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Ecophysiological Responses in Mesic 
versus Xeric Hardwood Species to an 
Early-Season Drought in 
Central Pennsylvania 
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Field and laboratory studies were used to evaluate net photosynthesis and plant and 
tissue water relations in saplings of co-occurring xeric (Ouercus prinus and O. ilicifolia) 
versus mesic (O. rubra and Castanea dentata) hardwood spedes during a droughty 
summer. Mean daily net photosynthesis, leaf conductance, leaf water potential, and 
water use efficiency were reduced in all four spedes during the peak drought period. 
Throughout the study, net photosynthesis and leaf conductance were on average high in 
O. ilicifolia and O. prinus, intermediate in O. rubra, and low in C. denrata. Leaf water 
potential was generally highest in ½. denrata and not significantly different among the 
Ouercus spedes. There were few consistent patterns in the tissue water relations data, 
including a lack of osmotic adjustment during peak drought, a lack of correlation between 
osmotic potentials and gas exchange rates, decreases in osmotic potentials and tissue 
elasticity after the peak drought period ended, and bulk leaf water potential values below 
the osmotic potential at zero turgor, despite relatively high gas exchange in those plants. 
Thus, the tissue water relations data provided little insight to mechanisms of drought 
tolerance in these species and suggest some methodology problems using standard 
pressure-volume procedures. Fog. ScI. 36(4):970-981. 
ADDITIONAL KEY WORDS. Water relations, photosynthesis, Ouercus astanea, osmotic 
potential, ridge community. 

OPOGRAPHIC POSITION GREATLY INFLUENCES forest composition and struc- 
ture within the ridge and valley province of central Pennsylvania. Moisture 
availability varies with topography and is often assumed to influence spe- 

des distribution (Adams and Anderson 1980, Abrams 1986a, Fralish 1988). In the 
broadest sense, ridges in central Pennsylvania are dominated by Ouercus prinus, 

whereas valley bottom sites are dominated by O. alba and O. veluti•q. Because 
forest communities exist as a continuum on the landscape, any given stagd is likely 
to contain species that markedly differ in their tolerance to environmental 
stresses, such as drought. Thus, xeric sites may contain some mesic species and 
vice versa. 

Species that differ in their relative abundance along soil moisture gradients may 
greatly differ in their photosynthetic and water relations characteristics. A fairly 
substantial database for drought responses in hardwood species exists for Central 
Plains forests of United States (Hinckley et al. 1979, Parker et al. 1982, Bahari 
et al. 1985, Abrams 1986b, Abrams and Knapp 1986), whereas few such studies 
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are available for northeastern forests, especially in terms of tissue water relations 
(Bunce et al. 1977, Federer 1980). 

The objective of this study was to compare seasonal photosynthesis and plant 
and tissue water relations in four hardwood species on a xeric, ridge community 
in central Pennsylvania. The study species are purported to differ in their drought 
tolerance, and thus would provide comparative information on drought adaptations 
and responses for a northeastern forest. This study was enhanced by a severe 
early-season drought that allowed us to observe physiological responses before, 
during and after drought in a single growing season. The drought could also 
potentially magnify ecophysiological differences and mechanisms of drought tol- 
erance between the mesic versus xeric study species. 

This study was conducted during 1988 on a forested ridge community (640 m 
elevation) located 14 km northwest of State College, PA (40ø50'36"N, 
77ø56'47'qV). The area was dominated by Quercus prinus, and has been partially 
disturbed by a combination of gypsy moth (Lymantria dispar L.) defoliation and 
salvage logging of subsequent mortality. At the study site, six or more saplings 
(individuals <5 cm in diameter at a height of 1.3 m, and >1.5 m in height) for each 
species of Quercus rubra L., Q. prinus L., and Castanea denrata (Marsh.) Borkh., 
and individuals of Q. ilicifolia Wangenh. (a shrub), occurred in a 500 m 2 level area 
and were used for physiological measurements. Individuals for any species grow- 
ing directly next to a cut stump were not included for study. However, the root 
systems of C. dentata are likely to be larger and older than that of the Quercus 
saplings, based on their sprout origin from blight-killed trees. All species are 
members of the Fagaceae family. 

The four study species differ in their ecological distribution, despite the fact that 
they can co-occur. Quercus rubra and C. dentata typically have or had their 
maximum development on lower slopes and ravines where moist, protected areas 
exist (Fowells 1965, Russell 1987, Crow 1988). In contrast, Q. prinus and Q. 
ilicifolia are usually more common on dry, exposed, rocky ridges or sandy barrens 
(Fowells 1965, Elias 1980). 

The climate of the study area is a composite of a relatively dry continental 
climate and a more humid climate characteristic of maritime regions of the eastern 
United States (Braker 1981). Average monthly minimum winter temperatures 
(December-March) range from -5 ø to -7øC, and average maximum summer 
temperatures (June-August) range from 26 ø to 28øC. Average monthly precipi- 
tation varies from 6.5 to 9.7 cm and total annual precipitation averages 93.4 cm. 
The average number of frrost-free days each year is 170 (27 April-14 October). 
The study area is located on a Hazleton-Dekalb soil association, characterized as 
a well-drained, stony sandy loam with rapid to very rapid runoff (Braker 1981). 

FIELD PHYSIOLOGY MEASUREMENTS 

At approximately monthly intervals on relatively cloud-free days during the grow- 
ing season (June-August), diurnal measurements (every 2 or 3 hours from 0700- 
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1600 h solar time) of net photosynthesis (.4) and leaf conductance to water vapor 
diffusion (gwv) were made on a fully expanded, distal sunlit leaf from the midcanopy 
on each of 4-6 individuals (sapling or shrub) of Ouercus rubra, O. prinus, O. 
ilicifolia, and Castanea dentara at the study site. Gas exchange measurements 
were made with a portable photosynthesis system (ADC Ltd., Iterts, England) 
that uses the mass balance technique for estimating leaf CO2 exchange. The ADC 
system was also used to measure diurnal changes in leaf temperature (T•e•f), 
photosynthetic photon flux density (PPFD) and vapor pressure deficit (vpd) for 
each leaf used in gas exchange measurements. These same leaves were then 
immediately harvested and measured for leaf water potential (q•eaf) with a pres- 
sure chamber (Model 600, PMS Instruments Co., Corvallis, OR). Predawn q•t•f 
(0500 h) was also estimated using 3-5 leaves from different individuals for each 
species. Soil water was measured gravimetrically at 30 cm depth at four locations 
within the study plot at each sampling date. 

TISSUE WATER RELATIONS 

Within 2-3 days of each field physiology sampling date, fully expanded leaves of 
each study species were collected from the study site, rehydrated in the labora- 
tory overnight and subjected to pressure-volume analysis. Three or four leaves 
randomly chosen from several collected for each species were used at each 
sampling date. Methods employed for collecting data and constructing the curves 
were similar to those of Robichaux (1984), in which the weight and water potential 
of leaves were periodically measured as they dried by free transpiration under 
ambient conditions on the laboratory bench. From the curves (qq•f inverse versus 
relative water content), the following parameters were derived: the osmotic 
potential at full turgor (q•}oo) and zero turgor (q•o•), relative water content at zero 
turgor (RWCo) and the bulk modulus of elasticity (E, calculated according to 
Fanjul and Rosher 1984). 

Plant and tissue water relations, photosynthesis, and environmental data were 
analyzed using one- and two-factor analysis of variance, Pearson product-moment 
correlation and Scheffe's multiple range test at P < 0.05 (GLM, SAS Institute Inc. 
1982). 

MICROCLIMATE 

During the 1988 field season, precipitation at State College, PA, was 13% above 
normal for May (10.7 cm), 76% below normal for June (2.3 cm), 5% below normal 
for July (8.5 cm), and 20% below normal for the first 27 days in August (6.1 cm) 
(Figure 1). A total of 8.9 cm of rainfall in August occurred after the last sampling 
date on August 27. Predawn q•f for all study species and soil moisture was 
significantly lower (P < 0.05) on June 28 compared to the three other sampling 
dates that occurred before and after the peak drought period. Predawn q•t•f 
among the species was not significantly different on any of the sampling dates. 

There were no significant differences among the study species on any date in 
diurnalPPFD, Tte•f, or vpd (Figure 2). Each parameter increased (P < 0.05) from 
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FIGURE 1. Predawn leaf water potential for the four woody spedes and available soil moisture at the 
study site at four sampling dates and seasonal precipitation for State College, PA. Vertical bars 
represent the standard error of the mean. 

early to mid-day. Average PPFD was highest on June 28 (1552 -+ 26 ixmol 
m- 2- 1 -+ s.e.) and lowest on July 25 (1004 -+ 20 ixmol m- 2- •). Average Tleaf 
and vpd ranged from 24.4-26.7øC and 1.74-2.52 kPa, respectively. Maximum vpd 
was recorded for each species on June 28 during the peak drought period. 

FIELD PHYSIOLOGY MEASUREMENTS 

Mean daily net photosynthesis (.4) for each species was significantly reduced (P 
< 0.05) by drought on June 28 relative to the earlier and later sampling periods 
(Table 1). On June 28, maximum A for all species was recorded at 0700 h, after 
whichA decreased through 1400 h (Figure 3). Values of A measured at 0700 h for 
each species on June 28 did not differ or were greater (in the case of O. ilicifolia) 
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FIGURE 2. Diurnal changes in photosynthetic photon flux density (PPFD), leaf temperature, and 
vapor pressure deficit (vpd) during four sampling dates at the study site in central Pennsylvania. 

than values recorded at 0700 h on June 7 prior to the onset of drought. Following 
the peak drought period (July 25 and August 27), each species exhibited A rates 
similar to those recorded on June 7. However, there existed significant differ- 
ences in mean daily A among the study species before, during, and after drought. 
During all four sampling dates, O. ilicifolia and O. prinus had greater (P < 0.05) 
A than did O. rubra and C. dentata, except on July 25 when diumalA did not differ 
between O. prinus and O. rubra. Ouercus rubra exhibited higher A than did C. 

TABLE 1. 

Mean daily (-+s.e.) net photosynthesis (A), leaf conductance (g,,v) and leaf 
water potential (q%•f) in four tree species in central Pennsylvania. Means in a 

column followed by the same letter are not significantly different. 

Date Spedes A (v, mol m -2 s -x) g• (mmol m -2 s -x) q%a (MPa) 

June 7 O. rubra 6.16 -+ 0.24 a 131 -- 6 a - 1.40 -- 0.05 b 
O. prinus 7.54 -- 0.36 b 173 -- 9 b - 1.31 -- 0.04 a,b 
O. il•folia 7.52 -+ 0.37 b 157 -+ 7 b - 1.31 -- 0.06 a,b 
C. denrata 5.03 -+ 0.40 c 122 -+ 10 a -1.17 _+ 0.06 a 

June 28 O. rubra 2.65 -+ 0.41 d 50 -+ 8 d -2.04 -+ 0,05 c 
O. prinus 4.27 -+ 0.36 c 80 -+ 7 c - 1.98 -- 0.06 c 
O. il•folia 5.18 -- 0.24 c 93 -- 9 c -1.97 -- 0.06 c 
C. denrata 2.69 -- 0.37 d 50 -- 9 d - 1.50 -- 0.06 b,d 

July 25 O. rubra 6.06 _+ 0.27 a 114 -- 7 a - 1.68 -- 0.06 d 
O. prinus 6.71 -- 0.34 a,b 124 -- 8 a - 1.60 -- 0.05 d 
O. il•folia 7.60 -- 0.32 b 160 -+ 8 b - 1.59 -+ 0.05 d 
C. dentara 4.66 -- 0.33 c 79 -- 8 e - 1.23 -- 0.05 a 

August 27 Q. rubra 5.94 -+ 0.32 a 128 -+ 7 a - 1.88 -+ 0.05 c 
O. prinus 6.93 -+ 0.27 b 125 -+ 8 a - 1.84 _+ 0.05 c 
O. ilicifolia 7.12 -- 0.30 b 143 -- 8 a,b -1.89 _+ 0.05 c 
C. dentata 4.44 -- 0.35 c 80 -- 9 c - 1.54 __ 0.06 d 
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FIGURE 3. Diurnal patterns of net photosynthesis, leaf conductance, and leaf water potential for sunlit 
leaves on saplings of Castanea dentata, Ouercus prinus, O. rubra and O. iliafolia at the four 
sampling dates. Vertical bars represent the SE of the mean. 

dentara on all dates except June 28. Comparing species performance before and 
during the peak drought, mean daily A was reduced by 57% in O. rubra, 47% in 
C. dentata, 43% in O. prinus, and 31% in O. ilicifolia. For all four species, A was 
negatively correlated (P < 0.05) with vpd (r = -0.39 to -0.55), Tteaf (r = 
-0.20 to -0.27) and PPFD (r = -0.22 to -0.37) over the four sampling 
dates. 

Comparing gwv among the four sampling dates, all species exhibited their lowest 
mean daily values during the drought on June 28 (Table 1). Ouercus ilicifolia had 
similar diurnal gwv before (June 7) and after peak drought (july 25 and August 27), 
as did O. rubra. In contrast, O. prinus and C. dentata each had greater (P < 0.05) 
mean daily g• before than after drought. On June 28, g• for each species was 
higher in the early morning and lowest during middle to late afternoon (Figure 3). 
Mean daily leaf conductance was lower (P < 0.05) in C. dentata than the Ouercus 
species during all four sampling dates, except on June 7 and 28 when no difference 
in g• was detected between C. dentata and O. rubra. Ouercus prinus had higher 
g• than O. rubra before and during, but not after, the peak drought period. 
Ouercus ilicifolia had higher g• than O. rubra during the first three sampling 
periods. Mean daily gwv between June 7 and 28 was reduced as follows: O. rubra 
(62%), C. dentata (59%), O. prinus (54%), and O. ilicifolia (41%). Over the four 
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sampling dates, species gwv was correlated (P < 0.05) withA (r = 0.81 to 0.87), 
vpd (r = -0.33 to -0.45) and PPFD (r = -0.20 to -0.26). 

All species had lower (P < 0.05) mean daily q%af on June 28 than on the June 
7 or July 25 sampling dates (Table 1). Mean daily q%af for all species was also 
lower on July 25 and/or August 27 compared to the seasonal high values recorded 
on June 7. Indeed, species mean daily q•eaf were not significantly different be- 
tween August 27 and the peak drought on June 28. At the three later sampling 
dates, q•eaf was higher for C. dentata than the Ouercus species. In general, no 
difference in q•eaf was detected among the Ouercus species at any time during the 
study. Species q%af over the four sampling dates was correlated (P < 0.05) with 
predawn q•eaf (r = 0.23 to 0.33), vpd (r = -0.55 to -0.65), T•eaf (r = -0.43 
to -0.48) and PPFD (r = -0.58 to -0.67). Species A and gwv were signifi- 
cantly correlated with predawn t•lea f (r = -0.38 to -0.56), but not with diurnal 
•leaf' 

Mean daily water use efficiency (WUE) for all four species was significantly 
reduced (P < .05) during the peak drought period (June 28) relative to other 
sampling dates; at that time no species differences in WUE were detected (Figure 
4). At other sampling dates, WUE for C. dentara was higher or not significantly 
different than that for the Ouercus species. On July 25 and August 27, 0. prinus 
had significantly higher WUE than did 0. ilicifolia and O. rubra, respectively. 

TISSUE WATER RELATIONS 

Early in the season, C. dentara had significantly higher (less negative) q•oo and 
and, in general, lower RWCo and E than the Ouercus species (Table 2). At that 
time, O. Winus had lower q•o• and RWCo than did O. rubra. During the peak 
drought period on June 28, O. ilicifolia had the lowest q•oo and q•o•, and lower 
RWCo than did O. prinus and O. rubra, whereas C. dentara had the 1owest RWCo 
and E of all four species. Ouercus Winus exhibited a significant increase in both 
osmotic parameters, RWCo and E from June 9 to 29. After the peak drought 
period ended, q•}oo increased in O. ilicifolia and decreased in O. prinus and C. 
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FIGURE 4. Mean daily water use efficiency (WUE) for the study species at each sampling date. Bars 
with the same letter are not significantly different. 
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denrata. Relative water content at zero turgor and E increased 0 TM < 0.05) with 
later sampling date in the Ouercus species, while C. dentata maintained signifi- 
canfly lower values for these parameters at each sampling period. Many q•e•f 
values recorded in the field for the Ouercus species during June 28 and August 27 
fell below their individual q•o• values estimated for those dates; this was not 
detected in C. dentata at any time. 

The peak drought period (June 28) at the study site was characterized by low soil 
moisture and high solar irradiance and vpd. At that time, all species exhibited 
lower diurnal their , A, gwv, and WUE relative to earlier and later sampling dates. 
The lack of difference in spedes predawn q•½•f during the study suggests similar 
effective rooting depths among the saplings (cf. Hinckley et al. 1978b). Decreases 
in thor, A, and gwv in response to drought are typical of most plant species (cf. 
Bahari et al. 1985, Abrams and Knapp 1986, Teskey and Hinckley 1986, Abrams 
1988a). However, lower WUE during drought seen here contradicts the idea that 
partial stomatal closure reduces transpirational losses more than photosynthetic 
carbon gain, thus increasing WUE (Chapin et al. 1987). Decreases in WUE with 
decreasing soil moisture and increasing vpd has also been reported for other 
deciduous forest species (Baldocchi et al. 1987). Maximum A and g• values for 
all study species on June 28 were recorded at 0700 or 0900 h, during which time 
T•½af and vpd were low relative to later in the day. Other studies have also 
reported maximum species A and g• in the early morning during drought (Hinck- 
ley et al. 1979, Williams 1983, Calkin and Pearcy 1984, Bahari et al. 1985). 

Throughout the study, several physiological differences were apparent among 
the study species that were consistent with their ecological distribution. Thus, A 
and g• were on average high in O. ilicifolia and O. prinus, intermediate in O. 
rubra, and low in C. dentata. Ouercus ilicifolia and O. prinus also exhibited a 
lesser reduction in A and g•v than did O. rubra and C. dentata in response to 
drought. Several water relations studies indicated lower drought tolerance in O. 
rubra compared to more xeric Ouercus spedes growing in the region (Wuenscher 
and Kozlowski 1971, Hinckley et al. 1978, Parker et al. 1982, Bahaft et al. 1985). 
The low A and gwv recorded in C. dentara on the four sample dates most likely 
contributed to its ability to maintain high q•½af relative to the Ouercus species (cf. 
Ludlow 1987). 

Lowering osmotic potentials via osmotic adjustment in plants may play an 
important role in maintaining turgor and limiting desiccation during drought 
(Turner and Jones 1980, Abrams 1988c). Adjustments in tissue elasticity may also 
occur during drought, but it can be argued that either increases or decreases in 
this parameter can contribute to desiccation tolerance (Cheung et al. 1975, Clay- 
ton-Greene 1983, Abrams 1988c). Tissue with low elasticity will quickly develop 
low water potential during dehydration and thereby maintain a favorable gradient 
for water uptake from drying soil without undergoing a large water deficit. How- 
ever, more elastic tissue can undergo greater changes in cell volume and maintain 
higher pressure potential during drought. It is therefore not surprising that both 
high and low tissue elasticity has been reported for several xeric Ouercus species 
in the midwestern United States (Parker et al. 1982, Bahari et al. 1985, Abrams 
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and Knapp 1986). In this study, tissue elasticity in the Ouercus species decreased 
with later sampling date. 

We found significant differences in species tissue water relations, but few 
differences that provided insight into their mechanisms of drought tolerance. 
Castanea dentata exhibited greater tissue elasticity (lower E) than the Ouercus 
species species throughout the study, which contributed to its ability to maintain 
leaf turgor at relatively low R WC. The lowering of osmotic potentials by C. 
clentata by late August allowed a further decrease in R WCo. During the peak 
drought period, 0. ilicifolia maintained lower •,, than the other study species, 
which may have contributed to its ability to maintain relatively high A and 
However, 0. prinus exhibited similar A, g•ov and •e•f to 0. ilicifolia during the 
drought, despite it having significantly higher •,•. Moreover, at the end of the 
season C. clentata had similar or lower •,• than the Ouercus species, yet it had 
lower A and gw,. The specific reason for these findings are not known, but may 
be related to species differences in water transport systems (cf. Pallardy et al. 
1983, Abrams 1988c). 

One somewhat surprising result of this study was the general lack of species 
adjustment in osmotic potentials and tissue elasticity in response to drought. It is 
possible that osmotic adjustment during drought is less well developed in trees 
growing in northeastern forests relative to trees in more western, drier forests of 
North America (Parker et al. 1982, Parker and Pallardy 1985, Abrams and Knapp 
1986, Abrams 1988a, Abrams et al. 1990). Comparing data from before and during 
the peak drought period, the only significant change involved an unexpected 
increase in •,•, E, and RWCo in O. prinus. An absence of osmotic adjustment in 
O. rubra during drought has been previously reported (Bahaft et al. 1985). After 
the peak drought period ended, and soil moisture and species predawn •e•f 
increased, •}oo decreased in 0. prinus and C. denrata. Similarly, substantial 
decreases in •,• in droughted plants after rewatering were exhibited by 0. alba in 
Missouri and several genotypes ofJuglans nigra (Hinckley et al. 1978a, Parker 
and Pallardy 1985). A temporal decline in •,, has been reported for well-watered 
seedlings of 0. acutissima, O. alba, and O. stellata (Kwon and Pallardy 1989). 
Seasonal decreases in •,• and tissue elasticity were also exhibited by Ouercus 
ellipsoidalis and Populus tremuloicles in a forest understory characterized by high 
soil water content, low irradiance, and low vpd (Abrams 1988b), suggesting that 
osmotic and tissue elasticity adjustment in certain species are a seasonal or 
phenological response that are independent of water stress (Hsaio et al. 1986, Zur 
et al. 1981). 

At certain times during the study, the Ouercus species had bulk •le•f values in 
the field below their individual •o•, suggesting that the leaves had wilted. This 
conclusion does not seem plausible because of the relatively high A and 
measured from the saplings at those times. It may be possible that the actual field 
•o• values for each species were lower (more negative) than those estimated by 
the pressure-volume technique (Abrams 1988c). Studies in chaparral and desert 
ecosystems during drought periods have reported artificially high •,• in rehydrated 
leaves, relative to nonrehydrated leaves, due to osmotic shifts during the rehy- 
dration period (Bowman and Roberts 1985, Meinzer et al. 1986). Our own recent 
investigation at the same study site indicates that 0. prinus and O. ilicifolia leaves 
exhibit higher (less negative) •,• following 12 or 24 h rehydration relative to no 
rehydration (Kubiske and Adams 1991). The results of this study suggest some 
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methodology problems using standard pressure-volume procedures in certain 
situations. 
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