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Abstract We conducted a study to test the predictions
of Walter's two-layer model in the shortgrass steppe of
northeastern Colorado. The model suggests that grasses
and woody plants use water resources from di�erent
layers of the soil pro®le. Four plant removal treatments
were applied in the spring of 1996 within a plant com-
munity codominated by Atriplex canescens (a C4 shrub)
and Bouteloua gracilis (a C4 grass). During the subse-
quent growing season, soil water content was monitored
to a depth of 180 cm. In addition, stem and leaf tissue of
Atriplex, Bouteloua and the streamside tree Populus
sargentii were collected monthly during the growing
seasons of 1995 and 1996 for analysis of the d18O value
of plant stem water (for comparison with potential water
sources) and the d13C value of leaves (as an indicator of
plant water status). Selective removal of shrubs did not
signi®cantly increase water storage at any depth in the
measured soil pro®le. Selective removal of the herba-
ceous understory (mainly grasses) increased water stor-
age in the top 60 cm of the soil. Some of this water
gradually percolated to lower layers, where it was uti-
lized by the shrubs. Based on stem water d18O values,
grasses were exclusively using spring and summer rain
extracted from the uppermost soil layers. In contrast,
trees were exclusively using groundwater, and the con-

sistent d13C values of tree leaves over the course of the
summer indicated no seasonal changes in gas exchange
and therefore minimal water stress in this life-form.
Based on anecdotal rooting-depth information and ini-
tial measurements of stem water d18O, shrubs may have
also had access to groundwater. However, their overall
d18O values indicated that they mainly used water from
spring and summer precipitation events, extracted from
subsurface soil layers. These ®ndings indicate that the
diversity of life-forms found in this shortgrass steppe
community may be a function of the spatial partitioning
of soil water resources, and their di�erential use by
grasses, shrubs, and trees. Consequently, our ®ndings
support the two-layer model in a broad sense, but in-
dicate a relatively ¯exible strategy of water acquisition
by shrubs.
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Introduction

In environments where water availability is an important
control in ecosystem structure, it has been suggested that
the exploitation of spatially and/or temporally distinct
zones of soil moisture by plants allows the coexistence of
di�erent life-forms (Noy-Meir 1973). Walter (1979) also
addressed this hypothesis by proposing a simple two-
layer conceptual model of soil and plant interactions.
The model suggests that two generalized life-forms
(shrubs and grasses) can coexist at a site where their
di�ering rooting patterns coincide with the vertical
separation of soil water resources. Distinct soil water
resources can be created by climatic patterns and texture
e�ects on deep percolation and evaporative losses
(Sala et al. 1997). Di�ering water acquisition strategies
among life-forms (or more recently `plant functional
types;' Gitay and Noble 1997) may also have a temporal
element, e.g., grasses are more opportunistic, utilizing
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the short-term availability of water in upper soil layers,
while shrubs rely on a deeper soil water resource that is
more stable in the long term (Soriano and Sala 1983).
This conceptual model is supported by evidence from
studies in the Patagonian steppe (Soriano and Sala 1983;
Sala et al. 1989), African savannas (Walker and Noy-
Meir 1982; Knoop and Walker 1985), and California
oak woodlands (Gordon et al. 1989). Our investigations
of the patterns of soil water associated with soil types
and plant communities (Dodd 1997; Dodd and Lauen-
roth 1997) indicated that the model was also applicable
to the North American shortgrass steppe.

The vegetation of the shortgrass steppe region is
dominated by the C4 bunchgrass Bouteloua gracilis. One
of the major reasons for the abundance of Bouteloua is
its ability to access water that has a relatively short
residence time in shallow soil layers (i.e., 4±15 cm; Sala
et al. 1992). Within the grasslands, limited areas of shrub
vegetation are often associated with coarse-textured soils
(Lauenroth and Milchunas 1991), and trees are occa-
sionally associated with water channels, many of these
being ephemeral streams. In this study, we report the
results of two experiments designed to determine
whether spatial and/or temporal separation of water
acquisition by grasses and woody plants occurs in this
semiarid shortgrass steppe community.

In the ®rst experiment, we tested the predictions of
the resource-partitioning hypothesis in a similar manner
to Sala et al. (1989), using selective vegetation removal.
First, we predicted that the removal of grasses would
decrease total community water acquisition and conse-
quently increase water storage in upper layers of the soil.
Additionally, we aimed to determine whether water re-
sources freed by the grass removal could move to lower
soil layers, to be utilized by shrubs. Second, we predicted
that the removal of shrubs would decrease total com-
munity water acquisition and consequently increase
water storage in lower soil layers.

Stable isotope methods o�er another means to iden-
tify the water sources utilized by individual plants. Where
there is seasonal variation in the isotopic abundance
ratios of precipitation (Dansgaard 1964), the natural
abundance of hydrogen and oxygen isotopes in water can
be used as a `signature' of potential plant water sources.
In recent years, a growing number of studies have used
the D/H and 18O/16O ratios of water samples to deter-
mine the water sources of particular plant species (White
et al. 1985; Ehleringer et al. 1991; Flanagan et al. 1992;
Le Roux et al. 1995; Welker et al. 1995). The isotopic
abundance ratios of water extracted from plants can be
compared with those of potential source waters, e.g.,
concurrent precipitation, groundwater stored in aquifers,
and free water in lakes and streams on the surface.
Whole-plant water relations can also be examined by the
analysis of carbon isotope abundance values in leaf tissue
(Farquhar et al. 1989). Plants that experience water stress
typically close their stomata to minimize water loss by
transpiration, thereby reducing the ratio of internal to
ambient CO2 (ci/ca). Under conditions of reduced ci/ca,

plants do not discriminate against 13C to as great a de-
gree during photosynthesis, and therefore plant tissue
becomes relatively enriched in 13C (Farquhar et al. 1989;
Ehleringer et al. 1992). The implication of this for water
source studies is that plants using plentiful and reliable
water resources (e.g., groundwater) should exhibit only
minimal changes in isotopic abundance ratios during the
growing season, whereas plants using depletable water
resources (e.g., soil water in upper layers) are likely to
show an enrichment in 13C as drought conditions pro-
gress (Smith and Osmond 1987; Smedley et al. 1991;
Mole et al. 1994).

In the second experiment reported here, we used both
these stable isotope techniques to examine: (a) whether
di�erent oxygen isotope ratios of water occurred in the
major potential sources of water at the site; (b) whether
these values provided evidence of di�erential utilization
of these sources by the three plant functional types
identi®ed (grasses, shrubs, and trees); (c) whether there
was any indication of changes in water source utilization
by the plants during the growing season, and (d) whether
the carbon isotope ratios of leaf tissue showed evidence
of changes in ci/ca, symptomatic of changes in leaf gas
exchange and shifts in plant water status.

We anticipated that a combination of our two ap-
proaches (selective vegetation removal and isotopic
studies) would provide a reliable test of Walter's two-
layer water resource model and would elucidate the
nature of competitive interactions among important
plant functional types in the shortgrass steppe.

Methods and materials

Study site location

The study was conducted at the Central Plains Experimental Range
(CPER), located in the shortgrass steppe of northeastern Colorado
(40°51¢N, 104°43¢W, elevation 1650 m). The experimental site was
a mixed shrubland/grassland area adjacent to an ephemeral stream
bed (Owl Creek). The soil type at this site is an Ascalon-Vona
loamy sand (Ustollic Haplargid; Crabb 1982). The vegetation of
this area is characterized by a high population density
(0.43 � 0.01 shrubs m)2) of Atriplex canescens (Pursh.) Nutt.
(four-wing saltbush), and a herbaceous understory dominated by
two grasses ± the C4 perennial bunchgrass Bouteloua gracilis
(H.B.K.) Lag. ex Gri�ths (blue grama) and the C3 winter annual
Bromus tectorum L. (cheatgrass). A small number of plains cot-
tonwood trees (Populus sargentii Dode) were also present on the
banks of the stream channel.

Two potential water sources were identi®ed at this site. Mean
annual precipitation at the CPER is 321 mm (Lauenroth and Sala
1992), the majority of which falls during the warm season (Sala et al.
1992). Signi®cant groundwater aquifers occur throughout the study
area, as indicated by the presence of local wells: an 18-m well ap-
proximately 2 km southeast of the site and adjacent to the creek (well
A), and a 26-m well approximately 1 km north of the site (well B).

Selective vegetation removal

In the early spring of 1995, we marked 20 circular plots of 2 m
radius containing three shrubs in a triangular arrangement. At the
center of each plot (equidistant from the three shrub bases) we
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extracted a 45-mm-diameter soil core in 30-cm sections to a depth
of 2 m and installed a capped aluminum tube in the hole. We then
took soil moisture measurements at 30-cm-depth intervals in the
access tube using a Troxler 105 A neutron moisture probe (Troxler
Electronic Laboratories, Research Triangle Park, N.C.). Subsam-
ples were taken from the soil sections for analysis of soil water
content (SWC) and texture. Gravimetric SWC data (% by weight)
were obtained by oven-drying soils at 55°C for 24 h. Soil texture
(sand, silt and clay %) was determined using the hydrometer
method (Bouyoucos 1962). The pattern of soil texture with depth
was characterized by very coarse textured loamy sands (80±90%
sand) that extended to a depth of 120 cm, over sandy loams
(<70% sand) in the subsoil layers between 150±210 cm.

The 20 plots were assigned to four removal treatment groups:
VSG � all plants left intact; V_G � shrubs removed, understory
(grasses, forbs, etc., i.e., the herbaceous component) left intact;
VS_ � understory species removed, shrubs left intact; V__ � all
vegetation removed. A randomized block design was chosen, be-
cause of topographic variation at the site. The removal treatments
were applied on 19 April 1996. For the V_G and V__ treatments,
we removed all the Atriplex individuals within a 2-m radius of the
access tube by severing the stem at ground level with a hand saw.
Although it is possible that the roots of adjacent shrubs intruded
into the shrub removal plots, we were con®dent that this would not
a�ect the zone of soil water measurement by the probe (less than a
30-cm radius from the access tube), based on previous measure-
ments of the radial extent of typical shrub root systems at this
location (40±50 cm; Lee and Lauenroth 1994). For the VS_ and
V__ treatments, we killed all the understory species within a 2-m
radius of the access tube by spraying with RoundupÒ, leaving the
plants as standing dead. We avoided spray damage to the Atriplex
plants in the VS_ treatment by temporarily covering the shrubs
with polythene bags, and observed no damage to the shrubs after
treatment application. During the subsequent growing season, we
regularly removed regrowth of both herbaceous and shrub
components by cutting or spraying as necessary.

Soil water measurements

Throughout the 1996 growing season, we took SWC measurements
from each plot, using the neutron probe, at depths of 15, 30, 45, 60,
75, 90, 105, 120, 135, 150, 165, and 180 cm. We took the ®rst
measurements on 9 May, before the onset of signi®cant spring
precipitation, and subsequently at 4- to 5-day intervals from 12
June to 12 August, and at 10- to 11-day intervals from 12 August to
11 October.

The gravimetric SWC data that we obtained when the access
tubes were installed were used to calibrate the neutron moisture
probe. We ensured that the range in SWC observed at that time
re¯ected the range in SWC typically observable during an entire
season (2±30%). The best-®t least-squares regression relationship
between gravimetric SWC (hg) and the neutron probe counts
(expressed as NPC, the soil probe count divided by the shield
count) had an exponential form (Eq. 1). Separate regression
equations calculated for sandy and loamy soils did not give an
improved calibration on the basis of r2 comparisons.

hg � e�ÿ3:94�2:69�NPC� �1�
where r2 � 0.82, n � 60, and P £ 0.01.

We pooled the soil water data from individual-layer measure-
ments into three major pro®le sections (0±60, 60±120 and 120±
180 cm) each ofwhich represented data averaged over fourmeasured
layers. This grouping was based on observed similarities in patterns
of soil water dynamics in adjacent layers during the growing season.

Statistical analysis of soil water data

Gravimetric SWC data obtained for each date were statistically
analyzed in a randomized block design using the general linear

model procedure of SASÒ. These analyses indicated a large
amount of variation in SWC among plots within the treatment
groups, and therefore we used the initial (`preseason') SWC mea-
sured on 9 May as a covariate in the analyses. Adjusted least-
squares mean data are presented in the ®gures.

Plant and water sample collection for isotope analysis

We collected tissue samples from Bouteloua, Atriplex, and Populus
plants at approximately monthly intervals during the growing
seasons of 1995 and 1996. Four replicate samples of both stem and
leaf, each from a separate plant, were collected from areas of un-
disturbed vegetation on 5 June, 30 June, 27 July, and 30 August
1995, and on 14 May, 14 June, 15 July, and 14 August 1996. The
plant stem tissue (for oxygen isotope analysis) consisted of previous
years' woody tissue from the tree and shrub, and crown tissue from
the grass. The current years' leaf tissue attached to the stems was
removed for carbon isotope analysis, and to prevent potential al-
teration of its isotopic composition due to continued gas exchange
activity (Dawson and Ehleringer 1993). All samples were placed
into plastic vials with sealed caps and stored in a freezer prior to
water extraction and isotopic analysis.

Two weeks prior to the monthly collections of the plant sam-
ples, we set up three rain gauges to collect precipitation water. Oil
was placed in the gauges to prevent evaporation of the collected
water, and likely isotopic enrichment of the remaining water (Craig
1961; Ehleringer and Dawson 1992). On each of the sample dates
we also collected 40 ml of water from well A. Samples from well B
were collected during 1996 only.

Water sample extraction and analysis

Water was extracted from plant stem tissue using a vacuum dis-
tillation extraction line (Ehleringer et al. 1991). We took 0.2-ml
subsamples of the extracted water and transferred them to 1.0-ml
glass vials, thoroughly aspirated the vials with CO2 in a glove bag
and equilibrated each batch for 10 h at 40°C. The isotopic com-
position of the CO2 in the headspace was measured using a mul-
tiprep sampler connected to a dual-inlet VG-Optima mass
spectrometer (Epstein and Mayeda 1953; Ehleringer and Osmond
1989).

The standardized means of expressing isotopic composition is in
`delta' units (d), which is the ratio of the molar abundance ratios
(18O/16O)of the sample (Rsam) and a standard (Rstd), expressed on a
& (`per mil') basis (Eq. 2).

d � Rsam

Rstd
ÿ 1

� �
� 1000 �2�

The usual primary standard for oxygen is V-SMOW (Vienna
standard mean ocean water), although the d-values of the samples
and three secondary standards were calculated using a linear cali-
bration of the mass spectrometer against three primary standards
of known d-values: V-SMOW, GISP, and SLAP (Gon®antini
1978). The three secondary standards were deionized tap water
(DI), `cooked' deionized water (DI boiled for 12 h), and snowmelt
collected from Cameron Pass, Colorado; all three were used in each
batch of samples. We calculated the d18O values of the water
samples relative to V-SMOW by adjusting for any shift in the
secondary standard occurring in separate batches, and applying the
original linear calibration (Eq. 3)

Actual d18O � 0:9901� observed d18Oÿ 6:243 �3�
where r2 � 0.999.

The use of the calibration equation accounts for the fraction-
ation coe�cient of the H2O-CO2 equilibrium, and the contribution
of O from the tank CO2 used to aspirate the samples, which can be
considered negligible, based on a 125:1 ratio of O in H2O versus
CO2 in the vials.
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For the analysis of leaf tissue d13C values, we ground the leaf
samples in a ball mill to pass a 40-mesh screen, and took sub-
samples (< 0.01 g) for incineration in a Carlo-Erba NA 1500
Series 2 nitrogen analyzer attached to a VG-Optima mass spec-
trometer. The mass spectrometer was initially calibrated against the
NBS 22 primary standard, although the sample d-values are ex-
pressed relative to the usual primary standard for carbon, Pee Dee
Belemnite (PDB; Craig 1957). The secondary standard included in
the calibration and used in each batch of samples was vacuum
pump oil, with a nominal d13C value of ) 27.00 � 0.20 relative to
PDB.

Statistical analysis of isotope data

We analyzed the isotopic abundance data with the general linear
model procedure of SAS, using a simple factorial design incorpo-
rating collection date (four separate months) and sample source
(three plant species, precipitation, and two groundwater sources) as
the two factors for d18O data, and a one-way ANOVA design
comparing dates for the d13C data.

Results

Soil water dynamics

In the top 60 cm of the soil in all treatments, SWC in-
creased sharply through May and June, ¯uctuated
through June and July, and decreased steadily
throughout the remainder of the season, with a slight
increase in late September (Fig. 1a). The patterns of
SWC among the four treatments diverged into two pairs
early on in the season. At no time during the season were
there signi®cant di�erences in SWC between the VS_
and V__ treatments or between the VSG and V_G
treatments (P > 0.05). The di�erences in SWC between
the two pairs of treatments were signi®cant from 17 June
to July 1 and from 24 July to 11 October (P £ 0.05).
However, the key di�erence between the two pairs of
treatments was the early season increase, which was
much greater in the VS_ and V__ treatments (2.8 and
2.6%, respectively) compared to the VSG and V_G
treatments (1.7 and 1.9%, respectively). The resultant
di�erence in SWC between the two pairs of treatments
(approximately 1%) was maintained throughout the rest
of the season.

In the middle section of the soil pro®le (60±120 cm),
SWC increased only slightly during May and June in all
treatments, and for the rest of the season declined
steadily in the VSG treatment (Fig. 1b). From late June
through early July, SWC increased by 1.3% in the VS_
treatment to peak at 5.8% by 15 July, and increased by
2.7% in the V__ treatment to peak at 7.4% by 15 July.
The di�erences in SWC between these two treatments
and the VSG control were signi®cant from 26 June to 29
July (P £ 0.05), and the di�erence in SWC between these
two grass removal treatments was signi®cant from 15
July to 11 October (P £ 0.05). The apparent increase in
SWC in the V_G treatment during early July was only
0.6%, and the SWC in this treatment was never sig-
ni®cantly greater than that of the VSG treatment
(P > 0.05). After 15 July, all treatments showed a

steady decrease in SWC throughout the remainder of the
season. By October, only in the V__ treatment was SWC
still greater than preseason levels.

In the lowest 60 cm of the pro®le (120±180 cm), SWC
increased very little during May and June, and declined
very gradually in the VSG treatment throughout the rest
of the season (Fig. 1c). In both the VSG and V_G
treatments, the seasonal range in measured SWC values
was less than 0.6%. However, SWC did increase mark-
edly in both the VS_ and V__ treatments. In the VS_
treatment, this increase of 1.3% began in late June and

Fig. 1 Gravimetric soil water content (%) during the 1996 growing
season in three depth increments, in response to four selective removal
treatments (bars SEs of all treatments). a 0±60 cm. b 60±120 cm.
c 120±180 cm
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peaked at 8.4% in late July. In the V__ treatment, the
increase was 1.2%, but began slightly later (early July),
and peaked at 8.4% in late August. The di�erence in
SWC between the VS_ treatment and the VSG control
was signi®cant from 24 July to 12 August (P £ 0.05),
and the di�erence in SWC between the V__ treatment
and the VSG control was signi®cant from 31 August to
11 October (P £ 0.05). The water gained in the ®rst half
of the season in the VS_ treatment was subsequently lost
during August and September, so that by October, SWC
was back to preseason levels. By contrast, in the V__
treatment, there was no observable late-season decline in
SWC, such that by 11 October, SWC was still approxi-
mately 1% above preseason levels.

Oxygen isotope ratios

The d18O values of the well water samples were relatively
consistent during both seasons. Values for well A ranged
between )10.6 and )10.7& during 1995 and between
)11.0 and )11.5& during 1996, and for well B between
)10.7 and )11.3& during 1996 (Fig. 2). In contrast, the
d18O values of precipitation water varied greatly within
seasons, ranging between )1.3 and )9.3& during 1995,
and between )5.6 and )10.9& during 1996 (Fig. 2).

Water extracted from Bouteloua plants consistently
had the highest d18O values of all plants, between )3.6
and )6.2& during 1995, and between )0.3 and )3.3&
during 1996 (Fig. 2). There was a general tendency for
the d18O values of Bouteloua stem water to increase
through May, June, and July, then decrease slightly in
August, in both years. The d18O values of water ex-
tracted from both Atriplex and Populus were consis-
tently signi®cantly lower (P £ 0.01) than those of
Bouteloua (Fig. 2). During 1995, the d18O values for
Atriplex were between )9.6 and )10.3& and showed no
apparent seasonal trend, while the d18O values for
Populus were between )10.3 and )11.3& and only de-
creased slightly in August. There were no signi®cant
di�erences between the d18O values for Atriplex and
Populus for any month except August (P > 0.05).
During 1996, the d18O values for Atriplex were consis-
tently higher than they had been during the previous
year, between )6.3 and )8.7& (Fig. 2). However, the
d18O values for Populus were similar to the previous
year, between )10.1 and )11.4&, and decreased slightly
as the season progressed. Consequently, the d18O values

of Atriplex were signi®cantly greater than those of
Populus in both July and August, and in addition the
overall seasonal mean d18O value for Atriplex was sig-
ni®cantly greater than that of Populus (P £ 0.05).

Carbon isotope ratios

The d13C values of leaf samples collected from Bouteloua
ranged between )14.4 and )15.1& during 1995, and
between )14.5 and )15.5& during 1996 (Table 1). In
both years, the d13C values tended to increase through
May, June, and July, and decrease again in August. The
d13C values of leaf samples collected in July were sig-
ni®cantly greater than those collected in May, both in
1995 (P £ 0.10) and 1996 (P £ 0.05). The d13C values of
Atriplex leaves were slightly greater than those of
Bouteloua leaves, between )14.0 and )14.5& during
1995, and between )13.7 and )14.4& during 1996
(Table 1). A similar seasonal pattern was observed in the
leaf samples collected from Atriplex, although the dif-
ference between d13C values in July and May was only
signi®cant in 1996 (P £ 0.05). The d13C values of Pop-

Fig. 2 d18O values of plant and source water samples collected during
1995 and 1996 (bars SEs). The shaded portion represents the range of
all well water samples (including SEs), and the clear boxes represent
precipitation events sampled, with event sizes in mm (box heights SEs)

Table 1 d13C values (&, relative to PDB) of leaf tissue sampled from three plant functional types during two successive growing seasons
(di�erent letters within columns indicate signi®cant di�erences between sample dates)

1995 1996

Bouteloua gracilis Atriplex canescens Populus sargentii Bouteloua gracilis Atriplex canescens Populus sargentii

May ) 15.1 a ) 14.5 a ) 27.4 a ) 15.5 a ) 14.4 a ) 29.2 a
June ) 15.0 a ) 14.3 a ) 27.9 a ) 14.8 ab ) 14.1 ab ) 28.8 a
July ) 14.4 a ) 14.0 a ) 28.1 a ) 14.5 b ) 13.7 b ) 28.8 a
August ) 14.9 a ) 14.1 a ) 28.4 a ) 15.3 ab ) 14.3 ab ) 29.1 a
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ulus leaves were typical of C3 species, between )27.4 and
)28.4& during 1995, and between )28.8 and )29.2&
during 1996 (Table 1). There were no signi®cant di�er-
ences in leaf d13C values for Populus leaves between
months in either year (P > 0.05).

Discussion

The selective removal of grasses had an immediate
impact on SWC in the top 60 cm of soil (Fig. 1a). In
both treatments where the grasses were removed, SWC
increased markedly relative to the intact vegetation. In
the treatment where only the shrubs were removed,
there was no impact on SWC, and comparing the
shrub+grass removal treatment with the grass-only
removal treatment there appeared to be no additional
impact on SWC of shrub removal. This distinction
into two pairs of treatments indicates that the herba-
ceous component of the community dominates soil
water dynamics in this zone. A similar result was re-
ported by Sala et al. (1989), where soil water poten-
tials at depths of 15, 30 and 60 cm were greater when
grasses were removed relative to the control, but also
did not increase signi®cantly when shrubs were re-
moved.

This ®nding is consistent with expectations of water
acquisition by Bouteloua. The roots of Bouteloua are
generally con®ned to the upper 90 cm of the soil at this
location, with approximately 80% of root length above
60 cm (Lee and Lauenroth 1994). This gives Bouteloua
a greater competitive advantage in exploiting water
available in surface soil layers through its ability to
respond to the small rainfall events characteristic of
the shortgrass steppe region (Sala and Lauenroth 1982).
In fact, the dominant zone of soil water acquisition by
Bouteloua probably includes only the top 15 cm. Data
on soil water potential changes under Bouteloua during a
drying cycle showed that water is acquired exclusively
from the upper 15 cm during the early stages of drought,
and that the soil water potential at 60 cm did not change
signi®cantly until 39 days of drought (Sala et al. 1981).

This understanding of the soil water use patterns of
Bouteloua enables us to interpret the apparently poor
relationship between the d18O values of plant water
samples and meteoric water samples seen in this study
(Fig. 2). Water entering the soil is expected to become
enriched in 18O as a result of water loss to evaporation.
In this experiment, the d18O value of Bouteloua stem
water was generally more enriched than that of precip-
itation. Given the limited depth of soil water acquisition
activity in Bouteloua plants, it is clear that they used
exclusively soil water derived from a meteoric source.
Therefore, we can use the d18O value of Bouteloua as a
indicator of the d18O of soil water in the upper 15 cm.

The results of the removal study indicated that the
additional water made available in the upper layer (when
the understory was removed) penetrated to lower layers.
The data show a gradual increase in SWC in the 60±

120 cm section during late June and early July (Fig. 1b),
and in the 120±180 cm section during July and early
August (Fig. 1c). Water movement through the pro®le
probably occurred via relatively slow unsaturated ¯ow
processes (Hanks and Ashcroft 1980). The result of this
¯ow was the creation of a subsoil water resource, nor-
mally only observed in very wet years at this site (Dodd
and Lauenroth 1997).

There were important di�erences between the two
grass removal treatments in both lower sections. Where
the shrub component remained (VS_), the initial in-
crease in SWC during the late spring and early summer
in the 60±120 cm section was not as marked as where the
shrub component was also removed (V__). In the 120±
180 cm section, there was a late-season decline in the
extra soil water resource created by the grass only re-
moval treatment, but where the shrub component had
also been removed (V__), this water resource remained
for the rest of the season. These observations provide
evidence that shrubs may be using the water resource
freed by the removal of grasses over a wide range of soil
depths. This ®nding is similar to the observations of
Fernandez and Caldwell (1975) that the root growth
activity of A. confertifolia progresses from upper to
lower soil layers during the growing season.

However, this evidence of uptake by shrubs from the
lower layers con¯icts somewhat with the more direct
evidence provided by the comparison of the intact-veg-
etation control and shrub only removal treatment. Al-
though spring soil water accumulation in both the 60±
120 cm and 120±180 cm sections appeared to be slightly
greater in the shrub only removal treatment compared
with the intact-vegetation control (Fig. 1b,c), this dif-
ference was not signi®cant. This ®nding did not support
the prediction that removal of shrubs would increase
water storage in lower layers. Similarly, the removal of
shrubs in the Sala et al. (1989) study did not result in a
signi®cant increase in soil water potential in those layers
measured (5, 15, 30, and 60 cm) and it was suggested
that shrubs were utilizing water from still deeper layers.
This may be true of the present location as well, given
our observations of large Atriplex roots extending below
5 m. Deep root systems of Atriplex have been noted by
authors elsewhere (Goodin 1985, cited in Adair et al.
1992), and Atriplex is known to be a facultative phrea-
tophyte on some sites (Le HoueÂ rou 1992). The lack of
any signi®cant increases in SWC as a result of shrub
removal might also be attributable to the inability of our
measurement technique to detect small changes in SWC
over the large soil volume exploited by shrub roots (Lee
and Lauenroth 1994).

The observation that the d18O value of water extracted
from Atriplex was closer to that of groundwater than
precipitation (particularly during the 1995 season) would
also appear to support the hypothesis that the shrubswere
largely utilizing groundwater. However, the d18O values
of Atriplex were generally less negative than those of
Populus, and the seasonal pattern of shrub d18O mea-
surements in 1996 corresponded with those of Bouteloua.
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The d18O values of Atriplex stem water were most similar
to groundwater during 1995, indicating that if ground-
water was being used, proportionally more groundwater
relative to meteoric water was used in that year. This is
surprising given that the spring of 1995 was the second
wettest on record, and soil water availability was ex-
tremely high during that season. In addition, during the
drier year (1996), the increase in d18O values during the
season would suggest that less groundwater was being
used as drought stress increased ± an unlikely strategy for
a plant with access to reliable groundwater resources.

That there are potentially two soil water resources
(surface and subsoil), as implied by the removal study
and our previous data on soil water storage through the
pro®le at this site (Dodd and Lauenroth 1997), o�ers an
alternative explanation. Shrubs may have used mainly
subsoil water of meteoric origin derived from low-tem-
perature, high-intensity storms early in the growing
season. The d18O values of these precipitation events
were not signi®cantly di�erent from those of the shrub
stem water in May and June 1995 (Fig. 2). The consis-
tency of the d18O values of shrub stem water during 1995
could be explained by the high level of spring rainfall in
that year, which would have penetrated deep into the
loamy sands at the site, and remained throughout the
rest of the season. It is unlikely that this water would be
a�ected by evaporative losses, which are limited to the
top 20 cm in this soil type (Wythers 1996) ± hence the
consistency of the d18O values.

Soil water data for the site from the Shortgrass
Steppe Long-Term Ecological Research database
showed that SWC at a depth of 120 cm was extremely
high at the beginning of the 1995 growing season
(>20%), and remained well above the level of soil
moisture that might be expected in a year of `typical'
precipitation inputs (5±8%). This information supports
the idea that there was a reliable subsoil water resource
below the grass rooting zone throughout the 1995
growing season. By contrast, in 1996, spring precipita-
tion was relatively low, and the subsoil water resource
not as favorable (<7% at 120 cm). The greater values of
d18O in Atriplex stem water during this year may re¯ect
the need for this species to use a greater proportion of
recent precipitation.

The d13C data also provide support for the latter sce-
nario. The relationship between ci/ca and carbon isotope
discrimination (D) for C4 species is dependant upon the
level of bundle sheath leakiness (/), which determines the
extent to which discrimination by Rubisco is expressed
(Farquhar et al. 1989). At />0.32, the relationship is
positive (as it is for C3 species), and at / < 0.32, the re-
lationship is negative, while for / � 0:32, D is constant at
4.4 and una�ected by ci/ca (Sandquist and Ehleringer
1995). Thenature of the relationship for the twoC4 species
in this study can therefore be inferred from the D-values
calculated frommeasured d13C values using the following
equation (Sandquist and Ehleringer 1995):

D � �da ÿ dp�=�1� dp� �4�

where da� the carbon isotope ratio of CO2 in the at-
mosphere ()8&) and dp is the carbon isotope ratio of
the plant. The values for Bouteloua were between 6.5 and
7.6&, and for Atriplex between 5.8 and 6.6&. All values
were greater than 4.4&, indicating that the relationship
between D and ci/ca is positive in both species (see Fig. 3
in Sandquist and Ehleringer 1995). Therefore, we can
expect decreases in ci/ca (as would result from water
stress) to lead to decreases in D and less negative values
of d13C. We did observe a signi®cant increase in the
values of d13C in leaf tissue of both grasses and shrubs
from May to July 1996 (Table 1) of 1.0 and 0.7&, re-
spectively, and these lie within a range that can be ex-
plained solely by changes in ci/ca, given the typical limits
of ci/ca for C4 plants (0.2±0.4; Pearcy and Ehleringer
1984). These data indicate that the shrubs had similar
changes in gas exchange to the grasses over the course of
the 1996 season, suggesting that they were experiencing
similar levels of water stress. However, it is worth noting
that the leaf carbon isotope data are not conclusive,
since factors other than the link between water stress
and ci/ca may a�ect the carbon isotope ratio of C4

plants. A small change in / could produce the £1.0&
increase in D seen in this study (Sandquist and Ehle-
ringer 1995). Alternatively, the increase of � 8�C in
ambient temperatures likely to occur between May and
July at this location (Lauenroth and Milchunas 1991)
could increase the fractionation associated with the
CO2 ÿHCOÿ3 equilibrium by � 1:0& (Mook et al.
1974).

The observation that stem water extracted from
Populus had a relatively stable d18O value, which was
similar to the groundwater accessed by local wells, in-
dicates that this is the dominant water source for this
species. The irregular nature of stream ¯ow in Owl
Creek suggests that surface water is not a reliable water
source for the cottonwoods. Other studies of riparian
vegetation have shown that mature trees growing
alongside even perennial streams use groundwater rather
than stream water (Dawson and Ehleringer 1991). The
lack of a signi®cant shift in the d13C value of the Populus
leaf tissue during either year suggests that these trees
have seasonally consistent patterns of gas exchange and
water relations, which supports our conclusion that they
have access to a reliable water source (groundwater)
which is su�cient to meet their moisture demands.

In this study, we have found that the coexistence of
multiple life-forms in this community can be explained
by di�ering plant water acquisition strategies. Bouteloua,
a C4 grass, uses spring and summer rain as its dominant
water resource, extracted from upper soil layers. Con-
versely, Populus, a riparian C3 tree, relies on ground-
water, and exhibits very consistent seasonal patterns of
gas exchange. Atriplex, a C4 shrub, with roots distrib-
uted both near the surface and at depths down to at least
2 m (Lee and Lauenroth 1994), appears to utilize both
soil water stored deep in the pro®le (from recharge
during the spring) and summer rainfall (in years when
spring rainfall is low and soil water recharge is poor).
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Overall, our ®ndings support the general predictions
arising out of Walter's two-layer model: grasses and
woody plants mainly use di�erent water resources that
occur in di�erent layers of the soil pro®le. As such, this
is consistent with the ecological principle that coexis-
tence of species requires di�erential resource use. How-
ever, our results demonstrate that the model is an
oversimpli®cation for a number of reasons: there is
overlap between `layers' (with shrub roots present and
active in the surface soil layers) and the model does not
account for interactions between layers (e.g., the in¯u-
ence of grass roots extends beyond the layers in which
they grow). Finally, both the model and our experi-
mental manipulations to test it are deliberately expressed
in terms of a simple community of two plant functional
types. In real plant communities of the shortgrass steppe
that are comprised of many species other than Bouteloua
and Atriplex, we would expect to ®nd other species
exploiting di�erent moisture resources. For example,
plains prickly pear (Opuntia polyacantha Haw.), which
occurs extensively throughout the shortgrass steppe,
maintains a very super®cial ®ne-root network in the
surface soil layers, enabling it to exploit small (<5 mm)
rainfall events (Dougherty et al. 1996). The conceptual
expansion of the two-layer/two life-form model to a
three-layer/three life-form model and beyond may be
more appropriate for complex communities.
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