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Abstract Patterns in soil moisture availability affect
plant survival, growth and fecundity. Here we link
patterns in soil moisture to physiological and demo-
graphic consequences in Florida scrub plants. We use
data on different temporal scales to (1) determine
critical soil moisture content that leads to loss of
turgor in leaves during predawn measurements of leaf
water status (¥ i), (2) describe the temporal patterns
in the distribution of ¥, (3) analyze the strength of
relationship between rainfall and soil moisture content
based on 8 years of data, (4) predict soil moisture
content for 75 years of rainfall data, and (5) evaluate
morphological, physiological and demographic con-
sequences of spring 2006 drought on dominant shrubs
in Florida scrub ecosystem in the light of water-
uptake depth as determined by stable isotope analysis
(5'%0). Based on 1998-2006 data, the soil moisture
content at 50 cm depth explained significant variation
in predawn leaf water potential of two dominant
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shrubs, Quercus chapmanii and Ceratiola ericoides
(+*=0.69). During 8 years of data collection, leaves
attained ¥ only during the peak drought of 2000
when the soil moisture fell below 1% by volume at 50
and 90 cm depth. Precipitation explained a significant
variation in soil moisture content (+*=0.62). The
patterns in predicted soil moisture for 75 year period,
suggested that the frequency of drought occurrence
has not increased in time. In spring 2006, the soil
reached critical soil moisture levels, with consequences
for plant growth and physiological responses. Overall,
24% of plants showed no drought-induced damage,
51% showed damage up to 50%, 21% had intense leaf
shedding and 2% of all plants died. Over the drought
and recovery period (May—October 2006), relative
height growth was significantly lower in plants with
greater die-back. All species showed a significant
depression in stomatal conductance, while all but
deep-rooted palms Sabal etonia and Serenoa repens
showed significantly lower predawn (¥',4) and mid-day
(¥ ma) leaf water potential in dry compared to wet
season. Plants experiencing less severe die-back
exhibited greater stomatal conductance, suggesting a
strong relationship between physiology and morphol-
ogy. Based on results we suggest that the restoration
efforts in Florida scrub should consider the soil
moisture requirements of key species.

Keywords Die-back - Leaf water potential - Oaks -
Palms - Soil moisture - Stomatal conductance
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Abbreviations

2 stomatal conductance

¥oa  predawn leaf water potential

Yeir predawn leaf water potential at turgor loss

¥Yma  mid-day leaf water potential

PWP  permanent wilting point

RWC relative water content, élgO:(Rsample/
RSMOW_ l))( 1,000, in which Rsample and
Rsmow represent the heavy to light isotopes
ratio of the sample and standard (Vienna
standard mean ocean water) respectively

Introduction

Annual rainfall and length of dry periods between
rainfall events are important ecosystem determinants
of plant distribution, physiognomy, and functional
diversity (e.g. Barton and Teeri 1993; Fay et al. 2002;
Gitlin et al. 2006), and are regulated by natural
phenomena such as Atlantic Multidecadal Oscilla-
tions or by anthropogenic forcing (Enfield et al. 2001;
Jones and Mann 2004; Mann 2007). The effects of
rainfall deficiencies are mediated through changes in
soil moisture availability that affect leaf area index,
leaf water status, photosynthetic rates, productivity
and plant growth rates (Orwig and Abrams 1997;
Allen and Breshears 1998; Leuzinger et al. 2005;
Krishnan et al. 2006; Li et al. 2007). However, the
majority of studies examining the effects of drought
on plants use rainfall data (Warwick 1975) and few
studies use soil moisture in conjunction with precip-
itation to examine the effects of drought (Jones 2007).
Prolonged droughts at the ecosystem level can
compromise plant growth and productivity by de-
creasing carbon fixation, documented after the 2003
drought in Europe (Ciais et al. 2005; Gobron et al.
2005) and in boreal forests of North America (drought
occurring from 2000-2003, Klujn et al. 2006;
Krishnan et al. 2006). Drought may affect species
composition in an ecosystem if populations are
eliminated or reduced. For example, Pinus edulis
suffered 40-100% drought-induced mortality in the
southwestern US (Gitlin et al. 2006). At a community
level, persistent drought may favor the spread of
drought-adapted species at the cost of drought-
sensitive species (Swemmer et al. 2006), such as
drought tolerant Tamarix spp. replacing Populus and
Salix spp. in Arizona (Lite and Stromberg 2005).
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Soil moisture reductions lead to declines in gas-
exchange and leaf water potential, possibly leading to
plant die-back or mortality, depending on the drought
severity (Borchert 1994; Breshears et al. 2005; Saha
et al. 2005; Gitlin et al. 2006; Otieno et al. 2006). For
example, a 30% decrease in soil moisture, compared
to the control, led to a mean decline of 53% in
stomatal conductance (gs) for isohydric (leaf water
potential stable across seasons) Quercus ilex (Asensio
et al. 2007). Throughfall exclusion in eastern Ama-
zonian forests negatively affected the photosynthetic
capacities, but not the leaf water status of common
tree species over a period of 2 years (Nepstad et al.
2002). Severe drought (soil moisture below 35% of
field capacity) led to a significant decline in both leaf
water potential and g, in Leymus chinensis (Xu et al.
2007) 3 months after the drought treatment was
imposed. Strong seasonal drought in Australian
savannas led to soil moisture dropping below the
permanent wilting point, causing mortality in Euca-
lyptus spp. (Fensham and Fairfax 2007). Thus the
plant responses depend on the extent of soil moisture
reduction, which in turn depends on precipitation, soil
texture, and depth to water table.

Here we examine a mechanistic link between soil
moisture and plant physiological and morphological
responses in the Florida scrub ecosystem. We use
8 years of soil moisture, precipitation, and pre-dawn
leaf water potential (¥,q) data to calculate the soil
moisture levels that cause leaves to attain leaf water
potentials low enough causing turgor loss during pre-
dawn measurements (¥ ;). Turgor loss among leaves
is a crucial hydraulic threshold point (Brodribb and
Holbrook 2003). Upon losing turgor, the cells cannot
expand or grow and fail to hydrate (Nobel 1999). We
use ¥pq as an indicator of drought stress because g
is known to equilibrate with soil moisture (Petrie and
Hall 1992; Ameglio et al. 1998; but see Donovan
et al. 2001). The patterns in ¥4 are utilized by
agronomists to infer drought stress in crops and to
manage irrigation patterns (Pellegrino et al. 2004; da
Silva et al. 2005), but the relationship between soil
moisture, ¥4 and demography is rarely studied in
natural landscapes, which is a novel aspect of this
study. We use physiological variables such as ¥,q,
mid-day leaf water potential (¥,q) and g, in
conjunction with morphological variables such as
drought-induced damage, plant growth and mortality
to assess the impacts of an abnormal spring drought.
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In addition, we evaluate physiological and demo-
graphic effects of the 2006 drought in the light of
water-uptake depth as determined by stable isotope
analysis (5'%0).

The specific questions we address are: (1) what is
the critical soil moisture content that leads to loss of
turgor in leaves during predawn measurements of leaf
water status (¥), (2) are there temporal patterns in
the distribution of ¥, (3) how strong is the
relationship between rainfall and soil moisture con-
tent, (4) can we predict the soil moisture content for
75 years of rainfall data, based on &-years of
relationship between soil moisture and rainfall and,
(5) what are the morphological, physiological and
demographic consequences of spring 2006 drought on
dominant shrubs?

Materials and methods
Study site

The study was conducted at the 2,000 ha Archbold
Biological Station (ABS, 22° 11’ N, 81° 21 W),
located at the southern boundary of the Lake Wales
Ridge in central Florida. The Ridge, which is 160 km
long and 10 km wide, is oriented north-south along
the center of the Florida peninsula (Weekley et al.
2007). The climate includes hot and wet summers
from June to September and mild, dry winters.
Typically, temperatures are highest in August and
lowest in January (Abrahamson et al. 1984). Average
annual rainfall is 1,365 mm, with 60% falling between
June—September (wet season), and intermittent rainfall
occurs during the 8-month long dry season and may
account for 40% of total annual rainfall (Chen and
Gerber 1990). ABS has weather data from 1932
onwards with daily records of precipitation, and
bimonthly records of ground water wells. Depth to
the water table, measured at the main grounds of
Archbold Biological Station, varies from 0.5 to 1.8 m
annually (ABS weather station data). During 2006, the
period between April and early June was unusually dry
with 75% less rainfall than the spring average at ABS
and in central Florida (http://www.drought.unl.edu/dm/
monitor.html, National Drought Monitor Center.
University of Nebraska-Lincoln. Accessed on Oct 6,
2006). Since the 40% of total annual rainfall occurs

during the dry season when many species exchange
leaves and exhibit leaf expansion, we define a 75%
reduction in the dry season rainfall as abnormal.

Rainfall patterns in south Florida are shaped by the
Atlantic multidecadal oceanic phenomenon (AMO;
Kerr 2000). The multidecadal oscillation of sea
surface temperature encompasses cool and warm
phases that show dampened to high variability
respectively in Florida’s rainfall (Enfield et al.
2001). Given our aim of explaining the trends in
precipitation and soil moisture on plant responses, we
examine our data in the light of rainfall patterns
attributed to AMO.

The ABS area is characterized by a mosaic of
scrub, flatwoods, and seasonal ponds (Abrahamson
et al. 1984; Menges 1999). Upland Florida scrub
vegetation is divided into three major assemblages
described in detail by Abrahamson et al. (1984): (1)
Sand pine scrub with Ceratiola ericoides Michx.
(rosemary scrub) or oaks, (2) scrubby flatwoods, and
(3) flatwoods. Rosemary scrub and scrubby flatwoods
are generally open and characterized by white sands
belonging to satellite soil series, which are hypothermic
uncoated Aquic Quartzipsamments (Carter et al. 1989).
Fire plays an important role in governing species
composition and plant stature, with fire-return-intervals
estimated from 8—16 years for scrubby flatwoods to
15-30 years for rosemary scrub (Menges 2007).
Rosemary scrub and scrubby flatwoods are the most
common upland assemblages at ABS and thus
were selected for the analysis of drought effects in this
study.

We documented the effects of soil moisture
variation on six species of woody shrubs that
comprised 80% of all the biomass in the study area.
Focal species consisted of three clonal oaks that
resprout post-fire, two evergreen species of palms that
exchange leaves all through the year and resprout
post-fire, Serenoa repens (W. Bartram) Small, and
Sabal etonia Swingle ex Nash, and the evergreen
C. ericoides, an obligate seeder that shows post-fire
mortality but requires fire for seedling recruitment.
Quercus chapmanii Sarg., Quercus geminata Small,
and Quercus inopina Ashe, Q. chapmanii and Q.
inopina are brevideciduous species that complete leaf
expansion by early spring, and Q. geminata is an
evergreen species that exchanges leaves throughout
the spring and early summer. We follow Wunderlin
and Hansen (2004) for taxonomic authorities.
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Measurements of soil moisture and ¥pa

We examined soil moisture, rainfall, and ¥4 data to
study the effects of soil moisture and rainfall on ¥,
and to analyze the strength of relationship between
soil moisture and precipitation. In 1998, a total of 55
soil moisture tubes were installed at five independent
sites encompassing the gradient from scrubby flat-
woods to Rosemary scrub at ABS (Weekley et al.
2007). At these sites, we measured soil moisture with
a Sentry AP 200 probe (Troxler Inc., NC, USA),
which utilizes frequency domain reflectometry to
estimate volumetric soil moisture (% moisture by
volume, Rundel and Jarrell 1989; Weekley et al.
2007). At each sampling occasion we recorded soil
moisture at three soil depths (10, 50, and 90 cm). Due
to a lag in soil moisture response to precipitation, we
explored cumulative rainfall over varying lengths of
time that might be the best predictor of soil moisture. We
determined that the cumulative rainfall over a period of
4 weeks prior to the soil moisture measurement was the
best predictor of soil moisture, as opposed to 2-, 6-, and
8-week prior rainfall values.

We collected data on ¥4 for Ceratiola and Q.
chapmanii from 1998-2006, on two plants (one leafy
branch/plant) at each site, every 2 weeks to 4 months
depending on accessibility to the sites due to the
flooding of access roads. Rosemary scrub-scrubby
flatwoods get cut-off from the access roads especially
when the seasonal ponds get flooded and the water
overflows on to the access roads. At each sampling
event the plants were chosen randomly, and were
located at least 5 m from the edge of the site with the
minimum distance of 5 m between two plants.

We used leaf water potential (¥)) at turgor loss,
derived from pressure volume curves, to obtain ¥ ;.
Eight expanded and mature leaves per species were
collected from the study sites to get pressure-volume
data. ¥ was defined as the predawn leaf water
potential (¥,q) causing turgor loss in leaves. De-
scription of the theory behind the derivation of turgor
loss is beyond the scope of this manuscript, interested
readers can refer to Koide et al (1989) and Tyree and
Jarvis (1982). We used a pressure chamber (Soil
moisture Equipment Corp., Santa Barbara, CA, USA)
that withstood pressurization up to 4 MPa. Due to this
instrument limitation, we were uncertain that we
obtained complete pressure—volume data for palm
leaves. However we compared our data on palms with
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published data on pressure—volume curves of a
closely related palm, Sabal palmetto (Holbrook and
Sinclair 1992) to scrutinize if the leaf tissue properties
were comparable. Equipment did not impose restrictions
on oaks because an earlier study indicated that Florida
scrub oaks lose turgor in the range of —1.8 to —2.5 MPa
(Abrams and Menges 1992).

Monitoring morphological and physiological
variables during the spring drought of 2006

To study the effects of the spring 2006 drought, we
chose five sites harboring rosemary scrub-scrubby
flatwoods gradients at ABS and sampled one line
transect per site. Transects had been chosen randomly
and established for an earlier study (Boughton et al.
20006), and had a mean length of 45 m. We marked ten
points on each transect, every 5 m, and sampled one
permanently marked individual per species within
3 m of each point, without sampling an individual
more than once. For each individual, we recorded the
number of stems, plant height, maximum crown
length and perpendicular crown width. For multi-
stemmed species, we counted all stems within 12 cm
of the closest stem. Along our sample transects, the
most common species were (. inopina and S. repens
(relative abundance of 23% each), followed by
0. chapmanii (21%), C. ericoides (13%) and both
S. etonia and Q. geminata (10%). Throughout the
manuscript we refer to the focal species as Ceratiola,
Q. chapmanii, Q. geminata, Q. inopina, Sabal and
Serenoa (Table 1).

Between 20th May and st June 2006 we charac-
terized drought damage for each plant as the
percentage of total plant canopy with dead branches
and/or dead ramets that are leafless or harbor wilted
and dead leaves. We did not sample plants with
visible and significant insect damage. We categorized
each plant into one of the five damage classes (0% or
no damage, 1-25%, 26-50%, 51-75%, 76—100%)
based on damage as percentage of total canopy area.
Plants were re-sampled at the end of wet season and
early dry season, between 29th September and 30th
October 2006. Scrub plants exhibit stem elongation
and leaf production through late summer (Myers
1990) and therefore the drought recovery can be
assessed only after the expansion of the new flush is
complete. We recorded the same data immediately
after the end of wet season but also noted death of
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Table 1 Summary of plant morphological and physiological traits monitored in this study, and depth of water uptake data

Species Height (m) Rooting depth/depth of water uptake ~ Data

Ceratiola ericoides® 2.5 50 cm ¥ pa (1998-2006), physiology, morphology (2006)
Quercus chapmanii® 4 40-140 cm® ¥ pa (1998-2006) physiology, morphology (2006)
Quercus geminata® 2 40-80 cm” Physiology, morphology (2006)

Quercus inopina® 3 20-40 cm® Physiology, morphology (2006)

Sabal etonia® 1.5 0-2.5 m or water table Physiology, morphology (2006)

Serenoa repens® 1.8 0-2.5 m or water table Physiology, morphology (2006)

*Depths of water uptake and rooting depths for six focal shrub species were estimated by excavating adult plants. (¥4 signifies

predawn leaf water potential)

® Depths of water uptake and rooting depths for six focal shrub species were estimated with stable isotope technique. (¥ pq signifies

predawn leaf water potential)

“Depths of water uptake and rooting depths for six focal shrub species were estimated from literature (Brown et al. 1990). (¥pq

signifies predawn leaf water potential)

individuals. Using plant height and crown area
(crown dimensions along two perpendicular axes in
N-S, and E-W directions) we measured height and
crown growth rates over a 4 month period using the
equations that yielded relative growth rates in the
units of centimeter per centimeter per month.

RGRy; = [In(height,) — In(height, )] /4

RGRown = [In(crown area,) — In(crown area, )] /4

We measured g on all marked plants per transect.
Two canopy leaves per plant were sampled to obtain a
mean value per plant for g, using a LI-COR 1600
steady state promoter (LI-COR Inc., Lincoln, NE,
USA) during drought (May 2006) and wet seasons
(September 2006). Concurrently, we measured ¥ .4
and ¥4 on all the marked plants and a subset of three
plants respectively per species per site. We sampled
one leafy branch per plant in case of all species but
palms. For measuring ¥, of palm leaves we used
2 cm long tip of the leaflets from a frond.

Determination of water uptake depth

Stable isotope analyses (5'%0) were used to measure
depth of water uptake of each of the three oak species
(Q. inopina, Q. geminata, Q. chapmanii). Five mature
(plants that reproduce) Ceratiola plants were exca-
vated for estimation of rooting depths. We compared
our data on Ceratiola rooting depths to studies done
by Hawkes and Casper (2002) that used tracer dye

analyses. Published data on rooting depths of Serenoa
and Sabal (Brown et al. 1990) were used. While the
analysis of stable isotopes and root excavations are
fundamentally different methods, the information they
provide can be used to infer the depth of water uptake
by plants. Samples of five individuals of each of the
Quercus sp. were collected at during May 2006 and
February 2007 during the dry season as we wanted to
determine the depth of water uptake during the most
critical time of the year. Suberized twigs approxi-
mately 10 mm in diameter and 50-80 mm long were
cut from the canopy and decorticated to avoid
contamination of xylem water by isotopically
enriched phloem water (Ehleringer and Dawson
1992). Clipped twigs were immediately placed in a
capped vial, wrapped in parafilm, and stored in the
freezer until water extraction. Surface (0—-10 cm) soil
samples were collected with a hand-driven probe to
measure water content and isotopic composition of
oxygen (5'%0) in of soil water. Soil cores were
excavated in order to characterize all possible sources
of water for plants during the dry season. Two soil
cores per site were excavated to the depth of 250 cm
or until the water table was reached. Seven soil
samples per core were taken at the following
intervals: 0-10, 10-20, 20-40, 40-80, 80140, 140—
200, 200-250 cm. Freshly collected soil samples were
placed in capped vials, wrapped in parafilm and
stored in the freezer until water extraction for stable
isotope analyses and water content.

Oxygen stable isotope analysis was conducted at
the Stable Isotope Laboratory of the University of
Miami to obtain §'%0 values with the CO,:H,O
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equilibration method where 500 pl of the extracted
water was injected into airtight vials flushed with
2,000 or 3,000 ppm CO, in He. After 48 h, CO, in
the head space was analyzed for its oxygen isotope
ratio with an Isoprime IRMS (Manchester, UK).
Analytical precision was £0.1%o for 5'%0.

Data analysis

We used regression analysis to examine which of the
variables, soil moisture at 10, 50 and 90 cm depths,
and rainfall were the best predictor(s) of ¥,q4. Soil
moisture and 4-week precipitation data were trans-
formed to obtain normalized residuals.

Linear regression was used to examine the relation-
ship between 4-week rainfall and percentage soil
moisture for the 8 year dataset. Using the regression
parameters we predict soil moisture content from
rainfall data of 75 years. To assess the validity of
prediction, we calculated the statistical parameters
describing the distribution of precipitation for both
8 and 75 years of data. The mean 4 week rainfall was
11.3 and 11.9 c¢m, and the variance was 3.01 and 3.39
for 75 and 8 years of rainfall data respectively. The
frequency distributions of rainfall data for both time
intervals were identical (y>=4.46, P=0.1). We removed
the records from 75 years data, that were outside the
range (0—47.4 cm) exhibited by 8 years data. It led to
removal of two data points, 52 and 55 cm from the
75 year data.

Chi-square analysis of the total number of plants
per species in each damage-class category was
conducted to examine if species were differentially
damaged by drought. We eliminated the damage class
75-100% from the analyses as none of the plants
exhibited greater than 75% damage to the canopy. To
test for differences in RGRy; and RGR 0w, among
species, one-way analysis of variance was performed.
Stomatal conductance and leaf water potentials were
compared between dry and wet season among species
using a two-way ANOVA, as the assumptions of
normality and homoscedasticity were met.

We performed a non-parametric Kruskal-Wallis
test to assess if plants experiencing greater degree of
die-back (a non-normal variable) also showed greater
reduction in g and ¥,q We performed a set of
correlation tests between RGR;;, RGR(own, and
each of the physiological variables based upon the
measurements made on the same plant. SPSS 11.5
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(SPSS, Inc., Chicago IL, USA) was utilized for data
analyses.

Results

Relationship between soil moisture, predawn leaf
water potential and precipitation

From 1998 to 2006, ¥4 was never below —0.20 MPa
during the wet season (Fig. la). Plants experienced
severe drought during the early dry seasons of 2000
and 2001. During the period of severe drought, on
four sampling occasions between Dec 2000 and Feb
2001 (highlighted with an arrow on Fig. la), both
Q. chapmanii and Ceratiola exhibited ¥y (¥pa<
—2.50 MPa for Q. chapmanii, and less than —1.5 MPa
for Ceratiola). Occurrence of ¥, in leaves was
paralleled by low soil moisture values of <1% at 50
and 90 cm depths. The soil moisture was replenished
in late February and March 2001 causing leaves to
hydrate as indicated by greater ¥4 in subsequent
measurements.

Soil moisture at 50 cm depth and 4-week prior
precipitation were strongly correlated (*=0.62, P<
0.001, Fig. 1b). Soil moisture at 50 cm depth alone
explained significant variation in ¥4 for Q. chapmanii
(r2:0.69, P<0.001, Fig. 1c); however, the model
improved marginally with inclusion of soil moisture
at 90 cm depth and 4 week rainfall (+*=0.70,
P<0.001). For Ceratiola, soil moisture at 50 cm depth
was the strongest predictor of ¥4 as revealed by
stepwise linear regression (?=0.50, P<0.001). The
soil moisture at 10 cm depth did not significantly
contribute to the model for either species.

From the best fit model describing the relation-
ship between soil moisture and ¥4, we derived the
values of percent soil moisture content that led to
turgor loss among leaves of both species. Soil
moisture contents of 0.57% at 50 cm depth and
0.85% at 90 cm depth generated ¥, among leaves
of Q. chapmanii, while soil moisture content of
0.45% at 50 cm depth generated ¥, among leaves
of Ceratiola. On only one sampling occasion was the
percent soil moisture at the depths of 50 and 90 cm
lower than 1% (28" Feb 2001). At this time both
species developed Y. and exhibited severe leaf
loss, but plants showed subsequent recovery after a
strong rainfall event.
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Fig. 1 Eight years of data a
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rainfall (positive values on

2000
2000
2000
2000
2000
NOV-2000
NOV-2000
DEC-2000
-JAN-2001

FEB-2001
2003

-2000
2001
2001
-2001
2001
2002
2002
2002
2002
2002
NOV-2002
DEC-2002
-JAN-2003
2003
2003
2003
2003
2004
2004
-2004
2005
2005
2005
2006
-2006

R:
MAR:
APR.
MAY-
JUN
-JUL

R:

APR-
APR.
R:

OCT-1998
DEC-1998
-JAN-1999
FEB-1999
MAR-1999
MAR-1999
APR-1999
MAY-1999
-JUN-1999
NOV-1999
-JAN-2000
MAR:

MAY-

-JUN

FEB:

APR.

MAY-

MAY-

-JUN

MAY-

NOV-

MAR:

APR.

MAY:

MAY-

AUG:

DEC

MAY:
-JUL-2006

the y-axis) and predawn leaf o 4o RECEBERUdRAERAICEEARCRICORESERACILISRRETILLIRILS
water potential of C. g F A °
ericoides and Q. chapmanii. g 1 1 Al oA
¥ ,q is denoted by negative S 104 A

P . c F © o %o
values on the y axis. Arrow w94 a
highlights the extreme x giA A A
drought of 2000-2001 for j -0 . A A " A A ,a
which ¥ was recorded o) §‘ Q8 o i AA AO
for four consecutive occa- 3 6 7% A i A A0 A A Iy A
sions in Q. chapmanii and 2 54 A A Oa o* ‘A A A A
C. e.ricr?ides leaves. The top E 4 1 AAA VN o A 4 N 4
x axis lists the dates on 'g 34 AA O 2 Ay o ARAOA o
which measurements were — of oo A A A 2 a

. c F A A A o

mgde, Whlle the bottom x S 1 o o a AQQ A A R oa
axis points out landmark b 0 75.... oae ‘. 8 ° oa® csosspaoe o
years marking occurrence of o E ':.. ® ..... :.:. .“ .3 (0 | 0g0 00§4°%
critical sqil mqisture (a). = -1 : H A 9% soil moisture
Thg relgtlonshlp between % -2 I .:° ° Vg (MPa)
SO'11 moisture and 4-week 3+ S O 4-wk precipitation (cm)
ralnfall (72:0.62, P<0'001) 91?3- '4 = rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr T r T T T T T T T T
was used to extrapolate soil 1998 2001 2006

moisture for the years
1932-2006 (b). The positive
relationship (*=0.69,
P<0.001) between soil
moisture and ¥4 was used
to determine soil moisture
causing ¥ among leaves
(¢). The dashed lines on
both b and ¢ depict 95%

w

N
1

In (% soil moisture at 50 cm depth) &

CI bands
0 .
L]
" . ° 34
-2 T T T T T -4 T T T
0 1 2 3 4 5 -1 0 1 2 3
In 4-week rainfall (cm) In (% soil moisture at 50 cm depth)
Analysis of 75 year data on rainfall suggested that predicted to have critical soil moisture levels leading
only in 2000 strong negative deviation from the mean to W, (arrows depicting the years predicted to bear
rainfall (>50% reduction) was observed with deficient critical soil moisture, Fig. 2). Analysis of predicted
rainfall in all seasons (Fig. 2). We used the best fit soil moisture suggested that values low enough to
regression model to predict soil moisture at 50 cm cause ¥, (turgor loss at predawn), occurred on 16
depth from rainfall as the predictor variable for 1932— occasions during 75 years, distributed over a period of
2006 monthly rainfall data. 11 years in total (14% of years). The mean return

interval for critical turgor loss was 7 years, and did
not show an increase in recent years. During warm
+0.5626 x In(4 week rain)] AMO phas.es. Arf:hbolid soi.ls are predicted to have

greater variation in soil moisture and overall greater

mean soil moisture values. Our predicted values of

Years with strong negative deviations from the soil moisture indicate that the warm AMO phase
mean rainfall coincided with the years that were initiated in 1994 has experienced critical soil moisture

In(soil moisture) = 0.2683
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Fig. 2 Annual rainfall data 220
and deviations from average 200
rainfall recorded at 180
Archbold Biological Station 160
from 1932-2006. Arrows 140
depict years when the soil 120 1%
moisture was predicted to 100 4

fall below critical levels.
Superimposed are the AMO
periods trends

Deviation from mean / total rainfall (cm)

AMO warm

warm

K)
|::-@:: total rainfall |
|-+O-- total deviation from megn

levels in 1998 and 2000 (the latter can be easily seen
in Fig. 2). In contrast, during the AMO’s cool phase
the variation in soil moisture across years was
minimal and critical moisture occurred twice during
the first cool phase spanning a total of 20 years.

Leaf water potential at turgor loss, inferred from
pressure—volume relationships occurred at —2.5 MPa
for Q. chapmanii and Q. inopina (RWC at turgor loss
was 92% for both species). Turgor loss occurred at
—1.7 MPa for Q. geminata (RWC at turgor loss was
90%) and —1.5 MPa for C. ericoides (RWC at turgor
loss was 81%). RWC of Serenoa and Sabal leaves
was 89% at ¥ of -4 MPa (highly comparable with
S. palmetto). As we could not pressurize further, we
could not determine ¥ at turgor loss. To reiterate we
categorized plants as experiencing ¥ 4 when ¥4
was —2.5 MPa for Q. chapmanii and Q. inopina, —1.7
for Q. geminata, —1.5 for Ceratiola, and less than
—4 MPa for Serenoa and Sabal.

Morphological and physiological responses
during the spring drought of 2006

Drought caused observable damage, but only 2%
mortality of dominant shrubs in Florida scrub. Only
four of 231 individuals (three Ceratiola and one Q.
inopina) did not recover from the drought and were
dead at the second sampling in September. Species
showed some variation in their distributions among
damage classes (Table 2; x*=38, df=20, P<0.01).
During the drought, damage ranged from none to
<75% of the total plant canopy (Table 2). Overall,
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24% of plants showed no damage, 53% showed
<50% damage, 21% plants showed intense leaf
shedding and 2% of the plants died. Species such as
Q. inopina and Q. chapmanii that usually complete
leaf flushing and expansion by early spring experi-
enced the maximum leaf and branch die-back. In
addition, the terminal and lateral leaf buds that were
to flush new leaves, had turned brown and had started
to shed, thus postponing the leaf production into the
wet season. Ceratiola and Q. geminata experienced
moderate drought damage, while the palms were least
damaged by drought.

During the 2006 drought, growth varied among
species. We found a significant difference in relative
crown growth rate among species using one-way
ANOVA (Fs. 25=9.33, P<0.01; Fig. 3). Ceratiola
exhibited the greatest and Q. geminata and Q. inopina
the lowest RGR;own among all dominant species. No
significant variation in RGRy,; occurred across species
(Fs5, 228=2.27, P>0.05). We found a significantly
greater RGRy, for plants suffering lower degree of
drought damage, compared to the plants that suffered
greater die-back (P<0.05, x*=9.23; Fig. 3). However
we did not find a significant difference in RGRown
among drought-induced damage classes (x*=0.873,
P>0.05).

Stomatal conductance varied significantly between
wet and dry seasons for all species. (Fig. 4a; Fy 231=
47.60, P<0.05). Species showed a significant differ-
ence (F5,3,=16.08, P<0.05), and the interaction of
species and season was significant as well (Fs, »3,=
17.70, P<0.05). All species had lower conductance
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Table 2 Percentage of each species distributed across the categories of drought-induced damage suggests that plants did not

experience severe die-back

Species (n) Damage class

0% (none) 1-25% 25-50% 50-75% 75-100%
Ceratiola ericoides (28) 21 36 18 25 0
Quercus chapmanii (42) 16 44 22 11 0
Quercus geminata (23) 9 43 17 30 0
Quercus inopina (52) 13 44 29 13 0
Sabal etonia (24) 50 33 17 0 0
Serenoa repens (52) 35 44 13 8 0

Damage classes are based on percentage of total canopy showing die-back among leaves or stems as sampled during spring drought of

2006.

during drought, but the degree of difference was not
homogeneous. A post hoc test (Tukey HSD) showed
that the g of Ceratiola leaves was the greatest and
significantly different from all other species (g in dry
and wet season was 70.19+10.87 and 506.21+
40.38 mmol m 2 s' respectively), followed by Q.
geminata which was significantly different from all
other species as well (g in dry and wet season was
33.81+8.22 and 246.28+22.30 mmol m * s 'respec-
tively). No other pairs of species showed significant
differences, including Q. inopina (g5 in dry and wet
season was 44.01£5.51 and 118.87+10.58 mmol
m > s ! respectively), Serenoa (g in dry and wet
season was 67+7.54 and 118.91+10.33 mmol m % s

respectively), Q. chapmanii (g in dry and wet season
was 9.35£1.52 and 114.38+6.62 mmol m > s
respectively), and Sabal (g, in dry and wet season
was 31.00+5.33 and 89.20£7.44 mmol m> s '
respectively). O. chapmanii was the only species that
showed almost complete stomatal closure during the
dry season.

Seasonal differences between mid-day leaf water
potential were also significant; plants showed lower
Y4 during drought compared to the wet season
(Fig. 4b; F; 141=389.90, P<0.01) with a significant
species effect (Fs, 14,=67.20, P<0.01) and a signif-
icant interaction of species and season (F’s, 14;=47.60,
P<0.01). Q. chapmanii had the most negative ¥4

Fig. 3 Relative crown and
height growth rates (mean=+
95% confidence intervals)
of six dominant scrub
species during and after the
2006 drought (May—
September 2006). Points
topped by the same letter
are not significantly
different in crown growth
rate between pairs of species
(P<0.05) as revealed by
Turkey’s post-hoc test

Crowth growth rate (cm cm™! monthT)
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Fig. 4 Stomatal conductance (mean+95% confidence intervals)
of dominant shrub species during drought and wet seasons (a). Leaf
water potential (%) measured at predawn (¥,q) and mid-day
(¥ mq) during drought and wet seasons (b)

(—2.62+0.06 MPa), followed by Q. inopina and Sabal
with ¥ 4 of —2.40£0.05 and —1.96+0.25 MPa respec-
tively. Similar patterns were obtained for predawn leaf
water potential with a significant difference due to
species (Fs, g=15.29, P<0.001), season (F, g=
63.45, P<0.001) and a significant interaction of
species and season (Fs, g,=13.94, P<0.001; Fig. 4b).
While the wet season ¥,q was high or close to
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saturation, Q. chapmanii (—1.13+0.01 MPa) had the
lowest ¥4 during the dry season, followed by Q.
geminata (—1.00+£0.06 MPa) and Q. inopina (—0.9+
03 MPa) respectively. In the dry season species such as
Q. chapmanii and Q. inopina showed poor recovery
from drought stress as inferred from low predawn
water status.

Differences within species between wet and dry
season were compared with Students ¢-tests. Ceratiola
showed the greatest difference in conductance between
seasons followed by Q. geminata. We adjusted the
probability values using Bonferroni corrections. All
species showed a significantly greater conductance
during the wet season compared to dry season
(P<0.01). Mid-day leaf water potential (¥ ,q) was
significantly lower for all species during drought
except Serenoa and Sabal, which showed comparable
leaf water potential between seasons (t=—1.10, P>0.1).
Palms did not show a significant difference in ¥4
(P>0.05) between seasons as well, while the oaks and
rosemary had significantly more negative ¥4 in
drought compared to wet season (P<0.01).

Stomatal conductance was significantly lower
among plants that incurred greater drought-induced
damage, such as loss of branches and leaves (Kruskal
Wallis x*=10.31, df=3, P<0.05, Fig. 5), while ¥4
was marginally non-significant (y*=6.07, df=3,
P=0.08) among plants in different damage classes.
Neither RGRy; nor RGR,,wn Was significantly corre-
lated with g5 or ¥4 during drought.

0.3

0.2

0.1 1
0.0 = —
-0.14 I

none 1-25%  25-50% 50-75%
Damage class

Height growth rate (cm cm-! month-1)

Fig. 5 Height growth rate (mean+95% confidence intervals) of
plants among drought induced die-back classes. Height growth
was lower among plants experiencing greater damage (P<0.05)
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Depth of water uptake

Q. inopina had the shallowest depth of water uptake
(20 cm) as indicated by stable isotope analysis
(Fig. 6). The depth of water uptake of Q. geminata
and Q. chapmanii ranged from 40-200 cm, though Q.
chapmanii showed a non-significantly higher depth of
water uptake than Q. geminata. Depth of water uptake
was significantly different among the oak species,
though the difference was marginal (P=0.05, F; 3=
3.17). Depth of water uptake was shallower in Q.
inopina compared to Q. geminata and Q. chapmanii
as revealed by Tukey post hoc test (P=0.052).
Ceratiola had rooting depths of only up to 50 cm as
measured by root excavation. The rooting depths of
Ceratiola determined with excavation were compara-
ble to the results of Hawkes and Casper (2002), which
showed lateral expansion of Ceratiola roots up to 1 m
away from the root crown, while the rooting depths
were reported to be less than 1 m. Our observations
that the Serenoa and Sabal roots reach up to the
depths of 2.5 m were parallel to published data on
rooting depths of these palms (Brown et al. 1990).

Discussion

Differential effects of soil moisture on plant responses
are poorly delineated because simultaneous records of
soil and plant water status are lacking. With simulta-
neous data on soil moisture and predawn leaf water
status for two species, we show that soil moisture

Fig. 6 Values of 5'%0

(mean=SE) in water Q. chapmanii

extracted from stem xylem Q. geminata
of three oak species (n=>5 Q. inopina
individuals per site) five s
individuals per species per g 10
site and water from soil Z 20
samples at different depths a
3 40
i) 80
(¢p]
140
200
250

explained a substantial percentage (69%) of variation
in ¥,q. The dominant species in Florida scrub
ecosystem spanned an array of morphological and
physiological responses to differential soil moisture
decline. For example, Q. chapmanii leaves showed
predawn saturation over a range of soil moisture
content (5-30% soil moisture at 50 cm depth) and
developed ¥ at 0.57% and 0.85% soil moisture at
the depth of 50 at 90 cm respectively. In addition, Q.
chapmanii exhibited low ¥4, some leaf shedding and
branch die-back at 0-1% soil moisture during the
spring drought of 2006. On the other hand, Serenoa
and Sabal, the two palms maintained comparable leaf
water status during the spring drought and wet season
of 2006, and exhibited 0% mortality during the severe
drought of 2000 (Abrahamson and Abrahamson 2002).

Patterns in Floridian rainfall are driven by Atlantic
Multidecadal Oscillation phenomenon (Sutton and
Hudson 2005). The predicted soil moisture for
75-year period echoed the patterns in rainfall. We
suggest that the predicted soil moisture is a good
proxy of real soil moisture pattern. The unexplained
variation of 38% in the best fit model of soil moisture
against 4-week rainfall can be attributed to recurring
values of saturation soil moisture during wet season.
Surficial water table ranges from 0.5 to >2.5 m in the
scrub ecosystem and responds quickly to rainfall
events causing soil saturation at 50 and 90 cm depth.
Conditions of soil saturation can persist for several
weeks or months in a row, during the wet season and
also in early dry season reflecting the lag effect of
strong rainfall events. However our results do not

e Stem xylem water
o Soil water

—e—
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undermine the predicted values of soil moisture
during dry season. Our predictions based on 8 year
of simultaneous rainfall and soil moisture data yielded
conservative but accurate estimate of critical soil
moisture (0.57% at 50 cm depth), which was slightly
lower than the actual values that occurred during year
2000-2001 (0.6% at 50 cm depth). Based on our
predictions of soil moisture over a period of 75 years,
we hypothesize that the frequency of drought occur-
rence affecting dominant shrubs of Florida scrub has not
increased with time in any discernible fashion.

Our results echoed the well documented correla-
tions between physiology and morphology. The
morphological effects such as leaf shedding in
response to spring drought indicates that even though
the leaves did not attain ¥, the incomplete cycles
of leaf water recovery (from midday to predawn)
inflicted irreversible leaf tissue damage. Incomplete
recovery of leaves from drought induced tensions
causes irreparable damage to functional leaves, while
soil moisture depletion may further arrest the growth
of newly flushing and expanding leaves. However,
when leaf shedding was accompanied by stem and
branch die-back the likely cause was drought-induced
xylem failure (Tyree and Zimmermann 2002). The
first and foremost physiological response of soil dry-
down is a decline in g; (Zhang and Davies 1989;
Tardieu and Davies 1993; Jones 1998; Buckley 2005).
Leaf water status declines with complete stomatal
closure as well (Kanemasu and Tanner 1969; Com-
stock and Mencuccini 1998; Lambers et al. 1998).
Thus if the drought is persistent, stomatal closure does
not prevent irreversible turgor loss in leaves, because
of cavitation-induced disruption of water supply to
leaves, as demonstrated in Mediterranean oaks (Griffin
1973; Damesin and Rambal 1995,), and non-oak
species (Sakcali and Ozturk 2004) experiencing abnor-
mal drought conditions, and by Q. chapmanii and
Ceratiola in this study.

Our finding that only 2% plants showed mortality
in spring 2006 suggest that longevity of critical soil
moisture during the drought in 2006 was not
substantial enough to cause dramatic plant mortality
such as experienced by dominant species in the
southwestern US and Europe during the drought of
2000-2003 (Breshears et al. 2005; Gobron et al.
2005; Gitlin et al. 2006). Plants of dominant eucalypts
in central Australia experienced widespread mortality
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when soil moisture reached permanent wilting point
and caused turgor loss among leaves (Fensham and
Fairfax 2007). Similarly, leaf water potential near
turgor loss point led to 50% mortality in a Nothofagus
species under simulated drought (Piper et al. 2007).
The patterns in total rainfall, rainfall distribution and
soil texture might play a role in determining the
longevity of critical soil moisture across ecosystems
(Rodriguez-Iturbe et al. 2001). The plants in Florida
scrub experience large fluctuations in soil moisture
availability during the dry season because the highly
porous sands expedite the drainage and recharge of
water (Carter et al. 1989), but do not experience
extended dry period because 40% of the annual
rainfall occurs during the dry season (Chen and
Gerber 1990). In addition to wide fluctuations in soil
moisture, the shallow water table might buffer the
plants against persistently low soil moisture values in
the dry season. We hypothesize that Florida scrub
plants are equipped to survive large fluctuations in
soil moisture availability but do not posses the
mechanisms to cope with persistently dry soils
because the persistently low soil moisture conditions
occur rarely in Florida scrub soils.

Our results suggest that the drought effects on
plants during spring 2006 were stronger than a normal
dry season experienced by plants in scrub ecosystem.
Plants experiencing greater degree of die-back
showed lower g, compared to plants that showed no
die-back or lower degree of die-back. Though we do
not have data on plant growth rates for an average dry
season, our data on physiological parameters collected
during spring 2005 suggests that mean g; and ¥4 was
greater during spring 2005 than spring 2006 for all
species except the palms. During the normal spring of
2005 the mean g and ¥4 of Q. chapmanii was 110+
23.11 mmol m % s, and —0.3+0.02 MPa respectively.
Besides, all plants experiencing a higher degree of
drought-damage showed dampened height growth rate
in relation to plants that showed minimal to no drought
induced damage, suggesting that differential soil
moisture decline translates to decline in ¥,q and
stomatal conductance rates, which in effect has a
negative effect on plant growth rate.

Access to deeper soil water resources and the abilities
of plants to extract water may explain differences in
responses to drought among species (Otieno et al.
2005). Greater rooting depth confers drought tolerance
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compared to shallow-rooted species within a plant
community and may have a direct effect on fitness by
enhancing plant productivity (Ho et al. 2005; Pinheiro
et al. 2005; Padilla and Pugnaire 2007). Responses of
scrub species to drought may be related to their rooting
morphologies. Deeper rooted species (i.e. palms) were
less significantly affected by drought than the shal-
lower rooted Ceratiola and Q. inopina, and moderately
rooted Q. geminata and Q. chapmanii. Based on the
physiological responses, deep rooted palms are isohy-
dric plants, which maintain constant leaf water poten-
tials and stomatal conductance across seasons by having
access to water throughout the year (Franks et al. 2007).
The wider distribution of rooting depths permits a plant
to shift the depth of soil water uptake, as shown by
Quercus suber and Erica spp. in Mediterranean forests
and shrubland ecosystems (Silva and Rego 2003;
Otieno et al. 20006), and by Serenoa and Sabal in this
study. Sabal and Serenoa did not undergo any mortality
even during severe drought of 2000 (Abrahamson
and Abrahamson 2002) and barely showed any leaf
die-back during the spring drought of 2006.

Co-occurring plant species within a plant community
use diversity of responses such as documented in
Brodribb et al. (2002), Gebrekirstos et al. (2006), and
our study. Our findings have implications for restora-
tion of Florida scrub ecosystem and highlight that soil
moisture content and its distribution in space and time
is critical to understanding of species responses as
observed in this study. The patterns of plant and soil
water status, and their effects on plant growth and
mortality might be utilized for planning restoration of
plant communities. Water table in scrub ecosystem is
close to surface, and buffers many plant species against
short-term drought (Weekley et al. 2007). However,
severe droughts are likely to have the differential
effects on Florida scrub species, and will be particu-
larly damaging to young transplants used in restora-
tions. Thus it is important that the restoration efforts
address the measures to achieve the native patterns of
soil hydrology required for successful establishment of
plant communities that harbor species with well
defined requirements of soil moisture.

Acknowledgements The authors thank E. Boughton, A.
Catenazzi, F. Nicklen, A. Saha, J. Schafer and C. Weekley for
comments on the manuscript. The study was funded by
National Science Foundation’s grant (DEB98-15370) to ESM.

References

Abrahamson WG, Abrahamson CR (2002) Persistent palmettos:
effects of 20002001 drought on Sabal etonia and Serenoa
repens in Florida scrub ecosystem. Fla Sci 65:281-289

Abrahamson WG, Johnson AF, Layne JN, Peroni PA (1984)
Vegetation of the Archbold Biological Station, Florida: an
example of the southern Lake Wales Ridge. Fla Sci
47:209-250

Abrams MD, Menges ES (1992) Leaf ageing and plateau
effects on seasonal pressure—volume relationships in three
sclerophyllous Quercus species in south—eastern USA.
Funct Ecol 6:353-360

Allen CD, Breshears DD (1998) Drought-induced shift of a
forest-woodland ecotone: rapid landscape response to
climate variation. Ecology 95:14839-14842

Ameglio T, Archer P, Cohen M, Valancogne C, Daudet FA,
Dayau S et al (1998) Significance and limits in the use of
predawn leaf water potential for tree irrigation. Plant Soil
207:155-167

Asensio D, Penuelas J, Ogaya R, Llusia J (2007) Seasonal soil
and leaf CO2 exchange rates in a Mediterranean Holm oak
forest and their responses to drought conditions. Atmos
Environ 41:2447-2455

Barton AM, Teeri JA (1993) The Ecology of elevational
positions in plants: drought resistance in five montane
pine species in southeastern Arizona. Am J Bot 80:5-25

Borchert R (1994) Soil and stem water storage determine
phenology and distribution of tropical dry forest trees.
Ecology 75:1437-1449

Boughton EA, Quintana-Ascencio P, Boughton RJ, Menges ES
(2006) Association of ecotones with relative elevation and
fire in an upland Florida landscape. J Veg Sci 17:361-368

Breshears DD, Cobb NS, Rich PM, Price KP, Allen CD, Balice
RG et al (2005) Regional vegetation die-off in response to
global-change-type drought. Proc Natl Acad Sci USA
102:15144-15148

Brodribb TJ, Holbrook NM (2003) Stomatal closure during leaf
dehydration, correlation with other leatf physiological
traits. Plant Physiol 132:2166-2173

Brodribb TJ, Holbrook NM, Gutierrez MV (2002) Hydraulic
and photosynthetic co-ordination in seasonally dry tropical
forest trees. Plant Cell Environ 25:1435-1444

Brown RB, Stone E, Carlisle V (1990) Soils. In: Myers RL,
Ewel JJ (eds) Ecosystems of Florida. University of Central
Florida Press, Orlando, pp 35-69

Buckley TN (2005) The control of stomata by water balance.
New Phytol 168:275-291

Carter JL, Lewis D, Crockett L, Vega J (1989) Soils survey of
Highlands County, Florida. National Cooperative Soil
Survey, Orlando

Chen E, Gerber JF (1990) Climate. In: Myers RL, Ewel JJ (eds)
Ecosystems of Florida. University of Central Florida
Press, Orlando, pp 11-34

Ciais PM, Reichstein N, Viovy A, Granier J, Ogee V, Allard M et
al (2005) Europe-wide reduction in primary productivity
caused by the heat and drought in 2003. Nature 437:529-533

Comstock J, Mencuccini M (1998) Control of stomatal
conductance by leaf water potential in Hymenoclea salsola

@ Springer



Plant Soil

(T. & G.), a desert subshrub. Plant Cell Environ 21:1029—
1038

da Silva CR, Folegatti MV, da Silva TJA, Alves J, Souza CF,
Ribeiro RV (2005) Water relations and photosynthesis as
criteria for adequate irrigation management in ‘Tahiti’ lime
trees. Sci Agricola 62:415-422

Damesin C, Rambal S (1995) Field study of leaf photosynthetic
performance by a Mediterranean deciduous oak tree
(Quercus pubescens) during a severe summer drought.
New Phytol 13:159-167

Donovan LA, Linton MJ, Richards JH (2001) Predawn plant
water potential does not necessarily equilibrate with soil
water potential under well-watered conditions. Oecologia
129:328-335

Ehleringer JR, Dawson TE (1992) Water uptake by plants—
perspectives from stable isotope composition. Plant Cell
Environ 15:1073-1082

Enfield DB, Mestas-Nunez AM, Trimble PJ (2001) The
Atlantic multidecadal oscillation and its relation to rainfall
and river flows in the continental US. Geophys Res Lett
28:2077-2080

Fay PA, Carlisle JD, Danner BT, Lett MS, McCarron JK,
Stewart C et al (2002) Altered rainfall patterns, gas
exchange, and growth in grasses and forbs. Int J Plant
Sci 163:549-557

Fensham RJ, Fairfax RJ (2007) Drought related tree death of
savanna eucalypts: species susceptibility, soil conditions
and root architecture. J Veg Sci 18:71-80

Franks PJ, Drake PL, Froend RH (2007) Anisohydric but
isohydrodynamic: seasonally constant plant water potential
gradient explained by a stomatal control mechanism
incorporating variable plant hydraulic conductance. Plant
Cell Environ 30:19-30

Gebrekirstos A, Teketay D, Fetene M, Mitlohner R (2006)
Adaptation of five co-occurring tree and shrub species to
water stress and its implication in restoration of degraded
lands. For Ecol Manage 229:259-267

Gitlin AR, Sthultz CM, Bowker MA, Stumpf SA, Paxton CA,
Kennedy K et al (2006) Mortality gradients within and
among dominant plant populations as barometers of
ecosystem change during extreme drought events. Conserv
Biol 20:1477-1486

Gobron N, Pinty B, Melin F, Taberner M, Verstracte MM,
Belward A et al (2005) The state of vegetation in Europe
following the 2003 drought. Int J Remote Sens 26:2013—
2020

Griffin JR (1973) Xylem sap tension in three woodland oaks of
central California. Ecology 54:152-159

Hawkes CV, Casper BB (2002) Lateral root function and root
overlap among mycorrhizal and nonmycorrhizal herbs in a
Florida shrubland measured using rubidium as a nutrient
analog. Am J Bot 89:1289-1294

Ho MD, Rosas JC, Brown KM, Lynch JP (2005) Root
architectural tradeoffs for water and phosphorus acquisition.
Funct Plant Biol 32:737-748

Holbrook NM, Sinclair TR (1992) Water-balance in the
arborescent palm, Sabal palmetto. 1. Stem structure, tissue
water release properties and leaf epidermal conductance.
Plant Cell Environ 15:393-399

Jones HG (1998) Stomatal control of photosynthesis and
transpiration. J Exp Bot 49:387-398

@ Springer

Jones HG (2007) Monitoring plant and soil water status:
established and novel methods revisited and their relevance
to studies of drought tolerance. J Exp Bot 58:119-130

Jones PD, Mann ME (2004) Climate over past millennia. Rev
Geophys 42:RG2002

Kanemasu ET, Tanner CB (1969) Stomatal diffusion resistance
of snap beans. 1. Influence of leaf water potential. Plant
Physiol 44:1547-1552

Kerr RA (2000) A North Atlantic climate pacemaker for the
centuries. Science 288:1984-1986

Klujn N, Black TA, Griffis TJ, Barr AG, Gaumont-Guay D,
Morgenstern K et al (2006) Response of net ecosystem
productivity of three boreal forest stands to drought.
Ecosystems (N Y, Print) 9:1128-1144

Koide RT, Robichaux RH, Morse SR, Smith CM (1989) Plant
water status, hydraulic resistance and capacitance. In:
Pearcy RW, Ehleringer J, Mooney HA, Rundel PW (eds)
Plant Physiological Ecology-Field Methods and Instru-
mentation. Chapman and Hall, New York, pp 161-178

Krishnan P, Black TA, Grant NJ, Barr AG, Hogg ETH, Jassal
RS et al (2006) Impact of changing soil moisture
distribution on net ecosystem productivity of a boreal
aspen forest during and following drought. Agric For
Meteorol 139:208-223

Lambers H, Stuart C III, Pons TI (1998) Plant physiological
ecology. Springer, New York

Leuzinger S, Zotz G, Asshoff R, Kérner C (2005) Responses of
deciduous forest trees to severe drought in Central Europe.
Tree Physiol 25:641-650

Li JH, Johnson DP, Dijkstra P, Hungate BA, Hinkle CR, Drake
BG (2007) Elevated CO2 mitigates the adverse effects of
drought on daytime net ecosystem CO2 exchange and
photosynthesis in a Florida scrub-oak ecosystem. Photo-
synthetica 45:51-58

Lite SJ, Stromberg JC (2005) Surface water and ground-water
thresholds for maintaining Populus—Salix forests, San
Pedro River, Arizona. Biol Conserv 125:153—-167

Mann ME (2007) Climate over the past two millennia. Annu
Rev Earth Planet Sci 35:111-136

Menges ES (1999) Ecology and conservation of Florida scrub.
In: Anderson RC, Fralish JS, Baskin J (eds) Savannas,
barrens, and rock outcrop plant communities of North
America. Cambridge University Press, Cambridge, pp 7-22

Menges ES (2007) Integrating demography and fire management:
an example from Florida scrub. Aust J Bot 55:261-272

Myers R (1990) Scrub and high pine scrub. In: Myers RL, Ewel
JJ (eds) Ecosystems of Florida. University of Central
Florida Press, Orlando, pp 150-193

Nepstad DC, Moutinho P, Dias MB, Davidson E, Cardinot G,
Markewitz D, Figueiredo R, Vianna N, Chambers J, Ray
D, Guerreiros JB, Lefebvre P, Sternberg L, Moreira M,
Barros L, Ishida FY, Tohlver I, Belk E, Kalif K, Schwalbe K
(2002) The effects of partial throughfall exclusion on canopy
processes, aboveground production, and biogeochemistry of
an Amazon forest. J Geophys Res Atmospheres 107
(D20):8085

Nobel PS (1999) Physiochemical and environmental plant
physiology, 2nd edn. Academic, San Diego

Orwig DA, Abrams MD (1997) Variation in radial growth
responses to drought among species, site, and canopy
strata. Trees (Berl) 11:474-484



Plant Soil

Otieno DO, Schmidt MWT, Kinyamario JI, Tenhunen J (2005)
Responses of Acacia tortilis and Acacia xanthophloea to
seasonal changes in soil water availability in the savanna
region of Kenya. J Arid Environ 62:377—400

Otieno DO, Kurz-Besson C, Liu J, Schmidt MWT, Do RVL,
David TS et al (2006) Seasonal variations in soil and plant
water status in a Quercus suber L. Stand: roots as
determinants of tree productivity and survival in the
Mediterranean-type ecosystem. Plant Soil 283:119-135

Padilla FM, Pugnaire FI (2007) Rooting depth and soil
moisture control Mediterranean woody seedling survival
during drought. Funct Ecol 21:489-495

Pellegrino A, Lebon E, Voltz M, Wery J (2004) Relationships
between plant and soil water status in vine (Vitis vinifera
L.). Plant Soil 266:129-142

Petrie CL, Hall AE (1992) Water relations in cowpea and pearl
millet under soil water deficits. IIl. Extent of predawn
equilibrium in leaf water potential. Aust J Plant Physiol
19:601-609

Pinheiro HA, DaMatta FM, Chaves ARM, Loureiro ME,
Ducatti C (2005) Drought tolerance is associated with
rooting depth and stomatal control of water use in clones
of Coffea canephora. Ann Bot (Lond) 96:101-108

Piper FI, Corcuera LJ, Alberdi M, Lusk C (2007) Differential
photosynthetic and survival responses to soil drought in
two evergreen Nothofagus species. For Sci 64:447-452

Rodriguez-Iturbe I, Porporato A, Laio F, Ridolfi L (2001)
Intensive or extensive use of soil moisture: plant strategies
to cope with stochastic water availability. Geophys Res
Lett 28:4495-4497

Rundel PW, Jarrell WM (1989) Water in the environment. In:
Pearcy RW, Ehleringer J, Mooney HA, Rundel PW (eds)
Plant physiological ecology—field methods and instru-
mentation. Chapman and Hall, New York, pp 29-56

Saha S, Bassirirad H, Gladwin J (2005) Phenology and water
relations of tree sprouts and seedlings in a tropical
deciduous forest of South India. Trees (Berl) 19:322—
325

Sakcali MS, Ozturk M (2004) Eco-physiological behaviour of
some Mediterranean plants as suitable candidates for

reclamation of degraded areas. J Arid Environ 57:141-
153

Silva JS, Rego FC (2003) Root distribution of a Mediterranean
shrubland in Portugal. Plant Soil 255:529-540

Sutton RT, Hudson LR (2005) Atlantic forcing of North American
and European summer climate. Science 309:115-118

Swemmer AM, Knapp AK, Smith MD (2006) Growth
responses of two dominant C4 grass species to altered
water availability. Int J Plant Sci 167:1001-1010

Tardieu F, Davies WJ (1993) Integration of hydraulic and
chemical signaling in the control of stomatal conductance
and water status of droughted plants. Plant Cell Environ
16:341-349

Tyree MT, Jarvis PG (1982) Water in tissues and cells. In:
Lange OS, Nobel PS, Osmond CB, Ziegler H (eds)
Encyclopedia of plant physiology, new series vol. 12B.
Springer, Berlin, pp 35-77

Tyree MT, Zimmermann MH (2002) Xylem structure and the
ascent of sap. Springer, Berlin

Warwick RA (1975) Drought hazard in the United States: a
research assessment. University of Colorado, Monograph
No. NSF/RA/E-75/004

Weekley CW, Gagnon D, Quintana-Ascencio P, Menges ES,
Saha S (2007) Variation in soil moisture in relation to
rainfall, vegetation, gaps, and time-since-fire in Florida
scrub. Ecoscience 14:71-80

Wunderlin RP, Hansen BF (2004) Atlas of Florida vascular
plants. [S. M. Landry and K. N. Campbell (application
development), Florida Center for Community Design and
Research.] Institute for Systematic Botany, University of
South Florida, Tampa. http://www.plantatlas.usf.edu/

Xu H, Li Y, Xu GQ, Zou T (2007) Ecophysiological response
and morphological adjustment of two Central Asian desert
shrubs towards variation in summer precipitation. Plant
Cell Environ 30:399-409

Zhang JH, Davies WJ (1989) Sequential response of whole
plant water relations to prolonged soil drying and the
involvement of xylem sap ABA in the regulation of
stomatal behavior of sunflower plants. New Phytol
113:167-174

@ Springer


http://www.plantatlas.usf.edu/

	Linking...
	Abstract
	Introduction
	Materials and methods
	Study site
	Measurements of soil moisture and Ψpd
	Monitoring morphological and physiological variables during the spring drought of 2006
	Determination of water uptake depth
	Data analysis

	Results
	Relationship between soil moisture, predawn leaf water potential and precipitation
	Morphological and physiological responses during the spring drought of 2006
	Depth of water uptake

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


