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Summary 

Red oak (Quercus rubra), a mesic species, and chestnut oak (Quercus prinus), a xeric species, were 
grown in a greenhouse with and without fertilizer (F+ and F-, respectively) and subjected to a IO-week 
drydown (W-) or kept well watered (W+). In both species, fertilized seedlings exhibited greater 
reductions in mean net photosynthesis (A), leaf conductance (gwV), leaf water potential (Yl,,r) and water 
use efficiency (WUE) during the drydown than unfertilized seedlings. In the W- treatments, red oak 
showed greater reductions in A, g WV and ‘PIear than chestnut oak. Differential fertilization of the seedlings 
of both species had a greater effect on tissue water relations than differential watering. During the latter 
weeks of the drydown, there was no osmotic adjustment in red oak, but chestnut oak in the F+/w- 
treatment had significantly lower osmotic potentials at full and zero turgor than seedlings in any of the 
other treatments. The results indicate that high nutrient availability does not improve the drought 
tolerance of these two oak species. 

Introduction 

The widespread distribution of oaks (Quercus spp.) from wet lowland to extremely 
dry upland sites has provided the basis for many ecophysiological studies (Seidel 
1972, Hinckley et al. 1979, Abrams and Knapp 1986, Parker and Pallardy 1988, 
Kwon and Pallardy 1989, Abrams et al. 1990). Red oak (Quercus rubru L.) and 
chestnut oak (Quercus prims L.) occur throughout much of the Appalachian region 
of the northeastern United States. Within this broad region, each species is prevalent 
in different habitats, although they can occur together (Fowells 1965). Red oak, 
which is widely distributed over a range of xeric to mesic habitats, is considered less 
tolerant of drought than other upland oaks (Crow 1988, Abrams 1990) and achieves 
the best growth on mesic sites (Core 1971, Harlow et al. 1978). Chestnut oak is 
generally confined to xeric sites, such as ridgetops and steep upper slopes, where it 
exhibits better growth than most other oaks (Core 1971, Harlow et al. 1978, Nowacki 
and Abrams 1992). 

Because the distribution of oaks has largely been attributed to their ability to avoid 
or tolerate drought (Bourdeau 1954, Hinckley et al. 1978, Bahari et al. 1985, Abrams 
1990), most investigations have concentrated on their physiological response to 
water deficits to the exclusion of other edaphic factors, such as soil nutrient avail- 
ability (but see Reich and Hinckley 1980, Hechler et al. 1991). Plant nutrient status 
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may have a significant impact on drought tolerance. Plants growing under conditions 
of high nutrient availability can exhibit a greater ability to maintain growth, stomata1 
conductance and photosynthesis during drought than plants growing on infertile sites 
(Radin and Parker 1979h, Lahiri 1980, Radin and Ackerson 1981, Abrams 1988a), 
although plants that are adapted to low nutrient availability can maintain basic 
physiological processes under conditions of water stress (Shimshi 1970, 
Simmelsgaard 1976, Radin and Parker 1979a, 1979b, Morgan 1986, Hechler et al. 
1991). Few studies have compared the influence of nutrient availability on the 
drought responses of mesic and xeric species. The purpose of this study was to 
examine the growth and physiological responses of red oak and chestnut oak 
seedlings to a drydown under high and low nutrient availabilities to test the hypoth- 
esis that soil nutrient availability influences drought tolerance in these two species. 

Material and methods 

Seedling establishment 

Seedlings were established one year before the experiment. Red oak acorns were 
collected from seven mature valley floor trees on the Pennsylvania State University 
campus (University Park, PA) in the fall of 1988. Acorns were stratified at 7 “C 
before being germinated in flats in May 1989. Chestnut oaks were obtained as 
l-year-old seedlings from Warren Country Nursery, TN, in the spring of 1989. 
Seedlings of both species were planted in 20 x 40 cm (12.6 dm”) pots containing a 
sterilized l/l/l (v/v) mix of peat/perlite/forest soil. The forest soil was from a 
Hazelton-Dekalb soil association (Spring Mills, PA) and is a typical soil type of 
upper and lower slope mixed-oak communities in the Ridge and Valley region of 
Pennsylvania (Braker 1981). To prevent differential colonization of the sterile soil 
by exogenous ectomycorrhizae, all seedlings were inoculated with Pisolithus 
tinctorius (Mycorr Tech, Inc., Pittsburgh, PA) when planted. 

Experimental design 

Seedlings were subjected to one of four treatments (25 seedlings of each species per 
treatment): fertilized and well watered (F+/W+); fertilized and a 1 O-week drydown 
(F+/W-); unfertilized and well watered (F-/W+); and unfertilized and a lo-week 
drydown (F-/W-). Seedlings in the F+ treatments received the equivalent of 
225/146/185 kg ha-’ of NPK supplied weekly as a 40 ml aqueous solution containing 
NHJPO~. Seedlings in the F- treatments received no supplemental nutrients. These 
two treatments resulted in high and low soil nutrient conditions (Table 1). 

Seedlings were randomly arranged in a naturally lighted greenhouse and were 
watered throughout the summer of 1989 until leaf senescence in mid-October. 
Seedlings in all treatments were watered with distilled water using an automated drip 
irrigation system, which supplied approximately 200 ml to each seedling three times 
per week. Heat to the greenhouse was turned off and water was withheld throughout 
the winter except for one midwinter watering to prevent root desiccation. Heat was 
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Table 1. Mean concentrations If- SE (kg ha-‘) of nitrogen, phosphorus and potassium from soil samples 
taken from fertilized and unfertilized treatment pots at Week 10, and from nine forest soil samples taken 
from four mixed oak stands on ridges in central Pennsylvania. 

Soil nutrient F+ Pot soil F- Pot soil 
(n = 20) (n = 20) 

Forest soil 
(n =9) 

Nitrogen 77.6 2~ 8.6 6.3 rt 0.8 1.4 f 0.11 
Phosphorus 535.8 k ‘74.9 27.8 k 2.6 61.74? 8.6 
Potassium 986.2 k 109.1 152.1 k 1.2 90.22 + 10.5 

turned on in the greenhouse March 16, 1990 and water was supplied at 200 ml per 
plant every other day. Date of budbreak was recorded for each plant, and two weeks 
after the mean date of budbreak for each species, water was withheld from half of 
the seedlings in each of the fertilizer treatments. Full leaf expansion for each species 
was complete approximately 4 weeks after their mean date of budbreak. 

Gas exchange and leaf water potential 

Beginning two weeks after water was withheld (4 weeks after budbreak), predawn 
leaf water potential (‘I-‘& and four diurnal measures (every 1.5-2.0 h) of net 
photosynthesis (A), and leaf conductance to water vapor diffusion (gWv) were deter- 
mined on fully expanded, first-flush leaves from each of five seedlings in each 
treatment. Budbreak of chestnut oak was one week earlier than red oak, and mea- 
surements for each species were, therefore, made on alternate weeks over a lo-week 
period (a total of 5 weeks of measurements for each species). Because seedlings were 
destructively harvested after the gas exchange measurements (see “Seedling growth” 
below), each sample week represented a different cohort of plants. 

Gas exchange was measured under a combination of ambient and supplemental 
lighting (high pressure sodium lamps) so that photosynthetic photon flux density 
(PPFD) was maintained above 350 pmol m-2 s-‘. Net photosynthesis and conduc- 
tance were measured with a portable photosynthesis unit (LCA-3, ADC Ltd, Herts, 
UK) that uses the mass balance technique for estimating leaf CO2 exchange. Mean 
diurnal water use efficiency (WUE) for each plant is expressed as the mean of the 
four values of water use efficiency (pmol CO2 mmol-’ H20) derived from the four 
diurnal measures of A and transpiration. After the gas exchange measurements, the 
leaves were harvested for determination of leaf water potential, which was measured 
with a pressure chamber (Model 1000, PMS Instruments Co., Corvallis, OR). Mean 
diurnal leaf water potential (‘%“,I) is expressed as the mean of the four measures of 
diurnal leaf water potential. 

Tissue water relations 

Each week after diurnal gas exchange measurements were completed, four of the five 
plants in each treatment were placed in darkness overnight. The following day, one 
leaf from each plant was subjected to pressure-volume analysis without rehydration 
to avoid potential shifts in the P-V relationships (Parker and Pallardy 1987, Dreyer 
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et al. 1990, Kubiske and Abrams 1990). Methods employed for constructing the 
curves were similar to those of Robichaux (1984), in which the weight and water 
potential (‘I’& of each leaf were periodically measured as it dried by free transpira- 
tion on the laboratory bench. To obtain an adequate number of P-V data points before 
the turgor loss point during the latter weeks of the treatment period, leaves with a 
water potential below -0.8 MPa were rehydrated for one hour in darkness in sealed 
mason jars containing 100 ml of water. 

The water release curve (leaf fresh weight (Wf> versus Year) of each leaf was 
examined for a plateau (Kubiske and Abrams 1990, 199 I), which when present, was 
removed. Saturated leaf weight (W, at Yi,d = - 0.1 MPa, necessary for calculating 
RWC) was estimated when a plateau was removed or when the initial leaf water 
potential (‘Pi,) was less than -0.1 MPa. Estimates of W, were made by regressing 
Yted versus W, for data points above and including the turgor loss point (Kubiske and 
Abrams 1990). Relative water content for all points along the P-V curve, including 
RWC”, were calculated using W,. Osmotic potential at full turgor (YAW) was esti- 
mated from P-V curves based on W,. The turgor loss point (Yi) was identified by 
solving for the quadratic equation of the two linear relationships: l/Ylear versus V, 
(volume expressed; after turgor loss point) and Y leaf versus V, (before turgor loss 
point; Bahari et al. 1985). The bulk modulus of elasticity (E) was based on the 
expression E = APIARWD (Bowman and Roberts, 1985), where P = leaf turgor 
pressure and RWD = relative water deficit. To provide an estimate of E over the true 
water status of the leaf, E was calculated between the interval of the initial leaf water 
potential and the wilting point for each sample. 

Seedling growth 

Each week, after gas exchange and tissue water relations measurements were made, 
current-year shoot growth (extension) was measured. Seedlings were then removed 
from the pots, their roots washed of soil and the remaining leaves removed before 
they were oven dried at 70 “C. Dried seedlings were clipped at the root/shoot juncture 
to determine root and shoot weights. At Week 10, soil samples were taken from the 
root zone of each pot for gravimetric determination of total soil water. 

Statistical analysis 

Because of the temporal difference in phenology between chestnut oak and red oak, 
statistical analyses were performed separately for each species. Because each week’s 
sampling represented a different cohort of plants, measures of growth, gas exchange, 
leaf water potentials and tissue water parameters were examined within each of the 
five sample weeks using a two-way fixed effects (Neter et al. 1985) general linear 
model (procedure GLM, SAS Institute 1985) with the treatments of water and 
fertilizer as the main effects. 

Determination of covariates in tests of physiological activity Because a seedling’s 
size could influence its physiological response to the treatments (large plants in the 
F+/W- treatment may incur lower leaf water potentials earlier than small plants), 
relationships between the measures of growth and the measures of gas exchange (A 
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and gwV), WUE, yd and ‘I’+ were examined within each week for each species using 
Pearson product moment correlations (procedure CORR, SAS Institute 1985) to 
determine if physiological activity was related to plant size. To control for the 
probability of incorrectly rejecting one or more of the null hypotheses, the sequential 
Bonferroni technique was applied (Holm 1979). The initial critical level, a/k, was set 
with a = 0.05 and k = 5, where k is the number of growth measurements that were 
correlated with each physiological measure within each week. 

Large plants were likely to have lower Fd and ‘I-‘, than small plants, but this only 
occurred before the reductions in growth, photosynthesis, qd and yrd in the W- 
treatment became apparent. Significant negative Pearson product correlations 
between plant size and Yd and ‘Ppd were evident only in Weeks 2 and 4 for red oak 
and Weeks 2,4 and 6 for chestnut oak. Of these, only one fifth of those for red oak 
and nearly one half of those for chestnut oak could be declared significant using the 
sequential Bonferroni (Table 2). Based on these relationships, we chose to use the 
measures of shoot height, root dry weight and shoot dry weight as covariates in the 
analyses of the gas exchange and leaf water potential data. To account for phenolog- 

Table 2. Correlation coefficients and associated probability values from Pearson product correlations and 
P values from the sequential Bonferroni from correlations between measures of seedling growth and 
measures of gas exchange and leaf water status. To be declared significant, the P value of the Pearson 
correlation must be less than or equal to the P value set by the sequential Bonferroni. 

Variables 

Week 2 
Root weight/A 
Root Weightfl,d 

Shoot weighte,d 
Root weightmd 
Shoot WeightEd 
Shoot Weight/Y,d 

Week 4 
Root weight/A 
Shoot weight/A 
Root weight/?d 
Shoot WeightEd 
Shoot height/A 
Shoot height/&, 
Shoot height/‘I’d 
Shoot height/Y,d 

Oak 
species 

Chestnut -0.465 0.038 0.016 
Chestnut -0.589 0.008 0.016* 
Chestnut -0.575 0.010 0.025* 
Red -0.483 0.058 0.025 
Red -0.586 0.017 0.016 
Red -0.532 0.034 0.016 

Chestnut 0.639 
Chestnut 0.612 
Red -0.530 
Red -0.765 
Red -0.432 
Red -0.445 
Red -0.646 
Red -0.478 

r P P for sequential 
Bonferroni 

0.007 0.016* 
0.012 0.025* 
0.051 0.025* 
0.001 0.016* 
0.057 0.016 
0.049 0.016 
0.002 0.005* 
0.033 0.016 

Week 6 
Shoot height/A Chestnut 0.487 
Shoot height/‘& Chestnut -0.513 
Shoot height/‘?d Chestnut -0.660 
Shoot weightFd Chestnut -0.594 
Root WeightEd Chestnut -0.568 

’ An asterisk indicates significant using sequential Bonferroni. 

0.039 0.016 
0.029 0.016 
0.003 0.016* 
0.009 0.025* 
0.014 0.005* 
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ical differences in physiological activity and growth, the date of budbreak (Julian 
day) was also included as a covariate. 

Results 

Seedling growth 

The IO-week drydown had a greater impact on growth in red oak than in chestnut 
oak (Figure 1). In red oak, shoot weights were lower in the W- treatment than in the 
W+ treatment at Week 10 (P < 0.04) and a water x fertilizer interaction (P = 0.052) 
indicated that the difference in shoot weights between the two water treatments was 
greater for fertilized than for unfertilized red oaks. In red oak, root weights were 
positively influenced by the W+ treatment at Week 10 (P = 0.035). There was no 
effect of differential watering on any measure of chestnut oak growth. 

Fertilization had a more pronounced positive effect on growth in red oak than in 
chestnut oak (Figure 1). At Weeks 8 and 10, red oak shoot height, shoot weight and 
root weight were greater in the F+ treatment than in the F- treatment (Week 8: shoot 
height, P = 0.027; shoot weight, P < 0.001; root weight, P = 0.003; Week 10: shoot 
height, P < 0.001; shoot weight, P = 0.005). In chestnut oak, only shoot weight was 
positively influenced by the F+ treatment (Week 6: P = 0.12; Week 10: P = 0.038). 

CHESTNUT OAK RED OAK 
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% 30 
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2 4 6 0 10 2 4 6 8 10 

Weeks after last watering 

o F+/W+ 0 F+/W- q F-/W+ n F-/W- 

Figure 1. Mean + SE (n = 5) of chestnut oak and red oak shoot extension (height), shoot weight and root 
weight at five sample periods during a IO-week drydown. Each sample week is represented by a different 
cohort of plants. 
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Budbreak in both red oak and chestnut oak was, on average, 3 days earlier in the F- 
treatment than in the F+ treatment (P < 0.0001). 

Soil water and leaf water potentials 

In both species at Week 10, total soil water was lower in pots of the W- treatment 
than in pots of the W+ treatment (P < 0.001, Figure 2), but there was no difference 
in soil water between fertilizer treatments (red oak, P = 0.39; chestnut oak, P = 0.09). 
Lower values of ‘I’,, and yd in red oak and chestnut oak in the W- treatments 
than in the W+ treatments were apparent during the last two weeks of the drydown 
(Figure 2) (red oak, Week 8: yld, P < 0.025; Week 10: Y,, P = 0.56, ‘I’d, P = 0.026; 
chestnut oak, Week 10: yd, P = 0.026). The effect of the F+ treatment on water 
potential was only evident in chestnut oak. Predawn leaf water potentials were lower 
in the F+ treatment (-0.18 MPa) than in the F- treatment (-0.10 MPa) at the 
beginning of the study, whereas Fd was greater in the F+ treatment (-0.89 MPa) than 
in the F- treatment (- 1.14 MPa) at Week 8. 

Gas exchange 

Net photosynthetic rates of red oak and chestnut oak in all four treatments increased 
during the first three weeks (Weeks 2-6), then declined between Weeks 6 and 8 
(Figure 3). Stomata1 conductance followed a similar pattern, except that in red oak, 
g,, declined after the second sample week (Figure 3). Between Weeks 8 and 10, the 
peak period of drought, A and g,, declined in some treatments and increased in 
others. Over the five sample weeks, g,, was correlated with A in all treatments for 
both species (P < 0.001, r = 0.79 to 0.9 1). 

CHESTNUT OAK RED OAK 
F ’ 1 1 1 1 ‘f ’ 1 1 I ’ ’ 

2 4 6 8 10 Soil 2  4 6 8 10 Soil 

Weeks after last watering 

0 F+\w+ l F+\W- q F-\W+ . F-\W- 

Figure 2. Daily mean f SE (n = 5) of chestnut oak and red oak leaf water potential and predawn leaf water 
potential at five sample periods during a IO-week drydown. Percent soil water was measured at the final 
sample period. Each sample week is represented by a different cohort of plants. 
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o F+/W+ l F+/W- q F-/W+ n F-/W- 

Figure 3. Daily mean * SE (n = 5) of chestnut oak and red oak net photosynthesis, leaf conductance and 
water use efficiency at five sample periods during a IO-week drydown. Each sample week is represented 
by a different cohort of plants. 

Drought reduced A and g,, in red oak during the latter half of the drydown, but the 
reductions were only significant during Week 6 (A, P < 0.02; g,,, P < 0.008) when 
A rates were at their maximum in both the W+ and W- treatments. At Week 6, 
photosynthetic rates of red oak seedlings were reduced by 20, 9 and 13% in the 
F+/W-, F-/W+ and F-/W- treatments, respectively, compared to seedlings in the 
F+/W+ treatment. By Week 10, photosynthetic rates of red oak seedlings in the 
F+/W-, F-/W+ and F-/W- treatments were 50, 108 and 80%, respectively, of those 
in the F+/W+ treatment, but there were no significant differences among the treat- 
ments once phenology and plant size were accounted for. In chestnut oak, A and g,, 
in the W- treatment were lower during the latter half of the drydown than in the W+ 
treatment (Week 8: A, P = 0.065; g,,, P < 0.05). At Week 10, photosynthetic rates of 
chestnut oak seedlings in the F+/W-, F-/W+ and F-/W- treatments were 33,94 and 
108%, respectively, of those in the F+/W+ treatment, but there were no significant 
treatment differences once phenology and plant size were accounted for. In red oak 
at Week 10, g,, was correlated with A in all treatments (P < 0.02, r = 0.94 to 0.99, n 
= 5 per treatment). In chestnut oak, g,, was higher in the F- treatment than in the F+ 
treatment during Week 2 (P < 0.02) and Week 8 (P = 0.017). At Week 10, chestnut 
oak g,, was correlated with A in all treatments except the F-/W+ treatment (P = 0.90, 
r = 0.05, IZ = 5; other treatments, P < 0.0 1, r = 0.95 to 0.98, y1= 5 per treatment). There 
were no significant interactions of water and fertilizer on rates of gas exchange in 
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either red oak or chestnut oak. 

Water use efficiency 
Water use efficiency increased in both red oak and chestnut oak during the first three 
sample weeks, followed by declines during Weeks 8 and 10 for all treatments of red 
oak but only for the F+/W- treatment of chestnut oak (Figure 3). In red oak, 
significantly lower WUE in the W- treatment compared with the W+ treatment was 
only evident at the peak of photosynthetic activity during Week 6 (P = 0.023) when 
WUE in the F+/W-, F-/W+ and F-/W- treatments was 82, 89 and 92%, respec- 
tively, that of plants in the F+/W+ treatment. In chestnut oak, there was no statisti- 
cally significant difference in WUE between either the water treatments or the 
fertilizer treatments, even at Week 10 (P = 0.08) when values of WUE in the F+/W-, 
F-/W+ and F-/W- treatments were 46, 9.5 and lOO%, respectively, of those in the 
F+/W+ treatment. There were no significant interactions of water and fertilizer on 
WUE in either species. 

Tissue water relations 

In red oak, there were no significant differences in osmotic potentials between 
treatments at any of the sample weeks (Figure 4). Osmotic potentials at full and zero 
turgor decreased in all treatments of chestnut oak between the first and last sample 
weeks, with significant treatment differences occurring at Weeks 4, 8 and 10. 
Osmotic potentials at full and zero turgor were higher in the W- treatment than in 

6 8 10 2 4 6 8 10 

-2.5 1 

SAMPLE WEEK 

-3.0 ’ 

CHESTNUT OAK RED OAK 

0 F+/W+ m F+/W- F-/W+ m F-/W- 

Figure 4. Mean * SE of osmotic potentials at full and zero turgor (MPa) of non-rehydrated chestnut oak 
and red oak leaves at five sample periods during a IO-week drydown in a greenhouse. Each sample week 
is represented by a different cohort of plants. 
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the W+ treatment early in the study (Week 4) as a result of low ‘Pim and ‘I’! in the 
F+/W- treatment as indicated by significant fertilizer x water interactions in Ykuu (P 
= 0.019) and Y$ (P = 0.035). At Week 10, a fertilizer x water interaction (P = 0.062) 
indicated that the greater yl”, in the F- treatment was largely due to greater ‘Pi in the 
F-/W- treatment (Figure 4). 

Relative water content at zero turgor (RWCtJ decreased in the F+ treatments of 
both species between the first and last sample weeks, but increased in the F- 
treatments of red oak and the F-/W- treatment of chestnut oak (Figure 5). Values of 
RWCa were greatest in nearly all of the treatments at Week 6, when photosynthetic 
rates were at their maximum. Significant treatment effects for both species only 
occurred at Week 2 when the leaves had just reached full expansion. At Week 10, a 
fertilizer x water interaction (P = 0.012) for chestnut oak indicated that RWCo was 
greater in the F-/W- treatment than in the F+/W- or the F-/W+ treatment, but not 
the F+/W+ treatment. 

Bulk modulus of elasticity (E) was greatest in nearly all of the treatments of both 
species at Week 6, and continued to increase in the W- treatment of chestnut oak 
during Weeks 8 and 10 (Figure 6). Treatment differences in E for both species were 
only evident at Week 2 when E was greater in the F+ treatments than in the F- 
treatments of red oak (P < 0.001) and chestnut oak (P = 0.066). 

100 I 

70 
2 4 6 6 

SAMPLE WEEK 

17 F+\W+ m F+\W- 

F-\W+ m F-\W- 

Figure 5. Mean + SE of relative water content at zero turgor from P-V analysis on non-rehydrated 
chestnut oak and red oak leaves at five sample periods during a IO-week drydown in a greenhouse. Each 
sample week is represented by a different cohort of plants. 
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t 

2 4 6 6 

SAMPLE WEEK 

n F+\W+ m F+\W- 

F-\W+ m F-\W- 

Figure 6. Mean * SE of tissue elastic modulus (MPa) from P-V analysis on non-rehydrated chestnut oak 

and red oak leaves at five sample periods during a to-week drydown in a greenhouse. Each sample week 
is represented by a different cohort of plants. 

Discussion 

The hypothesis that plants growing under conditions of high nutrient availability 
might be better able to tolerate drought by maintaining basic physiological processes 
(Radin and Parker 1979b, Lahiri 1980, Abrams 1988~~) is not supported by the 
responses of red oak and chestnut oak. Fertilization did not ameliorate reductions in 
net photosynthetic rates, stomata1 conductance, water use efficiency or leaf water 
potentials during the latter stages of the drydown for either species. Seedlings in the 
F+/W- treatment had the lowest measures of physiological performance, especially 
for chestnut oak. 

The W- treatment resulted in greater reductions in photosynthetic rates and 
stomata1 conductance for red oak than for chestnut oak (a 37% reduction in A and 
g,, at Week 10 in red oak compared to reductions of 27 and 20% for A and g,,, 
respectively, in chestnut oak), but these differences were not statistically significant, 
even after plant size was accounted for. These trends are in agreement with the results 
of Hechler et al. (1991), who observed greater stomata1 conductance in drought- 
stressed, N-deficient red oak than in N-fertilized red oak. The lower drought toler- 
ance of red oak compared to chestnut oak seedlings concurs with the reports of 
Abrams et al. (1990), who observed greater reductions in A and g,, in red oak 
saplings compared to chestnut oak saplings on a forested ridgetop during an early 
season drought. 
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Photosynthetic rates and stomata1 conductance of first-flush leaves of both species 
increased between the first and third sample weeks (a 4-week period after full leaf 
expansion) before decreasing. Hanson et al. (1988) also observed a lo-day period of 
increasing CO2 exchange rates after full leaf expansion in red oak. Turner and 
Heichel(l977) and Abrams (1988h) reported increases in stomata1 conductance for 
up to two months after budbreak in Q. rubru and Q. ellipsoidalis, respectively. 
Photosynthetic rates typically reach their maximum at full leaf expansion and then 
decline (Hopkinson 1964, Dickmann et al. 1975). The increased net photosynthetic 
rates in first-flush leaves after full leaf expansion may be attributed to increased 
assimilate demands by a second flush (dates of second flushing were not recorded in 
this study) that cannot be met by cotyledonary reserves (Hanson et al. 1988) or as a 
result of declining dark respiration and compensation irradiance during leaf matura- 
tion (Yamaguchi and Friend 1979). When photosynthetic rates were at their peak 
(Week 6), A of red oak was 12.9% lower in the W- treatment than in the W+ 
treatment before there were any observable decreases in leaf water potentials. 

The ability of red oak and chestnut oak in the F-/W- treatment to maintain higher 
rates of A and g,, than seedlings in the F+/W- treatment could be attributed in part 
to greater WUE because low nitrogen availability is reported to increase WUE of 
cotton growing under a low irrigation regime (Radin et al. 1985). However, Reich et 
al. (1989) observed that, whatever the leaf water status of Ulmus americana seed- 
lings, WUE was greater in fertilized plants than in unfertilized plants. It should be 
noted that our measure of WUE was based on instantaneous gas exchange measure- 
ments and may not accurately reflect WUE over an entire season (Martin and 
Thorstenson 1988). The increase in WUE followed by a decrease in both the W+ and 
the W- treatments indicates that these changes were phenologically regulated, and 
not the classic drought response of stomata1 closure (increasing WUE) followed by 
mesophyll inhibition (decreasing WUE) described by others (McCree and Femandez 
1989, Reich et al. 1989, Ni and Pallardy 1990). 

We used measures of plant size (woody biomass) as covariates in the statistical 
analyses because we expected the soil water in the pots of larger plants to be depleted 
faster. However, we did not obtain significant negative correlations between plant 
size and our physiological measures (e.g., A or ‘I’& during the peak drought period 
(Weeks 8 and lo), which would have indicated that the larger plants were more 
susceptible to low water availability. 

Red oak had greater root weights than chestnut oak. Deep rooting is characteristic 
of Quercus species and is associated with higher (less negative) predawn water 
potentials in field plants (Abrams 1990). However, red oak in the W- treatment had 
lower ‘l’+ vd, WUE and lower soil water than chestnut oak, indicating that it had 
used more of its soil water resources than chestnut oak. The higher root production 
by red oak may be a desiccation avoidance adaptation, permitting the species to grow 
on xeric sites. Root growth by seedlings of both species filled no more than half the 
volume of the pots, although tap roots did reach the bottom. It should be noted that 
the measure of root weight used in this study does not reflect root morphology, which 
may contribute to increased water uptake. Osonubi and Davies (1978, 198 1) reported 
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that the increased root growth of water-stressed Quercus rohur was due to a change 
in production from short, thick roots to a profusion of long, thin roots that penetrated 
deeper into the soil. 

Predawn and mean diurnal leaf water potentials for both species in the W- 
treatment obtained during the peak drought of this study were similar to those for 
field saplings receiving rainfall that was 76% below the loo-year mean (Abrams et 
al. 1990). Compared to chestnut oak during the final weeks of the drydown, red oak 
in the W- treatment had values of yld that were close to its \ro,, indicating that 
water-stressed red oak functioned closer to its wilting point than chestnut oak 
(Figures 2 and 4, cf. Abrams et al. 1990). 

The decreases in ‘I’~m and ‘I’! between the first and last sample weeks in all four 
treatments of both species are consistent with previous observations that these 
parameters decline in mature leaves independently of soil water availability (Abrams 
1988a, 1988b, Kwon and Pallardy 1989). A comparison of drought-stressed and 
well-watered control plants within each sample week indicated that the differential 
fertilization had a greater effect on tissue water parameters than the differential water 
treatments. Red oak showed no evidence of osmotic adjustment or changes in tissue 
elasticity in response to either of the treatments during the period of low Ypd and 
‘I’d. An absence of osmotic adjustment in red oak during drought has been observed 
for both greenhouse and field-grown plants (Bahari et al. 1985, Abrams et al. 1990, 
Kubiske and Abrams 199 1). 

Chestnut oaks in the F+/W- treatment exhibited lower osmotic potentials (both 
Yioo and Y$ and higher Y’pd and Yd at the beginning of the peak drought (Week 8) 
than seedlings in the F-/W- treatment. The lowering of osmotic potentials during 
drought may facilitate the maintenance of turgor, limit desiccation and permit 
continued stomata1 opening (Turner and Jones 1980, Pallardy et al. 1983, Abrams 
1988~) and this process may be facilitated by higher nutrient availability (Abrams 
1988~). However, in this study, osmotic adjustment did not prevent a decline in 
photosynthesis. Photosynthetic rates and stomata1 conductance in the F+/W- treat- 
ment were the lowest of the four treatments and continued to decline, along with 
Yied, during the last weeks of the drydown. In contrast, chestnut oaks in the F-/W- 
treatment appeared unaffected by the drydown, as demonstrated by their high Ykoo, 

y:, RWCo, yleafr A and gwv. 
Various explanations have been given for the influence of nutrients on the re- 

sponses of plants to drought. Nitrogen deficiency in cotton plants increases the 
sensitivity of stomata to closure in response to declining Yled (Radin and Ackerson 
1981) as a consequence of increased accumulation of abscisic acid. However in this 
study, unfertilized chestnut oak did not exhibit reduced Yiear or g,, in response to the 
drydown. Other studies have observed lower stomata1 sensitivity in unfertilized 
plants than in fertilized plants during water stress and have attributed it to increased 
xeromorphy (Radin and Parker 1979~2, 19796, Morgan 1986). Differences in nutri- 
tion can also have nonstomatal effects. Wheat growing under low nitrogen conditions 
exhibited increasing mesophyll photosynthetic capacity and increasing WUE as Yiear 
declined, whereas plants growing under high nitrogen conditions exhibited decreas- 
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ing mesophyll photosynthetic capacity as ‘Piear declined (Morgan 1984). 
The effects of differential fertilization on red oak and chestnut oak growth were 

more pronounced than the effects of differential watering. Shoot growth of chestnut 
oak and all measures of red oak growth (shoot extension, shoot weight and root 
weight) were positively influenced by fertilization, even in the W- treatment. 
Greater shoot growth and crop yields have been demonstrated in water-stressed 
legumes, pearl millet and wheat grown in high versus low nutrient regimes (Lahiri 
1980). 

The growth response of red oak to the treatments imposed during this study reflect 
its adaptability to a wide range of environmental conditions. Our results suggest a 
physiological mechanism for the dominance of chestnut oak on nutrient-poor 
ridgetops (Niering 1953, Keever 1973, Nerurkar 1974, Skaller 1985, Kleiner et al. 
1989). In chestnut oak, gas exchange and tissue water relations in the F-/W- 
treatment were affected less by the drydown than in the F+/W-- treatment. Compared 
with chestnut oak, red oak experienced greater reductions in ‘I’+ wd, A and g,, and 
had lower WUE and lower soil water by the end of the drydown. The concentrations 
of nitrogen and potassium in the F- treatment and in forest soils from ridgetops in 
Pennsylvania (Table 1) are considered to be near the minimum required for the 
growth of forest trees (Wilde 1946, Gessel and Tumbull 1960). The low nutrient 
availability of ridgetop soils coupled with their high permeability and susceptibility 
to drought (Braker 198 1, Kopas 1982, Meiners et al. 1984) appear to provide 
conditions under which chestnut oak’s greater ability to withstand water limitations 
would provide a competitive advantage over red oak. Seedling mortality of unfertil- 
ized red oak in the spring following a late season greenhouse drydown was more than 
double that of unfertilized chestnut oak (Kleiner et al., unpublished results). These 
results suggest that the natural regeneration of oak seedlings on nutrient-poor, xeric 
sites would favor the dominance of chestnut oak. 

The results of this study indicate that high nutrient availability during drought does 
not improve the physiological performance of the seedlings of these two oak species. 
Both species in the F+/W- treatment exhibited large reductions in Ypd, yd, A, g,, 
and WUE compared to seedlings in the F-/W- treatment, and these reductions were 
greater in chestnut oak than in red oak. The restricted distribution of chestnut oak to 
xeric ridgetops may be as much the result of its poor performance on nutrient-rich 
sites during drought as its superior performance on drought-prone, nutrient-poor 
sites. 
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