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SEASONAL TISSUE WATER RELATIONS OF FOUR SUCCESSIONAL PENNSYLVANIA BARRENS
SPECIES IN OPEN AND UNDERSTORY ENVIRONMENTS
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Seasonal tissue water relations were measured in co-occurring saplings of Quercus velutina Lam., Quercus
prinus L., Sassafras albidum (Nutt.) Nees, and Acer rubrum L. from adjacent open and understory sites
in the central Pennsylvania barrens. Open-growing plants exhibited greater and earlier phenological shifts
in osmotic potentials under moist conditions, whereas understory plants had greater osmotic adjustment
during a mild, late-season drought. Sassafras albidum was an exception, exhibiting steadily declining
osmotic potentials at full and zero turgor over the course of the season on both sites. Elastic modulus (€)
steadily increased for all species on the open site, while A. rubrum showed a decrease and S. albidum and
Q. velutina showed an increase in € in the understory. Relative water content at zero turgor (RWC,) was
similar in the understory and open sites except during the drought period when understory plants had
lower values. Quercus prinus generally exhibited the lowest RWC, values, although 4. rubrum, a later
successional species, had a seasonal decrease in RWC, at both sites. Thus, each species exhibited somewhat
unique combinations of seasonal osmotic and elastic adjustment, which acted in concert to balance tissue
water loss with turgor maintenance under changing environmental conditions. These results indicate that
a variety of ecophysiological mechanisms operate to allow species of different successional rank to tolerate

open and understory barrens environments.

Introduction

The northeastern United States is influenced
by maritime climates resulting in humid condi-
tions and relatively stable seasonal precipitation.
Despite this relatively mesic environment, atyp-
ical soil and topographic features have resulted
in the formation of some xeric sites in the region.
One such example is the sandy barrens of central
Pennsylvania. Because of the high iron content
in the sandstone parent material of the barrens,
these sites have a long history of mining, logging,
and fire disturbance associated with the charcoal-
iron industry (Harshberger 1916; Nowacki and
Abrams 1992). The plant communities on these
barrens are a mosaic of open and forested sites
within a geographically small area representing a
unique opportunity to study seasonal light and
water interactions on a diverse group of woody
plants.

Despite the long-term interest in studying the
ecophysiology of plants in stressful environments
(Loustalot 1945), only a few studies have focused
on hardwood vegetation restricted to atypically
xeric sites in eastern North America (Reich and
Hinckley 1980; Hull and Wood 1984). This study
is unique since it focuses on the importance of
seasonal tissue water relations in the xeric barrens
environment. Tissue water relations include os-
motic and cell wall elasticity adjustments that can
effectively moderate the water balance of plants
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in response to dry conditions (Turner 1986;
Schulze et al. 1987; Nunes et al. 1989; Richter
and Kikuta 1989). Though tissue water relations
may be most important to survival during seed-
ling establishment, Zobel (1974) documented the
death of large saplings during a summer drought,
indicating the need for physiological adjustment
long after seedling establishment.

Osmotic and elastic adjustment during drought
has been observed in a variety of plant species
worldwide, but the effect of high and low light
exposure on seasonal tissue water relations is less
understood (Vance and Zaerr 1991; Abrams et
al. 1992; Ellsworth and Reich 1992). Overstory
trees provide a stable and buffered environment
to understory saplings relative to those in the
open, including relief from high vapor pressure
deficit, but they may also impinge on soil water
supplies available to both growth classes. Thus,
late-season water availability may be more lim-
ited to understory saplings than to those growing
in the open. Therefore, osmotic and elastic ad-
justment may be more likely to occur later in the
season in the understory saplings, while earlier
season adjustments may be more necessary in the
warmer, open, sunlit environments. Our objec-
tive was to monitor tissue water relations in open
and understory phenotypes of four species during
moist and droughty periods of a growing season.
This will provide a solid framework on which to
elucidate the impacts of seasonal water avail-
ability on tissue water parameter adjustments.
We were particularly interested in identifying
drought avoidance or tolerance mechanisms in
species of varying successional rank.
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Material and methods
STUDY SITE

The central Pennsylvania barrens are located
approximately 2 km northwest of State College,
Pennsylvania (40°48'52"N, 77°55'50"W). Aver-
age monthly temperatures range from a winter
minimum of -7°C to a summer maximum of 28°C.
Average monthly precipitation varies from 6.5
to 10.3 cm, with a total average annual precipi-
tation of 97.9 cm. Braker (1981) characterized
the soil as a deep, well-drained sandstone deriv-
ative with high permeability and very low avail-
able water capacity. Soil texture is sand, loamy
sand, and sandy loam in the surface horizon and
at depths of 25 and 50 cm, respectively, as de-
termined by the soil hydrometer technique (Day
1965).

The current dominant overstory of chestnut
oak (Quercus prinus L.) was established in ap-
proximately 1934, with lesser amounts of black
oak (Quercus velutina Lam.), scarlet oak (Quercus
_coccinea Muenchh.), and sassafras (Sassafras al-
bidum [Nutt.] Nees). These same species domi-
nate the sapling class with the inclusion of red
maple (Acer rubrum L.) (Nowacki and Abrams
1992).

Six or seven individuals with a diameter at 1.37
m of 0.5-4.0 cm of four species were selected for
study from juxtaposed open and understory sites.
Acer rubrum, considered to be the climax species
for the site, and three earlier successional species
of low to intermediate shade tolerance: Q. velu-
tina, Q. prinus, and S. albidum (Burns and Hon-
kala 1990; Nowacki and Abrams 1992) were
located and permanently tagged in the approxi-
mately 400 m? plot. Special care was taken to
include only true saplings and to avoid stump
and clonal sprouts. Since all four species were
present as saplings in both light regimes, we were
able to formulate an unreplicated factorial design
with four species and two light environments.

DATA COLLECTION

On each sampling date during the 1990 grow-
ing season (June 5, June 22, July 18, August 3,
and August 31), a single midcrown leaf was col-
lected from five replicate saplings of each species
on each site before dawn (0600 hours solar time)
for pressure-volume (P-V) analysis. Samples were
sealed in a plastic bag with a damp paper towel,
stored in a dark container, and transported to the
laboratory. Samples were not rehydrated to avoid
potential shifts in P-V relationships (Parker and
Pallardy 1987; Kubiske and Abrams 1990). The
methods for constructing the P-V curves (1/¥ vs.
relative water content [RWC]) were similar to
those employed by Robichaux (1984) and Turner
(1988), in which mass and bulk leaf water poten-
tial (¥) were periodically measured as leaf sam-

ples dried by free transpiration on a laboratory
bench. Tissue mass at saturated ¥ was estimated
via linear regression of P-V data above and in-
cluding the turgor loss point for each sample (La-
diges 1975; Kubiske and Abrams 1990). An ini-
tial region of phloem exudate in some of the A.
rubrum samples was excluded from this regres-
sion procedure (Abrams and Kubiske 1990), while
plateaus present in some of the Quercus spp. sam-
ples were also excluded (Bahari et al. 1985; Ku-
biske and Abrams 1990, 1991a). Estimated sat-
urated sample mass was then used to calculate
RWC. Least squares linear regression was used
to calculate the P-V parameters (SAS Institute
1985): osmotic potential at full turgor (¥,!°°) and
zero turgor (¥,% and RWC at zero turgor (RWC,).
The bulk modulus of elasticity between full and
zero turgor (€) was calculated according to Rob-
ichaux and Canfield (1985). Also during each
sampling date, gravimetric soil moisture analysis
of the upper 25 cm was conducted using four
replicate soil samples in the open and understory
sites. In addition, available soil moisture was
evaluated by measuring predawn bulk leaf ¥ (pre-
dawn leaf ¥) with a pressure chamber (PMS In-
strument Co., Corvallis, Oreg.) on one leaf from
each study plant (N = 6 or 7 for each species-
treatment combination).

Statistical analyses for soil moisture, predawn
leaf ¥, and P-V parameters were carried out using
a one-way ANOVA model for a completely ran-
domized design, Tukey’s multiple range test (P
< .095), and Pearson product moment correlation
(P < .05) (SAS Institute 1985).

Results and discussion

The monthly averages of daily maximum and
minimum temperatures from June to August 1990
were within 1.0°C of the 30-yr mean and precip-
itation was 5.05 cm above the 100-year mean,
indicating normal to moist weather patterns (fig.
1). However, a 10-d drought occurred from July
25 to August 4, resulting in significantly lower
soil moisture (0-25 cm) on August 3 compared
with the other four sampling dates. According to
Broadfoot and Burke (1958), a soil moisture con-
tent of 6% in loamy sand, such as the value on
August 3, equals a soil ¥ of —1.5 MPa, indicating
a severe water deficit in the upper 25 cm. Over
the 1990 growing season the barrens had consis-
tently lower soil moisture (13.5 + 0.4%) contents
(0-25 cm) than mesic slope forests (34.3 = 2.6%)
and lowland hardwood forests (40.9 + 0.7%)
(Abrams et al. 1993). This 255%-304% lower soil
moisture content illustrates the extremely xeric
barrens conditions relative to other forest types
in the State College, Pennsylvania, vicinity. Soil
moisture was not significantly different between
the open and understory sites on any sampling
date. Predawn leaf ¥ was greater than —0.25 MPa
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Fig. 1 Predawn leaf water potential (¥) and gravitational
soil moisture at five sampling dates during the 1990 growing
season for open and understory sites in the barrens ecosystem
in central Pennsylvania. The values of four species were used
to compute the open and understory means for predawn leaf
¥, while the bars represent 1 SE. Daily ambient maximum
and minimum temperature curves as well as daily precipi-
tation bars are presented in the lower box. Sampling dates are
indicated by triangles on the horizontal axis.

on both sites across all sampling dates. However,
lower values were detected in understory plants,
possibly indicating greater competition for water
with overstory vegetation.

Osmotic potentials at full (¥_!°°) and zero tur-
gor (V%) were similar between open and under-
story plants on all dates except June 22, when
open plants had significantly lower values (P <
.05) (fig. 2). Species occupying the barrens also
had lower ¥, than other more mesic species with-
in the same region, reflecting the ability of these
species to adjust to the barrens environment (Ku-
biske and Abrams 1991a). However, mean os-
motic potentials (MPa) in this study were higher
(Iess negative) when compared with the same spe-
cies in more xeric, western locations (—1.18 and
—1.58 vs. —1.85 and —2.74, ¥_!% and ¥_O, re-
spectively) of the eastern deciduous biome
(Abrams 1988, 1990).

Seasonal comparisons of plants on both sites,
averaged across all species, showed a significant
decline in both ¥, ' and ¥, ° from June 5 to
August 3, which included the 10-d drought in late
July. However, open plants exhibited an earlier
decline in ¥, (by June 22) than understory plants
(by July 18) (fig. 2). Seasonal decreases in these
parameters have been attributed to phenological
shifts that occur in many species during leaf mat-
uration, despite well-watered conditions (Parker

et al. 1982; Abrams 1988; Kwon and Pallardy
1989), and to osmotic adjustment during drought
(Hinckley et al. 1978; Schulze et al. 1987). In
addition, recent studies have documented lower
W¥_ in sun than in shade plants, possibly related
to lower diurnal ¥ resulting from greater tran-
spirational losses (Abrams et al. 1992; Ellsworth
and Reich 1992). This is supported by the de-
velopment of lower midday ¥ and greater diurnal
stomatal conductance of the plants (Kloeppel et
al. 1993). Average midday ¥ (MPa) for the four
species were: Quercus prinus (—2.13, —1.54),
Quercus velutina (—2.02, —1.64), Acer rubrum
(—1.35, —0.95), and Sassafras albidum (—1.04,
0.64), in the open and understory, respectively.
Thus, greater and earlier decreases in osmotic
potentials in the open site may be important in
maintaining turgor pressure in the face of larger
diurnal water deficits. Following the relief of a
mild, late-July drought, all species in the under-
story and Q. velutina in the open had higher os-
motic potentials. There were no consistent spe-
cies differences among osmotic potentials within
sampling dates at either site, although S. albidum
generally had the highest values in both treat-
ments (fig. 2). In contrast, previous studies from
this and other regions have documented lower ¥,
in Quercus spp. relative to other co-occurring spe-
cies on upland sites (Osonubi and Davies 1978;
Hinckley et al. 1983; Bahari et al. 1985; Abrams
1990). Acer rubrum did not exhibit higher ¥, than
the earlier successional species in this study,
whereas others have documented higher ¥, in
later successional species, possibly because of
lower gas exchange rates and lower diurnal water
deficits (Roberts et al. 1980; Bahari et al. 1985).

In the open, A. rubrum generally exhibited the
highest tissue elastic modulus (¢€), followed by S.
albidum and the Quercus spp. (fig. 3). Though
several species differences were detected, values
of € in this study were similar to those of Quercus
spp. in the eastern deciduous biome, 14.73 vs.
15.81 MPa, respectively (Abrams 1990). On Au-
gust 3, € was generally higher (P < .06) in open
than in understory plants since € increased in
open plants and decreased simultaneously in un-
derstory plants during a late July drought. The
understory shift in € may have been stimulated
by the sustained water use by overstory trees with
deep root systems. Seasonal increases in € similar
to those seen here in the open plants have been
documented for several oak and other eastern tree
species and are likely to be related to tissue mat-
uration and development (Parker et al. 1982;
Bowman and Roberts 1985; Abrams and Menges
1992). In both sites, S. albidum and Q. velutina
exhibited seasonal increases in €, whereas un-
derstory A. rubrum had decreased € (P < .05).
Similarly, Acer saccharum developed higher e
during drought in a forest opening than in an
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Fig. 2 Osmotic potentials at full and zero turgor (mean + SE) from pressure-volume analysis of saplings of four species in
open and understory environments in the barrens ecosystem in central Pennsylvania. The overall mean of each 1990 sampling
date in each light regime is indicated by a horizontal bar. Means with the same letter within a row are not significantly different

using Tukey’s mean separation test at the o = .05 level.

understory (Ellsworth and Reich 1992). It is gen-
erally accepted that low tissue elasticity (indicat-
ed by high €) will result in relatively large de-
creases in ¥ during dehydration and maintain a
favorable ¥ gradient for water uptake from drying
soils (Robichaux 1984). A possible addition to
the function of high €, and the accompanying

rapid decrease in turgor, is a mechanism pro-
moting stomatal closure prior to the development
of large leaf water deficits that become more dif-
ficult to replenish during drought. This is sup-
ported by the relatively low diurnal leaf conduc-
tance reported for these A. rubrum saplings
(Kloeppel et al. 1993). The later successional un-
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Fig. 3 Elastic modulus (mean + SE) from pressure-volume analysis of saplings of four species in open and understory
environments in the barrens ecosystem in central Pennsylvania. The overall mean of each 1990 sampling date in each light
regime is indicated by a horizontal bar. Means with the same letter within a row are not significantly different using Tukey’s

mean separation test at the « = .05 level.
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derstory A. rubrum developed more elastic tissue,
possibly because it exists under conditions of low-
er transpiration demand and can therefore un-
dergo greater changes in cell volume to maintain
higher turgor pressure during drought. Thus, ei-
ther an increase or a decrease in tissue elasticity
may contribute to the drought tolerance of a spe-
cies.

Relative water content at zero turgor was sim-
ilar in both light environments except for the
August 3 sampling date, when understory sap-
lings exhibited significantly lower values than
those in the open (fig. 4). This coincides with a
mild drought and indicates a greater net adjust-
ment of elastic and osmotic properties in under-
story saplings, possibly because of increased com-
petition for water with overstory vegetation. Acer
rubrum exhibited a significant decline in RWC,
(P < .05) from June 5 to July 18 or August 3 at
the open and understory sites, respectively, where-
as Q. velutina had its lowest RWC, values in the
understory on August 3. Sassafras albidum ex-
hibited decreased RWC, in the open by August
31 but no adjustments in the understory. Quercus
prinus often exhibited the lowest RWC, in both
treatments. This net result of low osmotic poten-
tials and € may contribute to the ability of this
early successional species to tolerate xeric barrens
and ridgetop environments (Nowacki and Abrams
1992).

The diurnal course of bulk leaf ¥ of these sap-
lings (Kloeppel et al. 1993) along with P-V curve
data allowed estimation of the value of minimal
diurnal field RWC. However, this technique did
not account for diurnal osmotic adjustment (Ku-
biske and Abrams 1991b) since the P-V tissue
was collected under predawn conditions. None-
theless, minimal diurnal RWC was near or slight-

ly below the RWC, in both Quercus spp. across
all sampling dates. However, RWC was 2%-6%
higher than RWC, at its lowest point for both A.
rubrum and S. albidum, indicating much less se-
vere water shortage than in the early successional
Quercus spp. Nonetheless, cell turgor and pho-
tosynthesis was maintained in all species, thereby
allowing continued carbon assimilation and
growth despite several different species patterns
in RWC. Interestingly, Q. velutina reached its
RWC diurnal minima on average 2 h earlier than
all other species. However, all species did expe-
rience 1%-4% greater RWC in the understory
compared with the open saplings since ¥ was
never as low in the understory as in the open
(Kloeppel et al. 1993).

Relative water content at zero turgor was pos-
itively correlated with ¥_° (R = .60) and € (R =
.73) across all species, dates, and sites (fig. 5). In
this study ¥, generally decreased and € increased
during the season, thereby balancing the effect on
RWC, over the growing season. Various com-
binations of eand ¥, ° will result in similar RWC,,
thus providing multiple pathways for plants to
adjust to water-limiting environments (fig. 5). In-
terestingly, incremental changes in ¥_° at low val-
ues of € (e.g., 8.8 MPa) result in greater relative
changes in RWC, than at higher €. Nonetheless,
it is quite apparent from figure 5 that a reduction
in both € and ¥,° could potentially provide the
greatest degree of turgor maintenance for plants
experiencing drought conditions. However, only
Q. velutina in the understory showed decreased
€ during drought.

The coarse-textured soils of the barrens have
inherently low water-holding capacity and nutri-
ent content, necessitating certain ecophysiologi-
cal adaptations in barrens plants (Forman 1979).
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These adaptations often include lower seasonal
¥_than in plants on mesic sites. Each study spe-
cies exhibited significant seasonal changes in tis-
sue water relations in the open and understory
sites, including phenological shifts and adjust-
ment to a mild drought. Moreover, seasonal shifts
in ¥, under moist conditions may be most dra-
matic in open plants because of lower diurnal leaf
¥ and more rapid increases in specific leaf mass
(Kloeppel et al. 1993). Nonetheless, increased
competition for soil moisture in closed-forest en-
vironments may intensify the effect of drought.
The study species in the open tended to decrease
¥, and increase €, thereby maintaining a soil-to-
leaf ¥ gradient while avoiding a severe tissue wa-
ter deficit. In contrast, understory A. rubrum had

decreasing ¥_ and ¢, while S. albidum had in-
creasing €, arguably, these species represent op-
posite ends of successional development. Though
various adaptations have been noted for each spe-
cies in this study, the differences observed would
likely have been more accentuated during a year
with a more severe drought. Nonetheless, these
species of varying successional rank exhibited dif-
ferent ecophysiological responses in open versus
understory barrens sites.
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