Tree Physiology 24. 919-928
& 2004 Heron Publishing—Vicroria, Canada

however, some errors may remain.

This file was created by scanning the printed publication.
Text errors identified by the software have been corrected,;

7/

Converging patterns of uptake and hydraulic redistribution of soil
water in contrasting woody vegetation types

F. C. MEINZER.'2 J. R. BROOKS,” S. BUCCL* G. GOLDSTEIN,* F. G. SCHOLZ" and J. M.

WARREN!

Y USDLL Forest Service, Forestry Sciences Laboratory, 3200 SW Jefferson Way, Corvallis, OR 97331-4401, US4

2

Corresponding author (fmeinzer{@fs fed.us)

U EPA/NHEERL, Western Ecology Division, Corvallis. OR 97333, US4
Departmeni of Biolagy. University of Miami. Coral Gables, FL 33124, US4

4

5 Laboratorio de Ecologia Funcional, Departamento de Ciencias Bioldgicas, Facultad de Ciencius Exactas y Naturales, Universidad de Buenos Aires,

Ciudad Universitaria, Nuiiez. Buenos Airves. Argentina

Received April 1, 2003: accepted September 13, 2003; published online June 1, 2004

Summary We used concurrent measurements of soil wa-
ter content and soil waler potential (W) to assess the effects
of W, on uptake and hydraulic redistribution (HR) of soil wa-

ter by roots during seasanal drought éycles at six sites charac- -

terized by differences in the types and amounts of woody vege-
tation and in climate. The six sites included a semi-arid old-
growth ponderosa pine (Pinus ponderosa Dougl. ex P. Laws &

C. Laws) forest, a moist old-growth Douglas-fir (Pseudorsuga’

menziesii (Mirb.) Franco) forest, a 24-year-old Douglas-fir for-
estand three Brazilian savanna sites differing in tree density. At
all of the sites, HR was confined largely to the upper 60 cm of
soil. There was a conunon threshold relationship between the
relative magnitude of [1R and W3 among the six study sites.

Below a threshold W, of about —0.4 MPa, ovemightrecharge

of soil watel storage increased sharply, dnd reached a maxi-
mum vilue of 80--90% over a range of W from ~~1.2 to
~1.5 MPa. Although amouuts of water hydraulically redistrib-
uted to the upper 60 cm of soil were relatively small (0 to
0.4 mm day™), they greatly reduced the rates of scasonal de-
cline in Wy The eflectiveness of HR in delaying soil drying
diminished with increasing sapwood area per ground area. The
relationship between soil water ulilization and ‘{"soﬂ‘in the
20-60-cm layer was nearly identical for all six sites. Soil water
utilization varied with a surrogate measure of thizosphere con-
ductance in a similar mantier at all six sites. The similarities in
‘relationships between Wy and HR, soil water utilization and
relative rhizosphere conductance among the six sites, suggests
that, despite probable differences in maximum rocting depth
and density. there was a convergence in biophysical controls on
soil water utilization and redistribution in the upper soil layers
where the density of finer roots is greatest..

Keywords. coniferous forest. Pinus ponderosa, Pseudotsuga
menziesii, rhizosphere, roots, soil water potential, fropical sa-
vamna. '

Introduction

Plant root systems not only extract-water from the soil to sup-
ply the shoot, but also passively redistribute water within the
soil profile according to gradients of soil water potential (Cal-
dwell et al. 1998). The passive movement of water upward
from woist o drier portions of the soil profile was originally
termed “hydraulic lift” (Richards and Caldwell 1987, Cald-
well and Richards 1989), but is now more commonly referred
to as hydraulic redistribution (HR) because it has been shown
that roots can also redistribute water downward (Burgess et al.
1998, 2001, Sakuratani et al. 1999, Smith et al. 1999) and lat-
erally (Brooks et al. 2002). Hydraulically redistributed water
may be available for reabsorption by the same plant or by
neighboring plants of the same or other species that have ac-
tive roots in the layer to which water is distributed (Corak et al.
1987, Richards and Caldwell 1987, Brooks et al. 2002, Mor-
eira et al. 2003). The magnitude and consequences of HR are
goverped by multiple factors including water potential gradi-
ents between various points within the soil-plant system, rela-
tive resistances to water flow within the plant, resistances to
water flow in the soil and the spatial distribution of plant root
systems. In a recent modeling effort, the effects of some of
these variables were quantified for an Artemisia tridentata
Nutt. stand (Ryel et al. 2002). Although more than 50 cases of
HR comprising both woody and herbaceous species have been
reported (Jackson ¢t al. 2000), there is relatively little informa-
tion available on key controlling variables that may reveal
common features of HR among sites with different vegetation
and soils. Global surveys of rooting depth indicate that woody
plants growing in a wide range ‘of chronically and transiently
water-limited ecosystems have root distributions that should
allow HR to occur under appropriate conditions (Schenk and
Jackson 20024, 2002b). .

The ability of plants to continue extracting water from the
soil as soil waler potential (W) declines is known to vary
widely among different growth forms and species adapted to
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different climatic regimes. The effects of Wy on water uptake
and transpiration have been studied in a number of field-
and greenhouse-grown cultivated species (¢.g., Muchow et al.
1986), but relatively little information exists on water uptake
and transpiration in relation to Wy for plants growing in natu-
ral environments where W ; may fall substantially below val-
-ues normally experienced by cultivated plants. Moreover, re-
sponses observed when soil drying is imposed on plants in
containers in a greenhouse may not reflect the ability of a spe-
cies to continue taking up water in the field, when its surface
roots are found in extremely dry soil and its deeper roots are
found in relatively wet soil (Nilsen et al. 1983). Although W
is often measured directly in studies of cultivated plants, in
ficld studies conducted in natwal environments, predawn
plant water potential is more commonly used as a surrogate for
Wi (Richter 1997, Ameglio et al. 1999). However, recent
work demonstrating that predawn disequilibrium between
plant and soil water potential can be substantial (Donovan et

al. 1999, 2001, Bucci et al. 2004) suggests the need for caution

in drawing inferences about Wy from plant W, and in compar-
ing surrogate measures of Wy based on P of different species
growing under different environmental conditions.

In this study, we compared soil water uptake and HR in rela-
tion to soil water status among sites dominated by ditferent
types and amounts of woody vegetation and subjected to dif-
ferent climatic regimes. The three temperate coniferous {or-
ests and three tropical savanna sites studied presented the req-
uisite conditions for HR, namely prolonged seasonal drought
and deep. well-drained soils that allow penetration of roots to
depths of 2 m or more. Previous studies utilizing independent
techniques demonstrated the existence of HR in the tropical
savanna system (Scholz et al. 2002, Moreira et al. 2003) and in

two of the three temperate coniferous forest sites studied -

(Brooks et al. 2002). We employed nearly identical. measure-
ment techniques and protocols at all sites, allowing detection
of a number of similarities among sites in responses of HR and
soil water uptake to W .

Table 1. Location and tree characteristics af the six study sites:

Materials and methods

Site descriptions and environmental conditions

Mecasurements were carried out in three lemperate coniferous
forcst sites and three tropical savanna sites (Table 1). Although
trees were a conspicuous component of the vegetation at all
sites, the sites differed markedly with respect to the number of
trees per ha and tree size, and therefore, the total basal sap-
wood arca per ha. The two Douglas-fir (Pseudotsuga menzie-
sii) stands were located in the Gifford Pinchot National Forest
in southern Washington within and adjacent to the Wind River
Canopy Crane Research Facility, about 25 km north of the Co-
lumbia River and 80 km east of Vancouver, Washington. The
younger P menziesii stand was logged about 24 years earlier.
The soils at the P, menziesii sites were deep, well-drained, me-
dium-textured sandy loams classified as medial, mesic Entic
Vitrands (Klopatek 2002). The ponderosa pine (Pinus ponder-
o0sa) stand was located in the Metolius Research Natural Area
near the base of Black Butte (1950 m) in the Metolius River re-
gion of Oregon. The soil was a sandy Joam with 73% sand,
21% silt and 6% clay (Law et al. 1999). The tropical savanna
sites were located in the Instituto Brasileiro de Geografia e
Estatistica (IBGE) Ecological Reserve, an experimental field
station located 33 km-south of Brasilia; Brazil. This type of sa-
vanna is known as Cerrado in Brazil, where it covers more than
1.5 million km? of land area. Cerrado vegetation is classified
into various subtypes differing mainly in abundance of trees
(Scholz et al. 2002). The soils are deep oxisols consisting of
about 72% clay. Despite their high percentage of clay, they be-
have as coarser-textured soils and are extremely well drained.
Although three of the sites are located in the temperate zone
and three in the tropics, their environmental regimes exhibit
some important similarities (Table 2). The environmental sim-
ilarities most relevant to the present study include a 3- to -
6-month dry season with little rainfall, and the prevalence of
high temperatufcs and atmospheric evaporative demand dur-
ing the dry season. This combination of features leads to pro-

Site Location Coordinates Elevation (m) Trees ha™ Age (years) Sapwood basal
area (m® ha™")

Pseudotsuga menziesii Washington, USA  43°49'N, 121°37" W 355 437 450 20 ‘

old-growth

Psewdoisuga menziesii Wash-inglon, USA  45°49'N, 121°57" W 370 1529 24 18

24-year-old

Pinus ponderosa QOregon, USA 44°30° N, 121°37" W 940 73 250 11

old-growth

Campo cerrado Brasilia, Brazil 15°56" S, 47°53" W 1100 1733 Unknown 4

savanna

Cerrado sensu siricio Brasilia. Brazil 157367 S, 47°33 W 1100 2690 Unknown 11

savanna

Ceriudo denso Brasilia. Brazil 137367 S, 47°53' W 1100 2828 Unknown 18

savannha
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Table 2. Selected climatic characteristics of the six study sites.

Site Precipifation (mm) _ Length of dry Dry season temperature (°C)
season {months)
Annual Dry season Maximum Daily mean
P menziesii old-growth 2500 ~125 3-4 25 17
P, menziesii 24-year-old 2500 ~ 125 3-4 25 17
P, ponderosa old-growth 550 <100 5~6 24 14
Campao cerrado savanna 1500 ~110 4-5 27 22
Cerrado sensu siricto savanna 1500 ~ 110 4-5 27 22
Cerrade denso savanna 1500 ~ 110 4-5 27 22

longed seasonal soil drying cycles at all sites. The dry season
‘typically extends from late spring through early fall at the tem-
perate coniferous forest sites, and from May into September
{winter) at the Brazilian savanha sites. The results reported
here were obtained between May and September 2001 at the’
Il ponderosa and Brazilian savanna sites, and between July
and September 2002 at the two P, menziesii sites.

Soil water potential

Soil water potential at 20, 30, 40, 50, 60 and 100 cm in the co-
niferous forest sites and at 20, 30, 60 and 100 cm in the Brazil-
ian savanna sites was continuously monitored with soil psy-
chrometers (PST-55, Wescor, Logan, UT). Before placement
in the field, the psychrometers were individually calibrated
against salt solutions of known osmolality following the pro-
cedures of Brown and Bartos (1982). A set of psychrometers
was installed in the vicinity of each of the four PVC access
tubes used for measurement of soil water content (see Soil vol-
umetric water content). Soil water potential was measured ev-
ery 30 min wilh a 30-5 cooling time for the Peltier effect and
data were recorded witha datalogger (CR-7, Campbell Scien-
tific. Logan. UT). An integrated Wy for the 20—60-cm layer
was estimated by averaging the valués for all psychrometers
between and including these depths. A Wy y-based index of the
relative magnitude of HR when Wy in the 20-60-cm layer
was less than —0.4 MPa, was derived by dividing the overnight
partial recovery of Wy, by the absolute value of the difference
between maximum and minimum values observed during the
previous day (W recovery/ W decline). To predict the time
course of Wy in the 20-60-cm layer in the absence of HR, ab-
solute values of the differences between successive daily max-
imum and minimum values were subtracted from the initial
value near the beginnintg of the soil drying cycle, when HR was
negligible.

Soil volumerric water content

Soil volumetric water content was continuously monitored
with multi-sensor frequency domain capacitance probes (Pal-
timeanu and Starr 1997, Starr and Paltineanu 199%) at seven to
eight depths concurrently at four locations per site. The highly
sensitive probes, containing annular capacitance sensors (Sen-
tek PTY LTD, Adelaide, Austratia) mounted on a single plas-
tic shafl, were placed in weatherproof PVC access wbes in-
stalled, with a minimum of 10 cm between successive sensors,
to a depth of 2 m in the coniferous forest sites and 2.5 m in

the tropical savanna sites. Each sensor was monitored everir
10 min and the measurements stored by a data logger (Model
RT6, Sentek). The vertical arrangement of sensors in the upper
2 m of soil was similar, but not identical among all six sites.
Sensors were located at 20, 30, 40, 50, 60, 100, 150 and
200 cm in the old-growth and 24-year-old P. menziesii sites, at
20, 30, 40, 60, 100, 150 and 200 cm in the old-growth P, pon-
derosa site, and at 20, 30, 60, 100, 150, 190 and 250 cm in the
three Brazilian savanna sites. The results presented here in-
clude data recorded from sénsors located in the upper 2 m of
soil only. Each sensor was calibrated in the field for the air'and
water frequency reading endpoints for determination of the
normalized frequency. The factory default calibration equa-
tion was used because an earlier study reported little variation
in calibration over a broad range of soil types from different
locations (Paltineanu and Starr 1997). The main advantages of
this system are that: (1) the access tubes are minimally intru-
sive; (2) the sensors integrate over a 10 cm radial distance from
the access tube; (3) the mininum sensor spacing of 10 cm al-
lows detailed characterization of changes in water storage
throughout the soil; and (4) the probes are relatively insensi-
tive to fluctuations in soil temperature (3.5 x 107 change in
volumetric water content °C~! between 10 and 30 °C; Palti-
neanu and Starr 1997). Soil water storage (measured in mm)
was calculated by summing the water content for each 10-cm
sensor. When there was a gap between sensors (e.g. 60 or
100 cm), water storage in the intervening layer was interpo-
lated as an average of the sensors above and below the layer
summed over the number of 10-cm intervals in the layer. Total
daily water use was calculated as the difference between the
maximum and minimum soil water storage measured within a
daily time period. Net daily water use was calculated as the
difference between one diel maximum and the next diel maxi-
mum in soil water storage. Daily partial recovery of soil water
storage associated with HR for the 20-60-cm layer was esti-
mated by subtracting diel minimum water storage values from
the subsequent diel maximum values. '

" Because our objective was to assess the effécts of soil water
status on HR and soil water depletion across a range of sites,
we attempted to standardize measurement conditions and min-
imize variability by reporting data from the probe where HR,
and therefore root activity, was strongest at each site. However,
we have also reported the mean values and ranges of HR activ-
ity recorded by the four probes at each site for the measure-
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Table 3. Hydraulic redistribution and corresponding mean soi} water potential (W) in the 20-60-cm soil layer at the six study sites. Mean (x SE),
maximum and minimum values of hydraulic redistribution represent mm of water per day added to the 20-60-cm soii layer as determined from
four multi-sensor frequency domain capactfance probes insfalled at each site. Individual sile means were calculated from § to 7 days of measure-

ments when hydraulic redistribution was maximal.

Site Weont (MPa) Hydraulic redistribution (mm day")
" Maximum Minimum - Mean

P, menziesii old-growth -0.62 0.18 0.01 0.08£0.04
P menziesii 24-year-old -0.85 0.14 0.02 “0.10 £ 0.04
P ponderosa old-growth ~1.07 0.16 0.05 0.08 £0.02
Campo cerrado savanna -138 0.22 0.15 0.18 £0.01
Cerrado sensu stricto savanna -1.44 0.41 0.10 0.25+0.07
Cerrado denso savanna -1.45 0.18 0.12 0.15 % 0.01
ment periods included in the present study (Table 3). In subse- Results

quent reports, additional data collected from all four probes at
cach site will be integrated 1o quantily ecosystem level HR and
its spatial variability.

Soil zones

For subsequent analyses, the upper 2 m of soil was divided into
two zones, 20-60 cm and 60-200 cm, based on observa-
tions of vertical stratification of soil water utilization' and HR
{Brooks et al. 2002) and the expectation that most of the finer
roots are located in the upper 60 cm of soil (Schenk and Jack-
son 2002a and 20020). Although previous observations indi-
cated that root penetration below 2 m was likely at all sites
(Jackson et al. 1999, Brooks et al. 20(')2),'techmca1 constraints
prevented installation of soil psychrometers deeper than | m at
all sites and frequency domain capacitance sensors deeper
than 2.5 m in the suvanna sites and 2 m in the temperate forest
sites.

campo cerado savanna

Hydraulic redistribution

Representative time courses of soil water storage and Wy for
three study sites during the peak of the dry season are shown in
Figure 1. At all three sites, overnight partial recovery of soil
water storage and W,y consistent with HR was confined larg-
ely to the upper 60 cm of soil. The magnitude of overnight par-
tial recovery of soil water storage and W, varied markedly
among sites. In the campo cerrado savanna site, HR was some-
times sufficient to prevent net declines in soil water storage
and YW, over periods of several days. At depths greater than
60 cm, soil water storage declined steadily in a “descending
staircase” pattern in old-growth P. ponderosa and declined
nearly linearly in 24-year-old . menziesii.

* The time courses of soil water storage and Y, suggested
{bat significant HR did not occur until mean Wy in the 20—
60-cm layer had fallen below ~0.2 to 0.4 MPa. To examine
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this relationship, daily amounts of water rédistributed in the
20-60-cm layer were normalized by the total daily water utili-
zation in that layer and plotted against the mean Wy m the
20-60-cm layer (Figure 2). The resulting relationship between
normalized HR and W appeared to be similar among all
study sites. No significant overnight replenishment of soil wa-
ler storage was observed above a threshold range of Wy of
-0.210 - 0.4 MPa. When W,y was below - 0.4 MPa, overnight
recharge of soil water storage increased sharply and appeared
to reach a maximum value of 80-90% of the previous day’s
utilization over a range of Wy from -1.2 to -1.5 MPa.
Nearly continuous records of seasonal decline in Wy, were
available only for the three coniferous. forest sites (Figure 3).
The seasonal decline in W,,; was slowest in the old-growth
P menziesii stand and most rapid in the 24-year-old P men-
ziesii stand. The predicted seasonal decline in W,y in the ab-
sence of HR (see Materials and methods) was substantially
more rapid than the observed decline. Consistent with the pat-
tern in Figure 2, notable deviation between observed and pre-
dicted time courses of W did not occur until Wy had fallen
below about (.2 to —0.4 MPa. Below this thfeshold, the devi-
ation between observed values of Wy, and predicted values in
the absence of HR was greatest in the old-growth P, porderosa
site and smallest in the old-growth P, menzicsii site, suggesting
that HR was more effective in delaying the seasonal decline in
W, in the P, ponderosa site. Because there was nearly a two-
fold difference in basal sapwood area between the two sites,
these results suggest that variation in the effectiveness of HR
in delaying seasonal declines in Voo may have been associated
with variation in basal sapwood arca. This possibility was
evaluated by calculating the mean ratio of the overnight recov-
ery of Wy 10 the total decline during the previous day as an al-
ternative index of HR (see Materials and methods) and plot-
ting it against basal sapwood area (Figure 4). Sufficient data to
calculate this index were available only for the three conifer-
ous forest sites plus the campo cerrado savanna site. Neverthé-
less, the strong negative correlation between basal sapwood
area and the ratio of daily recovery to decline in W,y was con-
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Figure 2. Influence of soil water potential (") on hydraulic redistri-
bution normalized by total daily water utilization in the 20-60-cm soil
layer.
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Figure 3. Seasanal courses of mean soil water potential (Wyo) be-
tween depths of 20 and 60 cm. Seasonal courses of Wy in the ab-
sence of hydraulic redistribution were estimated as described in the
text. Values of basal sapwood area per ha are shown.

sistent with (he negative impact of stand sapwood area on the
effectiveness of HR in delaying soil drying in the upper 60 cm
of soil.

Soil water utilization

Because HR appeared to be largely confined to the upper

- 60 em of soil, soil water utilization was characterized either in

two zones, 20—-60 cm and 60200 cm, or the entire measured
layer (20-200 cm). Total daily water wtilization in the 20—
60-cm soil layer declined exponentially with decreasing mean
Wi of that layer (Figure 5). The relationship between soil wa-
ter utilization and W, appeared to be nearly identical for all
six sites. Soil water wtilization dropped steeply from 2 to
0.35 mm day ™" over the Wy, range from zero to approximately
—0.4 MPa, and then decreased asymptotically over the remain-
ing range of Wy values observed. In contrast with the com-
mon relationship between Vs and soil water utilization in the
20-60-cm layer, each of the coniferous forest sites exhibited a
unique relationship between Wy (20-60 cm) and water utili-
zation in the 20-200-cm layer (Figure 6a). Data for the three

TREE PHYSIOLOGY ONLINE at. http://heronpublishing.com
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Brazilian savanna sites were pooled in order to obtain a more
reliable curve fit. Over most of the observed W, range, water
utilization in the 20-200-cm soil layer was lower in the sa-
vanna sites than in any of the coniferous forest sites. Relative
differences i the reliance on water extracted from progres-
sively deeper soil layers with intensifying drought in the upper
soil layers were assessed by expressing soil water utilization
from the 60-200-cm layer as a percentage of total utilization
from the 20-200-cm layer and plotting it against Wy in the
20~60-cm layer (Figure 6b). In the three coniferous forest
sites, relative rélianice on water extracted from deeper soil lay-
ers increased sharply with declining Wy to between about
—0.2 and 0.4 MPa, then remained relatively constant at about
80 to 95% of total utilization from the 60—200-cm layer. In the
Brazilian savanna sites, reliance on water extracted from the
60-200-cm layer was variable as W, declined.

Discussion

There were notable similaritics in relationships between Weg-
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Figure 3. Total daily water utilization n the 20—60-cm soil layerin re-
lation to mean soil water potential (Wit ) in the same layer for the six
study sites.

and HR and soil water utilization among the six sites differing
in the abundance and size of woody plants, soil type and cli-
mate. The results suggest that despite probable differences in
maximum rooting depth and density among the sites studied,
there was a convergence in the biophysical controls on soil wa-
ter utilization and redistribution in the upper soil layers where
the density of finer roots is greatest.

Hydraulic redistribution

The apparent restriction of significant HR to the upper 60 cm
of soil atall sites was probably a consequence of both the verti-
cal distribution of roots and the vertical profile o f ¥ y. In these
and other sites dominated by woody vegetation, finer roots,
from which release of hydraulically redistributed water is
likely to occur, are largely confined to the upper 50 cm of soil
(Schenk and Jackson 2002a, 20025). The higher relative den-
sity of roots in the upper 60 cm, along with surface evaporation
and water uptake by shallow-rooted species, accelerated soil
drying relative to greater depths resulting in a steep vertical
W, gradient capable of driving water movement from deeper
to shallower soil layers via roots. Although the mean mini-
mum W in the 20-60-cm layer was about —1.5 MPa under
the conditions of the present study, minimum values of ~2.0 to
~2.5 MPa at 20 cmn were not uncommon. At 100 cm, the great-
est depth at which soil psychrometers were installed, mini-
mum W, ranged from —0.1 to —0.4 MPa. Because soil water
content continued to increase with depth below 100 cm, W,
was likely to have remained near zéro below 100 cm. Maxi-
mum ¥, gradientls were thus as steep as 2.5 MPa m™! be-
tween 100 cm and the layers above 60 cmi. Previous observa-
tions indicated that roots penetrated to greater than 200 cm at
all study sites (Jackson et al. 1999, Brooks et al. 2002).

Features of the soil-plant system responsible for the thresh-
old response of HR to W, (Figure 2) were not identified. The
threshold range of W,y for induction of significant HR ap-
peared to coincide with the range of W, at which water utili-
zation from the 60-200-cm layer relative to total utilization
from the 20-200-cm layer approached its maximum (Fig-
ure Gb). Certainly, a W,y difference less than the 0.2 to
0.4 MPa required to induce significant HR would have been
more than adequate to drive water movement through the soil
external to the roots. However, soil hydraulic conductivity, and
thercfore unsaturated flow, begin to drop precipitously at val-
ues of Wy well above those required to induce HR (Sperry et
al. 2002). Hydraulic redistribution is not expected to occur un-
less roots in drier soil layers effectively compete with the shoot
as a sink for waler taken up by deeper roots. The relative sink
strength of the shoot versus roots in drier soil is determined
both by their absolute values of 'V and by relative resistances to
water movement from deeper roots to shallow roots versus the
shoot. The common relationship between HR and Wy among
the six study sites probably reflects convergence in partition-
g -of relative hydraulic resistances between shoots and roots
and convergence in nighttime values of shoot W relative to that
of shallow roots.

The maximum amount of water hydrauhcally redmnbuted

to the 20~60-cm soil layer was approximately 0.4 mm day™
with an overall mean of 0.14 mm day™' among the six sites
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Figure 6. (a) Water utilization in the 20-200-cm soil layer, and (b) wa-
ter utilization between 60 and 200 cm as a percentage of tofal utiliza-
tion between 20 and 200 cm in relation to mean soil water potential
(Y son) between 20 and 60 cm.

{Table 3). Although this wds a relatively small amount of wa-
ter. it was sufficient to replace 80-90% of the water used in the
20-60-cm layer under the driest conditions obsérved (Fig-
ure 2). Over the range of W,y in which HR was observed in the
present study, the water potential of most soils change rapidly

with small changes in water content. In the absence of HR, the -

rate of seasonal decline in Wy was predicted to be substan-
tially greater (Figure 3), especially at sites with lower sapwood
area per ground area (Figure 4). However, it should be noted
that the procedure used to predict time courses of Wy in the
absence of HR may have overestimated the rate of decline in
Wi as Wiy became increasingly negative. When W,y is ex-
tremely low, root water transport capacity may be impaired or
lost because of the loss of hydraulic conductivity associated
with xylem embolism (Sperry et al. 1998, Jackson et al. 2000,
Domec et al. 2004). Thus, one of the primary consequences of
HR in our study sites may bave been maintenance of physio-
logical activity in shallow roots rather than enhanced exploita-
tion of soil water for transpiration. By delaying the onset of
physiologically damaging ¥ in roots, HR may also be benefi-
cial for mycorrhizae (Querejeta ct al. 2003) and other soil or-
ganisms associated with roots.

Both the relative magnitude of HR and its effectiveness in
retarding soil drying diminished with increasing dominance of
woody plants expressed as sapwood area per hectare (Fig-

-

ures 3 and 4). At first sight, this observation may seem coun-
terintuitive because greater dominance of woody plants im-
plies a greater density of both deep and shallow roots to facili-
tate HR. However, a number of processes antagonistic to HR
may be more important in dense stands of woody vegetation.
For example, as long as the air temperature remains above dew
point, nocturnal transpiration would prolong the period during
which the shoot competes with shallow roots in dry surface
soil as a sink for water absorbed by deeper roots. Significant
nocturnal stomatal opening and transpiration are relatively
common among woody species (Mcinzer et al. 1988, Becker

1998, Benyon 1999, Donovan et al. 2003, Bucci et al. 2004).

Even cuticular transpiration could sustain the transpiration-in-
duced disequilibrium between the water potential of the shoot
and that of the wettest portions of the soil profile that the roots
are able to access. Rehydration is anotber process that would
lead to competition between shoots and shallow roots for wa-
ter uptake by deeper roots. Ulilization of water stored in stems
and other organs transiently uncouples canopy transpiration
from water absorption by roots (Phillips et al. 1997, Gold-
stein et al. 1998). Internal water storage compartments are re-
charged at night and during other periods of low transpir-
ational demand, and total storage capacity increases sharply
with tree size (Goldstem et al. 1998, Phillips et al. 2003). Both
nocturnal transpiration and rehydration may be responsible for
the low but steady rates of sap flow that often persist through-
out much of the night in stems of large trees (Phillips et al.
2003). Consistent with shoots behaving as persistent sinks for
water absorbed by deep roots, severing a large descending root
in the 24-year-old P. menziesii stand resulted in a 4.5 mm in-
crease in soil water storage in the 20- to 60-cimn layer in the vi-
cinity of the root over a period of several days (unpublished
observations). ' '

Soil water utilization and rhizosphere conductance

Similarity among the six study sites in the dependence of soil
water utilization on Wy in the 20-60-cm layer (Figure 5) was
unexpected. These results suggest that, despite differences
among sites in soil physical properties, woody plant density
and probably shallow root density, exploitation of water re-
sources in the upper portion of the soil profile was maximal,
and that the ability of the different species to extract water
from the soil as its ¥ declined was similar. Consistent with
this, daily minimum leaf water potentials were similar aimong
sites, ranging from -2.0 to 2.5 MPa under the driest condi-
tions observed (data not shown). However, it is important to
note that the behavior depicted in Figure 5 does not necessarily
reflect that of total transpiration on a ground area basis be-
cause water uptake from only the upper portion of the rooting
zone was considered. As more and more of the rooting zone is
included in estimates of soil water utilization, the response of
soil water utilization to Wyq; in the upper 60 cm should increas-
ingly resémble that of transpiration on a ground area basis.
Thus, when total water utilization in the 20-200-cm layer was
determined, its response to Wy in the upper 60 cm differed
among sites, with sites having the greatest amount of sapwood
area tending to show higher rates of soil water utilization over
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the entire range of Wy, observed (Figure 6). Despite uncer-
tainties concerning the relationship between soil water utiliza-
tion and transpiration, convergence in the dependence of soil
water utilization on Wy observed in the present study was in
qualitative agrecment with the response of transpiration to
Wt in seedlings of several conifer species (Lopushinsky and
Klock 1974) and with predictions from a model describing the
dependence of transpiration on W, when the root area:leaf
area ratio was set at one (Sperry et al. 1998). Similar relation-
ships between soil water utilization and Wy among the six
study sites further suggests that soil porosity. or at least soil
water release curves, did not differ markedly among them
(Hacke et al. 2000).

Convergence in the relationship between soil water utiliza-
tion and soil water potential (Figure 5) among sites suggests
that water extraction from the upper portion of the soil profile
was limited by rhizosphere conductance, and that during soil
drying, rhizosphere conductance declined with W, in a simi-
lar fashion at all sites. If the vapor pressure deficit remains
high and relatively constant during soil drying, and if plant feaf
area and hydraulic conductance remain relatively stable, then
soil water utilization should be directly related to thizosphere
conductance. A linearized index of changes in thizospherc
conductance in the 20-60-cm layer during soil drying was ob-
tained by plotting soil water utilization against ln(-¥ ) (Fig-
ure 7a). However, the linearized relationship in Figure 7a can-
not be extrapolated beyond the range of W, observed because
it does not account for the upper limit of water utilization as
Y. approaches zero. Unlike the common relationship be-
tween rhizosphere conductance (as indicated by soil water uti-
lization) and In(~%W g} ) obtained for the 20- to 60-cm layer at
all sites (Figure 7a), each of the coniferous forest sites exhib-
ited a unique relationship, and the savanna siies a common re-
lationship, between apparent rhizosphere conductance in the
20-200-em layér and In(-¥ ;,lﬂ) (Figure 7b). Nevertheless, the
slopes of the four lines shown in Figure 7b were nearly identi-
cal, indicating that changes in the water status of the upper
60 cm of sotl consistently predicted rates of change in water
utilization and apparent rhizosphere conductance over a larger
portion of the profile. Based on the model developed by Sperry
et al. (1998), the results in Figures 5 and 7 further imply that
xylem embolism did not limit soil water extraction over the
range of conditions observed and that either xytem vulnerabil-
ity curves were similar among dominant species at the study
sites, or plant water potentials never crossed thresholds, caus-
ing significant embelism-induced loss of conductivity (Speiry
et al. 1998).

Earlier empirical and theoretical studies differed in their
conclusions conecrning the relative magnitudes of thizosphere
and soil resistance during soil drying. In a study of sunflower.
rool plus interfacial (rhizosphere) resistance increased sharply
and soil resislance was negligible as soil matric potential de-
clined below threshold values of about —0.1 to —0.3 MPa
(Bristow ¢t al. 1984). In an Artemisia rridentata stand, rhizo-
sphere conductance began to drop sharply when W reached
about — .5 MPa (Ryel et al. 2002). [n the present study. when
rhizosphere resistance was estimated as the ratio of the abso-
lute value of W to daily soil water utilization, resistance be-

25 T T T I S AN R A
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15+ a .

1.0 +
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Figure 7. Lincarized relationship between soil water potential (Wson)
in the 20—60-cm layer and soil water utilization in the (A) 20-60-cm
layer and (B) 20-200-cm layer. Soil water utilization is an index of
apparent rhizosphere conductance. Numbers adjacent to the symbols
in (B) represent slopes of the linear relationships.

gan to increase sharply when W fell below about —0.25 MPa
{data not shown). However, a theoretical assessment of the rel-
ative importance of rhizosphere and soil resistances in drying
soils indicated that thizosphere resistance should not be limit-
ing at moderate values of Wy, unless the root length per unit
ground area is low (Newman 1969).

In conclusion, our results have potential implications for
modeling belowground processes involving movement and
wtilization of water in ecosystems dominated by woody plants.
Given sufficiently similar soil physical properties and suffi-
cient rooting depth 1o access freely available water, relation-
ships such as those reported here may be sufficiently robust to
allow useful predictions of soil water utilization and redistri-
bution across a broad range of woody vegetation types.
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