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Abstract Community composition in semi-arid eco-
systems has largely been explained by water avail-
ability; however, nitrogen is a common limiting
nutrient, and may be an important control on plant
function and carbon uptake. We investigated nitrogen
relations and photosynthesis of several dominant
species at shallow groundwater sites in Owens Valley,
California. We measured soil nitrogen (N) availability,
leaf N and isotopes, water isotopes, and gas exchange
of dominant shrub species Atriplex torreyi and
Ericameria nauseosa and grass species Distichlis
spicata throughout the summer season in three sites
that had similar watertable depths, but that varied in
community composition and N availability. Surface
soil inorganic N was greatest at the grassland site and
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declined from June to September at all sites. Leaf N
declined throughout the season in all species, and was
correlated with soil inorganic N. Photosynthesis of
A. torreyi remained relatively constant throughout the
season. In contrast, D. spicata and E. nauseosa
experienced seasonal declines in photosynthesis at
sites with greater inorganic N availability. Leaf N was
significantly correlated with photosynthesis in D.
spicata across all sites and measurement periods.
Controls on N cycling are likely to be an important
determinant of photosynthesis of D. spicata in this
region.

Keywords Atriplex torreyi - Distichlis spicata -
Ericameria nauseosa - Great Basin Desert -
Nitrogen relations - Photosynthesis

Introduction

Owens Valley, California has been an important
source of water for the city of Los Angeles for
nearly one hundred years. Located in the rain-
shadow of the Sierra Nevada in the Great Basin
Desert, the wvalley receives only 130 mm of
precipitation on average per year, approximately
80% of which falls during winter months (Inyo
County Water Department 2006). However, spring
and summer snow melt from the adjacent mountain
ranges annually recharges groundwater throughout
the valley, resulting in relatively shallow watertable
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depths. Subsequently, many plant communities con-
tain phreatophytic, groundwater dependent species.
Recent studies have suggested that lowering of the
water table caused by groundwater pumping and
diversion of water to Los Angeles has led to decreases
in live plant cover, primarily in groundwater depen-
dent grasses and phreatophytic shrubs (Elmore et al.
2003, 2006; Griepentrog and Groeneveld 1981).

Most studies of species distribution in the region
have focused almost exclusively on the role of water
availability in influencing the abundance of shrubs
versus grasses (Elmore et al. 2003, 2006; Griepentrog
and Groeneveld 1981; Groeneveld and Or 1994,
Groeneveld et al. 1994; Naumburg et al. 2005;
Sorenson et al. 1991). However, within a given
watertable depth, community composition can be
extremely variable, suggesting that other factors such
as soil nutrients may play a critical role in plant
function and distribution. In particular, nitrogen (N) is
a highly limiting resource in arid ecosystems (Hadley
and Szarek 1981) that is also an important determi-
nant of ecosystem processes (Drenovsky and
Richards 2006; James and Richards 2007; James et
al. 2005; McLendon and Redente 1992; Pataki et al.
2005). In semi-arid ecosystems, N mineralization is
greatly limited by shallow soil moisture and occurs in
pulses following rain events (Bilbrough and Caldwell
1997; Cui and Caldwell 1997). While groundwater is
abundant in Owens Valley, there is little summer
growing season precipitation. Therefore, there is a large
decline in soil moisture in the upper soil layers during the
growing season (Carbone et al. 2008; Steinwand et al.
2006) that likely limits N mineralization.

Although N availability in semi-arid ecosystems is
pulse-driven, the ability to take up N following
precipitation events varies greatly among species in
these systems (Bilbrough and Caldwell 1997; Gebauer
and Ehleringer 2000; James and Richards 2006; James
et al. 2006; Snyder et al. 2004). In a study involving
Great Basin shrub species, the deep rooted Ericameria
nauseosa (formerly Chrysothamnus nauseosus) was
the only species to have an increased growth response
to a summer precipitation event (Snyder et al. 2004).
Studies within Owens Valley have documented inter-
annual variability in plant productivity and cover
coinciding with interannual variability in precipitation
patterns, even when plants have adequate access to
groundwater (Groeneveld et al. 1994; Sorenson et al.
1991). While these results have not been explicitly
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linked to N availability, they suggest that there may be
an ecologically important relationship between shallow
soil water, soil N availability, and plant growth.

Soils in Owens Valley tend to be saline and both
halophytic and glycophytic species are common. We
have shown previously that grasses in the central
Owens Valley near Bishop, CA utilize shallow,
isotopically enriched sources of water, unlike neigh-
boring shrubs which appear to rely on groundwater
when water tables are within 3 m of the surface
(Pataki et al. 2008). In that study, grasses exhibited
similar leaf N concentrations and isotopic composi-
tion as glycophytic shrubs, but halophytic shrubs
showed higher concentrations of leaf N. In particular,
the halophytic shrub Atriplex torreyi showed high
concentrations of leaf N that were isotopically
enriched relative to other species. Isotopically
enriched leaf N corresponded to isotopically enriched
soil N in the shallow surface soil associated with high
rates of gaseous N losses (Pataki et al. 2008). Atriplex
torreyi appears to have a competitive advantage in N
uptake in the saline upper soil layers — where N
availability is generally higher than deeper in the soil
profile — that may influence its patterns of growth
and distribution. However, seasonality in N uptake
and its relationship to carbon uptake was not
evaluated in that study.

In this study, we measured temporal changes in
plant and soil water and N relations during the growing
season to compare species and evaluate the effects of
changing resource availability on photosynthesis. We
hypothesized that as soil moisture declines during the
growing season, soil inorganic N availability will
decline, with different consequences for N uptake and
photosynthesis among grass and shrub species. We
expected that the halophytic shrub Atriplex torreyi
would have relatively constant leaf N throughout the
season, since this species appears to have a compet-
itive advantage in N uptake in saline soils. In contrast,
we expected that leaf N in the halophytic grass,
Distichlis spicata, and glycophytic shrub species,
Ericameria nauseosa, would decline over the season.
Consequently, we hypothesized that leaf N and
carbon uptake would remain constant throughout the
season for Atriplex torreyi, but would decrease for
Distichlis spicata and Ericameria nauseosa. An
overall goal of this study is to add an understanding
of plant N relations to the growing understanding of
the role of water availability in influencing plant
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distributions and community structure in this hydro-
logically and ecologically important region.

Materials and methods
Study sites

Three sites with similar depth to watertable (DTW)
near Bishop, California were chosen along a grassland
to shrubland gradient. Detailed site descriptions are
given in Pataki et al. (2008). Briefly, the grassland site
had an average DTW of 1.5-2 m throughout the 2006
sampling period, and was composed predominantly of
grass species, including Distichlis spicata, Sporobolus
airoides, and Leymus triticoides. The intermediate site
had an average DTW of 1.5-2 m throughout the 2006
sampling period, and was composed of both grass and
shrub species. The shrubland site had an average
DTW of 1.8-2 m throughout the 2006 sampling
period, and was dominated by shrubs with very low
grass cover. The dominant species for both the
intermediate and shrubland sites were the shrubs
Atriplex torreyi, Ericameria nauseosa, Sarcobatus
vermiculatus, and the grasses Distichlis spicata and
Sporobolus airoides. We chose these sites to control
for groundwater depth while varying the relative
abundance of shrubs and grasses.

Measurements in this study focused on Atriplex
torreyi (S. Wats.), Ericameria nauseosa (Pall. ex
Pursh), and Distichlis spicata (L.) Greene. A. torreyi
is a C4, winter deciduous, halophytic shrub known to
be a successful competitor in both water stressed and
non-water stressed environments (Naumburg et al.
2005). E. nauseosa, formerly known as Chrysothamnus
nauseosus, is a winter deciduous, C; phreatophytic
shrub that depends predominantly on groundwater
(Donovan and Ehleringer 1994; Leftler et al. 2004).
When the watertable drops below the rooting zone, .
nauseosa is susceptible to significant dieback and
mortality (Toft 1995). Finally, D. spicata is a C,
perennial halophytic grass commonly found in salt
marshes and areas with relatively shallow watertables
(Dahlgren et al. 1997; Elmore et al. 2006).

Soil inorganic N measurements

In June and September 2006, soil samples were
collected at each site by combining a composite of

three subsamples from 0—15 cm depth underneath 3
individuals of each shrub species and in 3 grass
dominated intershrub spaces. Soil samples were
immediately chilled at 4°C until extracted with 2M
KCI and analyzed for ammonium and nitrate colori-
metrically. In addition, in situ soil inorganic N
availability was determined in August using 3-5
2.5 x 5 cm cation and anion resin strips under 3
individuals of each shrub species and in 3-5 relatively
open areas (GE Infrastructure Water & Process
Technologies, Watertown, MA), placed in the top
5 cm of the soil profile for 5 days. Resin strips were
extracted with 2M KCI and analyzed colorimetrically
for ammonium and nitrate concentration.

Leaf isotope and nitrogen measurements

In June 2005 and in three intervals from June to
mid September 2006, fully expanded sun leaves in
the upper canopy from 3-5 individuals of each
species, including the co-occurring halophytic shrub
Sarcobatus vermiculatus, were collected and dried at
approximately 65°C for at least 48 h. Dried leaves
were ground to a fine homogenous powder and
analyzed for leaf carbon (C), nitrogen (N), and
nitrogen stable isotope composition (§'°N) using an
elemental analyzer coupled to an Isotope Ratio Mass
Spectrometer (Delta Plus IRMS, Thermofinnigan,
San Jose, CA) at the University of California, Irvine.
Nitrogen isotope ratios were expressed in common &
notation and referenced to the atmospheric standard
with a precision of 0.16 %o.

Plant/soil water isotopic measurements

In three intervals from June to mid September 2006,
3-5 non-green shrub stems and grass rhizomes from
each species from each site were collected, stored in
vacutainers sealed with parafilm, and immediately
chilled in coolers in the field until frozen in the lab.
Samples remained frozen until water was extracted
with cryogenic vacuum distillation (West et al.
2006). Extracted water was frozen until analyzed for
oxygen isotopic ratio (5'%0) using a thermal conver-
sion elemental analyzer (TC EA, Thermofinnigan,
San Jose, CA) coupled to an Isotope Ratio Mass
Spectrometer (Delta Plus XP, Thermofinnigan, San
Jose, CA) after Gehre et al. (2004). Similarly, soil
samples were collected in three intervals from mid
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June to mid September 2006. Augers were used to
extract soil from 3 cores at ~10-20 cm depth intervals
from 5-200 cm below the soil surface. Groundwater
samples were collected from 11 wells located
throughout the Owens Valley from Bishop to Inde-
pendence. Samples were collected in vacutainers,
frozen until water extraction, and analyzed for §'*O.
Oxygen isotope measurements were expressed in
common 0 notation and referenced to V-SMOW
within a precision of 0.19 %o.

Physiological measurements

Photosynthesis was measured on 3-5 individuals of
A. torreyi, E. nauseosa, and D. spicata at the three
sites in June and August of 2005, and in six week
intervals throughout the summer growing season from
mid June to mid September in 2006. Measurements
were made between the hours of 10:30 and 14:30
with a portable gas exchange system (L16400, Licor,
Inc, Lincoln, NE) at saturating light conditions (1500
umol'm %s~! photosynthetically actively radiation),
vapor pressure deficit of 3.5-5 kPa, and ambient
temperature (generally ~37°C). After each measure-
ment, the measured shoot or leaf blades were
harvested and the area of fresh leaves was measured
(ImageJ software, NIH, Bethesda, MD) to express
photosynthesis on a leaf area basis. Predawn water
potential was measured on 3-8 individuals at each site
during the same intervals in 2006 with a Scholander-
type pressure chamber (Soil Moisture Equipment
Corp., Santa Barbara, CA).

Data analysis

All data were analyzed using SAS 9.1.3 software
(SAS Institute Inc., Cary, NC). Comparisons of
measurements among sites and months were ana-
lyzed using the general linear model for Analysis of
Variance or the t-test procedure, based on number
of groupings. Post-hoc tests were conducted using
the Tukey Standardized Range Test, and homoge-
neity of variance was tested using Levene’s Test.
Relationships between measurements were analyzed
using simple and multiple regressions. Differences
among slopes were tested using the ANCOVA
procedure. Relationships with p<0.05 were consid-
ered significant, and p < 0.1 were considered
marginally significant.
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Results

A trend of decreasing soil KCl extractable inorganic
N from June to September 2006 was evident under all
species at all sites, with significant declines in
inorganic N under D. spicata in the grassland and
shrubland sites, and under E. nauseosa in the
intermediate site (Fig. la, p<0.05). Inorganic N
concentrations were generally greater in soils from
grassland and intermediate sites than the shrubland
site (p < 0.0001). In addition, the percentage of
inorganic soil N in the form of ammonium was
greatest in the grassland and lowest in the intermedi-
ate site (Fig. la, p < 0.0001). Percent ammonium did
not change during the season under any species or at
any site with the exception of 4. torreyi in the
shrubland, where percent ammonium increased during
the season (p < 0.05). There were no overall species
differences in either ammonium or nitrate availability
as measured with resin strips (p>0.1). Nitrate avail-
ability did not vary by site (p<0.05), but ammonium
availability was greater under D. spicata in the
shrubland versus the intermediate site (p < 0.05).

Declines in soil inorganic N from June to September
were consistent with an overall decrease in leaf percent
N over the 2006 season for all species and sites except
A. torreyi in the intermediate site and D. spicata in the
shrubland site (Fig. 1b, p<0.05). Differences in leaf
percent N among sites were apparent in June for both
D. spicata and E. nauseosa. Leaf N in D. spicata was
greater in both the grassland and intermediate sites
than in the shrubland site (Fig. 1b, p < 0.001).
Likewise, percent leaf N in E. nauseosa was greater
in the intermediate site than the shrubland site
(Fig. 1b, p < 0.05). Leaf N of all species, including
the halophytic shrub Sarcobatus vermiculatus, was
correlated with leaf §'°N during each sampling
period; this relationship was strongest when leaf N
was expressed as C:N ratio rather than leaf percent N
(Fig. 2, p<0.05). The slope of this relationship was
greater in September than in June (ANCOVA, p <
0.05), with the non-halophytic shrub species and the
halophytic grass species showing larger declines in
leaf N late in the growing season than the two
halophytic shrub species (Fig. 2).

We utilized the isotopic composition of stem
water, soil water, and groundwater to evaluate the
seasonality of plant access to shallow and deep soil
water. Groundwater oxygen isotopes ranged from
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ammonium under each species at each site in July (J) and
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—15.0 to —17.0%0, or —16.2%0 on average (Fig. 3).
The isotopic composition of soil water was similar to
groundwater at depths exceeding approximately 35,
65, and 200 cm in the grassland, intermediate, and
shrubland sites, respectively, with large enrichments
at the soil surface (Fig. 3). The isotopic composition
of soil water at all depths did not change throughout
the season in the grassland site. Deeper soil water
from 50 — 200 cm in the intermediate site was more
isotopically enriched midway through the season than
early in the season, and soil water at 50 — 100 cm in the
shrubland site was more isotopically enriched early in
the season than late in the season (Fig. 3, p<0.05). D.
spicata thizome water in the shrubland site was more
enriched in August after a rain event in late July. E.
nauseosa stem water became increasingly enriched
over the season in the intermediate site (Fig. 4, p <
0.05), and the isotopic composition of 4. torreyi stem
water did not vary significantly with time in either site
(Fig. 4, p>0.1).

Overall, Atriplex torreyi showed the most negative
predawn water potentials, particularly at the interme-
diate site (Fig. 5, p<0.05). For all other species and

in 2006. Error bars show one standard error (n varies from 3 to
5 replicates). Asterisks show significant differences among sites
at «=0.05
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Fig. 2 Leaf C:N versus leaf nitrogen isotope ratio (5'°N) for
dominant glycophytic shrub (Ericameria nauseosa — white
symbols), halophytic grass (Distichlis spicata — black symbols)
and halophytic shrub (Atriplex torreyi (light gray symbols),
and Sarcobatus vermiculatus (dark gray symbols)) species in
all sites in 2006 (June (circles), r’=0.24, p<0.01; August
(squares), ’=0.30, p<0.01; September (diamonds), r>=0.31,
p<0.01)). Regression lines are shown for each month. The slope
for June is significantly different than for September (p<0.05)
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sites, values remained less negative than —2 MPa.
Water potential did not vary significantly among sites
or sampling periods for either shrub species or
grasses, with the exception of A. forreyi in August,
when predawn water potentials were lower in the
intermediate site (Fig. 5, p < 0.01).

Leaf level photosynthesis was generally higher
in the grass species D. spicata in comparison to the
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two shrub species (Fig. 6). Photosynthesis of A.
torreyi was relatively low and constant throughout
the season and did not differ between sites or over
the season in either 2005 or 2006 (p>0.1). Photo-
synthesis of E. nauseosa was also relatively low and
constant over the season in 2006; however, photo-
synthesis of E. nauseosa in 2005 was greater at the
intermediate than the shrubland site early in the
season, and significantly decreased from June to
August in the intermediate site (Fig. 6, p<0.05).
There was a marginally significant trend of greater
grass photosynthesis at the grassland site than the
shrubland site early in the season in both 2005 and
2006 (Fig. 6, p < 0.1). After the June measurement
period, photosynthesis in the grassland site dropped
significantly in both 2005 and 2006 (p < 0.05), while
at the intermediate and shrubland sites grass photo-
synthesis remained low and relatively constant
throughout the season (Fig. 6).

Total leaf N was positively correlated with inorganic
N availability across species and sites (*=0.34, p<
0.05). However, when species were analyzed individ-
ually, only D. spicata showed a significant relationship
(p < 0.05). Leaf percent N was also positively
correlated with photosynthesis in D. spicata when data
from all sites in both 2005 and 2006 were combined
(*=0.51, p<0.01). No relationship between leaf N and
photosynthesis was observed for the other species (p>
0.1). Photosynthesis was not correlated with stem
water isotopes or predawn water potential for any
species or site (p > 0.1).

Discussion

N availability differed among sites, and seasonal
declines in soil available inorganic N were associ-
ated with similar declines in plant leaf N. All
species showed adequate water availability over the
season, and photosynthesis was not correlated with
soil water availability or stem water isotopic
composition. In sites with greater N availability,
D. spicata and E. nauseosa showed seasonal declines
in photosynthesis, but photosynthesis was only
correlated with N availability in D. spicata. These
results indicate that in sites where groundwater is
accessible, N serves as a strong control on the
photosynthetic activity of D. spicata during the
summer.
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Differences in soil resources among sites

The grassland site had more soil organic N than
either the intermediate or shrubland sites (Pataki et
al. 2008) and more KCI extractable soil inorganic N
than the shrubland site (Fig. 1a). A trend of seasonal
decreases in soil inorganic N was apparent under all
species at all sites, indicating that soil N availability
decreased over the season. Shallow soil moisture
affects nitrogen mineralization rates, and soil texture
is an important control on soil water holding ability
and evaporation. The grassland and intermediate site
soils are composed predominately of silt, while the
shrubland soil texture is sandy (Pataki et al. 2008).
The larger spaces between sand particles inhibit
capillary movement of groundwater, contributing to
differences in both soil moisture and soil water
isotopic values with depth. Although all sites had
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—a— Shrubland

r -
s 4 o
M6 | O
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groundwater. Error bars show one standard error (n varies from
3 to 5 replicates). Asterisks show significant differences among
sites at «=0.05

similar water table depths (1.5-2 m), 5'%0 of water
within the soil profile differed significantly among
sites (Fig. 3). For example, soil water in the
grassland site was isotopically lighter at shallower
depths than the other sites, and soil water at the
shrubland site was enriched throughout much of the
profile relative to the other sites. Drainage of
precipitation through the upper soil profile was
likely greatest at the sandy shrubland site. In
addition, areas with low vegetative cover, such as
the exposed soil in the intershrub spaces at the
shrubland site, tend to experience greater soil water
evaporation (Noy-Meir 1973) and subsequent en-
richment of remaining soil water. Recently, Carbone
et al. (2008) reported greater soil moisture at the
grassland site compared to the shrubland site at
depths up to 35 cm. In that study, soil volumetric
water content in these two sites declined over the
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Fig. 5 Predawn water potential (MPa) of grass and shrub species in the grassland, intermediate, and shrubland sites in 2006. Error
bars show one standard error (n varies from 3 to 8 replicates). Asterisks show significant differences among sites at «=0.05
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spring and early summer until mid July, when it
remained relatively constant (Carbone et al. 2008).

Plant seasonal N status

Because A. torreyi is likely able to access large
inorganic N pools in surface soil (Pataki et al. 2008),
we didn’t expect to see seasonal declines in leaf N in
A. torreyi. However, all species showed declining leaf
N at all sites with the exception of marginal declines
in A. torreyi in the intermediate site, and constant low
seasonal leaf N in D. spicata in the shrubland site
(Fig. 1b). In addition, D. spicata and E. nauseosa in
the shrubland site had significantly less leaf N than
plants in the intermediate and grassland sites
(Fig. 1b). Soil inorganic N was lowest at the shrub-
land site compared to the other two sites, and these
two species may not have been able to access the
larger N pools in the surface soil. A caveat is that leaf
N is expressed in this study on a mass basis. While it
is not likely that specific leaf area declined during late
summer due to an increase in leaf thickness, we
cannot rule out this possibility.

Declines in leaf N are consistent with seasonal
declines in soil KCI extractable inorganic N (Fig. 1a).
Seasonal reductions in leaf N may have been due to
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plant N resorption, which is common in these species
(Aerts 1996; Carrera et al. 2003; Drenovsky and
Richards 2004, 2006), or increases in N use efficiency.
However, we showed previously that leaf N and leaf
nitrogen isotopes were strongly correlated at these sites
(Pataki et al. 2008). In this study, we found that the
slope of this relationship increases throughout the
growing season, due predominately to the increase of
leaf C:N in E. nauseosa late in the season and the
isotopic enrichment of leaf N in both the shrub F.
nauseosa and the grass D. spicata (Fig. 2). A likely
explanation is that gaseous N loss via ammonia
volatilization, nitrification and denitrification causes
progressive 5'°N-enrichment of remaining soil inor-
ganic N, and subsequently plant N during the growing
season (Billings et al. 2002, 2004; Robinson 2001).
The increase in leaf C:N in E. nauseosa late in the
season indicates that continued C fixation without
additional inputs of N caused a shift in leaf stoichiom-
etry, consistent with constant rates of photosynthesis
despite declining N availability.

Plant seasonal water status

All species likely had adequate access to groundwater
at all sites during the study period. Grasses in this
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region are expected to have a maximum rooting depth
of 2.5 m, and shrubs are thought to have rooting
depths that extend beyond that of neighboring grasses
(Elmore et al. 2006). Depth to groundwater remained
within 2 m throughout the summer at each site. The
isotopic composition of root water in D. spicata
indicated that grasses utilized isotopically enriched
shallow soil water to a larger extent than the shrub
species (Fig. 4). This is consistent with assumptions
about the rooting depths of grasses vs. shrubs and
similar to previous measurements (Pataki et al. 2008).
Plant water source remained relatively constant over
the season for all species, with the exception of stem
water enrichment in D. spicata in the shrubland site
after a rain event in August, and seasonal enrichment
of stem water in E. nauseosa in the intermediate site
(Fig. 4). Enrichment in D. spicata in August is likely
due to utilization of more shallow soil water from
precipitation. Desert shrub species are generally less
responsive to summer rain events than herbaceous
species; in particular, phreatophytic species tend to
respond very little, if at all, to summer monsoons
(Donovan and Ehleringer 1994; Ehleringer et al.
1991). E. nauseosa has previously been found to be
unresponsive to summer precipitation (Donovan and
Ehleringer 1994; Ehleringer et al. 1991; Flanagan et
al. 1992; Lin et al. 1996; Pataki et al. 2008). The
seasonal stem water isotopes of E. nauseosa and A.
torreyi indicate deep water use throughout the season,
and do not show any large seasonal changes in soil
water source (Fig. 4).

None of the species showed evidence of increased
water stress over the season (Fig. 5). Generally, 4.
torreyi exhibited the most negative predawn water
potentials of the three species. Water potential of 4.
torreyi in August was more negative in the interme-
diate site than in the shrubland site (Fig. 5). However,
predawn water potential measurements for the species
in this study may not be an accurate measure of soil
water availability. In halophytic species such as D.
spicata and A. torreyi, osmotic potentials may play an
important role in the overall plant water potential
(Donovan et al. 2001). The large differences between
sites in A. torreyi in August may be due to osmotic
effects, as the soil in the intermediate site is more
saline than at the shrubland site (Pataki et al. 2008). In
addition, E. nauseosa has often been shown to exhibit
disequilibrium between predawn plant and soil water
potential due to several mechanisms including night-

time transpiration, solute loading, and hydraulic lift
(Donovan et al. 1999, 2001, 2003). Nevertheless,
these measurements are useful indicators that there
were not large seasonal changes in water availability
during the study. The lack of correlation between
water sources and photosynthetic rates supports this
conclusion.

Photosynthesis

Because both D. spicata and E. nauseosa have
previously been shown to utilize deeper and smaller
pools of soil N, we expected seasonal declines in leaf
photosynthesis in both of these species. Photosynthe-
sis of D. spicata decreased over the season in the
grassland site in both 2005 and 2006, but did not
change in either the intermediate or shrubland site
(Fig. 6). It is unclear why there was a seasonal change
in photosynthesis only in the grassland site, consid-
ering that soil inorganic N and leaf N were similar in
both the grassland and intermediate site. However, it
is possible that there was inadequate shallow soil
water availability in the intermediate site, as D.
spicata has previously been found to be co-limited
by shallow soil water and N (James and Richards
2005). Leaf N was correlated with photosynthesis in
D. spicata when both years were combined, and leaf
N was correlated with total soil organic N in 2006,
suggesting that nutrient availability may be a strong
control on D. spicata photosynthesis during the
summer period. Previous studies have shown that
establishment of perennial grasses is favored at higher
concentrations of inorganic N than necessary for
neighboring shrubs (Bisigato and Bertiller 1999;
Carrera et al. 2003; Van Auken 2000).
Photosynthesis of E. nauseosa declined in the
intermediate site in 2005, but remained constant in
the intermediate site in 2006 and in the shrubland site
in both 2005 and 2006 (Fig. 6). There was no
correlation between photosynthesis and N availability,
suggesting that leaf N concentrations were greater
than the requirements for photosynthesis, perhaps
because other nutrients were limiting. In previous
studies in Owens Valley, E. nauseousa has been
shown to be phosphorus limited when water is
available (Drenovsky and Richards 2004, 2006).
Photosynthesis in A. torreyi was predicted to
remain constant throughout the season, due to
adequate access to soil inorganic N pools. Indeed,
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seasonal photosynthetic rates in this species did not
change in either site in 2005 or 2006 (Fig. 6). As
with E. nauseosa, there was no correlation between
photosynthesis and N availability, possibly indicat-
ing that carbon uptake was not limited by N
availability. We also observed relatively high leaf N
concentrations associated with the most isotopically
enriched leaf N in A. torreyi. This species may be
well adapted for N uptake in the shallow, isotopical-
ly enriched surface soils (Pataki et al. 2008). Recent
demographic studies in Owens Valley indicate that
the relative abundance of 4. torreyi may be increas-
ing (Manning 2006). The results from this study
suggest that an expansion of A. torreyi cover is
consistent with a greater ability to extract soil
surface N at sites with relatively large gaseous N
losses, in addition to greater rooting depth and
salinity tolerance in this species.

Conclusions

In this study, soil inorganic N availability declined
during the growing season. Measurements of N
availability and leaf N were correlated with photo-
synthesis in the grass D. spicata, but not in the shrub
species A. torreyi or E. nauseosa. Seasonal declines in
photosynthesis were observed in D. spicata and E.
nauseosa, but only in the sites with greater soil
inorganic N. Leaf N in all species declined throughout
the season in conjunction with decreasing soil
inorganic N. This relationship was significant for D.
spicata across all three sites. The distribution of D.
spicata is consistent with this trend, as the grass-
dominated site was associated with the greatest soil N
availability. Further studies are needed to better
understand the controls and limitations of photosyn-
thesis in A. forreyi, which was fairly constant both in
space and in time, despite large differences in N
availability across sites. However, our results suggest
that in this shallow groundwater ecosystem, N
availability may be an important control on photo-
synthesis of D. spicata.
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