There was no 

significant mid-day or late afternoon decrease in ĝ  at sample date d.o.y. 152. 

However, 5 d later a significant 42% decrease in g^ occurred by mid-day and 

was maintained Into the late afternoon (Figure 5). 

There was a significant effect of d.o.y. on intercellular concentration of 

CO2 (Figure 6, Table 10). There was not a significant effect of time of day on Cj 

(Table 10). However, there was significant d.o.y. by time of day interaction 

(Table 10). On d.o.y. 136, there was not a significant decrease in Q during 

the mid-day and late aftemoon periods (Figure 6). On d.o.y. 152, the mid-

morning Cj was not significantly different, even with the 100% Increase In ĝ  
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than that on d.o.y. 136 (Figure 6). However, when the ĝ  Increased in the mid

day, there was a concomitant, significant increase In C, (Figures 4-5). On 

d.o.y. 157, the mid-morning and mid-day C, were not significantly different than 

the corresponding values during d.o.y. 136, but during the late afternoon, Cj 

was significantly higher than during d.o.y. 136. Interestingly, C; was not 

significantly different on all three dates In the mid-morning, whereas there was 

a difference In gg (Figure 4). Net CO2 assimilation was highly correlated with 

gg, whereas Cj was not as strongly correlated with gg (Figures 7-8, Table 11). 

A and gg are correlated with H'p̂ , however, C, was not correlated with pre-dawn 

leaf water potential (Figures 9-11, Table 12). 

There was a significant day of year effect on dark leaf respiration rate 

(Figure 12, Table 13). There was no significant decrease the dark respiration 

rate of mature leaves measured one hour after sunset during d.o.y. 136, as 

compared to respiration rates for plants on d.o.y. 152 (Figure 12). A significant 

increase in the dark respiration rate did occur on d.o.y. 157 (Figure 12). 

There was a significant effect of d.o.y on water use efficiency (A/gg) 

(Tables 3, 14). There was no significant effect of time of day on WUE (Table 

14). There was a significant d.o.y. by time of day interaction (Table 14). WUE 

was the highest during d.o.y. 136 at mid-day and late afternoon as compared 

to d.o.y. 152 (Table 3). However, during the mid-morning hours, the WUE was 

the same as that of d.o.y. 136 (Table 3). 
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Leaf Carbohydrates 

There was a significant effect of day of year on the hexose content of the 

leaf (Figure 13, Table 15). There was no-significant effect of time of day on 

leaf hexose content (Table 15). There was a highly significant day of year by 

time of day interaction (Table 15) The leaf hexose content, presumably 

derived mostly from sucrose hydrolysis, did not significantly increase over the 

course of the day on d.o.y. 136 (Figure 13). However, on d.o.y. 136, the pre-

dusk hexose levels were lower than on d.o.y. 152 (Figure 13). On d.o.y. 157, 

the high hexose level at pre-dawn significantly decreased by the pre-dusk 

hours to a content comparable to on d.o.y. 136 (Figure 13). 

There was a significant effect of day of year on the sucrose content of 

the leaf (Figure 14, Table 16). There was also a significant effect of time of day 

on leaf sucrose content (Table 16). There was a highly significant day of year 

by time of day interaction (Table 16). The leaf sucrose content was low on 

d.o.y. 136 (Figure 14). During pre-dawn and mid-day of d.o.y. 152, sucrose 

content remained low until late afternoon when It became 13-fold higher than 

eariier in the day. Daily patterns similar to those for hexose occurred on d.o.y. 

152 and 157 (Figure 14). 

There was a highly significant effect of day of year on the starch content 

of the leaf (Figure 15, Table 17). There was also a highly significant effect of 
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time of day on the starch content of the leaf (Table 17). There was a significant 

day of year by time of day interaction (Table 17). The low daily starch 

accumulation that occurred on d.o.y. 136 was not significantly lower than on 

d.o.y. 152 (Figure 15). However, on d.o.y. 157 starch accumulation was 

several times greater in the mid-day and pre-dusk times than during either 

d.o.y. 136 or 152 (Figure 15). 

Root and Rhizome Carbohydrates 

There was a significant day of year effect on the hexose content of the 

root or rhizome, however, there was no significant difference between the root 

and rhizome (Figure 16, Table 18). There was not a significant day of year 

effect on the sucrose content of the root or the rhizome, and there was no 

significant difference between the root and rhizome (Figure 17, Table 18). 

There was a significant day of year effect on the starch content of the root or 

rhizome (Figure 18, Table 18). There was also a significant difference 

between the root and rhizome (Figure 18, Table 18). 

Mycorrhizal Colonization of Fine Roots 

There was a significant day of year effect on the colonization of roots by 

ectomycorrhlzae (Figure 17, Table 19). The mycorrhizal colonization of fine 

roots was lower on d.o.y. 141 than on d.o.y. 98 (Figure 19). On d.o.y. 157, the 
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colonization increased and stabilized at approximately 90% of the roots 

colonized (Figure 19). There was no subsequent decrease on d.o.y. 282. 

Greenhouse study 

Plant and Soil Water Status 

The soil moisture content was measured for well watered pots and In 

pots for which plants were determined to be under water stress as indicated by 

^p ĵat -2.0 MPa. Soil moisture content for well watered pots averaged 

9.2612.8%, while the soil moisture content for drought stressed pots was 

0.1410.09%. 

The ten plants were grouped to one of four categories based leaf gas 

exchange parameters (A, gg, and C,) for a range of p̂̂ j. As water was withheld, 

all ten seedlings progressed through at least some of the following stages: 

Stage 1, which contained 8 plants, and a '̂p̂ j ranging from -0.4 to -0.6 MPa; 

Stage 2, with 6 plants, and a ^̂ p̂  between -0.7 to -0.9 MPa; Stage 3, 

containing 8 plants, with '̂p̂ j between -1.0 to -1.4 MPa; and. Stage 4 with p̂,̂  

ranging between -1.5 to -2.6 MPa. An average of 30 days was required for all 

plants to reach Stage 4, at this time pots were re-watered, and A-C, curves 

were conducted during the recovery period. 
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Leaf Gas-Exchange 

Plants with ^p^ lower than -1.0 MPa had a significant lower A than 

plants with ^p^ greater than -1.0 MPa (Figure 20, Table 20). A similar pattem 

arose for A with ^^^ of -1.25 MPa. Plants with 4'̂ ^ 'ower than -1.25 MPa had 

a significant lower A than plants with ^ ^ greater than -1.25 MPa (Figure 21, 

Table 20). As with A, gg was significantly lower for plants with a ^^^ lower 

than -1.0 MPa than for plants with ^^ greater than -1.0 MPa (Figure 22, Table 

20). Similar pattems arose for plants with ^^^^ less than -1.25 MPa, with a gg 

being significant lower for plants having ^^^ less than -1.25 MPa (Figure 23). 

Net CO2 assimilation and stomatal conductance are highly correlated with pre

dawn leaf water potentials (Table 21). 

Despite the significant decrease in gg at a ^p^ of approximately -1.0 

MPa and a ^ ^ of -1.25 MPa Cj did not decrease like A. Cj significantly 

Increased for plants with '̂p̂ of -1.0 MPa, but did not significantly change in 

plants with a Ĥ ^̂  of -1.25 MPa (Figures 24-25, Table 20). 

A-C, Data 

Stage 1 and Stage 2 had significantly higher net CO2 assimilation rates 

than did Stage 3 over the entire C, range (Figure 26, Table 22). The CO2 
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compensation point for both stages was between 50 and 100 |imol/mol. Stage 

3 plants had a '̂p̂  similar to that of the mature plants in the field on d.o.y. 136. 

Several plants within this group had a negative photosynthetic rate at ambient 

CO2 (360 |j.mol/mol), while the remainder in the group had positive 

assimilation rates that were significantly lower than plants In stages 1 and 2. 

The CO2 compensation point also increased for two plants within this stage, 

ranging between 100 and 150 |imol/mol. Stage 4 plants had the lowest H^p^ 

(-1.5 to -2.6 MPa). Many of the plants within this group either began to have 

greater respiration than photosynthesis at ambient CO2 or had values of A 

near 0.0 iimol/mVs (Figure 26). 

Assimilation was measured for plants after re-watering and compared to 

rates prior to being under stress (Stage 1). The assimilation rate progressively 

Increased until the plants fully recovered by day 4 (Figure 27, Table 23). The 

CO2 compensation point decreased from 100 |imol/mol to approximately 50 

îmol/mol. 
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Figure 1 - Mean (ISD) percent soil water content (w/w) 30 cm below the 
surface of the soil. N=3 or 4 per date. Different letters Indicate significant 
differences (p<0.05) among dates. 
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Figure 2 - Mean (ISD) pre-dawn leaf water potential of mature sand shinnery 
oak leaves located at the midpoint of the latest growth flush. N=5 per date. 
Different letters represent significant differences at p<0.05 among dates. 
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Figure 3 - Correlation between pre-dawn leaf water potentials and soil 
moisture content in the field. Spearman rank correlation test to determine 
correlation. N=37, r. = .456, p=0.0068. 
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Figure 4 - Mean (ISD) CO2 assimilation rates (A) of fully expanded leaves 
located at the midpoint of the latest growing flush for plants during drought 
(d.o.y. 136) and during wet soil conditions (d.o.y. 152 and 157). 
N=5/tlme/date. Different letters represent significantly different (p<0.05) mean 
values of A among dates, different numbers indicate significantly different 
(p<0.05) mean values of A within a date. 
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Figure 5 - Mean (ISD) stomatal conductance (gg) measured on fully expanded 
leaves located at the midpoint of the latest growing flush for plants during 
drought (d.o.y. 136) and during wet soil conditions (d.o.y. 152 and 157). 
N=5/time/date. Different letters represent significantly different (p<0.05) mean 
values of g^ among dates, different numbers indicate significantly (p<0.05) 
different mean values of g^ within a date. 

28 



300 

250 

O 

E 
^» 

o 
E 

• D.O.Y 136 

B D.O.Y 152 

D D.O.Y 157 

mid-morning mid-day late afternoon 

Time of Day 

Figure 6 - Mean (ISD) intercellular concentration of COg (Cj) for fully 
expanded leaves located at the midpoint of the latest growing flush for plants 
during drought (d.o.y. 136) and during wet soil conditions (d.o.y. 152 and 157). 
N=5/tlme/date. Different letters represent significantly different (p<0.05) mean 
values of Q among dates, different numbers indicate significantly different 
(p<0.05) mean values of C; within a date. 
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Figure 7 - Correlation between A and g^ in the field. Best fit polynomial 
regression line is shown. 
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Figure 8 - Correlation between C, and ĝ in the field. Best fit polynomial 
regression line is shown. 
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Figure 9 - Relationship between net CO2 assimilation and pre-dawn leaf water 
potential in the field. Best fit linear regression line shown. 
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Figure 10 - Relationship between stomatal conductance and pre-dawn leaf 
water potential In the field. Best fit linear regression line shown. 
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Figure 11 - Relationship between intercellular concentration of CO2 and pre
dawn leaf water potential in the field. 
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Figure 12 - Mean (ISD) leaf dark respiration rates (R) measured on fully 
expanded leaves at the midpoint of the latest growth flush 1 h after sunset. 
D.o.y. 136 was in the drought period, while on d.o.y. 152 and 157, soil 
moisture was high. N=5/date. Different letters indicate significantly different 
(p<0.05) values of R among dates. 
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Figure 13 - Mean (ISD) hexose (glucose + fructose) content In fully expanded 
leaves located at the midpoint of the latest growth flush for plants during 
drought (d.o.y. 136) and during wet soil conditions (d.o.y. 152 and 157). 
N=5/time/date. Different letters represent significantly different (p<0.05) mean 
values of leaf hexose content among dates, different numbers indicate 
significantly different (p<0.05) mean values of leaf hexose content within a 
date. 
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Figure 14 - Mean (ISD) sucrose content In fully expanded leaves located at 
the midpoint of the latest growth flush for plants during drought (d.o.y. 136) and 
during wet soil conditions (d.o.y. 152 and 157). N=5/time/date. Different letters 
represent significantly different (p<0.05) mean values of leaf sucrose content 
among dates, different numbers indicate significantly different (p<0.05) mean 
values of leaf sucrose content within a date. 
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Figure 15 - Mean (ISD) starch content (hexose units) in fully expanded leaves 
located at the midpoint of the latest growth flush for plants during drought 
(d.o.y. 136) and during wet soil conditions (d.o.y. 152 and 157). 
N=5/tlme/date. Different letters represent significantly different (p<0.05) mean 
values of leaf starch content among dates, different numbers indicate 
significantly different (p<0.05) mean values of leaf starch content within a date. 
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Figure 16 - Mean (ISD) seasonal hexose content (glucose -i- fructose) of root 
and rhizome collected 30 cm below the surface of the soil. N=4 per date. 
Different letters represent significantly different (p<0.05) mean values of root or 
rhizome hexose content among dates, different numbers indicate significantly 
different (p<0.05) mean values of root or rhizome hexose content within a date. 
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Figure 17 - Mean (ISD) seasonal sucrose content of root and rhizome 
collected 30 cm below the surface of the soil. N=4 per date. Different letters 
represent significantly different (p<0.05) mean values of root or rhizome 
sucrose content among dates, different numbers indicate significantly different 
(p<0.05) mean values of root or rhizome sucrose content within a date. 
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Figure 18 - Mean (ISD) seasonal starch (hexose units) content of root and 
rhizome collected 30 cm below the surface of the soil. N=4 per date. Different 
letters represent significantly different (p<0.05) mean values of root or rhizome 
starch content among dates, different numbers indicate significantly different 
(p<0.05) mean values of root or rhizome starch content within a date. 
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Figure 19 - Mean (ISD) percent of roots infected by mycorrhizae. Roots were 
collected 20-30 cm below the surface of the soil. N=4 per date. Different 
letters represent significantly different values (p<0.05) of colonized roots 
among dates. 
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Figure 20 - CO2 assimilation for fully expanded leaves of greenhouse grown 
seedlings at various pre-dawn leaf water potentials. 
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Figure 21 - CO2 assimilation for fully expanded leaves of greenhouse grown 
seedlings at various mid-day leaf water potentials. 
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Figure 22 - Stomatal conductance for fully expanded leaves of greenhouse 
grown seedlings at various pre-dawn leaf water potentials. 
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Figure 23 - Stomatal conductance for fully expanded leaves of greenhouse 
grown seedlings at various mid-day leaf water potentials. 
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Figure 24 - Intercellular concentration of CO2 for fully expanded leaves of 
greenhouse grown seedlings at various pre-dawn leaf water potentials. 
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Figure 25 - Intercellular concentration of CO2 for fully expanded leaves of 
greenhouse grown seedlings at various mid-day leaf water potentials. 
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Figure 26 - A-Cj curves for four groups of greenhouse grown plants at various 
stages of drought. Stage 1 (8 plants)4'p^= -0.4 to -0.6 MPa; Stage 2 (6 plants) 
^p^ = -0.7 to -0.9 MPa; Stage 3 (8 plants) 4̂ ^̂ = -1.0 to -1.4 MPa; and Stage 4 
(10 plants) ^pa = -1.5 to -2.6 MPa. Best fit regression lines are shown. 
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Figure 27 - A-Q curves during the recovery period of the greenhouse grown 
seedlings. By day 1, net CO2 assimilation had fully recovered as compared to 
that of prior to stress (Stage 1). Best fit regression lines are shown. 
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Table 1 - Mean (ISD) photosynthetic photon flux density (PPFD) (|xmol/m7s) 
during the time of gas exchange measurements. PPFD was measured by a 
quantum sensor mounted on the leaf chamber. N=5/tlme/date. Different 
letters represent significantly different (p<0.05) mean values of PPFD among 
dates, different numbers Indicate significantly different (p<0.05) mean values 
of PPFD within a date. 

Time D.O.Y. 
T3S m 157 

Mid-moming 1538+204"' 19791114'" 1553+1SS**' 
Mid-day 250818^ 2499145^ 2332138°̂  
Late afternoon 18381155" 2375163^ 2138117^ 
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Table 2 - Mean (ISD) leaf temperature (°C) measured on the lower leaf 
surface during gas exchange measurements by a thermocouple located inside 
the cuvette of the portable infrared gas analysis system. N=5/tlme/date. 
Different letters represent significantly different (p<0.05) mean values of leaf 
temperature among dates, different numbers indicate significantly different 
(p<0.05) mean values of leaf temperature within a date. 

Time nrrr. "-" 
^^ "^ 157 

Mid-moming 28.46+0.61 '̂ 23.86+0.53"' 28.79+0.59'-' 
Mid-day 41.9510.81^ 30.4310.75°^ 36.8510.42" 
Late aftemoon 41.0610.84"" 33.5910.41" 36.4910.86*^ 
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Table 3 - Mean (ISD) diurnal water use efficiency (WUE) (̂ imol COg/mmol 
HgO) during drought (d.o.y. 136) and after the relief of drought (d.o.y. 152, 
157). Since, the use of transpiration rates to calculate WUE requires 
corrections due to changes in vapor pressure deficit, WUE was calculated as 
A/gg from the data of Figures 4 and 5. Different letters represent significantly 
different (p<0.05) mean values of WUE among dates, different numbers 
indicate significantly different (p<0.05) mean values of WUE within a date. 

Time D.O.Y. " ~ ~ ^ ~ _ _ _ 
T35 T^ 15/ 

Mid-moming 56.8114"' 51.1+9.4 '̂ 39.5l5.4^' 
Mid-day 68.4111.9"' 40.412.8°' 59.3118*' 
Late afternoon 69.3113"' 45.416.4°' 49.016.0" 
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CHAPTER IV 

DISCUSSION 

Field Study 

During the late spring of 1996, Quercus havardii had been exposed to 

drought conditions for about one month as indicated by soil moisture content 

and 4'p̂  (Figures 1, 2). The '̂p̂  in the latter portion of this drought was -1.28 

MPa, with a soil water content at 30 cm below the soil surface of 0.23%. One 

might expect that with such a low soil water content near the surface, leaf 

water potentials would be much lower (Bahari et al. 1985; Hinckley et al. 

1978). However, I hypothesize that surface soil water content is only one 

factor that dictates the p̂̂ ,̂ and I conclude that Quercus havardii is able to 

reach deep water sources or stores water within the rhizome that largely 

determines its leaf water potential during drought. Indeed, it has been shown 

that this species has an extensive rhizome and root system with up to 50% of 

the root and rhizome weight being water (Pettit 1986). 

While not an extremely low water potential, the '̂p̂  of -1.28 MPa did 

lead to reductions of photosynthesis at three measurement times during the 

May drought when compared to later data for the plants at high 4'p̂  (Figure 9). 

The diurnal pattern of a relatively high A at mid-morning followed by 
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considerably lower values for mid-day and late afternoon was repeated during 

the shorter drought period in August (d.o.y. 213) (Figure 28). 

The highly significant correlation between A and g^ suggests that 

changes in ĝ  during the day largely control A (Figure 7). During the May 

drought (d.o.y. 136), a reduction In g^ for mid-day and late afternoon is 

associated with concurrent reductions in Q and A (Figures 3-5). The same 

trend occurs to a slight extent on the second measurement day (d.o.y. 157) 

after the heavy rainfall when '̂p̂  began to fall. Thus, A and C; are correlated 

with gs indicating over-all stomatal control of photosynthesis in the field 

especially during the latter half of the day (Figures 7-8). During the May 

drought enough water is available to the plants to open stomata somewhat in 

the morning, and maintain A at 53% of that under high leaf water potential 

conditions (d.o.y. 152). As temperature rises (Table 2) stomata are nearly 

closed to reduce water loss, but some net CO2 assimilation still occurs. 

This response to drought has been reported for a deciduous 

Mediterranean oak species (Damesin and Rambal 1995, Epron and Dreyer 

1993b) and for northem red oak (Weber and Gates 1990). Also, Ni and 

Pallardy (1992) conclude that seedlings of Q. stellata exhibit stronger stomatal 

limitations to photosynthesis than non-stomatal limitations even under severe 

stress (̂ p̂ j of -2.64 MPa). However, this response was the exception In their 

study, since Quercus alba, Acer saccharum, and Juglans nigra all had greater 
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non-stomatal limitations to photosynthesis at similar ^p .̂ Quercus havardii has 

been known to hybridize with Q. stellata (Little 1979) and could be 

considered to be closely related. Therefore, it may be expected to respond as 

O. stellata during severe drought. However, since I did not record a ^p^ for Q. 

havardii in the field in 1996 as low as reported for O. stellata (Ni and Pallardy 

1992), I could not detennine how such a severe stress would affect its 

photosynthetic rate. 

Quercus havardii in the field may have non-stomatal restrictions to 

photosynthesis during drought. During the mid-morning of d.o.y. 136, A and gg 

are significantly lower than during the mid-morning hours for plants with high 

H'pjj (d.o.y. 152), but Cj is the same (Figures 3-5). Because, stomatal closure 

has not induced restrictions to CO2 diffusion, but A is suppressed, then during 

mid-morning hours under drought stress, non-stomatal factors could be 

restricting A. However, non-uniform CO2 and H2O exchange over the leaf 

surface during reduced g^ caused by patchy stomatal closure can give an 

over-estimation of the true C; values, and thus lead to a false understanding of 

the true limitation to A (Epron and Dreyer 1993). Patchy stomatal closure that 

occurs for woody species such as Quercus petraea, Eucalyptus ficifolia, Vitis 

vinifera, and Nerium oleander at water potentials lower than -1.0 MPa (Epron 

and Dreyer 1993; Downton etal. 1988) leads to increases in the calculated C; 

values, thus suggesting a non-stomatal limitation to A. Non-uniform leaf gas-
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exchange during drought has been reported In O. stellata and Q. alba (Ni and 

Pallardy 1992), but Q. havardii has not been investigated for patchy stomatal 

closure. 

Very little carbohydrate accumulates in the leaf during the day. The 

surprisingly low daily starch accumulation suggests that most photosynthate 

produced was translocated out during the day. Unlike spinach (Quick et al. 

1989), there is no evidence for drought stimulation of sucrose accumulation for 

Q. havardii leaves during the early season drought. Interestingly, the low leaf 

carbohydrate levels during the drought had only a small effect on leaf 

respiration in the early part of the night compared to respiration at high or 

moderate leaf water potentials, when leaf carbohydrate levels at the end of the 

day were considerably higher (d.o.y. 152 and 157). 

After the initial relief of drought (d.o.y. 152), carbohydrate content 

increases, especially for the readily translocatable sucrose, by the end of the 

day. Considering that A has increased over A during the May drought, the 

elevated sucrose level Indicated that source production exceeds sink demand. 

Starch accumulation during d.o.y. 152 is considerably lower than that for 

sucrose. It is possible that the initial response of the oaks to high water 

potential is to assimilate more carbon into sucrose than into starch, but 

confirmation of this hypothesis awaits further experimentation. It is not until 
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several days after the relief from the drought (d.o.y. 157) that the oaks become 

strong starch accumulators during the day. 

Although not significant, trends of the means of the root and rhizome 

soluble carbohydrate levels tend to be higher during the May drought (d.o.y. 

141) than during wet soil conditions later in the season (Figures 10, 11). It has 

been shown In Q. /7av̂ arc(/7this trend does occur. Boo and Pettit (1975) 

showed that the TNC of Q. havardii roots did decrease during a late season 

rainfall. They concluded that since no new flushes occurred and acorn 

production was not observed, rapid root growth into the newly moistened soil 

most likely caused the decrease in root TNC. 

Although not significantly different, means of the starch content tend to 

accumulate in the rhizome beginning on d.o.y. 186, whereas within the root, 

starch does not accumulate (Figure 12). An increase in the rhizome is typical 

of a perennial plant in that carbohydrate reserves are needed for the next 

spring growth flush. Boo and Pettit (1975) found that the TNC also increased 

in Q. havardii roots during the late season. Within the storage tissues of poplar 

trees, starch accumulates from May to October, but in December starch is 

hydrolyzed and sucrose concentration increases (Sauter and van Cleve 

1994). Sauter and van Cleve (1994) concluded that the hydrolysis of starch 

with a concurrent Increase in soluble carbohydrates Is a low temperature 

acclimation process. 
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The early May drought had a significant negative effect on the 

mycorrhizal colonization of roots at approximately 30 cm below the soil surface 

(Figure 13, Table 1). However, the effect of the drought on root colonization is 

small considering the dry soil supporting the contention that the predominant 

mycorrhizal symbiont with Q. havardii is rather drought tolerant (Zhang 1996). 

Considering that drought may reduce the initiation of new roots (Zhang 1996), 

the decrease in the percent of roots with protruding hyphae may be due to 

some fungal death. 

Greenhouse Study 

The seedlings in the greenhouse had similar responses of A and g^ to 

decreasing p̂̂ j as the mature plants in the field. However, seedlings within 

the greenhouse at a high *Fp̂  maintained a higher A, with lower values of g^ 

when compared to well watered mature plants in the field (Figures 20-24). As 

with the field plants A is correlated with g^ (Table 11). However, Cj remains 

constant as ĝ  decreases until a p̂̂ , of -1.0 MPa is reached. It then Increases 

when the stomatal conductance is near zero. A-Cj curves for Q. havardii 

indicate that as stress develops to the point similar to that In the field plants it 

appears that the carboxylation efficiency becomes more limiting to A at high 

COathan less stressed plants. Under severe stress, the linear relationship of A 

and C, indicates that either carboxylation efficiency, and regeneration of RuBP 
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limits A. The apparent non-stomatal limitation to A in O. havardii has been 

reported to occur in another species of oak, Q. alba (Ni and Pallardy 1992). Ni 

and Pallardy (1992) reported that Q. alba had greater non-stomatal limitations 

to A under water stress (̂ p̂  = -2.55 MPa). However, within the same study, Q. 

stellata under severe stress (̂ 'p̂  = -2.64 MPa) had greater stomatal limitation 

to A. Therefore, the effects of drought stress in oak seedlings is species 

dependent. However, within Q. havardii, A appears to be restricted more by 

stomatal up to a certain 4'p (̂-1.0 MPa), in which non-stomatal factors become 

more restrictive to A. 

Concluding remarks 

During the late spring of 1996, Q. havardii had been exposed to drought 

conditions for over 1 month. Even with the extremely low soil moisture content 

at 30 cm below the soil surface, p̂̂ ^ was relatively high. The maintenance of a 

relatively high water potential under these conditions may have been due to 

an ability to reach deep water resources or to store water in the roots and 

especially rhizomes. However, water loss was controlled by reducing g^ 

during the hottest period of each day. Although some A was maintained 

throughout the drought when compared to the situation after the relief of 

drought, drought did suppress leaf COg assimilation and carbohydrate levels. 
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Thus Q. havardii was functioning at less than an optimum level and under 

some drought stress (Hinckley etal. 1991). 

Seedlings of Q. havardii axe able to maintain at least some 

photosynthetic activity down to a ^̂ p̂  of about -1.4 to -1.5 MPa potential 

threshold, after which A is reduced to essentially zero. Above this ^̂ p̂ , A is 

increasingly controlled by ĝ . For seedlings with ̂ f^^ between -0.9 and -1.3 

MPa, there Is some indication of biochemical dysfunction restricting A, ignoring 

potential patchy stomatal closure. Below -1.3 MPa, non-stomatal restrictions to 

A are the most likely factors leading to values of A near zero over a large 

range of C, values. Unlike mature plants, the seedlings do not have the water 

holding capacity of the large rhizome or the root system to reach deep water 

sources to maintain 4'p̂  and A under prolonged drought. Therefore, the 

seedlings are more vulnerable to ^ below -1.4 MPa than are the mature 

plants. If they receive water before leaf senescence due to stress, A recovers 

well after 2 days. Therefore, Q. havardii behaves as a drought postponer 

rather than drought tolerant species. 

61 



LITERATURE CITED 

Abrams, M. D. 1990. Adaptations and responses to drought in Quercus 
species of North America. Tree Physiology 7:227-238. 

Acherar, M. and S. Rambal. 1992. Comparative water relations of four 
Mediterranean oak species. Vegetatio 99-100:177-184. 

Bahari, Z.A., S.G. Pallardy, and W.C. Parker. 1985. Photosynthesis, water 
relations, and drought adaptation in six woody species of oak-
hickory forests In central Missouri. Forest Science 31(3):557-569. 

Boo, R.M., and R.D. Pettit. 1975. Carbohydrate reserves in roots of sand shin 
oak In west Texas. Journal of Range Management 28(5):469-472. 

Chapin III, F. S. 1991. Integrated responses of plants to stress. Bioscience 
41:29-36. 

Chaves, M.M. 1991. Effects of water deficits on carbon assimilation. Journal 
of Experimental Botany 42(234): 1 -16. 

Damesin, C. and S. Rambal. 1995. Field study of leaf photosynthetic 
perfomriance by a mediterranean deciduous oak tree (Quercus 
pubescens) during a severe summer drought. New Phytologist 
131:159-167. 

Downton, W.J.S., B.R. Loveys, and W.J.R. Grant. 1988. Non-uniform 
stomatal closure induced by water stress causes putative non-stomatal 
inhibition of photosynthesis. New Phytologist 110:503-509. 

Epron, D. and E. Dreyer. 1993a. Photosynthesis of oak leaves under water 
stress: maintenance of high photochemical efficiency of photosystem II 
and occurrence of non-uniform CO2 assimilation. Tree Physiology 
13:107-117. 

Epron, D. and E. Dreyer. 1993b. Long-term effects of drought on 
photosynthesis of adult oak trees [Quercus petraea (Matt.) Liebl. and 
Quercus robur L.] in a natural stand. New Phytologist 125:381-389. 

62 



Epron, D. E. Dreyer, and N. Breda. 1992. Photosynthesis of oak trees 
[Quercus petraea (Matt.) Liebl.] during drought under field conditions: 
diurnal course of net CO2 assimilation and photochemical efficiency 
of photosystem II. Plant, Cell and Environment 15:809-820. 

Hinckley, T.M., R.G. Aslin, R.R. Aubuchon, C.L Metcalf, and J.E. Roberts. 
1978. Leaf conductance and photosynthesis in four species of the 
oak-hickory forest type. Forest Science 24:73-84. 

Hinckley, T. M., H. Richter, and P. J. Schulte. 1991. "Water relation" in A. S. 
Raghavendra, eds.. Physiology of Trees, John Wiley and Sons, Inc., 
New York, pp 137-162. 

Jones, M.G.K., W.H. Outlaw Jr., and O.H. Lowry. 1977. Enzymic assay of 10'̂  to 
lO"̂ '* moles of sucrose in plant tissue. Plant Physiology 60:379-383. 

Jones, V.E. and R.D. Pettit. 1984. Low rates of tebuthiuron for control of sand 
shinnery oak. Journal of Range Management 37:488-490. 

Kendrick, B. 1992. The Fifth Kingdom. Mycologue Publications, Ontario, pp. 
262-286. 

Kozlowski, T.T. 1992. Carbohydrates sources and sinks in woody plants. 
Botanical Review 58:107-222. 

Little, E.L. Jr. 1979 Checklist of United States trees (native and naturalized). 
US Dep. of Agriculture., Agriculture Handbook 541:232-233. 

Martin, B. and N.A. Ruiz-Torres. 1992. Effects of water-deficit stress on 
photosynthesis, its components and component limitations, and on 
water use efficiency in wheat (Triticum aestivum L.). Plant Physiology 
100:733-739. 

Ni, B.R. and S.G. Pallardy. 1992. Stomatal and nonstomatal limitations to net 
photosynthesis in seedlings of woody angiospemris. Plant Physiology 
99:1502-1508. 

Ni, B.R. and S.G. Pallardy. 1991. Response of gas exchange to water stress 
in seedlings of woody angiosperms. Tree Physiology 8:1-9. 

Pettit, R.D. 1986. Sand shinnery oak: control and management. Management 
Notes. Contribution No. T-9-431, Texas Tech University. 

63 



Quick, W.P., G. Selgl, E. Neuhaus, R. Fell, and M. Stit. 1989. Short-term water 
stress leads to a stimulation of sucrose phosphate synthase. Planta 
177(4):535-546. 

Ritchie, S.W., H.T. Nguyen, and A.S. Holaday. 1990. Leaf water content and 
gas-exchange parameters of two wheat genotypes differing in drought 
response. Crop Science 30:105-111. 

Sauter J.J. and B. van Cleve. 1994. Storage, mobilization and interrelations of 
starch, sugars, protein, and fat in the ray storage tissue of poplar trees. 
Trees 8:297-304. 

Sage, R.F. 1994. Acclimation of photosynthesis to increasing atmospheric 
CO2: The gas exchange perspective. Photosynthesis Research 
39:351-368. 

Sears, W.E. and CM. Britton, D.B. Wester, and R.D. Pettit. 1986a. 
Herbicide conversion of a sand shinnery oak (Quercus havardii) 
community: effects on biomass. Journal of Range Management 
39:399-403. 

Sears, W.E., CM. Britton, D.B. Wester, and R.D. Pettit. 1986b. Herbicide 
conversion of a sand shinnery oak (Quercus havardii) community: 
effects on nitrogen. Journal of Range Management 39:403-407. 

Sharkey, T.D. 1985. Photosynthesis in intact leaves of C3 plants: physics, 
physiology and rate limitations. The Botanical Review 51:53-105. 

Sharkey, T.D. and J.R. Seemann. 1989. Mild water stress effects on 
Carbon-reduction-cycle intermediates, Ribulose Bisphosphate 
Carboxylase activity and spatial homogeneity of photosynthesis in 
intact leaves. Plant Physiology 89:1060-1065. 

Sung, F.J., and D.R. Krieg. 1979. Relative sensitivity of photosynthetic 
assimilation and translocation of "̂̂ Carbon to water stress. Plant 
Physiology 64:852-856. 

Taiz L. and E. Zeiger. 1991. Plant Physiology. The Benjamin/Cummings 
Publishing Company, Inc. Redwood City, CA. pp. 346-356. 

64 



Valentini, R., D. Epron, P. De Angelis, G. Matteucci, and E. Dreyer, 1995. In 
situ estimation of net COg assimilation, photosynthetic electron flow 
and photorespiration in Turkey oak (O. cerris L.) leaves: diurnal cycles 
under different levels of water supply. Plant, Cell and Environment 
18:631-640. 

Weber, J.A. and DM Gates. 1990. Gas exchange in Quercus rubra 
(northem red oak) during a drought: analysis of relation among 
photosynthesis, transpiration, and leaf conductance. Tree Physiology 
7:215-225. 

Zhang, Q. 1996. Fungal community structure and microbial biomass in a 
semi-arid environment: Roles in root decomposition, root growth, and 
soil nitrogen dynamics. Ph.D. Dissertation, Texas Tech University, 
Lubbock, TX. 

65 



APPENDIX 

66 



(0 

E 

M 

"o 
E 

Mid-morning Mid-day Late afternoon 

Time of Day 

Figure 28 - CO2 assimilation during a late season August drought (̂ 'p̂  was 
-1.13MPa, d.o.y. 213). 
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Table 4 - One factor (d.o.y.) ANOVA results for the day of year effect on percent 
soil water content means (N=3 or 4). 

Source: 
Between D.O.Y. 
Within D.O.Y. 
Total 

DF: 
12 
26 
38 

Sum Squares 
115.049 
28.92 
143.969 

Mean Square 
9.587 
1.112 

F-test: 
8.619 
0=0.0001 
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Table 5 - One factor (d.o.y.) ANOVA results for the day of year effect on pre
dawn leaf water potential means (N=4 or 5). 

Source: DR Sum Squares Mean Square F-test: 
Between D.O.Y. 12 10.338 .861 27.53 
Within D.O.Y. 46 1.439 0̂31 p=0.0001 
Total 58 11.777 
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Table 6 - Two factor (Day of Year and Time of Day) repeated measures 
ANOVA results for the effect of day of year and time of day on leaf temperature 
(N=5). 

Source: 

Day of Year 
(A) 
subjects w. 
groups 
Time of Day 
(B) 
AB 
B X subjects 
w. groups 

df: 

2 

12 

2 

4 
24 

Sum of 
Squares 
408.84 

5.363 

964.726 

0.02290.234 
8.444 

Mean Square 

204.42 

.47 

482.36 

22.559 
.352 

F-test 

435.209 

1370.996 

64.117 

p value 

0.0001 

.0001 

.0001 
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Table 7 - Two factor (Day of Year and Time of Day) repeated measures 
ANOVA results for the effect of day of year and time of day on photosynthetic 
photon flux density (N=5). 

Source: df: Sum of 
Squares 

Mean Square F-test p value 

Day of Year 
(A) 
subjects w. 
groups 
Time of Day 
(B) 
AB 
B X subjects 
w. groups 

2 

12 

2 

4 
24 

801559.511 400779.756 67.509 0.0001 

71239.733 5936.644 

4459777.64 2229888.82 141.246 

500790.889 125197.722 7.93 
378895.467 15787.311 

.0001 

.0003 
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Table 8 - Two factor (Day of Year and Time of Day) repeated measures 
ANOVA results for the effect of day of year and time of day on net OOg 
assimilation (N=5). 

Source: 

Day of Year 
(A) 
subjects w. 
groups 
Time of Day 
(B) 
AB 
B X subjects 
w. groups 

df: 

2 

12 

2 

4 
24 

Sum of 
Squares 
325.89 

95.337 

47.377 

17.442 
62.583 

Mean Square 

162.945 

7.945 

23.688 

4.36 
2.608 

F-test 

20.51 

9.084 

1.672 

p value 

0.0001 

0.0012 

0.1892 
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Table 9 - Two factor (Day of Year and Time of Day) repeated measures 
ANOVA results for the effect of day of year and time of day on stomatal 
conductance (N=5). 

Source: 

Day of Year 
(A) 
subjects w. 
groups 
Time of Day 
(B) 
AB 
B X subjects 
w. groups 

df: 

2 

12 

2 

4 
24 

Sum of 
Squares 
0.215 

0.051 

0.024 

0.022 
0.038 

Mean Square 

0.108 

0.004 

0.012 

0.005 
0.002 

F-test 

25.436 

7.452 

3.434 

p value 

0.0001 

0.003 

0.235 
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Table 10 - Two factor (Day of Year and Time of Day) repeated measures 
ANOVA results for the effect of day of year and time of day on intercellular 
concentration of OOg (N=5). 

Source: 

Day of Year 
(A) 
subjects w. 
groups 
Time of Day 
(B) 
AB 
B X subjects 
w. groups 

df: 

2 

12 

2 

4 
24 

Sum of 
Squares 
8664.281 

4389.564 

2314.564 

5055.923 
10055.64 

Mean Square 

4332.141 

365.797 

1157.282 

1263.981 
418.985 

F-test 

11.843 

2.762 

3.017 

p value 

.0014 

0.0833 

0.0378 
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Table 11 - Polynomial regression results for the relationship between net OOg 
assimilation and stomatal conductance and between intercellular 
concentration of OOg and stomatal conductance of field plants. 

adj. r̂  p value intercept x Confidence 
Intervals 

C,andg, .324 .0013 289.324 

A and ĝ  .982 .0001 .502 

-2001 
-3027 
-975 
114.5 
123.1 
105.85 

6535 
2398 
10672 
-203.9 
-169.1 
-238.9 

95% upper CI 
95% lower CI 

95% upper CI 
95% lower CI 
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Table 12 - Results of regression analysis examining the relationship between 
net COg assimilation, stomatal conductance, and Intercellular concentration of 
CO2 with pre-dawn leaf water potential in the field. 

adj. r̂  p value intercept Confidence 
Intervals 

A and T od 

g^andM^od 

.339 

.389 

Ci and y, od .141 

.033 

.0207 

.8755 

11.33 

.197 

233.017 

2.071 
22.09 
-17.95 
-.127 
.336 
-.59 
-40.2 
131.4 
-211.8 

-1.65 
10.58 
-13.89 
-.149 
.134 
.134 
-23.44 
81.37 
-128.3 

95% upper CI 
95% lower CI 

95% upper CI 
95% lower CI 

95% upper CI 
95% lower CI 
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Table 13 - One factor (d.o.y.) ANOVA results for the day of year effect on dark 
leaf respiration rate means (N=5/date). 

^Q^*"^®- DF: Sum Squares Mean Square F-test: 
Between D.O.Y. 2 1.969 0.985 4.948 
Within D.O.Y. 12 2.388 0.199 p=0.0271 
Total 58 4.357 
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Table 14 - Two factor (Day of Year and Time of Day) repeated measures 
ANOVA results for the effect of day of year and time of day on water use 
efficiency (N=5). 

Source: 

Day of Year 
(A) 
subjects w. 
groups 
Time of Day 
(B) 
AB 
B X subjects 
w. groups 

df: 

2 

12 

2 

4 
24 

Sum of 
Squares 
3133.286 

2043.219 

394.454 

1360.292 
2124.141 

Mean Square 

1566.643 

170.268 

197.227 

340.073 
88.506 

F-test 

9.201 

2.228 

3.842 

p value 

.0038 

.1295 

.015 
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Table 15 - Two factor (Day of Year and Time of Day) repeated measures 
ANOVA results for the effect of day of year and time of day on leaf hexose 
content (N=5). 

Source: 

Day of Year 
(A) 
subjects w. 
groups 
Time of Day 
(B) 
AB 
B X subjects 
w. groups 

df: 

2 

12 

2 

4 
24 

Sum of 
Squares 
0.112 

0.167 

0.078 

0.55 
0.341 

Mean Square 

0.056 

0.014 

0.039 

0.138 
0.014 

F-test 

4.048 

2.749 

9.679 

p value 

0.0453 

0.0841 

0.0001 
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Table 16 - Two factor (Day of Year and Time of Day) repeated measures 
ANOVA results for the effect of day of year and time of day on leaf sucrose 
content (N=5). 

Source: 

Day of Year 
(A) 
subjects w. 
groups 
Time of Day 
(B) 
AB 
B X subjects 
w. groups 

df: 

2 

12 

2 

4 
24 

Sum of 
Squares 
.22 

.18 

.229 

.775 

.345 

Mean Square 

.11 

.015 

.114 

.194 

.014 

F-test 

7.331 

7.968 

13.498 

p value 

.0083 

.0022 

.0001 
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Table 17 - Two factor (Day of Year and Time of Day) repeated measures 
ANOVA results for the effect of day of year and time of day on leaf starch 
content (N=5). 

Source: 

Day of Year 
(A) 
subjects w. 
groups 
Time of Day 
(B) 
AB 
B X subjects 
w. groups 

df: 

2 

12 

2 

4 
24 

Sum of 
Squares 
4.891 

0.423 

1.755 

1.772 
1.26 

Mean Square 

2.446 

0.035 

0.877 

0.443 
0.052 

F-test 

69.446 

16.711 

8.439 

p value 

.0001 

.0001 

.0002 
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Table 18 - Two factor (Day of Year and Root vs. Rhizome) 2-way ANOVA 
results for the effect of day of year and root vs. rhizome on root and rhizome 
content (N=4/d.o.y.). 

Sucrose 
Source: 

Day of Year 
(A) 
Root vs. 
Rhizome (B) 
AB 
En-or 

df: 

6 

1 

6 
40 

Sum of 
Squares 
8.12 

2.36 

6.364 
49.104 

Mean Square 

1.353 

2.36 

1.061 
1.228 

F-test 

1.102 

1.922 

.864 

p value 

.378 

.1733 

.5295 

Hexose 
Source: 

Day of Year 
(A) 
Root vs. 
Rhizome (B) 
AB 
Error 

df: 

6 

1 

6 
40 

Sum of 
Squares 
30.387 

5.027 

16.227 
74.909 

Mean Square 

5.064 

5.027 

2.705 
1.873 

F-test 

2.704 

2.684 

1.444 

p value 

.0268 

.1092 

.5295 

Starch 
Source: 

Day of Year 
(A) 
Root vs. 
Rhizome (B) 
AB 
Error 

df: 

6 

1 

6 
40 

Sum of 
Squares 
2415.09 

6098.513 

1520.961 
3395.094 

Mean Square 

402.515 

6098.15 

253.493 
84.877 

F-test 

4.742 

71.851 

2.987 

p value 

.001 

.0001 

.0166 
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Table 19 - One factor (d.o.y.) ANOVA results for the day of year effect on 
mycorrhizal colonization of roots means (N=5). 

Sum Squares Mean Square F-test: Source: DF: 
Between D.O.Y. 6 320.932 53.489 4.916 
Within D.O.Y. 20 217.622 10.881 p=0.0031 
Total 26 538.554 
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Table 20 - Results of Mann-Whitney U test to detennine significant trends of 
net CO2 assimilation, stomatal conductance, and intercellular COg for a given 
range of pre-dawn and mid-day leaf water potentials. 

Descriptive Statistics for comparison between low and high water potential 
y p d 
-0.40 through 
-1.0 (high) 

-1.1 through 
-2.6 (low) 

y m d 
-.42 through -
1.25 (high) 

-1.25 through 
-2.9 (low) 

test 
A 

gs 
Ci 

A 

gs 
Ci 

A 

gs 
Ci 

A 
gs 
Ci 

Mann-Whi tney U 

Comparison 
pre-dawn 
low vs high 

mid-day 
low vs high 

test 
A 

gs 
Q 

A 

gs 
Q 

mean 
8.057 

.099 
173.167 

1.02 

0.013 
272.643 

7.855 

.097 
173.41 

1.719 
.022 
265.733 

std. dev. 
3.74 

.063 
20.342 

1.605 

.013 
111.927 

3.751 

.064 
5.079 

3.116 
.034 
111.126 

- Pre-dawn leaf water p 

U 
7 

5.5 
72.5 

20 

19.5 
80.5 

U-prime 
245 

246.5 
179.5 

235 

235.5 
174.5 

var. 
13.984 

.004 
413.794 

2.575 

.000157 
12527.6 

14.075 

.004 
438.507 

9.713 
.001 
12348 

)otential 

P 

N 
18 

18 
18 

14 

14 
14 

17 

17 
17 

15 
15 
15 

.0001 

.0001 

.042 > 

.0001 

.0001 

.0757 
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Table 21 - Polynomial regression results for the relationship between net COg 
assimilation and stomatal conductance of greenhouse plants. 

adj. r̂  p value intercept x )f 
.982 .0001 -.502 114.504 -203.995 

123.154 -169.114 95% upper CI 
105.854 -238.875 95% lower CI 
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Table 22 - Results of regression analysis examining the relationship between 
A and 0, for the four groups of A/Ci curves. 

stage adj. f p value intercept Confidence 
Intervals 

1 .853 

.962 

.423 

.048 

.0001 

.0001 

.0001 

.0237 

-4.01 

-6.081 

-2.881 

-0403 

.069 -3.625x10-5 

.078 -2.37x10-5 

.076 -4.88x10-5 

.111 -8.846x10-5 

.12 -7.561x10-5 

.119 -1.013x10-5 

.043 -5.618x10-5 

.12 -3.502x10-5 

.119 -7.734x10-5 

.002 -1.092x10-^ 

.006 -3.008x10-* 
-.001 -5.192x10-* 

95% upper 
95% lower 

95% upper 
95% lower 

95% upper 
95% lower 

95% upper 
95% lower 
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Table 23 - Results of regression analysis examining the relationship between 
A and Cj for the during the recovery period. 

adj. r* p value intercept Confidence 
Intervals 

Stage 1 

Day1 

Day 2 

Day 4 

.853 

.526 

.894 

.917 

.0001 

.0001 

.0001 

.0237 

-4.01 

•3.546 

-4.213 

-4.389 

.069 

.078 

.076 

.066 

.094 

.038 

.062 

.074 

.051 

.066 

.076 

.055 

-3.625x10-5 
-2.37x10-5 
-4.88x10-5 
-7.128x10-5 
-5.595x10-* 
-1.37x10-^ 
-2.792x10-5 
-4.792x10-* 
-5.106x10-5 
-2.007x10-5 
-3.616x10-* 
-3.651x10-5 

95% upper 
95% lower 

95% upper 
95% lower 

95% upper 
95% lower 

95% upper 
95% lower 
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