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ABSTRACT

Productivity of aridland plants is predicted to in- fold higher under elevated CO, in the wet year
crease substantially with rising atmospheric carbon (1998) and 1.32-1.43-fold higher after the third
dioxide (CO,) concentrations due to enhancement year of reduced rainfall (2001). Instantaneous WUE
in plant water-use efficiency (WUE). However, to was also higher in shrubs grown under elevated
date, there are few detailed analyses of how intact CO,. The timing of peak canopy development did
desert vegetation responds to elevated CO,. From not change under elevated CO,; for example, there
1998 to 2001, we examined aboveground produc- was no observed extension of leaf longevity into the
tion, photosynthesis, and water relations within dry season in the deciduous species. Similarly, sea-
three species exposed to ambient (around 38 Pa) or sonal patterns in CO, assimilation did not change,
elevated (55 Pa) CO, concentrations at the Nevada except for Larrea. Therefore, phenological and
Desert Free-Air CO, Enrichment (FACE) Facility in physiological patterns that characterize Mojave
southern Nevada, USA. The functional types sam- Desert perennials—early-season lags in canopy
pled—evergreen (Larrea tridentata), drought-decid- development behind peak photosynthetic capacity,
uous (Ambrosia dumosa), and winter-deciduous coupled with reductions in late-season photosyn-
shrubs (Krameria erecta)—represent potentially dif- thetic capacity prior to reductions in leaf area—-
ferent responses to elevated CO, in this ecosystem. were not significantly atfected by elevated CO,.
We found elevated CO, significantly increased Together, these findings suggest that elevated CO,
aboveground production in all three species during can enhance the productivity of Mojave Desert
an anomalously wet year (1998), with relative shrubs, but this effect is most pronounced during
production ratios (elevated:ambient CO,) ranging years with abundant rainfall when soil resources
from 1.59 (Krameria) to 2.31 (Larrea). In three be- are most available.

low-average rainfall years (1999-2001), growth

was much reduced in all species, with only Ambrosia Key words: Ambrosia dumosa; desert productivity;
in 2001 having significantly higher production un- elevated carbon dioxide; Krameria erecta; Larrea
der elevated CO,. Integrated photosynthesis (mol tridentata; Mojave Desert; photosynthesis; water-
CO, m~? y ') in the three species was 1.26-2.03- use efficiency.
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atmospheric concentrations of carbon dioxide
(CO,) (Drake and others 1997; Nowak and others
2004a). Nonforest terrestrial ecosystems (that is,
deserts, tundra, grasslands, and savannas) account
for approximately 36% of the global carbon (C)
budget (Allen-Diaz and others 1996), and although
deserts alone occupy nearly one-third of the ter-
restrial biosphere (Noble and others 1996), their
productivity is among the lowest of any ecosystem
type (Smith and others 1997). Even so, deserts are
predicted to be among the most responsive ecosys-
tem types to elevated CO, due to improved water-
use efficiency (WUE, Melillo and others 1993).

Studies of plant responses to elevated CO, have
revealed inconsistent enhancement in plant
growth parameters due to annual fluctuations in
water availability and temperature (Drake and
others 1996; Koch and Mooney 1996, Owensby
and others 1996) and age-related responses
(Hattenschwiler and others 1997; Idso 1999). Ele-
vated CO, reduces stomatal conductance in some
desert perennials (Nowak and others 2001), which
may ease water stress and promote increased
growth. The water savings realized through re-
duced conductance under elevated CO, could in-
crease leaf area and extend the growing season in
water-limited regions (Strain and Bazzaz 1983),
making desert ecosystems potentially less ““surface-
limited”” in terms of leaf area (Smith and others
1997). However, adequate inputs of precipitation
necessary for growth are highly variable from year
to year in desert systems. Moreover, when suffi-
cient rainfall does occur, enhanced demand for
other resources may elicit new limits to plant pro-
duction, such as nutrient limitations (Romney and
others 1978; Smith and others 1997).

The timing of phenological events in the Mojave
Desert is driven largely by precipitation and tem-
perature (Ackerman and Bamberg 1974; Beatley
1974; Turner and Randall 1987; Esler and Rundel
1999). Prior phenological work has also shown that
water, nitrogen (N), and temperature interact to
influence leaf demography and morphology of
woody perennials in North American deserts
(Cunningham and others 1979; Nilsen and others
1986; Lajtha and Whitford 1989). Deciduous desert
shrubs typically have early-season phenological
constraints on C gain because canopy development
often lags behind peak photosynthetic performance
(Comstock and others 1988), whereas later in the
growing season, water-stress—induced reductions in
photosynthetic capacity occur prior to reductions in
leaf area and thus result in physiological constraints
on productivity (Comstock and Ehleringer 1986).
Evergreen species may also show similar lags in leaf

development and photosynthetic performance after
precipitation inputs as well as in stress-induced
reductions in C assimilation as soil moisture de-
clines (Cunningham and others 1979; Lajtha and
Whitford 1989). However, phenological constraints
for evergreen shrubs may be less than that of
deciduous shrubs because the former are more
drought tolerant and retain leaves that can respond
immediately to unpredictable precipitation. Thus,
individual species and functional types may re-
spond quite differently to elevated CO, due to dif-
ferences in phenological responses to water
availability (Kemp 1983; Turner and Randall 1987)
and inherent physiological differences in the ability
to concentrate CO, at the site of carboxylation
(Bowes 1993).

We examined how the productivity of woody
perennials in the Mojave Desert responds to ele-
vated CO, as a function of infrequent and
unpredictable precipitation inputs that character-
ize this ecosystem. We focused on three species of
shrubs that differ in seasonal phenology, exam-
ining new shoot production, leaf area, and pho-
tosynthetic gas exchange over 4 years during a
long-term CO, experiment at the Nevada Desert
Free-Air CO, Enrichment (FACE) Facility. Be-
cause plant growth is not CO, saturated under
current atmospheric concentrations, we hypothe-
sized that elevated CO, would increase photo-
synthesis as a result of greater WUE, leading to
enhanced leaf area and aboveground production
(Hypothesis 1). Due to known enhancements in
WUE under elevated CO,, we hypothesized the
stimulatory effects of elevated CO, on relative
plant production (elevated:ambient CO,) would
be greatest in drier years when water was most
limiting (Hypothesis 2). Phenologically, we
hypothesized that retention of leaf area into the
dry season is greater under elevated CO, as a
consequence of prolonged water availability
resulting from the enhancement of WUE
(Hypothesis 3). Water availability is vital to our
predictions, because year-to-year variability in
precipitation is expected to strongly interact with
CO, to affect gas exchange, nutrient availability,
and productivity. We therefore tested these
hypotheses over a 4-year period of one high
rainfall year followed by three relatively dry
years.

METHODS

Research was conducted at the Nevada Desert
FACE Facility (NDFF) located within the Nevada
Test Site, southern Nevada, USA (36°49'N,
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115°55'W, 965-970 m elevation). Three shrubs
common to this ecosystem were chosen: Larrea
tridentata (evergreen), Ambrosia dumosa (drought-
deciduous), and Krameria erecta (winter-decidu-
ous). We sampled naturally occurring individuals
within three ambient (37.9 £ 1.4 Pa CO,) and
three elevated CO, plots (set point: 55.0 Pa; mean:
54.4 + 3.2 Pa at temperatures >4°C). Each plot is
25 m in diameter and surrounded with a plenum
and 32 riser tubes that deliver ambient or elevated
[CO,] air; an additional three ambient plots lacking
the CO, delivery system act as blower controls. We
found no significant difference between the ambi-
ent-air and blower control plots for any of the
parameters measured, so we present only data on
the former. Adult shrub densities for Larrea,
Ambrosia, and Krameria in the plots are 0.05, 0.11,
and 0.04 plants m™?, respectively. For a complete
site description, including species composition,
density, cover, and the FACE delivery system, see
Jordan and others (1999).

Aboveground morphological attributes were
measured on three marked shoots per shrub for
three shrubs per species per plot. Permanent marks
were placed near a shoot terminus prior to the start
of the growing season using a nontoxic permanent
marker. For each marked shoot, shoot diameter,
length (from the mark to shoot tip, including any
side branches), and leaf number were recorded
every 2—-4 weeks during the active growing season.
Growth data (diameter + length) were converted to
measures of shoot biomass via regressions derived
from shoots harvested during gas-exchange cam-
paigns. Separate length versus biomass regressions
were used for elevated and ambient CO, grown
plants.

For each marked shoot, we calculated peak and
total annual leaf area development during a wet
(1998) and dry (2001) year based on leaf counts,
using the relationship of leaf number to leaf area
created from stems harvested during gas exchange
campaigns. To determine the percent of maximum
yearly canopy development at each sampling per-
iod, we divided the leaf area of each stem at each
sampling period by the maximum leaf area for that
stem in that year, and we plotted these data as the
percent of maximum leaf area using plot means.
Detailed seasonal patterns are not reported for the
intervening very dry years (1999, 2000) due to
extremely low production in these years (see Smith
and others 2000).

Over the 1998 and 2001 growing seasons, diur-
nal gas exchange was measured at biweekly to
monthly intervals on one stem per shrub for three
shrubs per species within a single ambient and

elevated CO, plot. Because of the time required to
access the pivoting walkways in each plot—see
Jordan and others (1999) for a description of these
walkways—we could not conduct multispecies di-
urnals on all six plots, resulting in psuedoreplica-
tion for this set of measurements.

Instantaneous WUE for each species x CO,
treatment was calculated using the ratio of pho-
tosynthesis to stomatal conductance at 0900
hours because of the strong correlation between
daily integrated photosynthesis and midmorning
photosynthetic rates (Naumburg and others
2003). We estimated annual photosynthetic car-
bon assimilation (mol CO, m™ y~') by plotting
mean daily integrated photosynthesis (Ag,y) val-
ues and integrating the area under each curve for
each species X CO, treatment. These data gave us
a single estimate for each species under ambient
and elevated CO, from which we then calculated
the relative enhancement ratio (elevated:ambient
CO,) of annual photosynthesis under elevated
CO,.

Statistical Analyses

We examined the main effects and interactions of
CO,, species and year using mixed-model analysis
of variance (ANOVAs), (SAS Institute, Cary, NC,
USA). Annual aboveground production was tested
from 1998 to 2001 using plot means (# = 3 plots
per CO, treatment, consisting of n = 3 plants per
species per plot and n = 3 shoots per plant). Due
to brief growing seasons in 1999 and 2000, peak
and total leaf area, leaf [N], and WUE data were
tested across a relatively wet (1998) and dry
(2001) year only, using plot means for peak and
total leaf area from all plots and n = 3 plants per
species for a single plot for leaf [N] and WUE data
collected from the diurnal gas exchange mea-
surements. For each species, we also analyzed
canopy development (that is, annual leaf area
development) during 1998 and 2001, using CO,,
date, and their interaction as model effects. When
overall significant differences were found, we used
Tukey-Kramer post hoc tests (Sokal and Rohlf
1997) to compare means. All data were checked
for violation of statistical assumptions and appro-
priately transformed if necessary. Due to high
inherent variability at this desert site, we report
P < 0.10 as significant. For photosynthetic
enhancement ratios, because each species had
only a single value for annual photosynthesis at
ambient and elevated CO,, we could not statisti-
cally analyze this parameter as we could other
variables and thus only report the ratio.
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Table 1. Hydrologic Year Precipitation for the Nevada Desert Free-Air CO, Enrichment (FACE) Facility and
Percent of Long-term Mean Precipitation for Each Year

Hydrologic Total Precipitation Pre- growing Growing Post-growing Mean Soil

Year (mm) Season Season Season Moisture (%)
1998 309 (239%) 135 (44%) 107 (35%) 7 (22%) 6.6 (4.2-8.9)
1999 107 (83%) 7 (16%) 7 (44%) 3 (40%) 5.1 (4.9-5.5)
2000 8 (76%) 6 (57%) 4 (24%) 8 (18%) 6.3 (5.6-6.9)
2001 102 (79%) 0 (69%) 6 (16%) 6 (16%) 5.6 (3.9-7.7)

Total precipitation from October 1 of the preceding year to September 30 of the year is shown.
Also shown is precipitation during the pre-growing season (October 1-February 28), growing season (March 1-June 30), and post-growing season (July 1-September 30), with

percent of hydrologic year rainfall in parentheses.

Mean site soil moisture and seasonal range of soil moistures at 0 — 0.5 m (in parentheses) during the year are from Nowak and others 2004b.

REsuLTS
Annual Variations in Precipitation

The 1998 growing season was characterized by an
exceptionally wet El Nino year, with 2.4-fold
higher rainfall than the long-term average (129
mm); it was followed by three below-average
rainfall years that were 76-83% of the long-term
mean (Table 1). The 1998, 2000, and 2001 hydro-
logic years (that is, October 1 of the preceding year
to September 30 of that year) had the typical sea-
sonal precipitation pattern, with the greatest per-
centage of rainfall occurring during the fall and
winter time period that precedes the time of major
growth for perennials. In the 2001 hydrologic year,
70% of the precipitation was received before
March. In contrast, 1999 was an exceptionally dry
pre-growing season, with only 17 mm of rainfall
during the first 5 months of the hydrologic year
(Table 1). Soil volumetric moisture in the surface
50 cm (TDR) as well as surface 1.85 m (neutron
probe) depth profiles did not significantly differ
between ambient and elevated CO, plots over the
course of our study (Nowak and others 2004b), so
we report overall site means only (Table 1).

Plant Production

For all three shrub species in 1998, and Ambrosia in
2001, new shoot production under elevated CO,
was significantly greater than that under ambient
CO, (Figure 1, Table 2). For example, during the
wet year (1998), mean peak biomass production for
Larrea was 244 and 562 mg shoot™' at ambient and
elevated CO,, respectively; for Ambrosia, 22 and 48
mg shoot™! at ambient and elevated CO,, respec-
tively; and for Krameria, 29 and 45 mg shoot™" at
ambient and elevated CO,, respectively (Figure 1).
In the subsequent, below-average rainfall years
(1999-2001), all shrubs had much smaller incre-
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Figure 1. Cumulative shoot production of Larrea triden-
tata (top), Ambrosia dumosa (middle), and Krameria erecta
(bottom) from 1998 to 2001 at the Nevada Desert FACE
Facility. Open bars represent ambient CO,; filled bars
represent elevated CO,. Error bars represent = 1 SE.
Asterisks indicate significantly greater production under
elevated CO, at P < 0.10. Note different ordinate scales.
Due to sampling constraints, Krameria was not measured
in 1999 and 2000.

ments of growth, and some individuals lost biomass
through abscission of smaller stems, resulting in a
significant CO, X year interaction (Table 3). Still,
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Table 2. Relative Enhancement Ratios (Elevated: Ambient CO,) for Aboveground Production, Peak and
Total Leaf Area Produced Per Measured Shoot, Leaf Nitrogen Concentration, Annual Integrated CO,
Assimilation, and Average Instantaneous Water-use Efficiency (WUE) for Three Shrub Species at the Nevada
Desert FACE Facility during Above- (1998) and Below-average (2001) Rainfall Years

Species Year Production Peak Leaf Area Leaf Area Leaf Nitrogen content Photosynthesis WUE
Larrea tridentata 1998 2.31 2.96 1.18 0.91 1.26 1.38
2001 1.31 0.93 0.92 0.87 1.37 1.80
Ambrosia dumosa 1998 2.22 1.00 1.06 0.92 2.03 1.23
2001 1.64 1.24 1.28 0.81 1.32 1.76
Krameria erecta 1998 1.59 1.60 1.10 0.79 1.42 1.40
2001 1.57 1.58 1.33 0.94 1.43 1.33

Instantaneous WUE values are from measurements reported in Naumburg and others (2003) and were determined during the day at 0900 hours because photosynthetic rates
at that time were highly correlated with daily integrated photosynthesis.

Table 3. ANOVA Results for Aboveground Production of Three Shrub species during 4 Years at the Nevada
Desert FACE Facility

Main Effects and Interactions df F P

[CO,] 1, 37 5.60 0.0233
Species 2, 37 42.93 <0.0001
Year 3, 37 45.20 <0.0001
Species X CO, 2,37 0.46 0.6378
Year x CO, 3, 37 2.80 0.0532
Year x Species 4, 37 25.38 <0.0001
Year X Species x CO, 4, 37 0.81 0.5271

Shown are degrees of freedom (df), F-ratios, and level of significance (P < 0.10 in boldface type).

new shoot production was significantly greater in Ambrosia under elevated versus ambient CO,; in
Ambrosia under elevated CO, in 2001 (mean peak 2001 peak leaf production was 24% greater in
biomass production = 21 and 33 mg shoot™' at Ambrosia, 58% greater in Krameria, and not signif-
ambient and elevated CO,, respectively; Figure 1), icantly different in Larrea at elevated CO,. Al-
and Ambrosia had greater growth than Larreaq, though Larrea had the highest peak leaf production
resulting in a significant species X year interaction during 1998 and lowest during 2001, resulting in a
(Table 3). Furthermore, relative aboveground pro- significant species X year interaction, Krameria and
duction ratios (that is, aboveground production at Ambrosia ditfered in peak leaf production by [CO,],
elevated CO, divided by that at ambient CO,) were, resulting in a significant species x CO, interaction
with only one exception (Ambrosia in 1999), stim- (Table 4). Larrea showed the greatest relative
ulated under elevated CO, regardless of annual enhancement in total annual leaf area production
rainfall (Table 2). Overall, elevated CO, resulted in during the high rainfall year, whereas Ambrosia and
a 1.59- to 2.31-fold enhancement across the three Krameria had greater total annual leaf area
species in aboveground production during 1998, enhancement in a relatively low rainfall year
whereas biomass enhancement in 2001 was smal- (Table 2). Similar to peak leaf production, total
ler, ranging from 1.31 in Larrea to 1.64 in Ambrosia annual leaf area production had significant species
(Table 2). X CO, and species X year interactions (Table 4).
Enhancement of leaf area production under Leaf number per unit stem length showed a
elevated CO, was inconsistent with that of shoot recurring pattern in Ambrosia, where for every year
production, indicating that some enhancements in except 1999 individuals had significantly lower leaf
aboveground production were due to increased numbers per unit stem length under elevated CO,
stem rather than leaf production. Peak leaf pro- (3.7 and 2.6 leaves cm™' stem length in ambient

duction in 1998 was 2.96-fold greater in Larrea, versus elevated CO,, respectively; P < 0.05), indi-
60% greater in Krameria, and not different in cating the greater aboveground production in 1998
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Table 4. ANOVA Results for Peak and Total Leaf Area, Leaf Nitrogen Content, and WUE for Three Shrub
Species during 1998 and 2001 at the Nevada Desert FACE Facility

Main Effects and Interactions df F P
Peak Leaf Area [CO3] 1, 24 24.48 <0.0001
Species 2,24 17.58 <0.0001
Year 1, 24 55.02 <0.0001
Species x CO, 2,24 15.40 <0.0001
Year x CO, 1, 24 0.27 0.6050
Year x Species 2,24 69.55 <0.0001
Year x Species X CO, 2,24 1.67 0.2102
Total Leaf Area [CO3] 1, 24 67.95 <0.0001
Species 2,24 130.16 <0.0001
Year 1, 24 22.13 <0.0001
Species x CO, 2,24 84.01 <0.0001
Year x CO, 1, 24 0.24 0.6319
Year x Species 2,24 16.09 <0.0001
Year x Species X CO, 2,24 0.32 0.7287
Leaf Nitrogen Content [CO5] 1, 165 15.00 0.0002
Species 2, 165 22.54 <0.0001
Year 1, 165 18.88 <0.0001
Species X CO, 2,165 0.02 0.9773
Year x CO, 1, 165 0.01 0.9115
Year X Species 2, 165 8.77 0.0002
Year x Species X CO, 2, 165 1.03 0.3598
WUE [CO,] 1, 42 29.78 <0.0001
Species 2,42 13.71 <0.0001
Year 1, 42 62.23 <0.0001
Species x CO, 2,42 0.18 0.8333
Year x CO, 1, 42 1.66 0.2044
Year x Species 2,42 7.70 0.0014
Year X Species x CO, 2,42 0.93 0.4031

Shown are (df), F-ratios, and level of significance (P < 0.10 in boldface type).

and 2001 at elevated CO, was due to greater stem
production. Larrea under elevated CO, had fewer
leaves per unit stem length in April 2000 (6.0 and
4.6 leaves cm™' stem length in ambient versus
elevated CO,, respectively; P < 0.05), but this dif-
ference disappeared by May (4.6 and 4.2 leaves
cm™! stem length in ambient versus elevated CO,,
respectively; P > 0.10). No other species showed
significant differences in this variable.

Leaf Nitrogen Content, Canopy
Development, and Gas Exchange

Leaf N content per unit mass was significantly
greater under ambient versus elevated CO,
(Table 4). All three species significantly differed in
leaf N, with highest mean values in Ambrosia,
intermediate values in Larrea, and lowest values in
Krameria. Years also significantly differed, with
higher leaf N content in the dry (2001) versus wet

(1998) year. A significant species X year interaction
resulted from increased leaf N in Ambrosia and
Krameria in 2001, whereas Larrea showed no
change. In 1998, leaf N values were 2.43 and
2.20% (Larrea), 2.36 and 2.16% (Ambrosia), and
1.92 and 1.52% (Krameria) in ambient and elevated
CO,, respectively. In 2001, leaf N values were 2.37
and 2.07% (Larrea), 3.45 and 2.79% (Ambrosia),
and 2.22 and 2.08% (Krameria) in ambient and
elevated CO,, respectively.

Canopy development for all three shrubs during
relatively wet (1998) and dry (2001) years generally
were not significantly different between ambient
and elevated CO, treatments (Figures 2, 3). We
found no significant CO, x time interaction for
Larrea canopy development in 1998 (Figure 2;
P > 0.10), and development of canopy leaf area for
ambient CO, paralleled that for elevated CO,, with
both treatments peaking in October 1998. In 2001,
timing of peak canopy development also did not
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Figure 2. Canopy development, as percent maximum
leaf area per shoot, for three shrub species at the Nevada
Desert FACE Facility during a relatively wet year (1998):
Larrea tridentata (top), Ambrosia dumosa (middle), and
Krameria erecta (bottom). Open circles represent ambient
CO,; filled circles represent, elevated CO,. Error bars rep-
resent = 1 SE. Shown at bottom are precipitation events
during the hydrologic year. Note: Mean peak leaf area for
shoots measured under ambient and elevated CO,,
respectively, were 14.1 and 41.7 cm? (Larrea), 1.7 and 1.7
2 (Ambrosia), and 2.0 and 3.2 cm? (Krameria).

differ between ambient-CO, and elevated-CO,
grown Larrea (Figure 3; P> 0.10), with peak canopy
development occurring in May. Due to constraints
imposed by sampling multiple species within a gi-
ven time period, Ambrosia canopy development was
not measured during the main portion of the 1998
growing season, but late-season canopy develop-
ment did not differ by CO, or the CO, X time
interaction (Figure 2; P > 0.10). In 2001, peak
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Figure 3. Canopy development, as percent maximum
leaf area per shoot, for three shrub species at the Nevada
Desert FACE Facility during a relatively dry year (2001).
All legends are as in Figure 2. Shown at botfom are pre-
cipitation events during the hydrologic year. Note: Mean
peak leaf area for shoots measured under ambient and
elevated CO,, respectively, were 1.4 and 1.3 cm? (Lar-
rea), 2.1 and 2.6 cm® (Ambrosia), and 1.2 and 1.9 cm?
(Krameria).

canopy development in Ambrosia occurred in April
and did not significantly differ in its timing between
CO, treatments (Figure 3; P> 0.10), and there was
also no significant CO, X time interaction on canopy
development (P > 0.10). In 1998, timing of peak
canopy development did not differ in Krameria by
CO, treatment, although a CO, x time interaction
indicated that the 37% greater canopy leaf area at
ambient versus elevated CO, during July and
August was significant (Figure 2). In 2001, we



Desert Productivity at Elevated Carbon Dioxide 381

found no significant difference in canopy develop-
ment for Krameria between CO, growth environ-
ments (Figure 3).

Integrated photosynthesis during 1998 averaged
53.6 and 67.8 mol CO, m™? y~! for ambient- and
elevated-CO, grown Larrea, respectively, indicating
a 26% enhancement of annual CO, assimilation at
elevated CO, (Table 2). In the below-average
rainfall year of 2001, integrated photosynthesis in
Larrea averaged only 27.1 and 37.0 mol CO, m™?
y~! for ambient and elevated CO, plants, respec-
tively. However, the greater disparity in integrated
photosynthesis between CO, treatments during the
drier year resulted in a 37% enhancement in an-
nual CO, assimilation at elevated CO,. Integrated
photosynthesis in Ambrosia during 1998 averaged
20.6 and 41.7 mol CO, m > y~' at ambient and
elevated CO,, respectively, resulting in an approx-
imate two fold enhancement in carbon assimilation
at elevated CO,. As with Larrea in 2001, Ambrosia
in both CO, treatments in 2001 showed reduced
annual CO, assimilation (18.9 and 25.1 mol CO,
m~ 2y !, respectively). Krameria in 1998 had inte-
grated photosynthesis values of 28.0 and 39.9 mol
CO, m™2 y ! at ambient and elevated CO,
respectively, indicating a 42% enhancement in
annual photosynthesis at elevated CO, (Table 2).
Annual CO, assimilation in Krameria during 2001
was also reduced in both CO, environments (17.6
and 25.2 mol CO, m~? y !, respectively), but it had
a similar enhancement at elevated CO, to that
during 1998 (Table 2).

In all species, we previously reported diurnal C
assimilation was higher under elevated versus
ambient CO,, and photosynthetic rates at 0900
hours (peak daily rate) were strongly correlated
with daily integrated photosynthesis (Naumburg
and others 2003). Instantaneous WUE at 0900
hours was significantly higher under elevated ver-
sus ambient CO, (Table 3) as a result of both higher
CO, assimilation and lower conductance, the latter
of which occurred only in Larrea during periods of
relatively high soil moisture. WUE was also signif-
icantly greater during a relatively low (2001) ver-
sus high (1998) rainfall year, and differed by
species, with both Larrea and Krameria having
higher WUE than Ambrosia. A significant species X
year interaction resulted from a greater absolute
increase in overall WUE for Krameria versus Larrea
in 2001. The enhancement ratios (elevated:ambi-
ent CO,) for WUE were considerably higher during
2001 versus 1998 for both Larrea and Ambrosia,
whereas the summer-active Krameria showed little
difference in WUE enhancement ratios between
years (Table 2).

Discussion

It has been well documented that elevated atmo-
spheric CO, can enhance plant WUE (Bazzaz 1990;
Bowes 1993), leading to predictions that future
CO, concentrations will reduce water limitations
and enhance net primary production in water-
limited ecosystems (Mooney and others 1991;
Melillo and others 1993). Increased productivity
under elevated CO, has been found in many eco-
system types (Nowak and others 2004a), including
forests (DeLucia and others 1999; Norby and others
2002), grasslands (Owensby and others 1996), and
deserts (Smith and others 2000). However, the
duration of this enhancement is highly variable,
lasting from only a few years in arctic vegetation
exposed to a step-change increase in [CO,] (Oechel
and Vourlitis 1996), to decades in evergreen oaks
exposed to a mnatural high [CO,] source
(Hattenschwiler and others 1997). Yearly changes
in abiotic factors (for example, water and nutrient
availability) can also contribute to variability in
plant productivity under elevated CO, (Loustau
and others 2001). Likewise, biotic factors such as
invasive species and anthropogenic activities (for
example, grazing or soil disturbance events) may
interact with atmospheric CO, concentration to
alter productivity, especially in dry ecosystems
(Belnap 1995; Smith and others 2000; Ehleringer
2001). At the Nevada Desert FACE Facility over a
4-year period, we found elevated CO, increased C
assimilation rates, aboveground growth, and WUE
in desert shrubs as hypothesized. However, con-
trary to our second hypothesis, the greatest relative
increases in these variables were not in dry years,
when we expected that enhancements in WUE
would have been greatest (Table 2).

In the high rainfall year (1998), we found sig-
nificantly more new shoot production (around
2,400 g m~? in Larrea, 490 g m~2 in Ambrosia, and
380 ¢ m ™2 in Krameria) at elevated CO, (Figure 1,
Table 2). In contrast, the stimulation of above-
ground productivity by elevated CO, in all three
species was lower during the subsequent below-
average rainfall years (in 2001: around 60 g m 2 in
Larrea, 340 ¢ m~? in Ambrosia, and 280 ¢ m~* in
Krameria). We also witnessed some individual
plants that senesced smaller stems, perhaps due to
localized xylem cavitation or as an adaptation to
maintain water balance (Orshan 1954; Smith and
others 1997). Nonetheless, the ratios of elevated-
to-ambient production usually indicated positive
enhancement of growth under elevated CO,, and
the overall CO, effect was significant (Table 3). The
generally lower enhancement of production under
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elevated CO, for Krameria may be the result of its
phenology—summer-active Krameria is expected to
have greater respiratory losses due to higher tem-
peratures and hence lower net annual C assimila-
tion. Mean annual temperatures were coolest in
the high-growth year (13.2°C, with the minimum
and maximum monthly temperatures similar to the
long-term average) and near the long-term average
(16.2°C) during the three subsequent dry years.
Likewise, rainfall the year prior to our study was
similar to the long-term average, so the increase in
aboveground production we measured in 1998 was
not due to anomalous rainfall in the previous year
altering soil nutrient pools or potentially ‘“‘setting
up’’ meristems for a high-growth year. Measures of
root growth at the NDFF have not shown a signif-
icant difference in belowground shrub production
under elevated CO, (D. Phillips and R. Nowak,
unpublished data), so our findings are not due to
shifts in biomass allocation from above- to below-
ground structures.

Primary production in Larrea, and desert pro-
ductivity in general, is limited by low standing
biomass and leaf area (Chew and Chew 1965; Webb
and others 1983; Smith and others 1997). Low
water availability is typically considered the pri-
mary cause for low leaf area and productivity in
desert ecosystems (Smith and others 1997), but N
availability also limits production of desert peren-
nials (Ettershank and others 1978; Fisher and oth-
ers 1988). The greater stimulation of aboveground
production under elevated CO, in the high rainfall
year (1998) could be due to greater N availability
when soil moisture is high, permitting plants to
exploit elevated CO, concentrations and hence in-
crease growth under ample water conditions. In-
deed, we have observed this positive N effect on
growth of annual plants at the NDFF, which showed
the largest increases in standing biomass under
elevated CO, within higher N microsites (Smith and
others 2000). Billings and others (2002) found that
elevated CO, increased microbial activity and en-
riched pools of plant-available N at the NDFF in
1998, with subsequently reduced soil N availability
in elevated CO, plots in 1999. Even though we
found a 6% (Larrea) to 21% (Krameria) decline in
leat N under elevated CO, (Table 2) and pro-
nounced photosynthetic down-regulation in Larrea
(Huxman and others 1998), higher CO, assimila-
tion was still achieved, perhaps because of the re-
duced need for Rubisco at higher CO,
concentrations (Wong 1979; Conroy 1992). Over-
all, our results over 4 years with variable rainfall
substantiate that soil water and nutrient availability
interact to control production in this ecosystem.

Gas exchange measurements indicated annual
integrated photosynthesis was higher under ele-
vated CO, in both above- (30-51%) and below-
average (24-30%) rainfall years, approaching the
43% increase in CO, concentration that the shrubs
were exposed to over the course of our study.
Instantaneous WUE was also greater under ele-
vated CO,; but unlike annual integrated photo-
synthesis, WUE was increased to a greater extent in
dry years. Nevertheless, these higher photosyn-
thetic rates did not always equate to significant
increases in biomass; in fact, what we observed
over 4 continuous years of CO, fertilization in the
Mojave Desert is a fairly consistent enhancement in
photosynthetic C assimilation under elevated CO,,
but highly variable investment of that C into new
shoot biomass. Apparently C is lost to other non-
growth pathways such as production of secondary
compounds, maintenance respiration, or from roots
via exudation. Even though the 18% increase in
leaf area for Larrea under elevated CO, during 1998
suggests greater water use, no significant difference
in overall canopy conductance occurred between
ambient and elevated CO, (Pataki and others
2000). Additionally, Larrea typically had higher
stem water potentials at elevated versus ambient
CO,, whereas Ambrosia and Krameria showed no
consistent response to atmospheric CO, with re-
spect to water potential (data not shown). Our
finding of increased photosynthesis without in-
creased production in some years is consistent with
the notion that new shoot growth is more sensitive
to water deficits than is photosynthetic C assimi-
lation (Hsiao 1973).

We did not measure greater leaf retention into
the dry season under elevated versus ambient CO,
(Figures 2 and 3). Instead of phenological shifts,
peak and total annual leaf production were typically
higher at elevated CO, during the growing season.
We hypothesized that higher WUE at elevated CO,
would result in greater retention of leaf area into
the summer dry season, particularly in the decidu-
ous species, but the data do not support this
hypothesis. The lack of differences in plant water
potential at elevated versus ambient CO, for the
deciduous shrubs did not result in differential leaf
retention, as declining water potential is the pri-
mary driver of leaf fall in the dry season in desert
shrubs (Smith and others 1997). However, there
were more subtle changes in leaf phenology as a
function of [CO,]. In Larrea, increased leaf pro-
duction results in greater carryover of leaves into
the next growing season because of its evergreen
life form. From a morphological standpoint, canopy
development did change in Ambrosia, with typically
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longer leaf internodes and hence more ““open”
shoots under elevated CO,. This decline in leaf:stem
ratio indicates that the extra C fixed under elevated
CO, goes more to stem rather than leaf production,
resulting in greater C storage in woody tissues.
However, we do not have independent C-allocation
data to support this premise.

Our results indicate that desert shrubs may be
capable of substantial increases in photosynthesis
and production at future CO, concentrations, al-
though responses will vary between years and
across functional types. Larrea, via its evergreen
growth form, is capable of responding with positive
C assimilation to unpredictable precipitation inputs
at any time of the year (Smith and others 1997). In
contrast, the deciduous shrubs Ambrosia and
Krameria may not respond similarly to rainfall
events as does Larrea. These species are less
opportunistic than Larrea, because producing and
shedding leaves is costly and must coincide with
adequate rainfall for net C gain to occur. Therefore,
Ambrosia and Krameria employ a strategy of higher
C assimilation rates, but over a shorter period of
time when soil moisture is relatively high. These
deciduous species will, however, respond to late
summer/early fall rainfall events when precipita-
tion inputs are large enough to result in net C gain,
as seen in 1998. These species may thus be ex-
pected to respond most strongly to elevated CO, if
it is accompanied by increases in rainfall.

Deserts encompass a substantial and increasing
portion of the terrestrial biosphere (Reynolds
2001), yet they are not nearly as productive as
forests. Even so, increasing global desertification
could make the acquisition and storage of C within
desert ecosystems much more important in the
global C budget, and there are indications that
woody plants may sequester significant amounts of
C in drylands (Pacala and others 2001; but see
Jackson and others 2002). In any case, if precipi-
tation increases in the desert Southwest, as some
models predict (Weltzin and others 2003), rising
CO, concentrations coupled with greater water
availability would significantly enhance C inputs
into these dryland ecosystems. As we continue our
assessments, it is clear that drylands are important
ecosystems for which we need more extensive and
detailed information concerning their potential
responses to global change.
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