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Abstract Plant metabolic activity in arid and semi-arid
environments is largely tied to episodic precipitation
events or ‘‘pulses’’. The ability of plants to take up and
utilize rain pulses during the growing season in these
water-limited ecosystems is determined in part by pulse
timing, intensity and amount, and by hydrological
properties of the soil that translate precipitation into
plant-available soil moisture. We assessed the sensitivity
of an invasive woody plant, velvet mesquite (Prosopis
velutina Woot.), to large (35 mm) and small (10 mm)
isotopically labeled irrigation pulses on two contrasting
soil textures (sandy-loam vs. loamy-clay) in semi-desert
grassland in southeastern Arizona, USA. Predawn leaf
water potential (Ypd), the isotopic abundance of deute-
rium in stem water (dD), the abundance of 13C in soluble
leaf sugar (d13C), and percent volumetric soil water
content (hv) were measured prior to irrigation and

repeatedly for 2 weeks following irrigation. Plant water
potential and the percent of pulse water present in the
stem xylem indicated that although mesquite trees on
both coarse- and fine-textured soils quickly responded to
the large irrigation pulse, the magnitude and duration of
this response substantially differed between soil textures.
After reaching a maximum 4 days after the irrigation,
the fraction of pulse water in stem xylem decreased more
rapidly on the loamy-clay soil than the sandy-loam soil.
Similarly, on both soil textures mesquite significantly
responded to the 10-mm pulse. However, the magnitude
of this response was substantially greater for mesquite
on the sandy-loam soil compared to loamy-clay soil. The
relationship between Ypd and d13C of leaf-soluble car-
bohydrates over the pulse period did not differ between
plants at the two sites, indicating that differences in
photosynthetic response of mesquite trees to the mois-
ture pulses was a function of soil water availability
within the rooting zone rather than differences in plant
biochemical or physiological constraints. Patterns of
resource acquisition by mesquite during the dynamic
wetting–drying cycle following rainfall pulses is con-
trolled by a complex interaction between pulse size and
soil hydraulic properties. A better understanding of how
this interaction affects plant water availability and
photosynthetic response is needed to predict how
grassland structure and function will respond to climate
change.
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Introduction

In the arid southwestern United States, monsoon rain-
fall comprises up to 60% of total annual precipitation in
some areas and is a key resource and driver of plant and
ecosystem productivity and dynamics. Episodic or
pulsed inputs of monsoon precipitation during the
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summer growing season create a dynamic soil moisture
regime that is favorable for plant growth only for brief
time periods (Noy-Meir 1973; Huxman et al. 2004).
Uptake of soil moisture from these pulsed inputs of
summer precipitation varies markedly among the diverse
plant functional types that occupy the arid and semi-arid
landscapes of the region (Ehleringer et al. 1991; Sch-
winning et al. 2002). Although it is generally assumed
that shallow-rooted herbaceous species are more
dependent on summer precipitation than deep-rooted
woody species (Dawson and Ehleringer 1991; Flanagan
et al. 1992; Jackson et al. 1999), considerable variation
in water source use has been observed within and among
different plant lifeforms (Schulze et al. 1996; Lin et al.
1996; Reynolds et al 1999; Yoder and Nowak 1999;
Williams and Ehleringer 2000).

Rainfall patterns (event size, timing and frequency)
and soil hydraulic characteristics strongly mediate the
dynamics of plant water uptake during the growing
season in arid and semi-arid environments (Noy-Meir
1973; McAuliffe 1994; Hamerlynck et al. 2004; Huxman
et al. 2004). Summer rainfall patterns in southeastern
Arizona are characterized by the occurrence of frequent
small rain events and infrequent large events (Fig. 1).
The occurrence of just a few large rainfall events in
such semi-arid systems is sufficient to generate a wet
year (Golluscio et al 1998; Fravolini et al. 2003). The
annual variability of large and small rainfall events in
arid and semi-arid regions could have important
implications for regulating plant productivity and veg-
etation dynamics (Weltzin et al. 2003). The occurrence
of large rainfall events that percolate deep into the soil
profile during wet summers may provide a water source
that can be utilized by woody species which are typi-
cally not as sensitive to summer precipitation as shal-
low-rooted herbaceous species (Golluscio et al. 1988;
Schwinning et al. 2003). However, to what extent these
large summer pulses of water are utilized by deep-

rooted plants will ultimately depend on the combined
hydraulic characteristics of the rhizosphere and plant
xylem.

Soil hydraulic properties play a major role in modi-
fying the spatial and temporal availability of water to
plants (Bristow et al. 1984; Smith et al. 1995; Schlesinger
and Pilmanis 1998; Hacke et al. 2000; Sperry et al. 2002;
Hamerlynck et al. 2004; Huxman et al. 2004). Soil tex-
ture can affect the timing of appearance and disap-
pearance of soil moisture pulses and the length of time
between periods of plant-available moisture. Unlike in
mesic habitats, vegetation in arid habitats is substan-
tially more vigorous and abundant on coarse, sandy
soils than on fine-textured soils. This inverse texture
effect is likely a result of differences in evaporation be-
tween soil types, rather than differences in drainage
(Noy-Meir 1973). Less water is lost to evaporation in
coarse-textured soils than in fine-textured soils. This is
due to the large pore spaces in coarse soils that improve
water percolation through the soil profile (Campbell
1985). The high infiltration rate and deep percolation of
water in coarse soils is critical in regulating plant dis-
tribution and ecosystem productivity of desert regions
where evaporative demand is extremely high.

In southeastern Arizona, spatial distribution of the
invasive woody legume velvet mesquite (Prosopis velu-
tina Woot.) varies across the landscape. Mesquite over
the last 100 years has gradually expanded its range by
encroaching into former grasslands (Archer 1995;
McPherson 1997); however, this phenomenon is not
spatially homogeneous. Mesquite trees have increased
their abundance at a greater rate on sandy upland soils,
developed on recently deposited Holocene alluvium,
more than on clay-rich Pleistocene alluvial fans (Medina
1996).

The interaction between rainfall and soil texture may
lead to differential acquisition and use of seasonal pre-
cipitation by mesquite trees across the landscape. Fine-
textured soils restrict the wetting front to the upper soil
layers, thereby inhibiting the uptake of summer rain by
deep-rooted woody plants (Fravolini et al. 2003). Con-
versely, the coarse-textured Holocene soils allow sum-
mer rain to penetrate deeply into the soil profile after
major precipitation pulses. Hydrologic differences ob-
served across soil textures very likely lead to different
exposure and use of summer precipitation pulses by
deep-rooted plants such as mesquite.

Several studies have evaluated the effect of rainfall
size (Lauenroth et al 1987; Golluscio et al. 1998;
Dougherty et al 1996; Schwinning et al 2003) or soil
texture (Schlesinger and Pilmanis 1998; Hacke et al.
2000; Sperry et al. 2002; Hamerlynck et al. 2004) on
plant water use. In this investigation, we assessed the
effect that the interaction between rainfall pulse size and
soil texture have on summer water use by velvet mes-
quite. Specifically, we used large (35 mm) and small
(10 mm) irrigation inputs to evaluate the physiological
responses of mesquite trees on two contrasting soil
textures (sandy-loam vs. loamy-clay).

Fig. 1 Mean summer (July–September) rainfall pulse frequency
according to event size. Data were compiled from the National
Climate Data Center. Source NOAA (http://www.noaa.gov/)
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We predicted that: (1) large pulses would have a
greater impact on the physiology of mesquite trees on
coarse sandy soils compared to fine-textured loamy-clay
soils, and (2) that mesquite response to the small irri-
gation input would not be sufficient to activate a phys-
iological response on either soil type.

Methods

Study site

The study was conducted at the Santa Rita experi-
mental range (SRER), 35 km south of Tucson, AZ,
USA. The mean annual air temperature, in this area, is
16�C. Daily maximum air temperatures in summer of-
ten exceed 35�C (McClaran et al. 2002). Mean annual
rainfall (1972–2002) is 430 mm at the loamy-clay site
and 394 mm at the sandy-loam site (rain gauges: 41
and rodent station; SRER database). More than 56%
of the total annual precipitation at both sites occurs
during the summer monsoon (July-September) with
high inter-annual variation. During the winter and
spring months preceding our study, both sites received
an amount of precipitation close to the average for
these two sites: from November 2001 to June 2002 the
loamy-clay soil received 150 mm (average 160 mm) and
the sandy-loam site received 133 mm (average is
146 mm; source SRER database).

Root morphology and water use of mesquite
at the SRER

Velvet mesquite (P. velutina) on the SRER has been
described as an intensive water exploiter with a dimor-
phic root system characterized by a deep taproot and a
large number of primary and secondary lateral roots
extending for several meters beyond the edge of the
canopy (Clark 1947; Cable 1977). Although mesquite
roots tend to extend vertically to great depths, it is likely
that nearly all its active roots at the SRER are con-

strained to the upper soil layers since (1) the access to
stable ground water is beyond reasonable rooting depth
and (2) winter and summer precipitation rarely pene-
trates below 2 m of depth (Cable 1977; Cable 1980;
Frasier and Cox 1994). The depth of mesquite taproots
and the density and distribution of lateral roots at the
SRER also vary depending on the vertical and hori-
zontal distribution of available soil water across soil
types (Clark 1947). In sandy-loam alluvial soils at the
SRER, the mesquite root system is characterized by the
dominance of a taproot that penetrates deep into the soil
profile (Clark 1947). Numerous lateral roots depart from
the taproot and form an extensive horizontal root sys-
tem that can extend more than 15 m beyond the canopy.
This well-developed lateral root system allows for
intensive water exploitation in the inter-canopy area and
is particularly important during periods of high tran-
spiration demand or when the available water stored in
the deep soil layers becomes scarce (Cable 1977). In clay-
loam soils, the taproot does not dominate, probably due
to the presence at this depth of a well-developed clay
layer that limits deep percolation of water (Clark 1947).
In this fine-textured soil, the lateral root system domi-
nates and its root density approaches zero at a depth
between 30.5 cm and 46 cm, extending in all directions
for more than 15 m (Clark 1947).

Experimental design

Two sites were selected for irrigation experiments within
the SRER based on their contrasting soil texture. One
site was on a recently deposited Holocene alluvial fan
surface (31� 47¢N, 110� 50¢W, 1,190 m elevation), while
the other site was located on a much older Pleistocene
surface (31� 47¢N, 110� 54¢W, 1,090 m elevation). The
percentage of sand, silt and clay for each selected site is
reported in Table 1 (Fravolini et al. 2003). The Holocene
alluvial fan surface was composed of a sandy-loam soil
with a bulk density of 2 g cm�3, while the soil on the
Pleistocene surface was loamy-clay and had a bulk
density of 1.5 g cm�3.

Twelve mature mesquite trees (1 to 3-m height) were
randomly selected within one large (150 by 100 m) plot
at each site, and four replicate trees were each randomly
assigned to a large (35 mm)-, small (10 mm)-, and con-
trol-irrigation treatment. The probability frequency for
each rainfall size on our site is reported in Fig. 1. On
average, from summer 1989 to summer 2003, precipita-
tion events between 5 and 15 mm accounted for 30% of
total rainfall while events between 30 and 35 mm com-
prised 21% of summer precipitation. Irrigation water
was applied on the evening of 21 June 2002. In order to
distinguish irrigation water from naturally occurring soil
water, the irrigation water was labeled with D2O to
obtain a dD value of 160&; the dD value of soil water
prior to irrigation in June was �50&. Irrigation water
was applied at a rate of 2 mm/min over a 2.5-m radius
around the base of each experimental tree. The perim-

Table 1 The percentage of sand, silt, and clay measured from soil
pits taken in each of the two experimental sites (Fravolini et al.
2003)

Soil depth
(cm)

Sand fraction
(%)

Silt fraction
(%)

Clay fraction
(%)

Sandy loam (Holocene)
�5 85.1 8.9 6.1
�10 85.1 7.9 7
�30 80 10.2 9.8
�60 78.7 12.4 8.9
Loamy clay (Pleistocene)
�5 74.8 12.1 13.1
�10 76.1 11.2 12.7
�30 62 12.7 25.3
�60 45.6 15.6 38.8
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eter of each irrigation plot was trenched to a depth of
10 cm to prevent runoff.

Three 60 by 120-cm trenches were dug to a depth of
70 cm in the inter-canopy spaces at each site. Custom
built time-domain reflectometry probes (TDR; Ledieu
et al. 1986; Risler et al. 1996) were installed horizontally
in the trench faces to measure volumetric soil water
content (hv) within the soil profile at 10–15, 20, 30, 40,
and 50 to 55-cm depths. A single TDR probe was in-
stalled at each depth. The trenches were backfilled and
tamped after rod installation and each TDR plot was
randomly assigned to control-, small-, or large-irrigation
treatments. Irrigation was applied to the non-control
TDR plots using the same protocol described above for
irrigating the trees. Care was taken to avoid applying
water directly to the backfilled trenches. Each TDR
probe was calibrated in the laboratory using soils
(<2 mm) from the sandy-loam and loamy-clay sites
with known volumetric water contents from 0 to 20%.
TDR probes were monitored using a portable computer
connected to a Campbell TDR-100 cable tester (Camp-
bell Scientific, Logan, UT, USA).

Plant and soil measurements and isotope sampling
were carried out on the day before irrigation and on days
1, 2, 4, 6, 8, 11, and 14 following irrigation. No natural
rainfall events occurred on our sites during the above
observational period. Between three to four suberized
twig sampleswere collected for deuterium isotope analysis
from various canopy locations and cardinal directions at
midday of each sample day. Twig samples were placed in
borosilicate glass vials, closed with screw caps, wrapped
with parafilm, placed in an ice cooler, and immediately
transported to the laboratory where they were kept frozen
until extraction. Water was subsequently extracted from
the stems by cryogenic vacuum distillation (Ehleringer
andOsmond 1989) and its deuterium isotope composition
(dD) was measured on a dual-inlet, isotope ratio mass
spectrometer with a measurement precision of 0.5&
(Delta-S, Finnigan MAT, San Jose, CA, USA) at the
Laboratory of Isotope Geochemistry, Department of
Geosciences, University of Arizona. The proportion (%)
of irrigation pulse water present in the stem xylem (PWU)
was calculated using the equation:

%PWU ¼ 1� dDirr � dDxi

dDirr � dDxcon

� �
� 100 ð1Þ

where dDirr is the notation for the stable isotope ratio of
hydrogen in irrigation water and is expressed in parts
per thousand (&), dDxi that of twig xylem water of
irrigated plants and dDcon that of control plants for
samples collected on the same day.

Predawn leaf water potential (Ypd) was measured
between 02:00 h and 04:00 h using a Scholander-type
pressure chamber (PMS Instruments, Corvallis, OR,
USA). Mesquite twigs were cut with a sharp razor blade,
and immediately placed in a sealed plastic bag contain-
ing a moist paper towel before measurement with the
pressure chamber.

Short-term13C fixation into soluble leaf carbohy-
drates was used to evaluate the photosynthetic response
of mesquite trees to the irrigation pulse treatments. The
d13C in soluble carbohydrates may be used to infer gas
exchange (photosynthesis, A and/or stomatal conduc-
tance, g) variations over short time periods (1–3 days;
Brugnoli et al. 1988). The composition of d13C in leaf-
soluble carbohydrates reflects the carboxylation and
diffusion discrimination against the heavier carbon iso-
tope (13C) compared to the lighter isotope (12C) occur-
ring during photosynthetic CO2 uptake (Brugnoli et al.
1988; Brugnoli and Farquhar 1998). Ten to fifteen leaves
were collected for carbohydrate extraction at midday on
all but the last (14 days post-irrigation) sampling date.
Leaf tissue was immediately immersed in liquid nitrogen
after collection to prevent further metabolic activity, and
then temporarily stored in a cooler containing dry ice.
The samples were transported to the lab where they were
freeze-dried and then ground to a fine powder. The leaf-
soluble carbohydrates were extracted in distilled water
followed by a purification procedure according to
Brugnoli et al. (1988). This extraction was performed at
the laboratory facilities of the National Research Center
(CNR) in Porano (Umbria), Italy. The d13C values of
carbohydrate samples were determined using a contin-
uous-flow isotope ratio mass spectrometer (IsoPrime,
Micromass UK Ltd., Manchester, UK) at the University
of Wyoming Stable Isotope Facility, Department of
Renewable Resources, University of Wyoming, Lara-
mie, WY, USA.

Data analysis

The experiment was a longitudinal study with a ran-
domized 2 · 3 factorial treatment design with: two soil
textures (sandy-loam and loamy-clay); three irrigation
treatments of a large (35 mm of precipitation applied to
each tree), small (10 mm of precipitation applied) and
control (no precipitation applied), size; and four repli-
cates for each soil-texture-by-irrigation-treatment com-
bination.

Multivariate analysis for repeated measures (MA-
NOVA) was performed on untransformed data to test
the effect of soil textures, water treatments, time, and
their interaction using VWC, predawn leaf water po-
tential, percentage of irrigation water in the stem xylem,
and the d13C value of soluble leaf carbohydrates as re-
sponse variables. To identify the differences in treatment
effect across soil textures that were statistically mean-
ingful, a least-significant difference (LSD) contrast
analysis was performed within the MANOVA frame-
work.

Since the response of all dependent variables followed
a quadratic rather than a linear trend through time, a
quadratic matrix for each dependent variable was used
within the MANOVA framework to test whether there
were significant differences in the trend between treat-
ments through time. Result from the quadratic trans-
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formation analysis are discussed only at the highest level
of significance (P £ 0.05). The JMP 4 software for PC
(SAS Institute, Inc., Cary, NC, USA) was used to per-
form the statistical analysis.

Results

Dynamics of soil water content

The sandy-loam soil (Holocene surface) showed larger
relative changes in volumetric water content (hv) at
depths between 10 cm and 50 cm than the loamy-clay
soil (Pleistocene surface) following the small (10 mm)
and large (35 mm) irrigation pulses (Fig. 2). Moreover,
the wetting front advanced to deeper layers on the san-
dy-loam soil than in the loamy-clay soil. Changes in hv
were small in the sandy-loam soil in response to the
10 mm pulse. Within the first 24 h, hv in sandy-loam
soils increased dramatically in the upper 30 cm in re-
sponse to the large pulse. Increases in hv were less sig-
nificant, but present, at 50 cm (Fig. 2b). Patterns of
infiltration were substantially different in loamy-clay
soils following irrigation. We detected a negligible in-
crease in soil moisture at 10 cm in response to the small
pulse (Fig. 2c). Small increases in hv were detected fol-
lowing the large pulse; at 10 cm, hv increased from 1.6 to
3.3% 8 days after the pulse. The wetting front advanced
to 30 cm by day 14, as hv increased slightly from an
initial value of 7.6% to 8.1% (Fig. 2d).

Changes in plant water status

Predawn leaf water potential (Ypd) substantially mir-
rored changes in hv over the 14-day observation period.
Mesquite on the loamy-clay soil had higher Ypd than
mesquite on the sandy-loam soil prior to the irrigation
(Fig. 3a–b). Following irrigation, mesquite trees that
received the 35-mm pulse achieved higher predawn leaf
water potential than mesquite treated with the 10-mm
pulse on both the sandy-loam and the loamy-clay soil.
The treatment-by-time interaction was statistically sig-
nificant on each soil type (Table 2). The significance of
this interaction is confirmed by the difference in the
quadratic term between treatments over time
(F2,18=23.77, P<0.001). On both soil textures, irriga-
tion enhanced Ypd regardless of pulse size, until day 4
when Ypd declined toward the pre-pulse level (Fig. 3).

Values of Ypd showed a greater increase on the san-
dy-loam soil than on the loamy-clay soil following the
small irrigation (F1,18=7.37, P<0.01). Conversely, leaf
water potential at both sites showed a similar pattern
through time in response to the large pulse (F1,18=0.21,
P=0.64 from linear contrast). Although Ypd in plants
that received the large irrigation pulse had the same

Fig. 2 Volumetric soil water content (hv) of sandy-loam and
loamy-clay soils measured with time domain reflectrometry probes
in late June and early July 2002. Measurements were taken at 10,
20, 30, 40, and 50-cm depths the day prior to the application of
either a large (35 mm) or a small (10 mm) irrigation pulse (day 0),
and on days 1, 4, 8, and 14 after the release of the pulse

Fig. 3 Predawn leaf water potential (Ypd) of mesquite trees across
two contrasting soil textures following either a large (35 mm), small
(10 mm), or no irrigation treatment. Day 0 is 21 June 2002. Error
bars indicate ±1 SE
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proportional increase across soil textures, plants on the
sandy-loam surface overall maintained more negative
Ypd values after irrigation (Fig. 3).

Pulse water uptake

There was an effect of the soil texture-by-treatment-by-
time interaction on the percent pulse water uptake,
indicating that trees on different soil textures responded
differently to small and large irrigation pulses over time
(Table 2).

Mesquite tree at the two sites differed significantly in
their uptake of irrigation water over time (F1,12=51.4,
P<0.0001; Fig. 4). The percent of pulse water use in-
creased dramatically following the 35-mm irrigation on
both soil types (Fig. 4a–b). However, after reaching a
maximum at day 4, the pulse water uptake by mesquite
trees declined more rapidly on the loamy-clay than on
the sandy-loam soil. The percent pulse water uptake in
mesquite stem water following the small pulse was
higher on the sandy-loam soil than on the loamy-clay
soil (pulse-by-soil texture-by-time interaction,
(F6,7=12.20, P=0.002; Table 2).

For the sandy-loam site, mesquite trees that received
the large irrigation reached the maximum percent pulse
use more rapidly than mesquite that received the small
pulse (Fig. 4a). Mesquite trees on the loamy-clay soil
had a significant response to the large pulse, while
mesquite response to the small pulse on this soil was
substantially lower in magnitude, although still signifi-

cant (F1,3=68.84 P=0.0037; Fig. 4b). Percent pulse
water uptake and Ypd were positively correlated during
the experiment and the dynamic of this relationship was
similar in both soil textures (Fig. 5).

Differences in carbon isotope ratios

A significant amount of variation in carbon isotope ra-
tios (d13C) of soluble carbohydrates extracted from
mesquite leaves was explained by the treatment-by-time
interaction, but differences in d13C between soil textures
over time were not significant (Table 2). Prior to the
irrigation pulse, d13C of soluble carbohydrates was more
negative for mesquite trees on the loamy-clay surface
than for those on the sandy-loam surface (Fig. 6a–b).
On both surfaces, mesquite trees that received irrigation
had lower d13C values than those that did not receive
irrigation (F1,18=6.68, P=0.01). Mesquite trees that
received the 35-mm irrigation treatment on the sandy-
loam surface had lower d13C values than did those that
received the small irrigation pulse (F1,18=3.32, P=0.08;
Fig. 6a). Carbon isotope ratios differed significantly
between water treatments in their response over time
(F5,6=4.27, P=0.05). Mesquite trees on the sandy-loam
soil responded immediately to the irrigation pulse,
shifting the d13C value of soluble carbohydrate by �2&
1 day after the pulse (Fig. 6). Conversely, d13C of car-
bohydrates on the loamy-clay soil shifted less than
�0.5& the day following the irrigation and reached its
maximum value 6 days after the pulse.

Table 2 Mean squares (MS),
degrees of freedom (df), F-
statistic (F) corresponding P
values from the MANOVA
repeated measures statistical
analysis of predawn leaf water
potential (Ypd), percent pulse
water uptake (PWU) in stem
water and d13C of leaf-soluble
carbohydrates of mesquite trees
following an irrigation pulse

The actual P values are
reported when P>0.1 and
P<0.2NS not significant
*P £ 0.1; **P £ 0.05;
***P £ 0.001

Factors Mean square df F P value

wpd

Soil texture 12.52 1,18 81.41 ***
Water treatment 20.05 2,18 130.37 ***
Soil texture · water treatment 0.05 2,18 3.63 **
Soil texture · time 0.14 7,12 0.94 NS
Water treatment · time 0.52 14,24 3.36 ***
Soil texture · water treatment · time 0.13 14,24 0.87 NS
Time 2.62 7,12 17.06 ***
Error 0.15 126

PWU
Soil texture 0.59 1,12 87.46 ***
Water treatment 3.2 1,12 474.44 ***
Soil texture · water treatment 0.13 1,12 19.17 **
Soil texture · time 0.04 6,7 6.68 **
Water treatment · time 0.04 6,7 6.49 **
Soil Texture · water treatment · time 0.06 6,7 9.29 **
Time 0.31 6,7 46.75 ***
Error 0.007 84

d13C
Water treatment 3.14 2,18 4.55 **
Soil texture · water treatment 0.09 2,18 0.14 NS
Soil texture · time 0.57 6,13 0.83 NS
Water treatment · time 1.33 12,26 1.94 *
Soil texture · water treatment · time 0.67 12,26 0.97 NS
Time 3.02 6,13 4.38 **
Error 0.69 84
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Values of d13C and Ypd were positively correlated
during the experiment and the dynamic of this rela-
tionship was similar across both soil textures (sandy-
loam R2=0.37; loamy-clay R2=0.45).

Discussion

In this study, mesquite response to both large and small
summer pulses of moisture was strongly affected by soil
texture. Although mesquite trees on both coarse- and
fine-textured soils quickly took up water from a large
irrigation pulse, the duration of this response substan-
tially differed between soil textures. After reaching a
maximum 4 days after the irrigation, the fraction of
pulse water in stem xylem decreased more rapidly on the
loamy-clay soil than the sandy-loam soil. Not surpris-
ingly, the presence of a well-developed clay layer in the
subsurface of the loamy-clay soil limits infiltration of
moisture inputs during summer, thus reducing the
effectiveness of both large and small rainfall events for
mesquite. Differential mesquite water acquisition across
the two soil textures also was observed following the 10-
mm pulse, with mesquite extracting substantially higher
amounts of irrigation water on the coarse-textured soil
than on the fine-textured soil.

Woody plants of arid and semi-arid regions can re-
spond to pulses of summer rain especially after pro-
longed periods of drought (Golluscio et al. 1998;
Williams and Ehleringer 2000; Snyder et al. 2004). Soil
moisture availability during the hot summer months is
critical for the establishment and growth of mesquite

Fig. 4 Percent pulse water in the stem xylem of mesquite trees
across two contrasting soil textures following either a large
(35 mm), small (10 mm), or no irrigation treatment. Day 0 is 21
June 2002. Error bars indicate ±1 SE

Fig. 5 Relationship between mean daily Ypd and percent pulse
water uptake in mesquite trees following the release of large and
small irrigation treatments across two contrasting soil textures

Fig. 6
13C isotope composition (d13C) of soluble leaf carbohy-

drates of mesquite trees across two contrasting soil textures
following either a large (35 mm), small (10 mm), or no irrigation
treatment. Day 0 is 21 June 2002. Error bars indicate ±1 SE
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trees in this arid ecosystem (Weltzin and McPherson
1997). The ability of mesquite trees on the sandy-loam
soil to fully utilize large rain events during their growing
season combined with their high responsiveness to small
rain events may facilitate the encroachment of this
woody legume on coarse-textured soils.

Shallow argillic horizons on Pleistocene surfaces,
common on the bajada slopes of the Basin and Range
physiographic province, likely reduce infiltration fol-
lowing precipitation pulses and thereby limit the uptake
of pulse water by woody desert plants (McAuliffe 1994,
McDonald et al. 1996; Hamerlynck et al. 2004). The
effect of clay-rich layers on the depth of the soil wetting
front and response of woody plants should be especially
manifested during small precipitation events. The lim-
ited uptake of the 10-mm irrigation pulse by mesquite on
the loamy-clay surface was in sharp contrast to the very
significant response of mesquite to the same pulse size on
the sandy-loam soil. The fraction of xylem water derived
from the 10-mm pulse never rose above 10% on the
loamy-clay soil, but rose to 60% on the sandy-loam soil.
In the loamy-clay soil, there was no measurable infil-
tration in the inter-canopy spaces following the 10-mm
irrigation pulse. The presence of high clay contents in
Pleistocene soils likely prevented significant percolation
of the small pulse to the rooting zone, given that mes-
quite roots at the Santa Rita Range are rarely found in
the top 10 cm of the soil profile (Parker and Martin
1952, Cable 1977).

Alternatively, fine-textured soils may retain water
longer from previous precipitation, limiting percolation
and mesquite utilization of new pulses of rain. Long-
term leaf water potential measured in mature mesquite
trees along a soil texture gradient on the SRER showed
that trees on coarse-textured soils experience greater
levels of water deficit compared to trees on fine-tex-
tured soils before the onset of the monsoon (Fravolini
et al. 2003). The ability of fine-textured soils to retain
water for extended periods may be beneficial for desert
plants exposed to prolonged drought, as long as water
is held at water potentials high enough for plant
extraction to occur. However, during summer rainfall
the presence of winter water held in soil micropores
may limit percolation of new pulses, thereby facilitating
runoff or ponding and subsequent evaporation at the
soil surface.

The observed relationship between percent pulse
water uptake and Ypd was similar across soil textures
and was positively correlated (Fig. 5). Different degrees
of hydraulic constraints have been observed within
species occurring on different soil textures (Jackson et al.
1996; Sperry et al. 2002). Coarse-textured soils have
greater loss of rhizosphere hydraulic conductivity per
unit drop of soil water potential than fine-textured soils
(Campbell 1985). As a result, plants in coarse soils can
be more exposed to hydraulic failure in the rhizosphere
than plants in fine soils without significant adjustment of
the root-to-leaf surface area ratio (Sperry et al. 1998,
Hacke et al. 2000). Although trees on the coarse-tex-

tured soil experienced the greatest level of water deficit
prior to irrigation in our study, there was no difference
in the dynamics of water uptake between soil textures.
The relationship between predawn water potential (an
index of rhizosphere water availability) and uptake of
pulse water was similar on both soil textures. Therefore,
mesquite acquisition of irrigation pulses was likely a
function of pulse water availability, which differed be-
tween the two soils, rather than to different plant uptake
capacities across soil textures.

The differences in pulse utilization observed in mes-
quite on the two soils were reflected in changes in d13C of
soluble carbohydrates extracted from leaves. Carbon
isotope values of soluble carbohydrates in C3 leaves may
be used to infer ci/ca variations over short and medium
time scales (Brugnoli et al. 1998). In this study, shifts in
d13C of soluble carbohydrates were correlated with
changes in predawn leaf water potential in a similar
fashion across soil textures. Conversely, summer mois-
ture inputs did not alter rates of leaf gas exchange in
deep-rooted shrubs in comparatively summer-dry envi-
ronments (Snyder et al. 2004, Schwinning et al. 2003).
Maintenance of low leaf photosynthetic activity in
perennial woody species during long periods of drought
in these summer dry habitats can be energetically effi-
cient, allowing them to survive over extended periods
with little or no available water (Schwinning et al. 2003).
However, the maintenance of low photosynthetic activ-
ity during rainless periods could prevent rapid photo-
synthetic responses of desert shrubs to sudden pulses of
water since it could be difficult and energetically
expensive for leaves to quickly restore their photosyn-
thetic apparatus. In our study, mesquite trees were ex-
posed to an extended period of drought (the last rainfall
prior to the irrigation on both study sites was a 5-mm
rainfall event on 19 February, 119 days prior to our
experiment) and mesquite on the sandy-loam soil had
lower predawn water potential than mesquite on the
clay-loam soil. However, despite the prolonged drought
and the difference in water deficit measured across soil
textures, d13C of soluble carbohydrates very quickly
responded to the irrigation pulses regardless of the soil
texture. Moreover, on both sites Ypd and d13C were
positively correlated, suggesting that the response of
carbon assimilation to irrigation pulses was a function of
soil water availability rather than to differences in
physiological or photosynthetic limitations. Soil water
availability was the major factor controlling the uptake
of pulse water by mesquite. In a water-limited ecosystem
characterized by predictable summer rainfall, the ability
to quickly utilize rain inputs whenever available may be
critical to enhance growth and reproduction.

The sensitivity of dominant woody plants to pulses of
summer moisture can have important implications for
vegetation response to climate change and ecosystem
water balance (Schlesinger et al. 1990; Jackson et al.
1996; Schulze et al. 1996; Ehleringer et al. 1998). An
understanding of the complex interaction between soil
texture and plant water availability is critical to predict
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how future changes in precipitation patterns will affect
plant community and ecosystem dynamics (Schlesinger
et al. 1990, Huxman et al. 2004). Mesquite on fine-tex-
tured soils are highly sensitive to large rain events, which
occur at low frequency during the summer North
American monsoon, and are less sensitive to frequent
small pulses. Conversely, mesquite trees on coarse-tex-
tured sandy soils respond to both large and small sum-
mer rainfall pulses. Intra-annual variation in summer
precipitation patterns may strongly govern shifts in
mesquite function, and possibly its distribution across
the heterogeneous desert landscape. One consistent
prediction from global and regional circulation models
is that summer rainfall in the southwestern United States
will become more variable from year to year and ex-
tremely large rainfall events will be more common dur-
ing wet years (Giorgi et al. 1998; USGC committee
research report 2000). A decrease in the number of small
rain events accompanied by a shift toward large summer
rainfall events could diversely affect plant community
structure and function of arid and semi-arid grasslands.
Large rain events during wet summers apparently can
enhance water uptake and photosynthetic metabolism of
mesquite on coarse-textured soils more so than on fine-
textured soils. Similarly, during summers with average
precipitation, the prevalence of small rain events over
large rain events may selectively favor mesquite pro-
duction on coarse-textured soils, potentially exacerbat-
ing the actual differences in tree distribution across the
landscape.
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