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Abstract Predicting net C balance under future global

change scenarios requires a comprehensive understanding

of how ecosystem photosynthesis (gross primary produc-

tion; GPP) and respiration (Re) respond to elevated atmo-

spheric [CO2] and altered water availability. We measured

net ecosystem exchange of CO2 (NEE), GPP and Re under

ambient and elevated [CO2] in a northern mixed-grass

prairie (Wyoming, USA) during dry intervals and in

response to simulated precipitation pulse events. Elevated

[CO2] resulted in higher rates of both GPP and Re across

the 2006 growing season, and the balance of these two

fluxes (NEE) accounted for cumulative growing season C

uptake (-14.4 ± 8.3 g C m-2). Despite lower GPP and

Re, experimental plots under ambient [CO2] had greater

cumulative uptake (-36.2 ± 8.2 g C m-2) than plots

under elevated [CO2]. Non-irrigated control plots received

50% of average precipitation during the drought of 2006,

and had near-zero NEE (1.9 ± 6.4 g C m-2) for the

growing season. Elevated [CO2] extended the magnitude

and duration of pulse-related increases in GPP, resulting in

a significant [CO2] treatment by pulse day interaction,

demonstrating the potential for elevated [CO2] to increase

the capacity of this ecosystem to respond to late-season

precipitation. However, stimulation of Re throughout the

growing season under elevated [CO2] reduced net C uptake

compared to plots under ambient [CO2]. These results

indicate that although elevated [CO2] stimulates gross rates

of ecosystem C fluxes, it does not necessarily enhance net

C uptake, and that C cycle responses in semi-arid grass-

lands are likely to be more sensitive to changes in pre-

cipitation than atmospheric [CO2].
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Introduction

A primary focus of much research in the biogeosciences is

the net C balance of ecosystems (Running et al. 1999;

Geider et al. 2001) and how ongoing global changes will

impact gross primary production (GPP) and ecosystem

respiration (Re) and their sum, net ecosystem CO2

exchange (NEE). Ecosystem C dynamics are sensitive to

both climatic variability and rising concentrations of

atmospheric CO2 because of their tight link to biological

activity and biogeochemistry. Elevated [CO2] may increase

GPP and C uptake by directly stimulating leaf-level pho-

tosynthesis; however, concurrent increases in Re [due to

increasing root respiration and enhanced priming of soil

organic matter (SOM)] may result in ecosystem C losses

(e.g., Carney et al. 2007). These effects of elevated [CO2]

on ecosystem structure and function will occur against a
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backdrop of changes in precipitation and temperature

regimes, which will similarly influence daily and seasonal

rates of biogeochemical transformations at the ecosystem

scale (Rustad et al. 2001; Knapp et al. 2002; Verburg et al.

2005; Chou et al. 2008).

Responses of mesic ecosystems to increasing [CO2] are

relatively well understood, but considerably less is known

about the effects of elevated [CO2] on arid and semiarid

ecosystems, where annual, seasonal, and event-driven

precipitation patterns interact with elevated [CO2] to

determine plant and microbial processes (Nelson et al.

2004; Jasoni et al. 2005). In general, elevated [CO2]

enhances photosynthesis in C3 species, and decreases both

stomatal conductance and transpiration in both C3 and C4

plants (Ainsworth et al. 2004; Long et al. 2004). Decreased

stomatal conductance is an important direct effect of ele-

vated [CO2] that indirectly improves soil moisture, par-

ticularly in arid and semiarid ecosystems (Owensby et al.

1997; Niklaus et al. 1998; Volk et al. 2000; Morgan et al.

2004). Enhanced soil moisture with elevated [CO2] is

especially important during drought (Owensby et al. 1993)

in these water-limited ecosystems, where increased plant

productivity, water-use efficiency, and soil respiration have

been observed (Morgan et al. 2001; LeCain et al. 2003;

Nelson et al. 2004; Pendall et al. 2003). While temperature

is often considered the most important abiotic factor con-

trolling Re, soil moisture may be of even greater impor-

tance in water-limited ecosystems (Davidson et al. 1998;

Conant et al. 2004; Borken et al. 2006).

Because of the key role that water plays in semiarid

regions, the amount, location, and duration of soil water

availability drive the temporal dynamics of C exchange

processes (Lauenroth and Sala 1992; Singh et al. 1998;

Heisler-White et al. 2008). For semiarid ecosystems such

as the northern mixed-grass prairie, changes in precipita-

tion patterns (frequency, magnitude, and timing of events)

and subsequent soil moisture availability are predicted to

have a greater effect on future C balance than increases in

[CO2] alone (Huxman et al. 2004b; Weltzin et al. 2003). In

water-limited ecosystems, episodic rainfall events trigger

pulses of biological activity (Noy-Meir 1973), and differ-

ential responses of plant and soil processes to variability in

resource supply may result in temporally variable rates of

ecosystem C exchange (Potts et al. 2006; Huxman et al.

2004a). Ecosystem response to episodic moisture avail-

ability is a function of the ability of organisms to up-reg-

ulate metabolic processes (Huxman et al. 2004b). Soil

microbiota may respond to changes in soil water avail-

ability within hours, whereas grasses respond on the order

of hours to days (Sala and Lauenroth 1982; Schwinning

et al. 2002; Potts et al. 2006). Both antecedent soil moisture

conditions and microbial activity may influence the mag-

nitude and time delay of these responses. Given the

sensitivity of these ecosystems to pulses in water avail-

ability, it is critical to characterize the responses of eco-

system C fluxes to transient conditions imposed by soil

wetting and drying.

Intensification of the hydrologic cycle under global cli-

mate change may shift precipitation patterns in ways that

impact ecological structure and function (Weltzin et al.

2003; Weltzin and Tissue 2003; International Panel on Cli-

mate Change 2007). Increases in extreme precipitation

regimes (more intense rain events or severe drought) are

predicted for arid and semiarid regions (Easterling et al.

2000; Groisman et al. 1999; International Panel on Climate

Change 2007), and increased inter-rainfall dry intervals can

significantly impact grassland productivity even when pre-

cipitation event size is increased to maintain total rainfall

amount (Fay et al. 2003; Heisler-White et al. 2008). More-

over, water-limited ecosystems are hypothesized to have the

greatest physiological responses to elevated atmospheric

[CO2] (Jin and Evans 2007; Morgan et al. 2004; Mellilo

et al.1993; Volk et al. 2000), potentially leading to non-

additive interactions between moisture regime and [CO2].

The influence of water pulses on ecosystem processes can

be examined in a number of ways (Schwinning and Sala

2004), including seasonality, relative event size or the

duration of the dry interval between events (Huxman et al.

2004b; Potts et al. 2006; Heisler-White et al. 2008). In the

semiarid prairies of North America, available soil moisture

and physiological activity are generally highest during the

early growing season, gradually decline through July and

August, and sometimes increase in response to monsoon-like

rain events in late summer (LeCain et al. 2002). We therefore

expected that the responses of GPP and Re to elevated [CO2]

and moisture pulses would be seasonally dependent.

The objectives of this paper were to: (1) characterize

seasonal patterns of Re, GPP, and NEE in response to

elevated [CO2]; (2) evaluate the influence of individual

water pulses on ecosystem C exchange at ambient and

elevated [CO2]; and (3) quantify the response of ecosystem

C exchange during a natural drought (growing season

precipitation 50% of long-term mean) to near-average

moisture conditions resulting from regular irrigation. We

compared net and gross ecosystem CO2 exchange rates

taken within dry intervals between rainfall events to those

during early (May) and late-season (August) moisture

pulses. We hypothesized that: (1) elevated atmospheric

[CO2] would stimulate GPP and Re, and that net C gain

over the growing season would be greatest under elevated

[CO2] due to greater enhancement of GPP; (2) elevated

[CO2] would increase the magnitude and duration to which

Re and GPP were stimulated following precipitation

beyond the response at ambient [CO2]; and (3) the effect of

adding precipitation would be greater than the effect of

elevated [CO2] on gross and net CO2 fluxes.
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Materials and methods

Study site

The Prairie Heating and CO2 Enrichment experiment was

established in 2006 at the USDA-ARS High Plains

Grassland Research Station (HPGRS) in Cheyenne, Wyo-

ming. The ecosystem is a high-elevation (1,930 m) native

northern mixed-grass prairie with approximately 55% C3

grasses [Pascopyrum smithii (Rybd.) A. Love and Hesp-

erostipa comata (Trin. & Rupr.) Barkworth], 25% C4

grasses [Bouteloua gracilis (H.B.K.) Lag], and the

remaining vegetation a mixture of C3 forbs, sedges, and

subshrubs (Schuman et al. 1999); total cover averages

50–60%. Artemesia frigida (Willd.), a small tap-rooted

subshrub, is common. The soils are in the Ascalon series

(fine-loamy, mixed mesic Aridic Argiustolls), and biolog-

ical soil crusts are not present. Mean air temperature is

-2.5�C in January and 17.5�C in July, and on average there

are 127 frost-free days per year. Mean annual precipitation

is 384 mm, and mean growing season precipitation is

275 mm (1 April–31 August for 1973–2005; HPGRS data).

Growing season precipitation is characterized by episodic

rainfall inputs and dry inter-rainfall periods of variable

length. The majority (ca. 40%) of daily precipitation events

during the growing season are \5 mm, while events

C20 mm represent 34% of total inputs (HPGRS data). The

site is characterized by high winds (mean wind velocity

6 m s-1 with gusts to 35 m s-1), low relative humidity,

and high incident radiation, which together cause rapid

desiccation between rainfall events.

Experimental design

The experimental design was a randomized complete block

layout (blocked by soil gravel content with two replications

of each treatment in the first block and three in the second

block). Utilizing free-air CO2 enrichment technology, pure

CO2 was delivered to the perimeter of experimental plots to

maintain mean atmospheric [CO2] of 600 ± 30 p.p.m. CO2

in elevated plots (Miglietta et al. 2001).

Experimental plots (n = 5 per treatment) were rings

3.4 m in diameter and isolated from surrounding soil by

steel flange buried to 60 cm installed over the summer

2005. Within each experimental plot, a single 46 9 46-cm

square frame constructed of aluminum angle riveted to 7.5-

cm-deep aluminum sheeting and sealed with silicone was

buried to near surface level. Installation of frames occurred

in April 2006.

Treatments for this study included present ambient

(A; 380 p.p.m.) and elevated atmospheric [CO2] (E;

600 p.p.m.). These treatments received eight simulated

precipitation pulses of 20 mm from late May up to and

including early August delivered manually at ca. weekly

intervals. Ambient [CO2] non-watered areas (treatment C)

were designated in each soil block with a total of five

experimental measurement frames split between the soil

blocks. These plots served as the control treatment and

represented ecosystem response to ambient moisture and

[CO2] conditions. The experimental ring infrastructure did

not surround treatment C plots, but we believe this had

little effect on the results we obtained. A natural precipi-

tation event added 5 mm of moisture to our site during

watering for the May pulse (total 25 mm for treatments A

and E, 5 mm for treatment C).

Ecosystem-level CO2 exchange

CO2 exchange was measured diurnally 5 times during the

growing season (30 May, 22 June, 11 July, 3 August, and

23 August) at ca. 20-day intervals. For each diurnal, NEE

and Re were measured 5 times over the course of 24 h (at

ca. 0400, 0900, 1300, 1600, and 2100 hours). To evaluate

pulse-related responses, we measured CO2 exchange at

1300 hours both 1 day prior to and at days 1, 3, 5, and 7

following two simulated precipitation pulses (31 May, and

4 August 2006).

We used a Lexan polycarbonate (GE Plastics, Pitts-

field, Mass.) static chamber (height 9 length 9 width:

50 9 45 9 45 cm) fitted with two circulating fans, a

Q190 photosynthetically active radiation sensor (LI-COR,

Lincoln, Neb.), and an open-path LI-7500 infrared gas

analyzer (LI-COR) for measuring [CO2]. The bottom of

the chamber was fitted with L-shaped aluminum and lined

with closed-cell rubber stripping to seal the chamber to

the buried aluminum frames (chamber volume: surface

area ratio = 0.53 m). Light attenuation by the Lexan

chamber material was approximately 21%. This approach

was similar to those used in previous studies to measure

ecosystem gas exchange (Patrick et al. 2007; Huxman

et al. 2004a; Jasoni et al. 2005). Temperature in the

chamber increased by B1�C during sunny conditions, and

conditions remained well within the range of accurate

density measurements of CO2 for the LI-7500 (Li-Cor

2001). The change in chamber [CO2] was recorded at 1-s

intervals over 2 min, and fluxes (NEE and Re) were

calculated over the last 90 s of each measurement period.

Re was measured after NEE data were recorded by

placing an opaque cover over the chamber to block light

and eliminate photosynthesis. GPP was calculated from

the relationship: NEE = GPP ? Re. A correction factor

for water vapor dilution was applied to the [CO2] data
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before the fluxes (F; either NEE or Re, lmol m-2 s-1)

were calculated (Jasoni et al. 2005):

F ¼
dC0

dt � P 1; 000�Wið Þ � V
� �

8:314� TA

where dC0/dt was the rate of change in the dry-air mole

fraction of C over 90 s. Ambient air pressure (P; kPa), was

recorded on the LI-7500 internal pressure transducer, Wi

was the initial water vapor mole fraction, V was chamber

volume (m3), T (Kelvin) was recorded inside the instru-

ment box and A was the ground area covered by the

chamber (m2). We developed Microsoft Excel macros to

efficiently process the data and assess their quality (code

available on request). We adopted the standard sign con-

vention for NEE used for eddy covariance (Baldocchi

2003), with negative values indicating CO2 uptake by the

ecosystem and positive values indicating flux to the

atmosphere.

Soil temperature at 5 cm (9053 probe; HANNA Instru-

ments 1998, Woonsocket, R.I.) and volumetric soil water

content at 0–6 cm (HH2 moisture meter; Delta-T Devices

2005) were recorded when CO2 fluxes were measured, and

a species cover index was estimated visually within the

experimental frames using plastic reference squares that

were 1, 5, 10, and 20% of the frame area.

Data and statistical analyses

Integrations of daily NEE, Re, and GPP were calculated

using linear interpolation between measurement points to

calculate the hourly C balance. These values were then

summed over 24 h and are presented as g C m-2 day-1.

Missing data points were accounted for by averaging the

values of the remaining replicate plots for that time point.

This enabled us to calculate a daily-integrated value for

that plot, with approximately 6% out of 450 values filled in

this way.

Integrated daily NEE, GPP, and Re values were linearly

interpolated between diurnals to estimate C uptake and

release over the growing season for each treatment.

Treatment differences for cumulative fluxes during both

diurnals and pulses were assessed using ANOVA (PROC

GLM). Exploration of scaling relationships between mid-

day Re and GPP and whole-day CO2 release or uptake,

respectively, were also performed using simple linear

regression. Because daily NEE cannot be estimated from

midday NEE, we used the following equation to estimate

this net flux: NEEdaily = GPPdaily ? Redaily (where

GPPdaily and Redaily were first estimated by linear

regression).

We used a linear mixed-effects model (PROC MIXED)

to test for the significance of treatment and treat-

ment 9 day interaction among NEE, Re, and GPP across

the five diurnal sampling dates that occurred in the 2006

growing season. The REPEATED statement was used to

model variation within experimental units, and an autore-

gressive order one covariance structure was selected based

on Akaike’s information criterion. The pre-planned com-

parisons of treatment differences within a given sampling

period were conducted using least squared means and a

Tukey adjustment. Patterns of volumetric soil water con-

tent were also investigated in this way. ANOVA was used

to compare changes in vegetation cover among treatments

between May and August.

We used a linear mixed-effects model (PROC MIXED)

to test for the significance of CO2, pulse, and the

CO2 9 pulse interaction among NEE, Re, and GPP for the

May and August simulated precipitation pulses. Because

our goal with this analysis was to identify CO2 effects and

the CO2 9 pulse interaction, we limited this analysis to the

ambient and elevated CO2 plots, which both received

simulated precipitation pulses during the 2006 growing

season. We considered the pre-pulse measurement to be the

‘‘control’’ and post-pulse measurements made on individ-

ual dates to be the ‘‘pulse effect’’. The CO2 9 pulse

interaction term could therefore be evaluated directly.

Treatments for the CO2 main effect included ‘‘ambient’’

and ‘‘elevated’’ and treatments for the pulse main effect

included ‘‘pre-pulse’’ and ‘‘post-pulse’’. Separate analyses

were run to compare the pre-pulse with post-pulse days 1,

3, 5, and 7. We used the repeated statement with a mixed-

effects model to examine the dynamics of the response

after the pulse.

We used the non-linear curve fitting function within

SigmaPlot version 10.0 (Systat Software) to explore rela-

tionships between GPP and Re, and between these fluxes

and soil moisture content. All other statistical analyses

were conducted in SAS version 9.1. For all tests, signifi-

cance was determined at the a = 0.05 level unless noted

otherwise.

Results

Climate and vegetation

Ambient precipitation at the study area during the 2006

growing season (1 April–31 August) was 139 mm, 51% of

the long-term mean of 274 mm (strong drought conditions;

Fig. 1). An additional 160 mm was distributed as eight 20-

mm events in irrigated treatments (A and E; total inputs

299 mm, 9% above the long-term mean).

Soil moisture in the 0- to 6-cm layer during the 2006

growing season varied between 5 and 30%, with significant

effects of treatment, date, and treatment 9 date interaction

(P \ 0.01; Fig. 2). Soil water content in treatment C was
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considerably lower than in treatments A and E in June due

to low ambient rainfall and the absence of experimental

irrigation in control plots. Later in the summer following

natural rainfall events, soil moisture in treatment C

increased to similar values as treatments A and E. Average

soil moisture was greatest in treatment E (11.1 ± 0.4%)

compared to A (9.8 ± 0.3%) and C (7.7 ± 0.3%), but was

significantly higher in treatment E than A on 12 July

(Fig. 2). In response to simulated precipitation pulses, soil

moisture in irrigated treatments A and E increased from

\10 to 28% in May and to 23% in August (Fig. 3); no CO2

treatment effects on soil moisture were detected during

either pulse.

Total green vegetation cover was greatest within treat-

ment E during both pulse events; the proportion of P.

smithii was highest within treatment A, but the proportion

of B. gracilis did not differ among treatments (Table 1).

CO2 exchange responses

Positive NEE (net CO2 efflux) was observed in treatment E

in May, prior to the first water application (Fig. 2a), while

negative NEE (CO2 uptake) of ca. the same magnitude was

observed in treatments A and C. Significant uptake was

observed for treatments E and A in late June (following

four simulated rainfall events), whereas net efflux was

measured within treatment C. NEE was not significantly

altered by either simulated rainfall or [CO2] treatment

during the inter-pulse measurements for the remainder of

the growing season. Cumulative growing season C gain

was greater in treatment A (-36.2 ± 8.2 g C m-2) than in

treatment E (-14.4 ± 8.3 g C m-2; Table 2). While an

average net C loss was observed in treatment C

(1.9 ± 6.4 g C m-2), it was not statistically different than

zero.

GPP was similar among all treatments during the first

diurnal in May (Fig. 2b; P [ 0.05), but was enhanced in

treatment E during all remaining diurnals, peaking in early

July at -7.6 ± 0.6 g C m-2 day-1. Water additions also

increased GPP rates, evidenced by greater GPP in treat-

ment A than treatment C during all diurnals (P \ 0.05)

except for the final diurnal in late August (which occurred
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after an ambient rainfall event; Fig. 2b). Re fluxes were

higher in treatment E than A throughout the growing sea-

son (Fig. 2c). Re was similar between treatments A and C

during the first and last diurnals (P [ 0.05), but greater in

treatment A than C in June, July, and early August, sug-

gesting that water additions increased Re even during inter-

pulse intervals (Fig. 2c). Summed over the growing season,

GPP and Re were highest in treatment E and lowest in

treatment C (Table 2).

Regression analysis between midday rates and daily

integrated values of GPP and Re (from the five diurnal

measurements) revealed significant positive linear rela-

tionships (Fig. 4):

GPPdaily g C m�2 day�1
� �

¼ 0:4654

� GPPmid-day lmol C m�2 s�1
� �

r2 ¼ 0:94;P\0:01
� �

Redaily g C m�2 day�1
� �

¼ 0:6404

� Remid-day lmol C m�2 s�1
� �

r2 ¼ 0:96;P\0:01
� �

These linear relationships were used to estimate daily rates

of GPP and Re from the midday measurements taken in

response to the May and August simulated precipitation

pulses.

Pulse-driven responses of ecosystem CO2 exchange

Both the May and August watering pulses stimulated bio-

logical activity, altering NEE and its component CO2

fluxes Re and GPP (Fig. 3a–f). Significant treatment effects

on NEE (summed over 7 days) were observed only in

August, but Re and GPP were both stimulated by irrigation

during both pulses (Table 2). The May pulse resulted in net

CO2 efflux, whereas the August pulse resulted in net uptake

in both irrigated treatments. In the dry conditions of

treatment C, net CO2 efflux was observed in both May and

August. The ratio of A/C (Table 2) indicated that irrigation

stimulated GPP by 2.5 times in May and 8 times in August,

and stimulated Re by 2 times in May and 5 times in

August, relative to the non-irrigated treatment. The

response of C cycling to irrigation was clearly greater than

to elevated CO2; the ratios of E/A (Table 2) were always

lower than for A/C.

Elevated CO2 altered the influence of irrigation on GPP

especially during the August pulse. In May, GPP did not

differ in treatments A and E prior to the pulse, and a similar

increase in GPP was observed on post-pulse day 1. In

August, however, GPP was significantly higher in treat-

ment E than A both before (40% higher) and after (68%

higher) water was applied to the plots, with a significant

CO2 9 pulse interaction (comparing pre- vs. post-pulse day

3, P \ 0.05). Thus, irrigation stimulated GPP to a greater

extent in treatment E than A; this effect was similarly

observed on post-pulse day 5. Summed over the week, GPP

was 1.3 and 1.7 times greater in treatment E than A in May

and August, respectively (Table 2). Re was greater in

treatment E than A prior to both May and August pulses,
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included as a reference. Measurement dates are referenced to the day

of the pulse and reflect pre- (-1 day) and post-pulse (days 1, 3, 5, and

7) responses. All data points are treatment means ± 1 SE. For

abbreviations, see Fig. 2

Table 1 Mean green vegetation cover (SE) and percent cover blue

grama [Bouteloua gracilis (H.B.K.) Lag. Ex Steud] and western

wheatgrass [Pascopyrum smithii (Rybd.) A. Love] expressed as a

percent of total vegetation (SE). Different letters indicate statistically

significant treatment differences during the May or August sampling

period

Pulse Cover class Treatment

A E (%) C

May Vegetation 27 (3.7) ab 35 (5.8) a 16 (3.6) b

B. gracilis 26 (11.4) a 27 (11.6) a 48 (10.2) a

P. smithii 42 (11.3) a 20 (5.6) b 11 (2.6) b

August Vegetation 22 (3.5) b 42 (10.9) a 16 (2.1) b

B. gracilis 28 (9.0) a 36 (8.3) a 19 (1.4) a

P. smithii 2 (4.0) a 9 (2.6) b 6 (2.2) b

A Ambient [CO2] (380 p.p.m.), watered; E elevated atmospheric

[CO2] (600 p.p.m.), watered; C ambient [CO2], not watered
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and for seven of the ten post-pulse measurements

(P \ 0.01), but no CO2 9 pulse interaction was observed.

Summed over both pulse weeks, Re was 1.4 times greater

in treatment E than A (Table 2).

The relationship between Re and GPP observed during

the inter-pulse periods was strongly linear (r2 = 0.91) with

the highest values for both Re and GPP observed in treat-

ment E (Fig. 5a). During the May pulse, the relationship

was also linear with highest fluxes (and greatest variance) in

treatment E (Fig. 5b). In contrast, the relationship between

Re and GPP was non-linear in August (Fig. 5c), as Re

leveled off relative to GPP in both treatments A and E.

Hysteretic responses to pulse-related changes in soil

moisture content were observed for both Re and GPP

fluxes (Fig. 6). Peak fluxes of Re and GPP did not gener-

ally coincide with the wettest soil moisture conditions

Table 2 Cumulative estimatesa for C uptake (gross primary produc-

tion; GPP) and release (Re) and the net C balance (net ecosystem

exchange of CO2; NEE)b. Letters indicate statistically significant

differences between treatments at P B 0.05 (one-way ANOVA). A/C

Flux response to watering, E/A additional response to elevated CO2

for watered plots; Pulse 1/GS avg., Pulse 2/GS avg. responses to

water inputs of each flux within each treatment, relative to growing

season average; for other abbreviations, see Table 1

Treatments

Time interval Parameter A E C A/C E/A

Growing season NEE -36.2 ± 8.2 a -14.4 ± 8.3� b 1.9 ± 6.4 c

GPP -300.0 ± 7.6 b -393.2 ± 23.8 a -135.8 ± 6.3 c

Re 265.4 ± 5.7 b 375.9 ± 16.7 a 139.8 ± 10.0 c

7-day GS average NEE -3.0 -1.2 0.2

GPP -24.7 -24.1 -11.1 2.2 1.3

Re 21.8 31.0 11.5 1.9 1.4

Pulse 1 NEE 0.9 ± 0.4 a 3.5 ± 2.5 a 2.4 ± 0.4 a

GPP -27.7 ± 0.4 b -35.4 ± 2.7 a -11.0 ± 0.9 c 2.5 1.3

Re 28.6 ± 0.5 b 38.9 ± 1.8 a 13.4 ± 0.7 c 2.1 1.4

Pulse 2 NEE -1.2 ± 1.5 ab -5.8 ± 2.0 a 1.2 ± 0.2 b

GPP -19.3 ± 1.3 b -32.0 ± 2.3 a -2.4 ± 0.3 c 8.0 1.7

Re 18.1 ± 0.9 b 26.2 ± 1.0 a 3.6 ± 0.3 c 5.0 1.4

Pulse 1/GS avg. GPP 1.1 1.5 1.0

Re 1.3 1.3 1.2

Pulse 2/GS avg. GPP 0.8 1.3 0.2

Re 0.8 0.8 0.3

� P B 0.1
a Cumulative estimates are in g C m-2 for the 2006 growing season and the periods (7-day) following simulated pulse precipitation events.

Estimates are based on linear interpolation
b Negative values of NEE indicate ecosystem uptake of CO2
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(post-pulse day 1), but rather occurred about 3 days fol-

lowing the pulse. The response of both fluxes to soil

moisture tended to be greater in treatment E than A, with the

largest difference for GPP during pulse 2, visualized with

log-normal curves fit through the data (Fig. 6).

Discussion

This study provides evidence that elevated atmospheric

[CO2] can reduce net ecosystem CO2 uptake from the

atmosphere during both dry intervals and following pre-

cipitation events in a semiarid grassland ecosystem.

Despite enhancing GPP in response to a precipitation pulse

late in the growing season, elevated [CO2] stimulated Re

consistently throughout the season, leading to reduced

seasonal uptake relative to ambient [CO2] plots. Our results

also demonstrate that during years of drought, semiarid

ecosystems can be a net source of CO2 to the atmosphere.

These results have important implications within arid and

semiarid regions, where episodic precipitation events

interspersed with long dry periods govern C dynamics
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(e.g., Huxman et al. 2004a) and regulate ecosystem struc-

ture and function (Weltzin et al. 2003). We suggest that the

increased duration and magnitude of Re and GPP under

elevated compared to ambient [CO2] following precipita-

tion events were driven by soil moisture that accumulated

in response to reduced transpiration rates (Morgan et al.

2004). The enhanced response of GPP to soil moisture

under elevated compared to ambient [CO2], together with

the interactive effects of [CO2] treatment and pulse on

ecosystem CO2 exchange, demonstrate that elevated [CO2]

stimulates physiological responses to soil moisture at the

ecosystem scale.

Semiarid rangeland ecosystems are frequently water-

limited (Burke et al. 1998; Sims and Singh 1978), thus it

was not surprising that the greatest effects on CO2 fluxes

and net C gain were due to moisture availability. Watering

treatments increased growing season precipitation inputs

from 50% below average to 9% above average, enhanced

average GPP by 220% and Re by 190%, and changed the

ecosystem from a small source to a sink of C (Table 2).

NEE and its components were most strongly enhanced by

watering in late June, when differences in soil moisture

were greatest, but were still stimulated later in the season

when soil moisture was similar among treatments. Seasonal

NEE in ambient [CO2] plots was 36 g m-2, lower than

growing season NEE of 75 g m-2 averaged over 3 years in

mixed-grass prairie in Alberta Canada (Flanagan et al.

2002), and lower than annual NEE of 53 g m-2 averaged

over 5 years in mixed-grass prairie in North Dakota

(Svejcar et al. 2008). Although grasslands are commonly

net C sources during drought years, a comparison of eight

temperate grasslands totaling 49 site-years found no simple

relationships between precipitation and NEE (Svejcar et al.

2008).

GPP responses

In Canadian mixed-grass prairie GPP was most strongly

controlled by green leaf area, which in turn was correlated

with soil moisture (Flanagan et al. 2002). In this experi-

ment, simulated precipitation enhanced GPP by 250% in

May and 800% in August (treatment A compared to C;

Table 2), but vegetative cover did not change between May

and August (Table 1). Lower relative B. gracilis cover on

control plots in August than May could partly explain low

GPP in August on those plots, because this shallow-rooted

species is sensitive to summer drought (LeCain et al.

2002). GPP within treatment E was 130 and 170% greater

than within treatment A for early and late season pulses,

respectively. This could partly be attributed to 150% higher

vegetation cover on treatment E than A in August. Addi-

tionally, photosynthesis rates were probably enhanced

directly via CO2 fertilization and/or indirectly via

improved plant-soil water relations (Morgan et al. 2004).

Elevated [CO2] appears to have increased the duration of

plant activity within the growing season.

Re responses

In this study, simulated precipitation increased Re by 210%

during pulse 1 and 510% during pulse 2 in treatment A

compared with C (Table 2), demonstrating the importance

of C losses following rewetting in this semiarid grassland.

The loss of C following rewetting is thought to result from

rapid mineralization of cell solutes (Fierer and Schimel

2003), and somewhat slower mineralization of plant resi-

dues (Norton et al. 2008). Rewetting C loss has been

implicated in reduced net C uptake in Mediterranean eco-

systems (Jarvis et al. 2007), although long-term variability

in soil moisture may reduce soil C mineralization (Fierer

and Schimel 2002). Our results suggest that continued

water applications on treatments A and E did reduce

weekly average Re, which was stimulated 130% by pulse 1

relative to the growing season average for each treatment,

but was only 80% of the respective growing season aver-

ages by pulse 2 (Table 2). This reduced sensitivity of Re to

repeated wetting may result from reduction in the labile C

pool and/or alteration of the microbial community (Fierer

and Schimel 2002).

Our study confirms other reports that elevated [CO2]

elicits higher rates of soil respiration, which has been

explained by increased belowground C inputs resulting

from greater plant growth, enhanced turnover of fine roots,

root hairs, mycorrhizas and rhizosphere-associated micro-

bial biomass, priming of existing SOM, and sometimes

increased overall root production (Arnone et al. 2000;

Milchunas et al. 2005; Pendall et al. 2003; Pendall et al.

2004; Carney et al. 2007). Enhanced decomposition of

older SOM under elevated CO2 in semiarid grassland was

partly explained by interactions with soil moisture (Pendall

et al. 2003). Increased Re was responsible for lower net

CO2 uptake under elevated than ambient [CO2] during the

2006 growing season, although the source of the C loss

(older SOM vs. recent substrates) was not established by

this experiment.

Relationships between Re, GPP and soil moisture

The ratio of respiration to GPP for both whole plants and

ecosystems has been found by some to be consistent over a

variety of plant sizes, growth rates, growth [CO2] and

temperatures, which is useful for models that incorporate

parameters of plant productivity (e.g., Gifford 1995;

Waring et al. 1998). However, a recent meta-analysis by

DeLucia et al. (2007) reported that the relationship is

actually quite variable in forest ecosystems, with a mean
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C-use efficiency (defined as the ratio of net primary pro-

duction to GPP) of 0.53 that ranged from 0.23 to 0.83. In

response to precipitation pulses, we did not find a consis-

tent relationship between GPP and Re, with a linear rela-

tionship in May and a non-linear relationship in August.

Flanagan et al. (2002) found that maximum Re lagged peak

GPP in Canadian prairie, suggesting that if high rates of

GPP continued for longer periods of time, Re may increase

again as C substrates become available to microbes.

Alternatively, repeated wetting events may have depleted

labile C pools by August, leading to the lower rate of Re

relative to GPP (Fierer and Schimel 2002; Birch 1958;

Jarvis et al. 2007). Thus, while utilization of a constant

ratio of Re:GPP for this ecosystem may be appropriate at a

growing season timescale (e.g., Chimner and Welker 2005;

Gilmanov et al. 2007), it fails to capture the dynamics that

follow individual precipitation events as well as the

cumulative response to frequent wetting and drying.

This study demonstrated that net ecosystem CO2 uptake

in mixed-grass prairie depends on adequate soil moisture,

and that moisture availability can interact with elevated

[CO2] to limit C storage. Under ambient [CO2], water

additions stimulated GPP substantially more than Re, but

under elevated [CO2], water additions stimulated Re nearly

as much as GPP. Strong, short-term stimulation of GPP by

elevated [CO2] in response to an August moisture pulse did

not compensate for season-long CO2 losses, leading to

lower net uptake than under ambient [CO2] conditions. In

addition to soil moisture, responses of NEE and component

fluxes are likely to be influenced by differences in ante-

cedent conditions (Ogle and Reynolds 2004; Potts et al.

2006), vegetative cover (Flanagan et al. 2002) and the

availability of labile substrates for soil respiration (Fierer

and Schimel 2002), all of which vary within and between

seasons. Longer-term study is required to determine whe-

ther net ecosystem production is stimulated by elevated

[CO2] in this grassland.
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