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Quercus species differ in water and nutrient characteristics in a
resource-limited fall-line sandhill habitat
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Summary We compared co-occurring mature Quercus lae-
vis Walt. (turkey oak), Q. margaretta Ashe (sand post oak) and
Q. incana Bartr. (bluejack oak) trees growing in resource-
limited sandhill habitats of the southeastern United States for
water and nutrient characteristics. The Quercus spp. differed in
their distribution along soil water and nutrient gradients, and in
their access to and use of water, even though the study year was
wetter than average with no mid-season drought. Quercus
laevis had the greatest access to soil water (least negative pre-
dawn water potential, ¥,q) and the most conservative wa-
ter-use strategy based on its relatively low stomatal conduc-
tance (g), high instantaneous water-use efficiency (WUE),
least negative midday water potential (‘P,,,4) and high leaf spe-
cific hydraulic conductance (K} ). Quercus margaretta had the
least conservative water-use characteristics, exhibiting rela-
tively high g, low instantaneous WUE, most negative ¥,,,4, and
low K. Quercus margaretta also had a low photosynthetic ni-
trogen-use efficiency (PNUE), but a high leaf phosphorus con-
centration. Quercus incana had the poorest access to soil wa-
ter, but intermediate water-use characteristics and leaf nutrient
characteristics more similar to those of Q. laevis. There were
no species differences for photosynthesis (A), leaf nitrogen on
an area basis, or seasonally integrated WUE (8'°C). Both A and
gs were positively correlated for each species, but A and g, were
generally not correlated with Wpq, ¥ nq Or AW 4.ma. Although we
found differences in resource use and resource status among
these sandhill Quercus spp., the results are consistent with the
interpretation that they are generally drought avoiders.
Quercus laevis may have an advantage on xeric ridges because
of its greater ability to access soil water and use it more conser-
vatively compared with the other Quercus spp.

Keywords: nitrogen, oak, photosynthesis, soil-to-leaf hydrau-
lic conductance, water potential.

Introduction

The longleaf pine—oak (Pinus palustris Mill.—Quercus spp.)
habitats of the southeastern United States are characterized by
deep, sandy soils with low soil water and nutrient availability
(Wells and Shunk 1931, Laessle 1958, Woods et al. 1959,

Christensen 1988, Jacqmain et al. 1999). These habitats vary
with topography, ranging from xeric areas dominated by
Quercus laevis Walt. (turkey oak) to more mesic areas domi-
nated by other Quercus spp. (Wells and Shunk 1931, Weaver
1969, Christensen 1988, Peet and Allard 1993, Jacqgmain et al.
1999). Differences in the distribution and dominance of
Quercus spp. along the topographic gradient are attributed pri-
marily to interspecific differences in response to the availabil-
ity of soil water, soil nutrients and light (Wells and Shunk
1931, Weaver 1969, Christensen 1988, Myers 1990, Jacqmain
et al. 1999). Although fires are common and generally reduce
Quercus dominance (Christensen 1988, Rebertus et al. 1993),
they do not appear to drive the distribution patterns of Quercus
spp. because these patterns are similar in areas with and with-
out frequent burning (Weaver 1969).

Quercus spp. are adapted to a wide range of soil water
conditions (Abrams 1990, Dickson and Tomlinson 1996).
These oak species can avoid the development of more
negative plant water potentials by deep rooting and stomatal
control of gas exchange, and can tolerate more negative water
potentials through osmotic adjustment and other morphologi-
cal and physiological features (Rambal 1984, Stringer et al.
1989, Abrams 1990, Stone and Kalisz 1991, Bréda et al. 1993,
Hamerlynck and Knapp 1996). Interspecific and ecotypic dif-
ferences in water relations and gas exchange characteristics
have been associated with occupation of sites differing in soil
water availability (Wuenscher and Kozlowski 1971, Bahari et
al. 1985, Abrams 1990, Kubiske and Abrams 1992, Hamer-
lynck and Knapp 1996).

Drought tolerance has been inferred for some sandhill
Quercus spp. based on the sandy nature of the substrate and
the xeric appearance of the foliage (e.g., Q. laevis and Q. mari-
landica Muenchh.; Abrams 1990, Dickson and Tomlinson
1996). However, seasonal predawn water potential (‘*Ppq) val-
ues reported for these species do not indicate exposure to or
tolerance of long periods of plant water stress (Mavity 1992,
Vaitkus and McLeod 1995, Donovan and Pappert 1998).
Mavity (1992) found that three deciduous species in a Georgia
sandhill community (Q. laevis, Q. margaretta Ashe and Q. in-
cana Bartr.) maintained ¥4 close to zero through most of the
season and responded to a short drought with more negative
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W4 values and reduced photosynthesis. There were differ-
ences among the Quercus spp., with Q. incana having a more
negative ¥4 and lower stomatal conductance than Q. laevis
and Q. margaretta (Mavity 1992). Interspecific differences
have also been reported for sprout/juvenile responses to added
nutrients and water, with Q. laevis showing less of a response
(consistent with a stress-tolerant mechanism) than Q. hemi-
phaerica Bartr. ex Willd. (Vaitkus and McLeod 1995).

Based on observed differences in species distribution and
potential differences in adaptation to soil water and nutrient
availability, we expected the Quercus spp. in this study to dif-
fer in ecophysiological characteristics related to water and
nutrient status. We compared co-occuring mature Q. laevis,
Q. margaretta and Q. incana to determine differences in pho-
tosynthesis, stomatal conductance, intercellular CO, concen-
tration, predawn water potential, midday water potential, leaf
N and P, instantaneous and seasonally integrated water-use ef-
ficiency, photosynthetic nitrogen-use efficiency and leaf spe-
cific hydraulic conductance. We hypothesized (1) that the
three species would differ in these characteristics where they
co-occur, and (2) that Q. laevis, which dominates the most xe-
ric sites, would have the most conservative water-use strategy
among the species studied, even under conditions of high wa-
ter availability.

Materials and methods

The study site is a sandhill habitat in the northeastern part of
the Savannah River Site near Aiken, SC, located in the Depart-
ment of Energy set-aside area No. 29: Scrub Oak Natural Area
(Davis and Janecek 1997). The soils are Lakeland sands with
0-6% slope (Davis and Janecek 1997). Deciduous oaks
(Q. laevis, with associated Q. margaretta and Q. incana) dom-
inate the site canopy. Pinus palustris individuals are emerg-
ents. Selective logging of the larger pines may have occurred
prior to land acquisition in 1951, because the oldest individu-
als are 81 years old (Davis and Janecek 1997). The site has not
burned for at least 45 years and Vaccinium spp. dominate the
understory. Precipitation and temperature data were collected
for the 1997 growing season (Savannah River Site, Williston
barricade, about 1 km from the study site) and compared with
33-year mean temperature and 45-year mean precipitation
data (Area 773A, about 13 km from the study site). The study
area is contiguous with sites previously used for ecophysio-
logical studies of Q. laevis (Donovan and Pappert 1998) and
spatial and genetic structure studies of Q. laevis and Q. marg-
aretta (Berg and Hamrick 1993, 1994). The three winter de-
ciduous Quercus spp. are all small trees 5—-8 m in height, with
relatively open canopies and no closed overstory of P. pal-
ustris. Leaves generally emerge in late March, reach complete
expansion in early May and senesce in November. Quercus
laevis and Q. incana are red oaks, whereas Q. margaretta is a
white oak.

Within a 100 x 100 m plot, 12 locations were selected, each
containing one suitably sized individual (> 2 cm DBH) of each
of the three Quercus spp. Locations were far enough apart to
ensure that individual trees of each species were unlikely to be

connected by intact roots. However, because of the prolific
lateral extension of roots of these species, and the capacity for
clonal growth, it is possible that independent ramets of the
same clone were sampled (Berg and Hamrick 1994). The
12 individuals of each Quercus sp. were repeatedly sampled
for ecophysiological characteristics three times during the
1997 growing season: June 9-10, July 13-15, and Septem-
ber 7-9. Plant water potentials were measured before dawn
(Wpa) and at midday (Wma) on mature, fully expanded leaves
from the lower canopy with a Scholander-type pressure cham-
ber (PMS Instruments Co., Corvallis, OR). Net photosynthe-
sis (A) and stomatal conductance to H,O (g;) were measured
on mature, unshaded leaves (incident radiation > 1000 pmol
m~ s~ for June and Sept, > 800 umol m~ s~' for July), with
two LI-6200 portable photosynthesis systems equipped with
250-ml chambers (Li-Cor, Inc., Lincoln, NE). The two LI-
6200s were consistently used at different locations, so that any
minor difference attributable to the systems was accounted for
as a block effect in the analyses. For each individual on each
sampling date, gas exchange measurements were made three
times during the day, between 1000 and 1700 h. No consistent
diurnal trend for A or g, was evident for any species on any
date, so the mean of the three measurements on each tree was
used in the analysis of subsequent time-of-season effects and
correlations.

Photosynthetic nitrogen-use efficiency (PNUE) was calcu-
lated from A and leaf N (Field et al. 1983). Intercellular CO,
concentration (ci; Farquhar and Sharkey 1982) was used as a
comparative estimate of instantaneous water-use efficiency
(WUE), because ambient CO, concentration, leaf temperature
and leaf-to-air vapor pressure deficit (calculated from leaf
temperature during measurements and air temperature and rel-
ative humidity from open chamber readings), Aw, were not
significantly different among species on each sampling date
(Donovan and Ehleringer 1994). A higher c; reflects lower or
less conservative instantaneous WUE.

Leaf specific hydraulic conductance from soil to leaf (K1, =
(8smaAWma)/(Wpa — Pma)) was calculated using ¥pq to approxi-
mate soil water potential, W4, and gsma and Awpa (gs and Aw,
respectively, measured at the same time as Wnq) (Thompson
and Hinckley 1977, Pallardy et al. 1995, Hubbard et al. 1999).
Leaf area was measured (Agvision leaf area meter, type AMS,
Delta-T Devices, Cambridge, U.K.) and then leaves were
dried and weighed for calculation of specific leaf area (SLA).
Mature leaves were also collected, dried and ground for analy-
sis of leaf N (micro-Dumas combustion, Carlo Erba, Milan,
Italy) and leaf P (colorimetric analysis of a dry ash/acid ex-
traction; Allen 1989).

Plant characteristics measured on three sampling dates were
analyzed by multivariate, repeated measures analysis of vari-
ance (MANOVA; O’Brien and Kaiser 1985, von Ende 1993)
on untransformed data using the SAS PROC GLM statistical
software package (SAS Institute, Cary, NC) to test for season-
al trends and differences among species. Pillai’s trace is the
F-statistic that is reported for within-subject effects (time)
(Olson 1976). Relationships among plant characteristics were
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analyzed by determining significance of Pearson’s product
moment correlation coefficients.

Leaves collected in September were analyzed for §'°C by
continuous flow mass spectrometry (University of Georgia
Stable Isotope/Soil Biology Laboratory) to estimate season-
ally integrated ¢; and WUE (Farquhar et al. 1989, Donovan and
Ehleringer 1994). A more negative 8"°C reflects a lower or less
conservative seasonally integrated WUE. A one-way analysis
of variance (ANOVA) on inverse, natural log-transformed data
was used to test for differences among species for §'°C values.

At 20 locations within the 100 x 100 m study area, soil wa-
ter and soil nutrient contents were measured to determine their
association with woody plant nutrient concentration and
P. palustris seedling abundance and survival (K.W. McLeod,
J.B. West and L.A. Donovan, unpublished data). Although
these locations did not correspond to the 12 Quercus study
sites in a one-to-one fashion, they are representative of the
overall site. Soil samples were taken in March 1997 at 15 and
60 cm depths for determination of gravimetric soil water con-
tent and nutrient content. Soils were weighed wet, dried at 60
°C, weighed again, and ground in a ball mill. Soil N and C
were obtained from micro-Dumas combustion (Carlo Erba)
and available soil P was obtained from colorimetric analysis of
a double acid extraction (Olsen and Sommers 1982). For
gravimetric soil water content, and soil N, P and C, the two
depths were compared with a one-way ANOVA, with 20 rep-
licates per depth (data were transformed as necessary to meet
assumptions). Concurrent with gravimetric measurements of
soil water in March and the Quercus ecophysiology sampling
in June, July and September, soil water content was measured
with a portable Time Domain Reflectometer (Soil Moisture
Equipment, Santa Barbara, CA) for 0—15 and 0—60 cm depth
intervals. On each sampling date, TDR soil water estimates at
the two depths were compared with a one-way ANOVA, with
20 replicates per depth.

Results

Compared with long-term trends, precipitation was generally
near average and air temperature generally below average dur-
ing the study period (Figure 1). Major rain events (> 25 mm)
occurred throughout the study period, and within a week im-
mediately before the June and July measurement periods. Soil
water content, estimated from TDR measurements, differed
significantly between the 0—15 and 0—60 cm depths (Fig-
ure 1). The shallower soil had a significantly higher soil water
content than the 0—60 cm depth in March, May, and Septem-
ber (P < 0.01), but the deeper soil was wetter in July (P <
0.0001). Gravimetric water contents for the March sampling
date (8.5 % + 0.41 and 5.5 % + 0.41 for 15 and 60 cm depths,
respectively; P =0.03) were consistent with the TDR measure-
ments. The two methods differed in the absolute amount of
soil water because gravimetric samples were taken at 15 and
60 cm depths, whereas TDR measurements yielded integrated
results from surface to 15 or 60 cm depth. For soils sampled in
March, total soil N was significantly higher at 15 cm (0.043 +
0.002%) than at 60 cm depth (0.026 + 0.003%; P < 0.0001).
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Figure 1. Monthly long-term means (33 years for temperature and
45 years for precipitation), and 1997 monthly mean temperature and
monthly total precipitation for the study area. In addition, daily pre-
cipitation events for 1997 are indicated in bar graph form on the pre-
cipitation panel. Gravimetric soil water (mean + SE) from TDR
measurements for 0—15 and 0—60 cm depths are presented. For soil
water content (bottom panel), values associated with different letters
are statistically significantly different within a date. Asterisks on the
x-axis indicate sampling dates for ecophysiological characteristics of
the Quercus spp.

Soil carbon was also higher at 15 cm depth (0.76 + 0.07%)
compared with 60 cm depth (0.11 + 0.02%; P < 0.0001). In
contrast, soil-extractable P tended to be lower at 15 cm depth
(4.5 £ 3.0 ppm) compared with 60 cm depth (8.1 = 0.6 ppm;
P =0.07).

There was a significant species effect for W4, with Q. laevis
consistently exhibiting the least negative values and Q. incana
consistently exhibiting the most negative values (Figure 2A,
Table 1). For all species, W4 declined through the season.
Species also differed significantly for Wne (Figure 2B, Ta-
ble 1). Quercus laevis had the least negative values, and
Q. margaretta had the most negative values. The significant
time x species interaction was most likely a result of the simi-
lar W values of Q. incana and Q. margaretta in June. Sea-
sonal means and maxima for A%¥pa.mq were 1.71 and 2.05, 2.55
and 2.90, and 1.98 and 2.04 MPa for Q. laevis, Q. margaretta
and Q. incana, respectively.

There was no significant species effect for A, which
declined throughout the season for all species (Table 1, Fig-
ure 2C). Species differed significantly for g, and ¢;, with
Q. margaretta having the highest values late in the season
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Figure 2. Ecophysiological characteris-
tics of Quercus laevis, Q. margaretta
and Q. incana (means = SE, n =12
trees per species) sampled repeatedly
during the 1997 growing season.

(A) Plant predawn water potential,

Wpa, (B) plant midday water potential,
W, (C) photosynthesis, A, (D) sto-
matal conductance, g, (E) intercellular
CO, concentration, c;, (F) specific leaf
area, SLA, (G) leaf-to-soil hydraulic
conductance, K1, (H) photosynthetic
nitrogen use efficiency, PNUE, (I) leaf
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Table 1. Repeated measures ANOVA for seasonal characteristics for
Quercus laevis, Q. margaretta and Q. incana trees. Abbreviations:
plant predawn water potential, ¥,q; plant midday water potential,
W na; photosynthesis, A; stomatal conductance, gg; intercellular CO,
concentration, c;; specific leaf area, SLA; leaf-to-soil hydraulic con-
ductance, K| ; photosynthetic nitrogen use efficiency, PNUE; leaf ni-
trogen, leaf N; and leaf phosphorus, leaf P. Degrees of freedom
(numerator/denominator) are 2/44 for Time, 4/11 for Time x Species
and 2/22 for Species. Significance values are indicated as: * = P <
0.05, ** = P < 0.01, *** = P < 0.001.

Jul

Source F statistic

Time Time x Species ~ Species
¥4 (MPa) 92.03%%% 173 16,745
W,a (MPa) 59.97#k% 4 35%x 38.05%
A (mmol m~2s™") 40.53%%% 145 1.87
gs (mol m~2s7h 29.54%#% 3 Qs 3.79%
¢ (ppm) 23.08%i% 5 ]k 21.04%5%
Ki (mmol m~2s™") 44.95%%% (.6 5.51%*
PNUE (mmol mol™! s71) 40.22%** 157 4.05%
Leaf P (%) 10.96%%% .87 177,97
Leaf N (%) 229.5%k% (.97 1535
Leaf N (mg cm™2) 157255 2 .58% 0.74
Leaf SLA (cm? g™!) 354.5%k% 1,65 10.3 s

nitrogen, leaf N, and (J) leaf phospho-
rus, leaf P. See Table 1 for statistical
results.

IAug
Month

(Figures 2D and 2E, Table 1). For g, and c;, the species x time
interactions were also significant. For each sampling date,
there were no significant species effects for leaf temperature,
irradiance and Aw (P > 0.10). Leaf temperature (°C), PAR
(umol m~2s7") and Aw (mmol mol™) were 31.3, 1472 and 35
for June, 35.9, 971 and 42 for July, and 32.3, 1181 and 42 for
September, respectively.

In September, leaf 8"C values were —29.49 + 0.15,
-29.70 £ 0.24, and —29.25 + 0.19 for Q. laevis, Q. margaretta
and Q. incana, respectively. There was no significant differ-
ence among species for §'"°C (P = 0.249). There was a signifi-
cant species effect and time effect for K;. (Table 1, Figure 2G).
Among species, Q. laevis had the highest K;, throughout the
season.

There were significant species and time effects for SLA,
leaf N and P on a weight basis, and PNUE (Table 1, Figures 2F
and 2H-J). Among species, Q. margaretta had the highest leaf
SLA and leaf N and P concentrations (weight basis). How-
ever, when leaf N was examined on an area basis, there was no
significant species difference.

There were significant positive correlations between A and
gs for each species on each date and across dates (except
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Q. laevis and Q. margaretta in July) (Table 2). There were few
significant relationships between Wyq and A or g, or between
Wna and A or g, or between AWp.ma and g,. There was gener-
ally a significant positive relationship between midday g, and
K1, (data not presented).

Discussion

At a location where these three oak species co-occurred, they
achieved the same photosynthetic carbon gain per unit leaf
area despite differences among them in resource status and re-
source-use strategies. Their comparative strategies, with strat-
egy denoting a set of traits acquired through natural selection,
were related to their relative species distribution along soil wa-
ter gradients in the sandhills.

Quercus laevis had the greatest access to soil water, based
on having the least negative W4 of the three species through-
out the season (Hinckley et al. 1978, Bréda et al. 1995).
Greater access to soil water could be achieved by more exten-
sive rooting—either greater extension of laterals or greater
rooting depth. Quercus laevis has extensive lateral roots that
can extend up to 15 m (Hough et al. 1965). Rooting depth pro-
files are less certain, with many roots observed in the upper
15 cm, and indications that there may be a few roots going
deeper than 1 m (Woods 1957; L.A. Donovan and K.W.
McLeod, unpublished observations). In addition to having
greater access to soil water, Q. laevis also had a conservative
water-use strategy, based on its low g and a high instantaneous
WUE (indicated by lower c¢; from gas exchange), even though
it had the least negative W4 values and a high K. The greater
soil water access and more conservative water-use strategy of

Table 2. Relationships among parameters. Abbreviations: plant pre-
dawn water potential, ¥pq; plant midday water potential, ‘F',q; photo-
synthesis, A; and stomatal conductance, g;. Values of A and g are
means of 2-3 measurements for each tree on each date. For each spe-
cies, n = 11-12 for each month, and n = 35-36 for all months com-
bined. Significance values are indicated as: * = P < 0.05, ** = P <
0.01, *** = P < 0.001, and ns = non-significant.

Dependent A A A gs g g
Independent gs Yo WYina Yo Yoa o Wpama
Q. laevis

June HE ns ns ns ns ns
July ns ns ns ns ns ns
September *k ns ns ns ns ns
All months *ok wE ns ns ns ns
Q. margaretta

June Hk ns ns ns ns ns
July ns ns ns ns ns ns
September HE ns ns ns ns ns
All months *k wE ns ns ns ns
Q. incana

June *k ns ns ns ns ns
July * ns ns ns ns ns
September HE ns ns ns ns ns
All months Hk * ns * ns ns

Q. laevis is consistent with its dominance on xeric ridges
where these features might allow it to avoid soil water limita-
tions, whereas the avoidance capacity of the other species
might be exceeded.

Quercus incana exhibited the most negative W4 values
throughout the season, suggesting the least extensive root sys-
tem. It had low g5, ¢, and leaf N and P (%) values, similar to
those of Q. laevis. Its Wq was intermediate compared with the
other species, and its K. was similar to that of Q. margaretta.
Thus, the water-use strategy of Q. incana appeared to be inter-
mediate between those of the other study species.

Values of Wy in Q. margaretta were between those of
Q. laevis and Q. incana, indicating intermediate access to soil
water. However, Q. margaretta was less conservative in its
water use than the other species. In Q. margaretta, mid- and
late-season Wnq values were considerably more negative than
those of the other species and were accompanied by relatively
high values of g and c¢;, indicating a relative lack of stomatal
closure. This weak stomatal control at low ¥4 could lead to
excessive water loss, resulting in low A because of non-sto-
matal inhibition and xylem cavitation during drought (Pezesh-
ki and Chambers 1986, Bragg et al. 1993, Sparks and Black
1999), and exclusion from xeric sites. This interpretation is
supported by our observation that high g, and high leaf N con-
centrations were not associated with high A. In addition, dur-
ing an extended drought, Q. margaretta leaves have been
observed to maintain a higher g, followed by leaf wilting and
death before those of co-occurring Q. laevis (K.W. McLeod,
unpublished data). Alternatively, the ability to maintain open
stomata during a drought may be necessary to maintain carbon
gain for species on xeric sites (Bahari et al. 1985, Abrams
1990, Bréda et al. 1993, Dickson and Tomlinson 1996). Com-
parisons of these species under drought conditions, and as-
sessments of stem and root xylem vulnerability to cavitation,
would help distinguish among these possibilities.

Among species, Q. margaretta had the highest leaf N and P
concentrations (weight basis) and the lowest PNUE. However,
the species differences in leaf N disappeared when N was ex-
pressed on an area basis. To compare our species with the pub-
lished literature on general plant characteristics related to
photosynthesis, we examined the June data for A, SLA and
leaf N, all on a weight basis. June data were used because A
was highest during this month. The species means for
Q. laevis, Q. margaretta and Q. incana were as follows: leaf A
of 106.0, 111.8 and 125.1 nmol g" s7!; SLA of 117.6, 130.6
and 125.1 cm? g"; and leaf N of 17.0, 19.7 and 17.8 mg g’l,
respectively. These values are similar to those reported for
broad-leaved deciduous species (Reich et al. 1997). In our
study species, leaf SLA and N interacted to maintain a rela-
tively constant photosynthetic rate per unit leaf area across
species.

The §"°C values, which estimate seasonally integrated c; and
thus water-use efficiency (Farquhar et al. 1989, Donovan and
Ehleringer 1994), did not differ among species, even though
instantaneous ¢; was higher for Q. margaretta. There are
several possible explanations for this finding. First, there may
be a scaling problem, because instantaneous ¢; measurements
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made on three sunny days during the season may not agree
well with an integrated estimate for the whole season (e.g.,
Picon et al. 1996). Second, the §'*C values may disproportion-
ately reflect conditions during maximum carbon gain early in
the season when instantaneous ¢; values were most similar
(Hansen and Steig 1993, Damesin et al. 1997). In addition, the
8"°C values may partly reflect carbon remobilization of pho-
tosynthate acquired at the end of the previous growing season
(Smedley et al. 1991). Additional studies are needed to distin-
guish among these and other possibilities (Picon et al. 1996)
and thus evaluate the usefulness of 8'°C values for estimating
seasonally integrated gas exchange characteristics of these oak
species.

Our values of Wpa, Wi, A, gs, ¢i and leaf N concentration for
Q. laevis, Q. margaretta and Q. incana were similar to those
previously reported for these species (Mavity 1992, Vaitkus
and McLeod 1995, Donovan and Pappert 1998). In addition,
the species rankings for Wpa, Wma, A and gs were comparable to
those found for these species at a Georgia sandhill site (Mavity
1992). Where these Quercus spp. co-occur, they rarely
achieve W, below —1 MPa except during extreme droughts
(Mavity 1992, Vaitkus and McLeod 1995, Donovan and
Pappert 1998, K.W. McLeod, unpublished data). Similar find-
ings have been reported for other eastern North American
Quercus spp. (Stringer et al. 1989, Abrams 1990, Kubiske and
Abrams 1992, Bragg et al. 1993, Kloeppel et al. 1993, but see
Parker et al. 1982). In contrast, Quercus spp. in Mediterranean
climates routinely achieve Wpq below —1.5 MPa (Sala and
Tenhunen 1994, Goulden 1996, Damesin et al. 1997). Based
on the Wpq values, we conclude that Quercus spp. in sandhill
habitats do not routinely experience severe limitations of soil
water availability even though the habitats are xeric in appear-
ance. The complex deep sands and intermittent clay layers
may serve to store soil water (Oliver 1978).

The Quercus spp. in our study were unusual in achiev-
ing high AWp4.ma. Values of AWpama are generally less than
1.5 MPa for other eastern North American Quercus spp. (Ba-
hari et al. 1985, Abrams and Knapp 1986, Abrams et al. 1990,
Kubiske and Abrams 1992, Kloeppel et al. 1993). In contrast,
some oaks in Mediterranean climates achieve AWpama Of ap-
proximately 2.0 MPa (Gallego et al. 1994, Sala and Tenhunen
1994), approaching the values for the sandhill oaks. The large
AYp4.ma values that we found, up to 2.1 MPa for Q. laevis and
Q. incana, and 2.9 MPa for Q. margaretta, are similar to the
values of 2.6 MPa for Q. laevis and Q. incana, and 3.2 MPa for
Q. margaretta, reported by Mavity (1992). The relationship of
gas exchange parameters to these large daily fluctuations in
leaf water potential warrants further investigation.

Examination of the relationships among parameters re-
vealed a strong correlation between A and g for each species,
as has been previously documented for these (Mavity 1992,
Vaitkus and McLeod 1995) and many other species. However,
A and gs were not generally correlated with either Wpq or Wia
on any sampling date or across dates (data combined). This is
contrary to the strong relationship found between g, and ¥
for Quercus marilandica and Q. rubra L. under field condi-
tions (Reich and Hinckley 1989) and for other oaks under con-

trolled drought conditions (Acherar and Rambal 1992). In the
non-drought year of our study, soil water limitations (esti-
mated by W,q) may not have been sufficient to affect maxi-
mum rates of gas exchange. Reich and Hinckley (1989) also
found a strong correlation between g and Ki, suggesting a
possible controlling effect of K, on g,. Although our data also
support this relationship (data not shown), the fact that K7, is
not mathematically independent of g, (see equation in
Methods) suggests that these correlations should be inter-
preted cautiously. Contrary to the findings of Reich and
Hinckley (1989), K;. was not significantly correlated with Wq
for our data (results not shown). The relationship of K, to
threshold water potentials for stomatal closure may provide
more insight into stomatal control for these species (Bond and
Kavanagh 1999).

Our data, collected in a relatively wet year, are consistent
with the interpretation that sandhill Quercus spp. are largely
drought avoiders, and that Q. laevis is found on xeric ridges
because of its greater capacity for access to, and conservative
use of, soil water. Under severely dry conditions, the lack of
stomatal response to drought in Q. margaretta might result in
earlier depletion of water available to its roots, with deleteri-
ous consequences as the season progresses. Also, the apparent
inability of Q. incana to explore the wetter portion of the soil
profile may limit its survival at the driest sites. Although other
adaptations of Quercus spp. and environmental factors may
also be important, the interaction of the resource-use strategies
of these species and water availability is a strong determinant
of their performance and distribution patterns in the sandhills.
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