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Abstract Semiarid areas in the US have realized
extensive and persistent exotic plant invasions.
Exotics may succeed in arid regions by extracting
soil water at different times or from different
depths than native plants, but little data is avail-
able to test this hypothesis. Using estimates of
root mass, gravimetric soil water, soil-water po-
tential, and stable isotope ratios in soil and plant
tissues, we determined water-use patterns of
exotic and native plant species in exotic- and
native-dominated communities in Washington
State, USA. Exotic and native communities both
extracted 12 + 2 cm of water from the top 120 cm
of soil during the growing season. Exotic com-
munities, however, shifted the timing of water use
by extracting surface (0-15 cm) soil water early in
the growing season (i.e., April to May) before
native plants were active, and by extracting deep
(0-120 cm) soil water late in the growing season
(i.e., June to July) after natives had undergone
seasonal senescence. We found that 6'%0 values
of water in exotic annuals (e.g., -11.8 = 0.4 %, for
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Bromus tectorum L.) were similar to §'*0 values
of surface soil water (e.g., -13.3 +£14 9, at
—15 cm) suggesting that transpiration by these
species explained early season, surface water use
in exotic communities. We also found that §'*0
values of water in taprooted exotics (e.g.,
-17.4 + 0.3 9, for Centaurea diffusa Lam.) were
similar to 0'®0O values of deep soil water (e.g.,
-18.4 + 0.1 9, at =120 cm) suggesting that tran-
spiration by these species explained late season,
deep water use. The combination of early-season,
shallow water-use by exotic winter-actives and
late-season, deep water-use by taprooted peren-
nials potentially explains how exotic communities
resist establishment of native species that largely
extracted soil water only in the middle of the
growing season (i.e., May to June). Early season
irrigation or the planting of natives with estab-
lished root systems may allow native plant resto-
ration.

Keywords Centaurea diffusa - Gravimetric
water - Pseudoroegneria spicata - Soil-water
potential - Stable isotope

Introduction

Much of the semiarid landscapes in western

North America have been invaded by exotic
plants that appear capable of maintaining site
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dominance for decades (Kulmatiski In press;
Stylinski and Allen 1999). These invasions reduce
native species abundance and alter ecosystem
function, costing land managers billions of US
dollars each year (DiTomaso 2000; Sheley and
Petroff 1998). Because soil water limits plant
growth in arid and semi-arid regions, it has been
suggested that some exotic invaders succeed by
altering the timing, location, or extent of soil
water use (Dyer and Rice 1999; Holmes and Rice
1996). Differences in soil water use among native
plants have provided key insights into species
coexistence in native-dominated arid and semi-
arid environments (Ludwig et al. 2004; Williams
and Ehleringer 2000), but less is known about
water-use by exotic plants (Ewe and Sternberg
2002; Holmes and Rice 1996).

Winter-active annual grasses, non-native to
western North America, have been suggested to
inhibit the establishment of perennial natives by
exhausting surface soil resources early in the
growing season (Dyer and Rice 1999; Norton
et al. 2004; Sheley and Larson 1994). This alone is
not a satisfactory explanation for persistence in
annual-dominated communities because succes-
sional shifts from annual to perennial species are
well-documented in many ecosystems (Bonet and
Pausas 2004; Foster and Tilman 2000). It has also
been suggested that deep-rooted exotics may
exercise a ‘taproot advantage’ over native plants,
especially native grasses (Marler et al. 1999;
Roche and Roche 1998), because they access
water that native plants cannot access. This
advantage, for example, has been suggested for
members of the genus Centaurea, the knapweeds,
but rarely tested (Enloe et al. 2004). We
hypothesized that exotic communities comprised
of annual species that exhaust surface soil re-
sources and taprooted species that exhaust deeper
soil resources, prevent the establishment of na-
tives and promote their own persistence.

The temporal and spatial patterns of soil water
use by plants can be difficult to monitor, but
isotopic analyses of stem and soil water offer a
unique means of determining interspecific differ-
ences in soil water uptake (Ewe and Sternberg
2002; Williams and Ehleringer 2000). The tech-
nique involves comparing the ratio of isotopes of
oxygen (O) and/or hydrogen (H) in plant tissue
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with isotopic ratios in soil water (Dawson and
Ehleringer 1991; White et al. 1985). Under field
conditions, the technique has been used to dif-
ferentiate water use by different plant species
where two or more discrete source pools (e.g.,
saturated and unsaturated soils) are present (Ewe
and Sternberg 2002; Williams and Ehleringer
2000). Under laboratory conditions, the technique
has also been used to differentiate plant water use
of surface and deep unsaturated soil water
(Yamanaka and Yonetani 1999). In both cases,
the isotopic signatures of source pools can differ
because light isotopes evaporate more readily
than heavy isotopes. As a result, the *0/'°O and
the deuterium (D)/H ratios in soil water increase
with evaporative water loss (Gazis and Feng 2004;
Yamanaka and Yonetani 1999). Thus, in arid and
semi-arid regions, evaporation may produce an
isotopic profile with soil depth wherein surface
soil water is enriched in 80O and D relative to
deep soil water.

It may be possible, therefore, to determine the
depth of soil water used by a plant by comparing
the natural abundance of O and H isotopes (ex-
pressed as 0'®0 and 9D) in vascular water from
the plant to the natural abundance of O and H
isotopes in the soil. These measurements may be
susceptible to differences in evaporative losses or
transpiration rates among plant species, and to
hydraulic redistribution, but should be represen-
tative of water source pools used within one to
several days prior to sampling (Leffler et al. 2005;
Takahashi 1998; Webb and Longstaffe 2003).

Measures of the isotopic signatures of soil and
stem water can be used to determine the location
and timing of soil water used by individual plants
but cannot easily be used to determine the rela-
tive volumes of soil water used by plants or plant
communities. Relative soil water-use by different
plant communities can be estimated from changes
in gravimetric soil water storage over time. Soil
samples removed to determine gravimetric soil
water can also be used to determine root mass
and soil water tension.

In this study, we determined if soil water use by
exotic plants could potentially explain their suc-
cess relative to native plants. More specifically,
we determined: 1) the timing, depth, and amount
of water loss from soils in exotic and native
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communities using measures of gravimetric soil
moisture, 2) if soil water stable isotope ratios
changed with depth, and if so, 3) could differences
in these ratios be used to distinguish differences
in the depth and timing of water-use by the
dominant native and exotic species? A study area
was chosen that contains adjacent exotic and
native communities that are distinct and have
been persistent over decadal timescales (Kul-
matiski, In press).

Materials and methods
Study site and species

Research was conducted in a shrub-steppe eco-
system, Methow Valley, Washington (WA) (48°
37N, 107° 10'W) on the Newbon soil series
(coarse-loamy, mixed mesic Typic Haploxerolls).
Mean annual precipitation was 36 cm between
1909 and 2001. Precipitation is seasonal with
nearly 70% falling mostly as snow from October to
March (Fig. 1). The growing season typically
begins at the end of April and continues until
snowfall in mid- to late November, though most
native grasses and forbs are seasonally dormant
from late June until late April. Several exotic
species (i.e., Bromus tectorum L., Centaurea dif-
fusa Lam., Poa bulbosa L., Sissymbrium altissi-
mum L., and S. loeselii L.), that are able to
germinate in the fall or early spring, have invaded
the study area (Kulmatiski pers. obs.). Precipita-
tion was negligible during the study periods, April
through August 2002 and 2003 (Fig. 1). Calculated

Fig. 1 Average monthly 12 1 e PPT
precipitation between _
1903 and 1990 10{ —AVERAGE

(AVERAGE) and total
monthly precipitation
between 2002 and 2003
(PPT), Methow Valley,
WA, USA

Precipitation (cm)
[«

and observed rates of pan evaporation derived
from several meteorological stations in Washing-
ton State with similar climate ranged between 104
and 132 cm year' (Western Regional Climate
Center). The water table is between 30 and 130 m
below the soil surface, as suggested by the depth at
which water is pumped in active residential wells
near the study sites.

There were eight sites used in the study, each
consisted of paired tilled and never-tilled fields
with similar slope, aspect, and soil series. Tilled
fields had been abandoned from agricultural
production of alfalfa and wheat between 1955 and
1998. Sites were separated by 5 to 25 km and
located between 680 and 880 m in elevation. All
abandoned, tilled fields (henceforth, exotic) were
dominated by persistent, exotic plant communi-
ties and all never-tilled fields (henceforth, native)
were dominated by persistent, native-dominated
plant communities (Kulmatiski, In press). In June
2002, plant cover by species was determined in 60,
1-m” quadrats in each of the eight sites. Thirty
quadrats were placed in each exotic field and 30
quadrats were placed in each native field. Half of
the 30 quadrats in each field type were in tran-
sects that were 5 m and half were in transects that
were 50 m from the tillage boundary. Quadrats
were placed every 5 m in each transect. Plant
cover was measured as percent ground cover
determined from visual estimation. Visual esti-
mates of percent cover were verified with esti-
mates of plant cover determined from the
proportion of times a plant species was observed
to intersect 81 points regularly spaced within each
of 100 randomly selected quadrats. There was a
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strong correlation between estimates of species
cover determined from the visual estimation and
81-point grid techniques (R* = 0.95, P < 0.0001).
Data from visual estimates are reported.

Soil and plant isotope analyses

The dominant exotic and native species (C. dif-
fusa and Pseudoroegneria spicata Pursh, respec-
tively) were selected as focal species for the
determination of species-level water use. Five of
the eight sites were selected that demonstrated a
sufficient number of P. spicata in exotic fields and
C. diffusa in native fields to allow repeated,
destructive sampling of native and exotic indi-
viduals that were presumed to be within rooting
distance of one another (i.e., < 1 m). Sampling
locations within both field types were located
where at least three vigorous C. diffusa individ-
uals and one vigorous P. spicata individual could
be found within a 1-m* quadrat. This sampling
requirement was chosen because C. diffusa indi-
viduals were smaller and more abundant within
sampling areas than P. spicata individuals. For
both species, three to 10 subsamples of non-
transpiring tissues from either one or multiple
individual plants were collected from within 3 cm
of the soil surface and composited into a single
sample vial. In June 2003, non-transpiring tissues
were similarly collected from other common
species found within the 1-m? sampling area. For
all species, shallow, non-lateral roots and shoot
materials that were encased in dead leaf sheaths
or other non-photosynthetic materials were col-
lected. For annuals we were more careful to col-
lect from at or below the soil surface than we
were from larger, perennial species (i.e., shrubs).
It was not possible to produce a balanced sam-
pling design for non-focal species, because all
species were not present in all quadrats.

The isotopic composition of soil and plant
materials was determined in May and June in
both 2002 and 2003. During vegetation sampling a
new soil pit was dug in each field on each sam-
pling date. Samples were removed only from
freshly excavated soils to minimize fractionation.
Soil samples were removed from a range of
depths that were expected to include soil water
that was plant unavailable (e.g., soil water tension
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[¥] < -1.5 MPa) and plant available (e.g., ¥ >
-1.5 MPa). Samples were taken from depths of
15, 30, and 60 cm in May 2002; 10, 20, 30, 60, and
105 cm in May 2003; 15, 30, 60, 120, and 130 cm in
June 2002; and 15, 30, 45, 60, 120, and 130 in June
2003. In August, 2003, one field was sampled to
220 cm to estimate the isotopic signature of soil
water below the rooting zone. Snow samples were
collected from the three accessible sites in April
2003 to estimate the isotopic signature of source
water. Rainwater samples were collected from
leaves during a small rain event in May 2003.
Samples to be analyzed for §'%0 and dD were
immediately placed in 13 x 100 mm borosilicate
glass tubes, sealed with a rubber stopper, and
wrapped with Parafilm®. Sealed samples were
placed in a cooler with dry ice and delivered to a
freezer within 5 h. Samples remained frozen until
the sampled water was extracted by cryogenic
distillation from the sampled medium (i.e., plant
tissue or soil). Samples that did not maintain
vacuum pressure throughout the extraction pro-
cedure were discarded. Water extracts were
equilibrated with CO, and Cr reduction for the
analysis of stable O and H isotopes, respectively.
Equilibrated samples were analyzed at the Uni-
versity of Arizona Laboratory of Isotope Geo-
chemistry using a Finnigan Delta S mass
spectrometer. All isotope values are expressed in
delta notation () as the *0/'°O and D/H ratio
relative to a standard (Vienna standard mean
ocean water). For clarification, 6 = [(Rs./Rsa) —
1] x 1000 expressed as “‘parts per mil” or “%,”,
where R = the ratio of heavy to light isotope,
sa = sample, and std = standard. Analytical pre-
cision (20) was 0.08 %, for 5180 and 0.9 9, for 6D.

Fine-root biomass, gravimetric water,
and soil-water potential

Community-level patterns of water use were
determined using measures of fine-root biomass,
gravimetric water, and soil-water potential. Sam-
pling for these variables did not require the
existence of paired exotic and native individuals
in each field and, therefore, allowed sampling in
all eight sites during the first week in May, June,
and July 2003. During each sampling period, at
each site, soil pits were dug to 120 cm in the
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exotic- and native-dominated fields. Bulk soil
samples (200-400 g) were collected by hand at 15-
cm depth increments from each pit. A soil corer
was used to collect four additional samples from
the 0-15 cm layer at cardinal points 1 m from
each pit. Core samples were collected only in May
because soils in the 0-15cm depths were
extremely dry (i.e., ¥ < —15 MPa) in June and
July. In August 2003, an additional soil pit was
dug and sampled to 220 cm in exotic and native
fields at one site.

Each soil sample was immediately sealed in a
plastic bag. Within 10 h, samples were weighed
and placed in an oven to be dried to a constant
weight at 105°C. Oven-dried soils were
re-weighed and passed through a 2-mm mesh
sieve. Rock (> 2 mm) mass was subtracted from
wet and dry soil mass and percent moisture was
determined as total water mass loss/dry mass of
fine-soil material. Fine-roots were also removed
using the 2-mm mesh sieve. Fine-root biomass
concentration in the soil was determined as the
mass of oven-dried fine roots divided by the oven-
dried mass of fine-soil material. Particle size
analysis was then performed on sieved 40 g soil
sub-samples using the Bouyoucos hydrometer
method (Gee and Bauder 1986). Gravimetric
moisture and particle size distributions from each
sample were used to calculate the water potential
for each soil sample using the equation: ¥ = A
©", where W = water potential in kiloPascals
(kPa), A =expla+b(% clay) + c(% sand)
24+ d(% sand)*(% clay)] x 100, B =e + f(%
clay)? + g(% sand)?(% clay), © = volumetric soil
water content (m*/m’), and where a = —4.396,
b = -0.0715, ¢ = —4.880 x 107, d = —4.285 x 107,
e =-3.140, f = 222 x 107, and g = 3.484 x 107
(Saxton et al. 1986).

Gravimetric water contents were converted to
volumetric water contents by adjusting for the
bulk density of the fine materials. The bulk den-
sity of fine materials in 100 soil cores (4 cm
diameter and 15 cm length) had previously been
determined in exotic and native fields to be
1.18 Mg m~ (Kulmatiski, unpubl. data). Because
soil compaction appeared to increase greatly with
depth and because a dense till layer and the C
horizon occur between 45 and 60 cm (Lenfesty
1980), the bulk density of fine materials was

assumed to increase with depth to 1.23 Mg m™ in
the 15-60 cm strata and 1.28 Mg m™ in the 60+
cm strata (Heuscher et al. 2005). Thus, estimates
of soil-water tension were not determined di-
rectly; however, they provide unbiased estimates
of water tension for the comparison of exotic and
native fields.

Statistical analyses

To compare root mass, 5'80 and oD in soil water,
and gravimetric and volumetric soil water, we
considered the effects of plant community type
(exotic or native), soil depth, and their interac-
tions in May, June, and July (where applicable).
The effects of plant community type and depth
were assessed using an analysis of variance
(ANOVA). The plant community type factor was
evaluated in a randomized block design in which
each site was a block for two soil pits, one located
in an exotic field and the second in a native field.
The depth factor was evaluated as a repeated
measure; the covariance structure among depth
measurements within a pit was modeled using a
first-order autoregressive structure. Site and
interactions with site (site, site x depth, and si-
te x depth x plant community type) were used as
an error term resulting in 105 degrees of freedom:
7 from site, 49 from the site X depth interaction,
and 49 from the site X depth x plant community
type interactions. Tukey post-hoc pairwise com-
parisons (t-tests) were used to determine mean
differences. Differences in gravimetric moisture
between exotic and native fields were also deter-
mined using data from four replicate core samples
taken from around each pit using a one-way
ANOVA. Gravimetric soil moisture and the
concentration of root mass in the soil were arcsine
transformed prior to analyses to meet model
assumptions.

A two-way factorial ANOVA of a split-plot
design with whole plots in blocks was used to test
for differences in 6'*0 and oD values of plant
species by plant community type. A one-way
ANOVA was used to test for differences in 5'°O
and oD values of stem water among plant species.
Computations were made using Proc MIXED in
SAS/STAT Release 9.1.2. (SAS Institute, Cary,
North Carolina).
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Results
Vegetation cover

Total ground cover of vegetation in eight exotic
fields was 67 + 5% (mean + SE). The five most
abundant plant species in exotic-dominated fields
in descending order of abundance were C. diffusa,
a winter-active taprooted biennial forb; P. bulb-
osa, a winter-active perennial grass; B. tectorum, a
winter-active annual grass; Cardaria draba [L.]
Desv., a rhizomatous perennial forb; and S. al-
tissimum and S. loeselii, winter-active taprooted
annual/biennial forbs (Table 1). The five most
abundant species covered 38 + 4% of the ground
in exotic fields. Annual species accounted for
13 + 3% ground cover and perennials accounted
for 53 + 5% ground cover. Several exotic peren-
nial species began growth in the fall and early
spring at least one week prior to the dominant
native plant, P. spicata (Kulmatiski pers. obs.).
Early-season species, including winter-active
perennials and annuals, covered 42 + 6% of the
ground.

Total ground cover in eight native fields was
74 + 2%. The five most abundant plant species in
native fields were P. spicata, a perennial bunch-
grass; Balsamorhiza sagittata Pursh., a taprooted

perennial forb; Purshia tridentata Pursh., a shrub;
Lupinus arbustus Dougl. ex Lindl, L. aridis
Dougl., and L. caudatus Kellogg, a taprooted
perennial forb; and Artemisia tridentata Nutt., a
shrub (Table 1). These five species covered
56 + 3% of the ground in native fields. Annual
species accounted for 1 + 0% ground cover and
perennials accounted for 71 + 2% ground cover.
Early-season species, including winter-active
perennials and annuals, covered 7 + 2% of the
ground. Community composition has been re-
ported elsewhere for fields throughout the Met-
how Valley (Kulmatiski, In press).

Stable isotopes

Isotopic signatures of soil water differed among
depths, between exotic and native fields, and be-
tween May and June. With the exception of 6D in
June 2002 (Fig. 2G), soil water was isotopically
enriched in 6'®0 and D near the surface relative
to deeper soils at every sampling period (Fig. 2).
Soil water was also enriched in native fields rel-
ative to exotic fields in May 2003 (F 19 = 6.88,
P =0.017; Fy19 =573, P=0.027 for 60 and
oD, respectively; Fig. 2B and F). The same pat-
tern was present, but not significant in May 2002
(F1’14 = 055, P= 047, F1’14 = 148, P =0.24 for

Table 1 Mean isotopic ratios in stem water ( + SE) and mean ground cover (% = SE) for plant species that occurred in
quadrats sampled for C. diffusa and P. spicata, Methow Valley, WA, USA

Species! (Sample size)

Growth form 5180

oD Ground cover (%)
Native fields Exotic fields

Artemisia tridentata (3) Native perennial shrub —17.87 + 0.53 a> -147.63 +1.38a 4.4 + 2.1 0.0 £ 0.0
Balsamorhiza sagittata (12)  Native perennial forb  -17.71 + 048 a  -146.36 + 238 a 164 +3.9 0.0=x00
Cardaria draba (7) Exotic perennial forb  -17.49 + 0.92a -14620+4.75a 03 +0.2 5.6 4.1
Centaurea diffusa (40) Exotic biennial forb -17.43 £ 028a -14548 +1.68a 15=x0.8 18.1 +3.9
Eriogonum spp. (6) Native perennial shrub -17.03 £ 1.34a -14297 +6.57a 1.6 +0.7 04+03
Lupinus spp. (17) Native perennial forb  -16.80 + 0.80 a -141.63 +3.60a 4.4 +0.6 2307
Purshia tridentata (3) Native perennial shrub -16.63 = 0.76 ab -141.21 £3.65a 57 +2.1 0.0 £ 0.0
Sissymbrium spp. (2) Exotic biennial forb -1635 £ 042 ab -13411+344a 0302 26 £1.0
Stipa comata (4) Native perennial grass -15.35 + 0.48 ab -142.94 £ 3.06a 0.9 = 0.4 09 +04
Pseudoroegneria spicata (40) Native perennial grass -14.66 + 0.37 b -140.56 + 1.38 a 25.7 + 3.8 1.9 + 0.6
Lappula echinata (3) Exotic annual forb -1419 £ 0.76 bc  -12797 +596a 0.0 £ 0.0 0.8 £0.7
Bromus tectorum (3) Exotic annual grass -11.80 £+ 043 c -126.01 +344a 2.0=+13 6.6 £23
Poa bulbosa (2) Exotic perennial grass -929+013c¢c -130.69 +196a 23=x1.0 82 +32

! Species are listed in ascending order of §'® O values

2 Values in the same column followed by the same lower case letter are not significantly different at P < 0.05

All samples from June 2003, with the exception of samples from C. diffusa and P. spicata, which are from May and June,

2002 and 2003
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Fig. 2 6'%0 (A-D) and A. May 2002

oD (E-H) values (= SE) 5 180 (%)
of soil and plant water 22 18 14
sampled from 1-m? plots

B. May 2003

5180 (%q)
10 22 -18 14 -10

in exotic and native fields
in each of five sites in May
and June 2002 and 2003
(N =5 for each date).
The upper portion of each
panel shows the isotopic
composition of soil water
by soil depth in exotic
fields (solid lines) and
native fields (dashed
lines). The lower portion
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A i

00 and oD, respectively; Fig. 2A and E). In
2003, soil water became depleted of heavy iso-
topes (i.e., d values were more negative) between
May and June (Fig. 2B versus D and F versus
H)(F, 74 = 8.49, P =0.0047, Fy74 = 39.75,
P < 0.001, for "0 and 0D, respectively).

Stem water extracted from the dominant
invasive plant, C. diffusa, was depleted in 6'°0
relative to stem water from the dominant native
plant, P. spicata, in every month sampled: May
2002 (F1 g = 9.84, P = 0.014; Fig. 2A), June 2002,
(F15 =30.96, P < 0.001: Fig.2C), May 2003
(F15 = 35.85, P < 0.001; Fig. 2B), and June 2003

(F1 g = 25.03, P = 0.001; Fig. 2D). The 6D in stem
water demonstrated a similar pattern as §'%0, but
these differences were only significant in May and
June 2003 (F;5=14.97, P =0.0047, Fig. 2F;
Fi5=7.84, P =0.023, Fig. 2H). Stable isotope
ratios of stem water did not differ between exotic
and native fields (F;4=049, P=0.52,
Fi14 =0.62, P = 0.47; for C. diffusa and P. spicata,
respectively; Fig. 2).

Common plant species growing within 1 m of
the focal species were sampled in June 2003. Stem
water from these species differed in their 6'%0,
but not 6D values (Table 1). The native shrub,
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Fig. 2 continued E. May 2002 F. May 2003
& D (%) 5D (%)
A70 150 130 -110 90 470 -150 130 -110  -90
0O
a ° a
. -20 1 b >
b c i
401 -40
b w0 d w0 |§
£ =
8018 -80 { &
° a
-100 4 d -100 4
-120 4 -120 -
-140 - -140 -
y HH PSSP, native y PSSP, Native '_E
y Hh PSSP, exotic yz PSSP, Exotic —= ]
Yy = CEDI, native | z  CEDLNatve g
. z CEDI, Exoti
y —HH CEDI, exofic XU
G. June 2002 H. June 2003 ; ,
3 D (%) (%)
-170 -150 -130 -110 -90 -170 -150 -130 110 -90
: 0 O
2 -20 a -20
a b 40
-40 b
a -60 - E, b -60 - 5
804 & 80| 5
] [
Q a
-100 4 b -100 1
b
a -120 - b -120 4
a -140 -140
y H PSSP, native y —H PSSP, native
y HH PSSP, exotic yz HH PSSP, exotic
y HH CEDI, native yz = CEDI, native
y }—i—i CEDI, exotic z I—|—| CEDI, exotic

Artemisia tridentata, demonstrated the least
enriched 8'®0 values, while the exotic, winter-
active perennial grass, P. bulbosa, demonstrated
the most enriched 6'®0O values. Because this
sampling was performed in June, it was difficult to
locate annual and winter-active species that had
not senesced. As a result, though common on the
landscape, only two P. bulbosa and three B. tec-
torum individuals were sampled.

Mean isotopic composition of the three snow
water samples was —15.8 + 0.1%, for 4'0 and
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-124.6 £ 0.79, for oD. The three rain water
samples were enriched (-9.43 + 0.139%, for 6'*0
and -108.33 + 0.889%, for 0D) compared to the
snow samples and most soil water suggesting that
significant evaporation occurred during the storm
event. Local meteoric water lines reported for
western Washington and Montana (data not
shown), suggest that average source water for the
sites is comprised of 6'0 values between —21 and
-28, and 6D values between -160 and -194
(Corbin et al. 2005; Kendall and Coplen 2001).
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Fine-root mass, gravimetric water, water use,
and soil-water potential

Fine-root mass was lower in exotic than in native
fields (F;s=11.01, P =0.021; Fig.3) and
decreased with depth in both field types
(F7188 = 11.77, P < 0.001). Gravimetric soil mois-
ture was greater in May than June or July
(Fa320 = 384.65, P < 0.001; Fig. 4), greater with
depth (F732 = 52.57, P < 0.001), and greater in
exotic than native fields (F; ; = 5.52, P = 0.051). An
interaction between field type and month was found
(F2320 = 9.92, P < 0.001). To isolate the source of
this interaction, we tested for differences between
field types within each sampling month. There was
no effect of field type on gravimetric soil moisture
determined from pit samples in May (F;; = 0.42,
P = 0.54); however, estimates of gravimetric soil
moisture determined from replicate core samples
(0-15 cm) taken in May revealed that surface soils
in exotic fields were drier (0.14 + 0.01 g g™") than

Fine root concentration in soil (mg g'1)

0 2 4 6 8
0 T T T 1
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-100

Soil depth (cm)

-150 A

-200

-250

Fig. 3 Fine root biomass (= SE) with soil depth under
exotic and native fields determined from eight sites
sampled in May, June, July, and August, 2003, Methow
Valley, WA, USA (N = 8 for each date x depth combina-
tion except for depths below —120 cm which are from one
site)

surface soils in native fields (0.17 = 0.02 g g™)
(F17 =7.09, P = 0.045). In June, there was more
total soil moisture in exotic than native fields
(F17 = 8.58, P = 0.022), but, by July, this difference
had disappeared (F;7; = 0.63, P = 0.45).

Estimates of gravimetric water and soil parti-
cle-size distributions were used to determine the
water potential in soils in exotic and native fields
for each sampling period (Fig. 4). Across depths,
soils in exotic fields contained 73.74 + 3.02%
sand and 10.35 £ 2.71% clay; soils in native
fields contained 70.56 = 3.02% sand and
11.40 + 2.95% clay. There was no significant
difference in the sand or clay content between
soils in exotic and native fields (F;; = 2.84,
P =0.14; F;7 = 3.11, P = 0.12, for sand and clay,
respectively). Soil-water potentials did not differ
between exotic and native fields throughout the
growing season (F;; =4.47, P =0.072), but an
interaction between month and field type sug-
gested that there was a difference between field
types in at least one of the months sampled
(F2320 = 7.66, P < 0.001). Water potentials did
not differ between exotic and native fields in
May (F,7 =191, P =021) or July (F;7 = 1.68,
P =0.24), but there was a weak difference in
June when water potentials were greater in
exotic than native soils (F;7 = 4.91, P = 0.062).
Soil-water potentials were also greater with
depth (F73s4 =25.92, P < 0.001). By June, na-
tives had reduced soil moisture to greater depth
than exotics. For example, soil-water potential
was < —-1.5 MPa at depths < -50 cm in native
soils but at depths < —40 cm in exotic soils
(Fig. 4).

Measures of soil moisture were converted to
volumetric estimates of water storage (Table 2).
Volumetric estimates of water storage were then
used to calculate net soil water loss between
months. Soils under native plant communities lost
more water between May and June than soils
under exotic communities (Fjq19 = 13.23,
P < 0.001; Table 2). The opposite pattern
emerged between June and July: soils under
exotic communities lost more water than soils
under native communities (Fyq19 = 17.33,
P < 0.001). By the end of the growing season
(May through July), net water loss did not differ
between field types (Fy 117 = 0.22, P = 0.64).
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Gravimetric Soil Water (%)

Soil Water Potential (MPa)
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Fig. 4 Percent soil moisture (+ SE) and soil water
potential (+ SE) estimated for different soil depths (cm)
in (A) May, (B) June, (C) July, and (D) August 2003,

Discussion
Winter-active plants, such as the annuals, B. tec-
torum and Lappula echinata Gilib., and the

perennial P. bulbosa, covered 42 +2 % of the
ground in exotic fields, but only 7 + 1 % in native
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Methow Valley, WA, USA. Measurements were taken in
eight sites in May, June, and July, and in one site in August
(N = 8 for each date x depth combination)

fields. We predicted that this greater relative
abundance of winter-active plants in exotic fields
would result in faster transpiration rates and less
shallow soil water compared to native fields early
in the growing season (i.e., April to May). Al-
though gravimetric soil water determined from
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Table 2 Soil water storage (0-120 cm) and net soil water loss (NWL) in exotic and native fields in eight sites Methow

Valley, WA, USA

Soil water storage (cm) Net water loss (cm) WUE (g kg™
May June July May-June June—July May-July May-July
Exotic 2499 +286 1882 =+3.14a 1330+265 617+1.18b 552+157a 11.69+197 2.0
Native 24.15+287 1459+ 187b 1239+197 956+122a 220+144b 11.75+157 2.7

The NWL was calculated as the change in volumetric soil water in a soil stratum between two sampling periods. Net soil
water storage and loss values within a sampling period followed by a different lower case letter are significantly different at
the o = 0.05 level. Water use efficiency (WUE) was calculated from average standing biomass in ten fields Kulmatiski (In
press) divided by the net water loss from soils in those fields over a growing season (May-July)

pit samples taken the first week of May indicated
that winter precipitation equally recharged soil
water in exotic and native fields (Fig. 4A),
gravimetric soil water determined from a more
intensive sampling of shallow soils (0-15 cm),
using soil cores, revealed less soil water in exotic
(2.48 £ 0.18 cm) than native (3.01 = 0.36 cm)
fields. Drier surface soils in exotic fields early in
the growing season supported our prediction that
winter-active species common to exotic fields
would transpire soil water before plants in native
fields. Differences in heat loading, precipitation,
or snowmelt between exotic and native fields
could explain the presence of dry soils in exotic
fields, but we attempted to minimize this effect by
selecting fields that were adjacent and had similar
slopes and aspects.

Soil moisture data from the core samples,
therefore, showed that shallow soils in exotic
fields were drier earlier in the growing season
than shallow soils in native fields. We used mea-
sures of the stable isotopes in plants and soils to
identify the plant species that used shallow soil
water and the plant species that used deep soil
water. Several winter-active species, common to
exotic fields, (e.g., Bromus tectorum, L. echinata,
and P. bulbosa) had the most enriched 6'%0 val-
ues compared to all other plants (Table 1) sug-
gesting that these species used a larger proportion
of the more enriched shallow soil water than
other species (Stratton et al. 2000). Although
these winter-active species were sampled only at
the beginning of June, it is likely that species that
use shallow soil water in June will also use shal-
low soil water in April and May. Species that
demonstrated enriched 6'%O values also demon-
strated enriched 6D values, however, greater

variance in 6D values decreased the power of
statistical tests to distinguish differences in 6D
values among plant species.

Additional evidence further supports the con-
clusion that species with enriched isotopic values
were active earlier in the growing season than
species with depleted isotopic values. Plants with
enriched 6'®0 values in stem water are likely to
access water early in the growing season because
enriched soil water did not appear to be readily
plant available by the June or July sampling dates
(e.g., water potentials were < —1.5 MPa; Fig. 4).
Furthermore, although total root mass was lower
in exotic than native communities (Fig. 3), the
proportion of fine roots in the top 15 cm of soil
was greater in exotic fields. Specifically, 53 + 3 %
of fine-root biomass was located in the top 15 cm
of soil in exotic fields, whereas 38 = 4 % of fine-
root biomass was located in the top 15 cm of soil
in native fields, showing that exotics dedicate a
larger proportion of root mass to resource
extraction closer to the soil surface than from
deeper soils, as has been observed in other studies
(Holmes and Rice 1996).

It is possible that evaporation from growing
tissues was greater in winter-active species than in
other species (i.e., heavily suberized perennials).
Greater evaporation in winter-active species could
explain isotopic enrichment of stem water in these
species; however, we attempted to address this by
sampling only non-photosynthetic, non-transpir-
ing tissues. Furthermore, species composition,
phenology, soil moisture, stem water isotopic val-
ues, and fine-root distributions all suggested that
winter-active plants common to exotic fields
transpired shallow soil water before plants in na-
tive fields.
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However, not all exotics were winter-active
species with isotopically enriched stem water.
Stem water in the dominant exotic, C. diffusa, was
consistently isotopically depleted relative to the
dominant native, P. spicata (Fig. 2). In May 2003,
for example, 6'*0 and 6D values of C. diffusa
stem water were similar to the values of soil water
at —25 cm. At the same time, 6'°0 and 6D values
of P. spicata stem water were similar to the values
of soil water at —-10 cm. Because differences in
0'80 and D values between shallow and deeper
soils were insufficiently large to be used in two or
three pool mixing models (Phillips and Gregg
2003), the results can only be interpreted to sug-
gest that C. diffusa was accessing soil water across
a range of soil depths, the average isotopic com-
position of which was similar to soil water at —
25 cm. However, the results clearly suggest that
the range of depths from which C. diffusa ac-
cessed soil water was comprised of a higher pro-
portion of deeper soil water than P. spicata. The
rooting morphologies of these species are con-
sistent with these uptake patterns. Centaurea
diffusa, a taprooted forb, demonstrated isotopi-
cally depleted values relative to P. spicata, a
bunchgrass.

The change in soil-water storage between the
first week in May and the first week in June
suggested that more water was evapotranspired
from native (9.6 +1 cm) than from exotic
(6.2 +1cm) during that four-week period
(Table 2). Long-lived perennials are less common
in exotic than native plant communities in this
(Kulmatiski, In press) and other ecosystems
(Corbin and D’Antonio 2004; Sheley and Petroff
1998). Perennials, which can utilize extensive,
lignified, and deep root systems (Fig. 3), could be
expected to rapidly extract large volumes of soil
water from throughout the soil profile and
therefore explain soil water loss in native fields.
The 6'®0 and 6D values could not be used to
determine the volume of water extracted by
different plant species but did suggest that rapid
water use in native communities resulted from a
combination of relatively shallow soil water use
by P. spicata and relatively deep soil water use
by other native species, such as B. sagittata
(Table 1). It is important to note, however, that
although P. spicata appeared to rely on shallow
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water relative to other species in native com-
munities, it appeared to rely on deeper soil wa-
ter relative to the winter-active species common
to exotic fields (Table 1). Species composition,
phenology, soil moisture, stem-water isotopic
values, and fine-root distributions, therefore,
suggest that, between the May and June sam-
pling periods, the assemblage of plant species
common to native fields transpired soil water
from throughout the soil profile before plants in
exotic fields.

By July, most forbs and grasses had senesced
and annuals had completed their life cycles
(Kulmatiski pers. obs.). Only C. diffusa in exotic
fields and some shrub species (e.g., A. tridentata)
in native fields appeared to be photosynthetically
active. It has been suggested that late season
growth of C. diffusa and related species could be
explained by a ‘taproot advantage’ (i.e., by
accessing deep soil water reserves that may not
be available to native species) (Enloe et al. 2004;
Sheley et al. 1998). The 6'®0 values suggested
that C. diffusa accessed a higher proportion of
deep soil water than the dominant bunchgrass, P.
spicata, but not other common native perennials
(e.g., B. sagittata). More importantly, measures
of gravimetric moisture revealed that deep soil
water was more abundant in exotic fields. The
success of C. diffusa, therefore, appeared to de-
rive from the ability to grow in exotic commu-
nities where shallow soil water is rapidly
evapotranspired early in the growing season, but
where deep soil water is relatively abundant later
in the growing season. Centaurea diffusa may
exercise a ‘taproot advantage’, but this advantage
appeared to derive from the ability of C. diffusa
to grow among winter-active species and not its
ability to access deep soil water that is unavail-
able to native species.

Plant phenologies and water-use patterns pro-
vide potential explanations for the presence of
exotic- and native-dominated communities on the
landscape. More specifically, we suggest that
winter-active species in exotic fields inhibit the
establishment of native species because exotic
species begin to exhaust shallow soil water
reserves several weeks before native plants ger-
minate and become photosynthetically active
(Kulmatiski pers. obs.). We hypothesize that the
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combination of shallow, early-season water-use
by winter-active species and deep, later-season
water-use by taprooted species (i.e., C. diffusa)
can explain poor establishment and growth,
respectively, of native species in exotic fields. In
native fields, which were dominated by perennial
species, plants rapidly (Fig. 4) and efficiently
(Table 2) used soil water from throughout the soil
profile in May (i.e., prior to the June sampling).
We hypothesize that this rapid and efficient
water-use helps explain the failure of most exotic
plants to invade native fields. In support of this
hypothesis, Kulmatiski (In press) found that only
the winter-active species P. bulbosa invaded
native fields over decadal timescales: taprooted
exotics were largely unable to invade native fields.

It should be possible to test whether the com-
bination of phenologies found in exotic fields
explains the success of exotic species by selec-
tively removing winter-active species or tap-
rooted species. Alternatively, if exotic success is
dependent on early-season water-use by winter-
active species, a watering treatment could be
used to remove this advantage. Similarly, we
would predict that native grass establishment
would improve in years with abundant spring
moisture. If access to soil water is critical for
plant success in this semi-arid system, then our
data suggest that it should be possible to restore
native plants to exotic fields by encouraging
native plant root access to soil water that is lo-
cated below the rooting zone of winter-active
species. This is because, once established, native
plants appear to be superior competitors for the
soil water resource (Table 1). Native plant res-
toration, however, will require large manage-
ment efforts, either by transplanting natives with
well-established root systems, by intensively
removing short-lived competitors, or by irrigat-
ing until native plants establish deep root
systems.
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