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[1] Recent studies have illuminated the process of hydraulic redistribution, defined as the
translocation of soil moisture via plant root systems, but the long-term ecohydrologic
significance of this process is poorly understood. We investigated hydraulic redistribution
(HR) by Prosopis velutina Woot. (velvet mesquite) in an upland savanna ecosystem
over a two-year period. Our goal was to quantify patterns of HR by mesquite roots and
assess how this affects tree water use and productivity. We used the heat ratio method
to monitor bi-directional sap flow, an analog of HR, in both lateral and tap roots.
Additionally, we monitored soil water content and used the eddy covariance technique
to quantify ecosystem carbon dioxide and water exchange. Mesquite roots redistributed
large amounts of water throughout the year, even during periods of canopy dormancy.
Dormant season precipitation (November–March) was often taken up by shallow lateral
roots and transferred downward in the soil profile by deeper lateral and tap roots. Such
a transfer was also apparent when the trees were active and moisture from summer rainfall
was plant available in the upper soil layers. As the upper soil layers dried, sap flow
moving toward the canopy in the lateral roots diminished and water use from deeper soils
increased via the taproots. The relationship between root sap flow and above-canopy
fluxes suggested that deeper ‘‘stored’’ water from HR allowed the trees to transpire more
in the spring that followed a winter with significant downward redistribution. Patterns of
lateral and tap root sap flow also implied that redistribution may extend the growing
season of the trees after summer rains have ended and surface soils are dry, thus allowing
the trees to photosynthesize through periods of seasonal drought. The large hydrologic
magnitude and the ecological effects of HR we studied, along with mounting evidence
of this process occurring in many other ecosystems, indicates that HR should be accounted
for in many ecohydrologic modeling efforts.
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1. Introduction

[2] A growing body of evidence demonstrates that hy-
draulic redistribution, the transfer of soil water via plant
roots, is common in many ecosystems [Caldwell et al.,
1998]. Hydraulic redistribution is considered to be a passive
process whereby plant roots act as conduits that transport
water in response to water potential gradients [Mooney et
al., 1980; Caldwell et al., 1998; Mendel et al., 2002], and it
occurs in a variety of directions including upwards [termed
‘‘hydraulic lift’’ Richards and Caldwell, 1987], downward
[Burgess et al., 1998], and even laterally in the soil profile
[Burgess and Bleby, 2006; Brooks et al., 2002]. Typically,
hydraulic redistribution has been observed at night when
transpiration is low, but it has also been observed in roots of
dormant [Hultine et al., 2004] and even senescent plants
[Leffler et al., 2005]. Hydraulic redistribution has been

documented in arid to semiarid deserts and rangelands
[Richards and Caldwell, 1987; Ryel et al., 2002; Hultine
et al., 2003a], savannas [Ludwig et al., 2003] and in
temperate [Emerman and Dawson, 1996], coniferous
[Brooks et al., 2002], and tropical forests [Meinzer et al.,
2004; Oliveira et al., 2005]. While some studies have
shown that the amount of water that plants redistribute on
a timescale of days to weeks is large, comparatively little is
known about the amount of water that is redistributed on a
seasonal to yearly timescale and whether this amount is
hydrologically significant.
[3] Many studies have focused on the ecological con-

sequences of hydraulic lift. Hydraulic lift may enhance
transpiration and plant growth during rainless periods by
storing water in the otherwise dry rhizosphere that can be
accessed by lateral roots during the day [Emerman and
Dawson, 1996; Caldwell and Richards, 1989; Caldwell et
al., 1998; Lee et al., 2005]. Hydraulic lift may be also
beneficial to promoting growth of shallower-rooted under-
story species which may scavenge some of the lifted water
[Dawson, 1993; Zou et al., 2005; Caldwell and Richards,
1989; Brooks et al., 2002; Ludwig et al., 2003]. In regions
frequented by droughts, downward hydraulic redistribution,
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also termed hydraulic descent [Hultine et al., 2003b], may
promote plant water conservation by redistributing water
deeper in the soil column when it is abundant in near-
surface soil layers, where it may otherwise evaporate from
the soil surface [Ryel et al., 2004]. Finally, hydraulic
redistribution has been hypothesized to improve a deep-
rooted plant’s nutrient status by increasing the mobility of
deep nutrients [McCulley et al., 2004] or maintaining
favorable water status for fungi in the near-surface rhizo-
sphere [Querejeta et al., 2007].
[4] Plants have been shown to transport significant

amounts of water up and down in the soil profile on a daily
to weekly timescale. Around 30% of the water recovered
daily from the upper 2 m of soil during the dry season in a
northwestern U.S. conifer forests was produced by noctur-
nal hydraulic redistribution, and this redistribution allowed
for maintenance of soil moisture in the upper soil horizons
for two to three weeks into a summer drought period
[Brooks et al., 2002]. The roots of Quercus suber (cork-
oak) trees lifted 17–81% of the water used the following
day for transpiration [Kurz-Besson et al., 2006]. Acer
saccharum (sugar maple) hydraulically lifted 102 (±54)
l of water daily, about 25% of the transpiration amount
[Emerman and Dawson, 1996]. In a much drier environ-
ment, the daily transpiration in Artemisia tridentata (sage-
brush) shrubs was reduced by 25 to 50% when nocturnal
hydraulic lift was experimentally circumvented [Caldwell
and Richards, 1989]. Likewise, the amount of water moved
via hydraulic descent can be significant when relatively
deep soil layers are drier than near-surface ones. In stands of
Artemisia shrubs, 74–100% of precipitation that had infil-
trated below 0.3 m was eventually redistributed even deeper
via roots [Ryel et al., 2003]. In some situations, the water
potential gradients between soil layers can be greater than
between the soil to leaf gradient during transpiration, and
this can result in hydraulic descent in deep roots even while
transpiration is taking place [Hultine et al., 2003b].
[5] Woody plants can redistribute a significant amount of

water during dormancy which may have important ecohy-
drologic consequences [Hultine et al., 2004]. During wet
winters, deeper-rooted plants could redistribute water from
moist surface soils to deep soil layers (hydraulic descent),
and away from shallow-rooted competitors and direct soil
evaporation processes [Hultine et al., 2004]. The ‘‘banking’’
of soil water during dormancy for future use would be
beneficial for plants occurring in dryland regions that are
typically warm and dry during the early stages of the
growing season, such as the southwestern U.S. Likewise,
water banking may occur during the active growing season
when there is an abundance of near-surface soil water, and
this could extend the growing season by providing a source
of water after summer rains cease [Hultine et al., 2004; Ryel
et al., 2003]. Conversely, dry seasons could produce pat-
terns of hydraulic lift if there is sufficient moisture in the
deep rooting zone. This may be beneficial to the ‘‘lifter’’ by
enhancing root longevity and activity and nutrient uptake
[Querejeta et al., 2007], or it may be detrimental by losing
moisture to soil evaporation or co-occurring shallow-rooted
understory plants [Caldwell and Richards, 1989; Dawson,
1993; Ludwig et al., 2003]. In a typical Mediterranean
climate (cool wet winters, hot dry summers), Burgess et al.
[2001a] determined that the amount of stored water in the

deep layers would not be enough to support Eucalyptus spp.
trees for more than several weeks; thus, the banking of water
would be unlikely to make a significant contribution to
drought avoidance over the summer period. However, they
surmise that it may benefit the plants during early spring,
following winter rains.
[6] The goal of this study was to determine the ecohy-

drological significance of hydraulic redistribution in a
semiarid savanna ecosystem in southern Arizona. For two
years, we monitored the seasonal patterns of root water
movement by Prosopis velutina Woot. (velvet mesquite), a
woody legume that now dominates many savanna ecosys-
tems in the southwest U.S. We used sap flow techniques in
order to quantify the water movement through mesquite root
systems related to seasonal patterns of hydraulic redistribu-
tion. We also monitored the canopy fluxes of water and
carbon dioxide using eddy covariance in order to estimate
the relative impact hydraulic redistribution has on seasonal
fluxes at the stand level.

2. Methods

2.1. Study Site

[7] This study took place on the Santa Rita Experimental
Range (SRER), 35 km south of Tucson, AZ USA. Mean
annual precipitation (1976–2004) from gages near the site
is �415 mm. About 50% of the rainfall arrives during the
months of the summer monsoon (July–September). Winter
months (December–March) are cool with occasional night-
time frosts and have around 30% of the annual rainfall. The
months of April through June grow increasingly hot, with
daytime maximums often exceeding 35�C in June, and
usually have little rainfall. Daytime temperatures decrease,
and nighttime temperatures increase, somewhat during the
months of July through September due to the increased
humidity and rainfall during the monsoon. The monsoon
typically tapers off in September and rainfall becomes more
sporadic through October. The first winter freeze typically
occurs in the drier month of November.
[8] Over the last 100 years, the site has changed from a C4

grassland into a savanna by the encroachment of the woody
leguminous tree, Prosopis velutina (velvet mesquite). Cur-
rently, the mesquite canopy cover is about 35% with canopy
heights reaching about 4 m. Velvet mesquite trees on the
SRER have a dimorphic root system characterized by a deep
taproot and a large number of primary and secondary lateral
roots. In the deep sandy loam soils found at our site,
mesquites form deep taproots and extensive lateral root
systems that can extend more than 15 m beyond the canopy
[Cable, 1977]. Velvet mesquite roots can extend vertically to
great depths [Phillips, 1963], and the trees are facultative
phreatophytes [Snyder and Williams, 2000]. However, on the
SRER, the mesquites very likely do not access groundwater
due to their location far from the valley bottomlands where
the water table is closer to the surface. Also, mesquites form
dense woodlands and grow to much greater sizes when they
have access to groundwater [Stromberg et al., 1993].

2.2. Sap Flow Monitoring

[9] We used the heat ratio method (HRM) to measure
xylem sap flow. The HRM has been previously described
and validated in detail [Burgess et al., 2001a, 2001b].
Briefly, the HRM employs temperature probes at equal
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distances up and down stream from a pulsed heat source.
The ratio of heat carried up- and downstream is proportional
to the magnitude and direction of sap flux.
[10] In January, 2004, we carefully excavated around the

base of five mature mesquite trees to determine which trees
had accessible lateral and taproots. Our sample size was
constrained by the need to find trees within a 15 m radius of
a data logger and to those trees where we could access the
taproot without destroying lateral roots greater than �2 cm.
We found two suitable and medium-sized trees and installed
sap flow probes on the main stem, two large lateral roots,
and the tap root of each (Table 1). These were kept in
operation through January, 2006. In February, 2005, the
entire root ball was excavated around one of the trees, and
the additional six roots greater than 3.5 cm in diameter were
also instrumented. Mesquite species are ring porous. There-
fore stem xylem water transport mostly occurs in the
outermost region of the woody matrix (i.e., the most recent
growth ring). Our previous experience with mesquite tran-
spiration studies is that the HRM grossly underestimates sap
flux in stems, likely because of the extreme discontinuity of
flow within the stem. On the other hand, xylem transport in
mesquite roots occurs through multiple growth rings,
likely because the soil insulates the roots from freezing
temperatures and subsequent freeze-thaw cavitation cycles.
Therefore individual growth rings remain conductive
throughout the year, allowing invasive sap flux measure-
ment techniques such as the HRM to produce reasonably
accurate data on mesquite roots [Hultine et al., 2004].

Thus the probes in the stems were only used to detect the
presence or absence of tree transpiration.
[11] A single sap flow sensor was inserted into the xylem of

each root. After probe installation, the roots were covered with
two layers of pipe insulation and the excavated holes around
the trees were covered with plywood to thermally insulate the
exposed roots from nighttime freezing and to prevent radiant
heating during the day by direct sunlight. The sap flow sensors
were fabricated following the design of Burgess et al. [2001a].
They consisted of three 35 mm long stainless steel probes
spaced 6 mm apart. The central probe contained a Nichrome
heater, while the outside probes contained two thermocouple
junctions spaced to measure sap flow at 5 and 10 mm radial
depths. Because of the design, the thermocouples and heaters
of each probe could be replaced independently when they
malfunctioned. A data logger (CR-10X, Campbell Scientific,
Logan, UT) controlled andmeasured probe function. Sap flow
was measured every 30 m.
[12] After correcting for wounding effect [Burgess et al.,

2001b], heat pulse velocity (Vh) was converted to sap
velocity (Vs; cm hr�1) according to Barrett et al. [1995]:

Vs ¼
Vhrb cw þ mccsð Þ

rscs
ð1Þ

where cw and cs are the specific heat of dry wood (1200 J
kg�1 �C�1 at 20�C; Becker and Edwards, 1999) and sap
(assumed to equal that of water, 4182 J kg�1�C�1 at 20�C),
and rs is the density of sap (assumed to equal that of water,
1.0 � 103 kg m�3), rb is the measured density of wood, and
mc is the measured moisture content of wood. Positive Vs in
the roots indicates sap flow toward the tree base, and
negative Vs indicates sap flow away from the tree base.
[13] Volumetric sap flow (L d�1) was calculated after first

subtracting the bark thickness from the radius of the root.
The heartwood radius was subtracted from gross wood area
after it was identified by visual observation of the dark color
associated with heartwood. The sapwood area was then
divided into concentric bands coinciding with the depth of
each thermocouple junction within the probes. Thus esti-
mates of sap flow were weighted by the amount of con-
ducting sapwood of each band. Sapwood and bark thickness
was measured on both stems and on a subset of six roots
ranging in radial size from 3.7 to 9.3 cm. These properties
were then estimated for the remaining roots by using a
linear regression of root diameter versus bark thickness
(R2 = 0.94) and sapwood thickness (R2 = 0.74).
[14] Because HRM measurements of sap flow are very

sensitive to spacing between the temperature probes and the
central heating probe, the true spacing between probes must
be validated. To ensure zero flow, we drilled two 30 mm
deep by 12.5 mm wide holes into the roots on both sides of
each probe and then filled them with silicon caulk at the
conclusion of the study to stop all flow and keep the xylem
around the probe from drying. Spacing between probes was
calculated according to Burgess et al. [1998]:

x2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4ktln

v1

v2

� �
þ x21

s
ð2Þ

where x2 (mm) is designated the incorrectly spaced probe,
x1 is assumed to be correctly spaced at 6 mm, k is the

Table 1. Diameter and Sap Wood Area (SWA, cm2) of the

Mesquite Stems and All Lateral and Tap Roots (^2 cm Diameter)

for the Two Trees Monitoreda

Diameter, cm SWA, cm2

Tree 1, canopy area = 15.9 m2

Stem 36.6 48.4
Tap roots
1 15.8 63.9
2 6.0 15.3
3 5.6 14.0

Total 93.2
Lateral roots
1 8.4 23.2
2 6.5 16.7
3 6.5 16.7
4 10.0 30.0
5 5.9 14.9
6 4.3 11.1
7* 2.7 8.6
8* 1.9 7.7

Total 128.9
Tree 2, canopy area = 22.0 m2

Stem 40.1 44.0
Tap roots
1* 11.5 37.0
2 15.0 58.5

Total 95.6
Lateral roots
1 6.7 17.2
2 9.5 27.8
3* 4.9 12.5
4* 5.9 14.9
5* 3.8 10.2

Total 82.6

aThe projected areas of the canopy drip-line are also given. Roots that
were not monitored are indicated by an asterisk.
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thermal diffusivity of fresh wood (measured from cores of
the individual roots and stems), v1 and v2 are the increases
in temperature at equidistant points downstream and
upstream respectively, and t is the median measurement
time after the release of the heat pulse (in this case 80 s).
Since it is unknown which probe is incorrectly spaced, or
whether both probes are incorrectly spaced, equation (2)
was solved for x1 and x2 and the two solutions were
averaged.
[15] In order to compare the magnitude of water moved

via hydraulic redistribution to other ecosystem-scale hydro-
logic fluxes like precipitation and ET, we scaled up our
measurements by calculating the volume of water moved by
tree roots per unit land surface area, QHR [mm], as:

QHR ¼ 1000
�JASW

Acrown

ftree ð3Þ

where �J is the average (lateral or tap root) sap flow per unit
sap wood area [m3 m�2 d�1], ASW is the total (lateral or tap
root) sapwood area of Trees 1 and 2 [m2, Table 1], Acrown is
the total canopy area of both trees (m2, Table 1), ftree = 0.35
is the average fractional canopy cover of trees at the site,
and 1000 is for unit conversion. Sap flow velocity, �J , for the
lateral roots consisted of 3 roots in 2004 and 6 roots in
2005. �J for the tap roots consisted of 2 roots in 2004 and 5
measurements in 2005 since two additional lateral roots had
taproot behavior and an additional probe was added to one
taproot. We applied equation (3) after using interpolation
across data gaps to compute annual totals for the dormant
and potential growing season QHR in both years. The
potential growing season for trees is defined by the typical
frost-free period when the trees have green leaves but were
not necessarily transpiring (DOY 110–335).
[16] Following an approach similar to Williams et al.

[2004], we compared total daily lateral and tap root QHR

with ET during carefully selected rain-free and low soil
moisture periods of the spring and fall months. During these
times, the understory vegetation was likely senesced and
soil evaporation was negligible so it was reasonable to
assume that total daily QHR = ET. However, we found that
our scaled sap flow underestimated ET during these periods
(Figure 1), with the degree of underestimation tending to
increase through the two year monitoring period. Also, there
was considerable variation in ET/QHR within each period,
which we suspect was due not only to the inaccuracy of QHR

but also to the accuracy of quantifying low ET rates and the
assumption that T = ET. Scaled sap flow measurements may
be underestimated due to sap flow measurement problems
including: 1) the underestimation of wounding and subse-
quent tylosis [Swanson and Whitfield, 1981], 2) a failure to
measure sap flux in the most active region of the xylem that
is generally located near the cambium [Swanson, 1994], or
3) an underestimation of sap flux at depths beyond which
our sensors were designed to measure (in this case, 10 mm)
[Fernández et al., 2001]. Additional scaling errors may
have resulted from an underestimation of total sap wood
area (including the omission of all roots < 0.02 m diameter)
or an overestimation of crown area. The increase of the
underestimation in time suggests that either wounding
increased throughout the investigation (i.e., reason #1) or
radial growth after the probes were installed resulted in high
sap flux rates in regions not captured by our sensors (i.e.,
reason #2). Unfortunately, these potential errors are unavoid-
able when using accepted, invasive sap flux approaches
during multiyear studies. Furthermore, lysimeter tests of
HRM in mesquite stems (unpublished data) indicate that
the ring porous nature of mesquite xylem may also lead to an
underestimation of the flow velocity in the roots. Neverthe-
less, this lysimeter study and the results of Williams et al.
[2004] suggest that multiplying QHR by a correction factor
results in a reasonable estimation of total tree water use. To
account for this underestimation, we multiplied QHR by the
underestimation trend line (Figure 1). This correction
resulted in an R2 = 0.76 (p < 0.001).

2.3. Micrometeorological and Soil Moisture
Monitoring

[17] Thirty meters west of the trees with sap flow instru-
mentation, we used the eddy covariance technique to
quantify ecosystem evapotranspiration (ET) and the net
ecosystem exchange of CO2 (NEE). A 3-dimensional, sonic
anemometer (Model CSAT-3; Campbell Scientific Inc.,
Logan UT) and an open-path infrared gas analyzer (LI-
7500, LI-COR Inc., Lincoln, NE) were mounted at 7 m
height (approximately twice the vegetation height) to mea-
sure the three components of the wind velocity vector, sonic
temperature and concentrations of water vapor and carbon
dioxide. Data were sampled at 10 Hz and the 30-min
covariances were recorded by a data logger (CR5000,
Campbell Scientific Inc., Logan UT). Every one-to-two
months, IRGAs were zero- and span-calibrated using a
CO2/H2O –free gas, a standard [CO2] gas and a dew point
generator. Fluxes were later calculated off-line, after
performing a two-dimensional coordinate rotation and ac-
counting for density fluctuations [Webb et al., 1980].
[18] The flux data were filtered for spikes and instrument

malfunctions (representing, 6.4% of the ETand 7.2% of NEE
data). Also, we applied a friction velocity or u*-filter (u* =

Figure 1. The ratio of ecosystem-scale evapotranspiration
(ET) and daily ecosystem-scale tree root water movement
(QHR) during days of the 2004 and 2005 mesquite growing
season with minimal understory transpiration and bare-soil
evaporation. A regression line reflecting the temporal trend
is also shown.
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0.15 m s�1) to omit fluxes when there was not sufficient
turbulence to make representative flux measurements, which
occurred about 10% of the time [Malhi et al., 1998]. Daily
average ET values were calculated by first filling the gaps in
the 30 min data. Gaps were filled using 30-min averages of
PAR and 14-day look-up tables of ET values averaged over
100 mmoles m�2 s�1 intervals [Falge et al., 2001].
[19] To compute weekly averages of gross primary pro-

duction of CO2 (GPP), we first calculated composite diurnal
NEE curves for each week, and these were used to calculate
weekly average NEE. Thirty minute respiration values were
determined by fitting an exponential function to air temper-
ature and nighttime NEE data over a 5-day moving window
[Reichstein et al., 2005]. This model was then used to fill
missing nighttime data and model daytime respiration. The
30-min data were then averaged up to determine weekly
average respiration, R. Finally, weekly average GPP was
determined by:

GPP ¼ R� NEE ð4Þ

[20] We measured volumetric soil water content (q) using
commercial soil moisture probes (CS616-L, Campbell Sci-
entific, Logan, UT) at 5, 10, 20, 30, 50, 70, 100, and 130 cm
depths in a profile located in an inter-mesquite-canopy
position immediately to the west of the monitored trees
and beneath a large mesquite tree about 10 m north of the
monitored trees. Measurements were recorded every 30 min
and stored on a data logger (CR-10X, Campbell Scientific,
Logan, UT). In these profiles, the soils were fairly uniform
sandy loams with no observable changes in soil texture.
Thus the gradients of soil moisture across the different
measurement depths are likely representative of similar
gradients in soil water potential, the driving force for
hydraulic redistribution.

3. Results

[21] During the two-year study period, maximum air
temperatures were around 40�C and occurred during the
dry summer period prior to the onset of the monsoon
(Figure 2). While minimum air temperatures occasionally
dipped below freezing, even shallow soil temperatures
remained above 5�C.
[22] Using the remotely sensed Enhanced Vegetation

Index (EVI, level MOD13Q1, NASA MODIS Terra satel-
lite, Huete et al., 2002) as a surrogate for vegetation
greenness, the green leaf-area at our savanna site generally
had two peaks during each year (Figure 3). The first
increase in greenness occurred in April with a more prom-
inent increase in mid-summer. The spring peak can be
mainly attributed to the mesquite canopy leaf flush, which
occurs in April regardless of winter/spring rainfall [Cable,
1977] though there can be some understory green-up
mainly in annual forbs and understory shrubs following
wet winters. The larger summer peak is due to the
monsoon rainfall and largely reflects the growth of the
perennial grasses; the change in mesquite canopy green-
ness is much smaller based on measurements of tree LAI
(data not shown).
[23] The trend in annual vegetation greenness was gen-

erally tracked by the behavior of ET (R2 = 0.62, p < 0.001,

Figure 3). Ignoring the spikes in ET due to the high
evaporation that followed precipitation events, ET peaked
during the monsoon (the time with greatest vegetation
growth and soil moisture availability), but there was also
a sustained level of ET in the spring of 2004. This elevated
level of ET in spring was well-correlated with greenness and
thus probably indicative of mesquite transpiration. This was
not the case, however, in the spring of 2005 when the leaf
flush of the trees was not associated with an increased and
sustained ET rate.
[24] Reverse flow was evident in the taproots of both

trees before leaf flush and after a number of significant
rainfall events in the spring of 2004 (Figure 4a). Conversely
there was positive flow (flow toward the stem) in the lateral
roots, indicating that shallow soil moisture was being
redistributed to deep soil layers (i.e., hydraulic descent).
Similar behavior was also seen in the other roots of Tree 1
and 2 (data not shown). Prior to �DOY 100 the canopy was
leafless, and there were generally no strong and regular
diurnal fluctuations in the root sap flow (Figure 4a). At this
time, the flow in the lateral and tap roots was strongly
negatively correlated (Tree 2-R2 = 0.64, p < 0.001; Tree
1-R2 = 0.49, p < 0.001). The reverse flow in the tap and
positive flow in the lateral root tapered off toward the
end of canopy leaf flush. During the active transpiration
period, root sap flow occurred with large, obvious diurnal
fluctuations, and flow in the roots at night gradually
transitioned from hydraulic descent (see around DOY
115–117) to a small amount of hydraulic lift (negative
flow in the lateral root and positive flow in the tap) as near-
surface soils dried. The roots reacted similarly to rain events
in summer (Figure 4b) except that flow in the tap root was
generally positive in the daytime as well, indicating that all or
most of the roots were supporting transpiration. Hydraulic
descent wasmainly confined to nighttime periods following a
large amount of rain which led to hydraulic descent even
during the daytime in some of the roots.
[25] Average sap velocities for all lateral and tap roots of

both trees indicate that hydraulic redistribution was a com-
mon occurrence both in the dormant and active-growing
season (Figure 5, upper panels). The gradient between
deep and shallow soil moisture was strongly correlated
with (R2 = 0.61, p < 0.001) and mirrored the direction of
the flow in the taproots (Figure 5, lower panels). Hydraulic
descent occurred after most rainfall events, especially
during dormancy (before �DOY 110 or after �DOY 330)
but also during the height of the monsoon when transpiration
was at its peak. Positive flow in the taproots occurred mainly
during the summer prior to or after the peak of the monsoon
rains.
[26] Figure 6 shows the cumulative sap flux of a single

lateral root and the taproot of Tree 2, where daytime
(nighttime) totals were summed for all periods with PAR >
5 (< 5) mmol m�2 s�1. In early 2004, a large quantity of water
was moved downward in the soil profile via the taproot
during dormancy. Next, in early summer, the large swing to
positive taproot flow and its co-occurrence with an increase
in GPP provides evidence that the water redistributed during
dormancy may have facilitated early summer growth. There
is also evidence for a small amount of nocturnal hydraulic lift
during this time (negative lateral root flow and positive tap
root flow). The peak in GPP during the monsoon summer
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coincided with nocturnal periods of positive lateral root flow
and negative taproot flow (hydraulic descent), but growth at
the end of the monsoon coincided with positive flow mainly
by the taproot. In the winter of 2005, there was less
‘‘banking’’ of soil water, and early summer GPP (Figure 6,
bottom panels) was small. From around DOY 1–60 in 2005,
the slightly positive taproot flow and positive lateral root
flow during the daytime gives some evidence of transpira-
tion loss despite the lack of canopy leaves, which might
indicate some loss via the tree’s stem and branches. Small,
but regular, diurnal fluctuations with positive flow both in
tap and lateral roots during the dry periods in winter

provided additional evidence of transpiration during dor-
mancy (data not shown). Then, from around DOY 60–100,
the negative flow in the lateral root showed that some of the
banked water was transported to the upper soil layers via
hydraulic lift. Much of the hydraulic lift appeared to have
ended upon leaf flush (�DOY 115) with a small amount of
positive flow in the taproot supporting tree transpiration.
The behavior in the two roots from the monsoon to the end
of year in 2005 was similar to 2004, although the quantity
of water moved was greater due to a higher volume of
precipitation.

Figure 3. MODIS Enhanced Vegetation Index (EVI*, normalized between 0 and 1), daily total
evapotranspiration from eddy covariance (ET), and precipitation. EVI data are the average of 3� 3 (1 km)
pixels centered over the site.

Figure 2. Daily maximum and minimum air temperature at 2 m height (Ta) along with daily minimum
soil temperature at 5 cm depth (Ts).
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[27] The total contribution of ecosystem-scale lateral and
tap root sap flow (QHR) during the daytime varied consider-
ably throughout the two years (Figure 7). QHR, summed over
the daytime and when the canopy had leaves, resulted in an
estimate of tree transpiration. In 2004, transpiration in the
pre-monsoon period of the growing season (DOY 110–190)
wasmainly supported by the taproots even though deeper soil
layers showed little influence from precipitation events and
remained quite dry. At the peak of monsoon ET, tree
transpiration was supported mainly by lateral roots with a
greater contribution being added by taproots as the rainy
season waned. In the 2005 pre-monsoon period, there was
less of a sustained period of ETand also less tree transpiration
(the sum of the lateral and tap root QHR) and taproot flow than
in 2004. During the 2005 monsoon, transpiration was again
first supplied mainly by the lateral roots, with roots at both
depths contributing equally toward the end of the monsoon.
Average soil moisture conditions from the under-tree and

open profiles were similarly dry in the pre-monsoon period
(Figure 7, lower panels). The wetter monsoon of 2005
resulted in infiltration going beyond 100 cm (but less than
130 cm-data not shown) while in 2004, probes at 100 cm
recorded no changes.
[28] The net amount of water acquired by lateral roots

was 28% of annual precipitation in 2004 and 49% in 2005
(Table 2). Estimating total tree transpiration as the sum of
daytime QHR during the growing season, the trees transpired
78 mm in 2004 and 131 mm in 2006 which represents about
27% of annual ET in 2004 and 39% in 2005. In the dormant
season of 2004, daytime and nighttime totals were similar,
and a total of 12 mm of water was moved toward the stems
in the lateral roots while 38 mm was moved downward in
the taproots, indicating a lack of balance in the measure-
ments though the standard errors of these estimates were
considerable. If this moisture was later used to support
transpiration or lost via hydraulic lift during the subsequent

Figure 4. Daily precipitation and volumetric sap flow for a spring (a) and summer (b) period on a lateral
and tap root on Tree 1 (grey) and Tree 2 (black). Positive sap flow in the roots indicates flow toward the
tree base, and negative sap flow indicates flow away from the tree base.
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season(s), this represents 15–49% of the estimated transpi-
ration in 2004 (using the lateral and tap root totals, respec-
tively). In the dormant season of 2005, net lateral root QHR

implied that 48 mm was taken in, but this was not balanced
in net taproot QHR. However, nighttime totals were in good
agreement so the larger, positive daytime flows are another
indicator that water may have been lost in aboveground
tissues. The �15 mm of water transported downward in the
taproot represents 11% of the estimated transpiration in
2005. Total 2004 growing season flow in the taproots was
21 mm, 17 mm less than the �38 mm of estimated
‘‘banked’’ water. It is possible that this excess moisture
was carried over to 2005 which would help explain the
decreased amount of hydraulic descent in the winter of 2005
and that the taproots’ net flow during the 2005 growing
season was 17 mm more than was banked in the winter.

4. Discussion

[29] We found that velvet mesquite trees in a semiarid
savanna ecosystem redistribute soil water upwards and
downward in the soil profile throughout the year including
periods of canopy dormancy. Root activity probably contin-
ues throughout the year due to the non-freezing soil temper-
atures (Figure 2) even though winter air temperatures can fall
below zero [Hultine et al., 2004]. The direction of flow in the
taproots (and some deep lateral roots) displayed good corre-
spondence with soil moisture gradients (Figure 5), which
likely mirrored water potential gradients because of the
uniform soil profiles [Caldwell et al., 1998]. During the

dormant winter season, hydraulic descent occurred during
times when shallow soil moisture was elevated due to recent
and sufficiently large precipitation events and when the
canopy was not actively transpiring (Figures 4–6). When
significant winter ‘‘storage’’ occurred, the start of the tree
growing season was supported largely by the taproots with
only a small contribution from lateral roots (Figures 6, 7).
During this pre-monsoon summer period, winter moisture in
the shallow soil layers has been largely appropriated by
understory evapotranspiration (Figure 7) because the mes-
quites generally leaf out much later than the understory
[Cable, 1977]; thus, the taproots were the primary source
for canopy transpiration. Also during this time, hydraulic lift
was occurring as evapotranspiration dried the shallow soils
thereby providing a water potential gradient from the moist,
deep soil layers to the dry, shallow soil layers (Figures 4, 6).
During the monsoon season the shallow soil layers were wet,
and transpiration was supported mainly by the lateral roots
(Figures 5–7), which has also been shown in mature flood-
plain velvet mesquite trees [Snyder and Williams, 2000].
Nocturnal hydraulic descent also occurred during this period
(Figure 6). After the peak of the monsoon, transpiration was
increasingly supported by the taproots as the shallow soil
layers again became dry (Figure 7).
[30] It is important to reiterate that there is a large degree

of uncertainty in our ecosystem-scale estimate of root water
movement. This uncertainty results from a small sample
size of roots and trees in the ecosystem, the correction factor
(Figure 1), and a lack of an in-depth laboratory validation of

Figure 5. 2004–2005 average lateral and tap root sap flow velocity ±S.E. (upper panels) along with
daily precipitation and the difference between average deep (0.5–1.0 m) and shallow (0.0–0.3 m) soil
moisture. Positive sap flow in the roots indicates flow toward the tree base, and negative sap flow
indicates flow away from the tree base.
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the HRM in mesquite roots. Nevertheless, we felt it was
important to derive an estimate (albeit, a crude one) to
compare with the major hydrologic fluxes in the ecosystem
(i.e., ET and P). Although the errors of ecosystem-scale sap
flow estimates are large (Table 2), the magnitude of soil
water that was moved in their dormant and growing seasons
was comparable, and water moved downward in the soil
profile by the taproots was a considerable fraction of
estimated tree transpiration and likely boosted subsequent
transpiration (Figure 7). For the roots that we monitored we
found that hydraulic descent was a far more detectable
phenomenon than hydraulic lift (Figures 5, 6), perhaps
due to flow being more concentrated in the taproot. The
larger lateral roots did show direct evidence of nocturnal
reverse flow during the growing season (Figure 4) and even
a net negative daily flow in the dormant season (Figure 6).
[31] Root sap flow at the beginning of 2005 showed that

there was less banking of dormant-season precipitation than
in 2004 (Figures 5, 6 and Table 2). While our estimate of
deep (0.5–1.0 m) to shallow (0.025–0.30 m) soil moisture
gradient was equally as strong in early 2005 (Figure 5,

lower panels), the taproots undoubtedly extended beyond
1.0 m [Cable, 1977; Phillips, 1963] and were responsive to
water potential gradients that we did not quantify. Also, the
winter precipitation events were larger in 2004 and would
have promoted deeper infiltration of rainwater to the lateral
roots; we found that lateral roots generally did not respond
to smaller rainfall events that had infiltration less than
�0.25 m (data not shown). Ecosystem water and CO2

fluxes also support the notion that there was more banking
of precipitation in early 2004. ET had a more sustained rise
and decay in the spring of 2004 while it rose and fell much
more quickly in response to rainfall, likely indicative of
mainly bare soil evaporation during the same period in 2005
(Figure 3). Likewise, photosynthesis (GPP) in the spring of
2005 was virtually undetected (Figure 6) even though there
was measurable positive flow in both lateral and tap roots
(Figure 6, right side). Perhaps this small amount of spring
sap flow supported cell expansion during leaf flush and
wood development that occurs concurrently in ring-porous
species such as mesquite.

Figure 6. Yearly cumulative daily, daytime, and nighttime volumetric sap flow in a large (9.5 cm
diameter) lateral root and (15.0 cm) tap root on Tree 2 for 2004 and 2005. Also, shown in the lower
panels is cumulative precipitation and weekly average gross primary production (GPP). Negative
(positive) sap flow indicates flow away from (toward) the tree base.
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[32] In addition to its hydrologic significance, we also
found that hydraulic redistribution likely played an important
ecological role in this ecosystem. Banked soil moisture
would almost certainly be exploited during the dry early
summer so long as the water does not diffuse too far away
from the emitting roots (Figures 4–6). Likewise, reverse flow
in the taproots during the time when monsoon rains were
most abundant and then the subsequent return of upward
taproot flow after the monsoon (Figures 4, 6) implies that
hydraulic redistribution can lead to an extension of the
growing season [Lee et al., 2005;Ryel et al., 2004]. However,
the magnitude of GPP and ET during these ‘‘extensions’’ of
the mesquite growing season was considerably smaller than
during their peak in the summer rainy season. Thus our data
suggest that hydraulic redistribution extends the period over
which woody plants grow, providing them a means to
compete with the grass-dominated understory which more
quickly and more efficiently responds to summer rains [Ryel
et al., 2004; Mendel et al., 2002; Burgess et al., 2001a].
[33] Root sap flow data from the current study are consis-

tent with previous investigations that report rapid response by
mesquite roots to relatively small monsoon precipitation

pulses [Fravolini et al., 2005]. Hydraulic lift and a small
amount of canopy transpiration throughout the dry early
summer, coupled with the high cavitation resistance
previously reported in shallow mesquite roots at this site
[Hultine et al., 2006], may prolong fine root activity and
allow these trees to rapidly respond to summer moisture
[Fravolini et al., 2005; Meinzer et al., 2004]. Likewise,
seasonal patterns of hydraulic redistribution by mesquite
roots are likely facilitated by the avoidance of both
freeze-induced cavitation in winter, and drought-induced
cavitation in summer. By maintaining at least some
hydraulic conductivity throughout the year through cavi-
tation resistance, root systems may remain in hydraulic
contact with the soil, allowing for the passive movement
of water between soil layers even during dormancy.
[34] These previously unsuspected activities whereby plants

affect soil moisture contents even when dormant have impor-
tant implications for vegetation change and subsequent impacts
on soil hydrology. As mentioned earlier, the encroachment of
woody plants in the western U.S. and much of the Earth’s
semiarid areas [e.g., Archer, 1994; McPherson, 1997] has
potential large-scale ramifications for both carbon [Archer

Figure 7. 2004–2005 ecosystem-scale, daytime lateral and tap root total sap flow (QHR, equation (3))
and ET from eddy covariance (upper panels). Shaded areas indicate tree canopy senescence. Also shown
is the average daily volumetric soil moisture (q) at 10, 30, 50, and 100 cm (lower panels).
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et al., 2001; Pacala et al., 2001; Jackson et al., 2002] and
water cycling [Wilcox, 2002; Huxman et al., 2005]. Given
the considerable evidence that hydraulic redistribution in
woody plants is a common phenomenon, our findings clearly
point to the need to account for this process in ecohydrologic
modeling efforts [Guswa, 2005]. Many modeling efforts
include only the effect of soil physics on soil moisture
redistribution [e.g., Guswa et al., 2002]. Our findings, along
with an ever-growing body of evidence, show that woody plant
roots routinely facilitate the rapid redistribution of soil moisture
through a network of roots that readily transmit significant
quantities of water across soil water potential gradients.
[35] Savanna ecosystems like the one we studied are

common throughout the world [Huntley and Walker, 1982].
In many of these, some partitioning of the plant-available soil
water is thought to occur with shallower-rooted understory
grasses relying primarily on near-surface moisture and trees
relying mainly on water that has infiltrated deeper into the
soil profile [Walter, 1971]. In much of the southwest U.S., it
is likely that the source of plant water for the woody and
understory plants is not as clearly partitioned because of the
relatively shallow depths of infiltration [Cable, 1980; Scott
et al., 2000]. However, hydraulic redistribution by mesquite
and other woody plants likely facilitates such a partitioning
[Zou et al., 2005] during periods when hydraulic descent
occurs. Likewise, hydraulic redistribution would lead to an
even greater enhancement of moisture for the trees in wetter
savanna ecosystems where a ‘‘two-source’’ partitioning can
occur [Porporato et al., 2003].
[36] Results from this investigation show that mature

mesquite trees (Prosopis spp.) redistribute a significant
amount of water throughout the year, and that HR may have
considerable consequences on tree, ecosystem and regional

level ET and CO2 fluxes. Hydraulic redistribution allows
deeply rooted plants such as mesquite to involve most, if not
all of their root systems in water uptake even when moisture
is spatially limited throughout much of the growing season.
The propensity to redistribute water, particularly during
dormancy may be an important competitive advantage in
regions where summer, monsoonal rains may become in-
creasingly more uncertain during climate change. The im-
proved water status via HR, may, in part facilitate the
pervasive encroachment of mesquite throughout much of
the southwestern United States, northern Mexico, and other
warm-temperate and subtropical zones. One can imagine that
if the trees only had lateral roots in the shallow soil layers,
their growing season would be limited to the rainy season
when these soil layers were wet. However, because of a deep
root system, the mesquite effectively store precipitation via
hydraulic descent during the winter dormant period and
during the wettest parts of the summer rainy season. This,
in effect, likely increases the productivity and fitness of these
deeply rooted plants both spatially and temporally.
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