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Abstract

A large remaining source of uncertainty in global model predictions of future climate is

how ecosystem carbon (C) cycle feedbacks to climate change. We conducted a field

manipulative experiment of warming and nitrogen (N) addition in a temperate steppe in

northern China during two contrasting hydrological growing seasons in 2006 [wet

with total precipitation 11.2% above the long-term mean (348 mm)] and 2007 (dry with

total precipitation 46.7% below the long-term mean). Irrespective of strong intra-

and interannual variations in ecosystem C fluxes, responses of ecosystem C fluxes to

warming and N addition did not change between the two growing seasons, suggesting

independence of warming and N responses of net ecosystem C exchange (NEE) upon

hydrological variations in the temperate steppe. Warming had no effect on NEE or its two

components, gross ecosystem productivity (GEP) and ecosystem respiration (ER),

whereas N addition stimulated GEP but did not affect ER, leading to positive responses

of NEE. Similar responses of NEE between the two growing seasons were due to changes

in both biotic and abiotic factors and their impacts on ER and GEP. In the wet growing

season, NEE was positively correlated with soil moisture and forb biomass. Negative

effects of warming-induced water depletion could be ameliorated by higher forb

biomass in the warmed plots. N addition increased forb biomass but did not affect soil

moisture, leading to positive effect on NEE. In the dry growing season, NEE showed

positive dependence on grass biomass but negative dependence on forb biomass. No

changes in NEE in response to warming could result from water limitation on both GEP

and ER as well as little responses of either grass or forb biomass. N addition stimulated

grass biomass but reduced forb biomass, leading to the increase in NEE. Our findings

highlight the importance of changes in abiotic (soil moisture, N availability) and biotic

(growth of different plant functional types) in mediating the responses of NEE to climatic

warming and N enrichment in the semiarid temperate steppe in northern China.
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Introduction

The unprecedented global warming and nitrogen (N)

deposition (Galloway & Cowling, 2002; Gruber &

Galloway, 2008) can profoundly impact terrestrial car-

bon (C) cycling and budgets, with consequent feedback

to climatic change (Jones & Donnelly, 2004; Harpole

et al., 2007; Oberbauer et al., 2007). Net ecosystem C

exchange (NEE) represents the balance between gross

ecosystem productivity (GEP) and ecosystem respira-

tion (ER, Oberbauer et al., 2007). Considering the differ-

ent temperature sensitivities of photosynthesis and

respiration (Woodwell et al., 1983; Ryan, 1991), it is

assumed that ecosystem C release will be stimulated

more than C uptake under elevated temperature

(Oechel et al., 1993; Illeris et al., 2004), resulting in

decreased NEE under global warming. However, this
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assumption has widely been debated because relative

responses of ecosystem C uptake and release vary

among different terrestrial ecosystems (Smith &

Shugart, 1993; Corradi et al., 2005; Oberbauer et al.,

2007). For example, ER has been reported to increase

more than GEP under elevated temperature in a dry

subarctic ecosystem (Illeris et al., 2004) whereas, in a wet

arctic ecosystem, GEP increases more than ER under

warming (Oberbauer et al., 2007). Irrespective of the

commonly recognized positive relationship of ecosys-

tem C fluxes with temperature, warming does not

necessarily lead to increases in GEP or ER because other

biotic and abiotic factors may play a predominant role

in regulating plant growth and ecosystem C cycling

and modulating their responses (Shaver et al., 1998;

Wan et al., 2007). For example, water availability

mediates the responses of C fluxes to climate change

in arid and semiarid grassland in northern China (Niu

et al., 2008). Moreover, species interactions strongly

influence grassland responses to climate change (Suttle

et al., 2007), especially the short-term climate effects

on ecosystem C cycling (Kueppers & Harte, 2005).

Plant growth and net primary productivity in terres-

trial biosphere have recently been revealed to increase

under N enrichment at the global scale (Elser et al., 2007;

LeBauer & Treseder, 2008; Xia & Wan, 2008). However,

changes in GEP and ER may not be equal or propor-

tional under N addition, thus leading to changes in

NEE that are not always in the same direction as the

changes in GEP (Shaver et al., 1998). Effects of N

addition on NEE have been reported only in wet sedge

tundra (Shaver et al., 1998), boreal mire (Saarnio et al.,

2003), bog (Bubier et al., 2007), and annual grassland

(Harpole et al., 2007) so far. More experimental evidence

in natural terrestrial ecosystems is needed to seek for

general patterns of the NEE responses to N addition/

deposition across the globe. Moreover, temperature

manipulation that simulates climate warming can sti-

mulate net N mineralization and improve soil N avail-

ability in most terrestrial ecosystems (Rustad et al., 2001;

Melillo et al., 2002). Global N enrichment and warming-

stimulated soil N availability may synergistically affect

ecosystem C exchange, ameliorate the progressive N

limitation proposed under elevated atmospheric

CO2 concentration (Hungate et al., 2003; Luo et al.,

2004; Reich et al., 2006), and thus enhance C sequestra-

tion potential in terrestrial biosphere and slow down

climate change.

The role of terrestrial ecosystem in regulating C

exchange between the atmosphere and the biosphere

has long been a subject of great debate (Bonal et al.,

2008). For example, early analyses (Buchmann &

Schulze, 1999; Janssens et al., 2001; Myneni et al., 2001)

have shown that temperate ecosystems are major C

sinks whereas recent studies (Flanagan et al., 2002; Aires

et al., 2008) claim that the role of these ecosystems in

global C budget is still uncertain. In fact, the key of this

issue now takes the climatic variations into consi-

deration in analyses. These variations include interann-

ual climate fluctuations, particularly the alternating

dry/wet seasons (Flanagan et al., 2002; Bonal et al.,

2008). Thus, an important research need is to under-

stand how interannual variation in hydrological condi-

tion influences the warming and N effects on ecosystem

C exchange. It is expected that changes in precipitation

patterns associated with climate change have strong

impacts on the structure and the function of temperate

ecosystems (Weltzin et al., 2003; Huxman et al., 2004a;

Suttle et al., 2007). Climatic warming may negatively

impact ecosystem C exchange via stimulating evapo-

transpiration, reducing soil moisture, and exacerbating

water stress (Saleska et al., 1999; Niu et al., 2008). This

condition will be aggravated when combined with

decreased precipitation (Norby & Luo, 2004; Dermody

et al., 2007). It is also proposed that productivity of

grassland ecosystems are co-limited by water and N

availability (Kirchner, 1977; Hooper & Johnson, 1999),

indicating the dependence of N effects on variations

in hydrological condition. In fact, it has been reported

that responses of grassland ecosystem to N addition

will be strongly dependent on future precipitation

patterns (Harpole et al., 2007). Therefore, variation in

hydrological condition is likely to influence the impacts

of global climatic change on ecosystem C exchange, as is

incorporated into some recent global climate–C cycle

models (Cowling & Shin, 2006; Zhou et al., 2008).

However, this prediction still lacks mechanistic under-

standing of ecosystem C exchange in response to

warming and N addition and their dependence on

hydrological condition.

Beginning in April 2006, a field experiment was

conducted to examine potential impacts of climate

warming and N addition on NEE and its components

(GEP, ER) in a semiarid temperate steppe in northern

China. With the water and N limitation in this ecosys-

tem, we hypothesize that (1) warming will negatively

impact ecosystem C exchange because warming may

aggravate water limitation by stimulating evaportran-

spiration (Niu et al., 2008), (2) N addition will positively

affect ecosystem C exchange considering the infertile

soil in this study site (Yuan et al., 2005). Based on

the two hypotheses, interactions between warming

and N addition in influencing ecosystem C exchange

are expected. In addition, the observations in this study

were from two hydrologically contrasting growing

seasons (wet in 2006 and dry in 2007). Thus, we also

test the impacts of hydrological variation on responses

of ecosystem C exchange to warming and N addition.
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Materials and methods

Study site

The research was conducted in Duolun County (421020N,

1161170E, 1324 m a.s.l), a semiarid area located in Inner

Mongolia, China. Long-term (1953–2007) mean annual

precipitation (MAP) is approximately 383 mm with 90%

distributing from May to October. Mean annual tempera-

ture is 2.1 1C with monthly mean temperature ranging

from 18.9 1C in July to �17.5 1C in January. The sandy soil

of the study site is classified as chestnut according to the

Chinese classification, or Haplic Calcisols according to

the FAO classification. Mean bulk density is 1.31 g cm�3

and pH is 7.7. The dominant plant species in this tempe-

rate steppe are Stipa krylovii Roshev., Artemisia frigida

Willd., Potentilla acaulis L., Cleistogenes squarrosa (Trin.)

Keng., Allium bidentatum Fisch. ex Prokh., and Agropyron

cristatum (L.) Gaertn.

Experimental design

We used complete random block design with six treat-

ments and replicated six times. Thirty-six 3 m� 4 m

plots were arranged in 6� 6 matrix. The distance be-

tween any two adjacent plots was 3 m. One of the six

plots in each row was randomly assigned to one of the

six treatments, including control (C), day (6:00–18:00

hours) warming, night (18:00–6:00 hours) warming,

diurnal (24 h) warming (W), N addition (N), and diur-

nal warming plus N addition (WN). The effects of day

and night warming were not included in this study. In

late August 2005, we compared ecosystem C fluxes,

aboveground biomass, and root biomass in the plots

that would be assigned to different treatments in 2006

and did not find any statistically significant difference

(all P40.05). All the warmed plots were heated con-

tinuously by MSR-2420 infrared radiators (Kalglo Elec-

tronics Inc., Bethlehem, PA, USA) suspended 2.25 m

above the ground. In each control or N addition plot,

one ‘dummy’ heater with the same shape and size

as the infrared heater was suspended 2.25 m high to

simulate the shading effects of the infrared radiator. All

the heaters under the warming treatments were set at a

radiation output of approximately 1600 W. The warm-

ing treatment started on 23 April 2006. N additions

were treated once a year with NH4NO3 (10 g N m�2) on

July 19 in both years.

Soil temperature and moisture

Soil temperature at the depth of 10 cm was recorded

automatically with a Datalogger (STM-01 Soil Tempera-

ture Measurement System; Henan Electronic Institute,

Zhengzhou, China). Six measurements were taken with

10-min intervals and averages of the six measurements

were stored as the hourly averages. Soil moisture

(0–10 cm) was measured weekly using Diviner-2000

Portable Soil Moisture Probe (Sentek Pty Ltd., Balmain,

NSW, Australia).

N availability

We assessed ammonium (NH4
1 ) and nitrate (NO3

�)

concentrations in this study using buried cation and

anion resin exchange capsules (Skogley & Dobermann,

1996). In both years, we deployed two capsules (PST-2;

Unibest, Bozeman, MT, USA) in each plot on 15 May, 1

July, and 15 August, using PVC access tubes (WECSA

Corp., Fort Collins, CO, USA). Individual capsules were

placed at a depth of 10 cm below the soil surface with a

tube at a 451 angle so as not to disturb the vertical soil

column of both organic and mineral material. After 4

weeks, we retrieved the capsules, washed them with

deionized water, stored them in zip-lock bags, and took

them into the laboratory. In the lab, resin capsules were

extracted with three sequential 20 mL solutions of 2 M

KCl on a shaker table for 60 min each. The combined

60 mL of extracts were analyzed for NH4
1 and NO3

�

concentrations using a flow-injection Lachat automated

colorimetry system (FIAstar 5000 Analyzer; Foss Tecator,

Foss Ltd., Hiller�d, Denmark). We estimated the inor-

ganic N availability (g m�2) from the sum of NH4
1 and

NO3
� concentrations and the surface area of the resin

capsules ( � 12.6 cm2).

Ecosystem C fluxes measurements

Ecosystem C fluxes were measured with a transparent

chamber (0.5� 0.5� 0.5 m3) attached to infrared gas

analyzer (IRGA) (LI-6400; LiCor, Lincoln, NE, USA)

placed and sealed on the plots. This static-chamber

method has been successfully used to evaluate plot-

level fluxes of CO2 in this ecosystem (Niu et al., 2008),

and was validated in some previous studies (Steduto

et al., 2002; Huxman et al., 2004b; Potts et al., 2006; Bubier

et al., 2007; Risch & Frank, 2007). The polyethelene

sheeting used for chamber construction allows 490%

of photosynthetically active radiation to pass into

the chamber. During the measurement, the chamber

was sealed to the surface of an aluminum frame, which

was inserted into the soil to a depth of about 3 cm at two

opposite corners in each plot. Two small fans ran

continuously to mix the air inside the chamber during

measurement. Consecutive recordings of CO2 concen-

trations were taken during a 90-s period after steady-

state conditions were achieved within the chamber for

20 s. Increases in air temperatures within the chamber
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during the measuring time period were less than 0.2 1C.

CO2 concentrations were build up or draw down insuffi-

ciently (upper limit of range above and below ambient of

about 10mmol mol�1) to significantly alter stomatal con-

ductance, canopy photosynthesis, or soil respiration

(Huxman et al., 2004b). The details on these static-cham-

ber flux calculations can be found in the soil-flux calcula-

tion procedure on Page 6-2 in the LI-6400 manual (LI-

COR Inc., 2004). Following the measurements of NEE, the

chamber was vented, replaced on each plot, and covered

with an opaque cloth. The CO2 exchange measurements

were repeated, and the values obtained represented ER

because light was eliminated (and hence photosynthesis).

GEP was calculated as the difference between NEE and

ER. Ecosystem C fluxes were measured twice a month on

clear, sunny days between 9:00 and 12:00 hours from May

to October in 2006 and 2007. The measured NEE once a

day in this study was 112.6% of the observed daytime

average based the diurnal pattern in the control plots

(unpublished data).

Peak aboveground biomass and belowground net
productivity

In May 2006, two permanent 1� 1 m2 quadrats were

established in each plot. Plant species composition was

recorded in each quadrat at the end of August during

the peak biomass in both years by visually estimating

percent cover of each plant species. During the mea-

surement, a 1� 1 m2 frame with 100 equally distributed

grids (10� 10 cm2) was put above the canopy in each

quadrat. The percent cover of each species were recorded

in all the grids and summed as the species cover in each

quadrat. The number of plant species occurred was

recorded as species richness in the quadrat.

We used a nondestructive method by developing

regression equations between biomass and cover for

each species to estimate peak aboveground biomass in

this study. In order to include all the species occurred in

our study, we set 80 calibration plots (1� 1 m2) near

our experimental plots in both years. 10 g N m�2 of

NH4NO3 were added in half of the calibration plots

(n 5 40) at the same time we added N to the experi-

mental plots. In late August, we measured the cover of

each species in both N-addition and non-N-addition

calibration plots. Then we clipped living aboveground

biomass in the calibration plots and separated into

different species. Living plant aboveground tissues

were separated from dead tissues, oven-dried at 70 1C

for 48 h, and weighed. We developed regression equa-

tions between biomass and cover for each species for

both the non-N-added and N-added calibration plots.

All species showed good correlations between biomass

and cover in both 2006 and 2007. Finally, we estimated

the biomass of each species in the C and W plots using

the equations in the non-N-added calibration plots and

biomass in the N and WN plots using the equations in

the N-added calibration plots. Peak aboveground, grass,

and forb biomass in each plot was the sum of biomass of

all species, grass species, and forb species, respectively.

An index of belowground net productivity was esti-

mated by using root ingrowth method. In early May of

2006 and 2007, we excavated two 50 cm deep cylindrical

holes using a soil auger (8 cm in diameter) in each plot.

The soils were refilled to the same hole after removing

roots via 2 mm sieves. We collected root ingrowth

samples in late October by using a smaller soil auger

(6 cm in diameter) at the center of the original root

ingrowth holes. The dry mass of root was determined

by oven-drying at 70 1C to constant weight.

Plant canopy development

We monitored plant canopy development in 2007 by

using a standard of canopy greenness, the Normalized

Difference Vegetation Index (NDVI), which was fre-

quently used for satellite studies (e.g. Myneni et al.,

1997). To monitor NDVI, we measured spectral reflec-

tance under cloud-free conditions by using the ASD

FieldSpecs Handheld spectrometer (Analytical Spectral

Devices, Boulder, CO, USA). Reflectance measurements

were made throughout the growing season at15-day

intervals between 11:00 to 13:00 hours. Each sample was

the mean of four spectra obtained with a fiber optic

collector (251 field of view) at a height of 50 cm. NDVI

was calculated as (reflectance at 775 nm�reflectance at

675 nm)/(reflectance at 775 nm 1 reflectance at 675 nm).

Data analysis

Seasonal mean values used in this study were calcu-

lated from the monthly mean values, which were first

averaged from all measurements in the same month. We

included values both before and after N addition to

evaluate the N effect, because N addition was consid-

ered to have no effect on ecosystem C exchange at the

beginning of growing season when the precipitation

was infrequent and low and the soil was dry in this

study. Three-way ANOVA was used to examine the effects

of year, warming, N addition, and their possible inter-

actions on ecosystem C fluxes. If there is significant

interannual variability (year effect Po0.05), Repeated

Measures ANOVA (RMANOVA) were used to examine

warming and N addition effects on soil moisture and

ecosystem C fluxes over the growing seasons in 2006

and 2007, respectively. Between-subject effects were

evaluated as warming or N addition treatment and

within-subject effects were time-of-season. Regression
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with correction for autocorrelation and stepwise multi-

ple linear analyses were used to examine the relation-

ships of ecosystem C fluxes with soil temperature, soil

moisture, soil N availability, species richness, peak

grass biomass, peak forb biomass, and belowground

net primary productivity measured. All statistical ana-

lyses were conducted with SAS software (SAS Institute

Inc., Cary, NC, USA).

Results

Soil microclimate

Seasonal dynamics of both precipitation and air tem-

perature produced one-peak patterns, which were high-

er in summer and lower in spring and autumn (Fig. 1). In

comparison with the long-term (1953–2007) MAP

(383 mm), total precipitation in 2006 (408 mm) was 6.5%

higher. However, total precipitation in 2007 (209.3 mm)

was the lowest in the past 55 years, with total precipita-

tion 44.4% lower than the long-term MAP. Similarly, total

precipitation over the entire growing season (May to

October) in 2006 (387 mm) was 11.2% above the long-

term mean (348 mm), whereas the growing season of

2007 (194 mm) was the driest during the past 55 years,

with total precipitation 44.3% below the long-term mean.

In contrast to precipitation, no difference in mean annual

(P 5 0.383) or seasonal (P 5 0.458) air temperature was

detected between 2006 and 2007 (Fig. 1).

Soil temperature at the 10 cm depth was higher in

2007 than 2006 (Po0.001, three-way ANOVA). Warming

significantly increased (Po0.001) soil temperature

whereas N addition showed no effect (P 5 0.948). There

was no interaction between warming and N addition in

affecting soil temperature (P 5 0.361). From 1 August

2006 to 31 October 2007 with continuous temperature

records, mean soil temperature was 1.79 1C higher in

the warmed plot than the control plot (Fig. 2a). The

interannual fluctuations in precipitation between the

two growing seasons caused higher soil moisture in

2006 than 2007 (Po0.001, three-way ANOVA). Warming

significantly reduced volumetric soil moisture at the

depth of 0–10 cm by 5.0% (P 5 0.001) whereas neither N

addition (P 5 0.859) nor its interaction (P 5 0.859) with

warming (P 5 0.180) affected soil moisture. When ana-

lyzed separately by year using RMANOVA, soil moisture

decreased significantly under warming in both 2006

(P 5 0.025) and 2007 (P 5 0.018), but no effects of N

addition or its interaction with warming were observed

(Table 1; Fig. 2b).

Interannual variability in plant growth and ecosystem C
fluxes

Peak aboveground biomass in the dry year (48.4 g m�2)

was significantly lower than that in the wet year

(108.4 g m�2; Po0.001). When divided aboveground

biomass into different plant functional types, all grass

biomass, forb biomass and grass : forb ratio were lower

in 2007 than those in 2006 (all Po0.001).

There were substantial interannual variations in NEE

(Po0.001), GEP (Po0.001), and ER (P 5 0.039). In the

control plots, seasonal mean NEE (0.87mmol m�2 s�1),

GEP (2.82mmol m�2 s�1), and ER (�1.95 mmol m�2 s�1)

in 2007 were 60.3%, 34.7%, and 10.5% lower than those

in 2006 (2.19, 4.31, �2.17mmol m�2 s�1), respectively.

Effects of warming and N addition on ecosystem C fluxes

N addition significantly increased NEE (P 5 0.002)

whereas no effects of warming (P 5 0.620) or its interac-

tion with N addition (P 5 0.660) were detected. When

analyzed separately by year using RMANOVA, N addition

significantly enhanced NEE in both years (P 5 0.006 and

0.049, Table 2) and the enhancement in 2006 (22.7%) was

similar with that in 2007 (22.5%; Fig. 3a and b). In

addition, N-induced stimulation of seasonal mean NEE

was lower in the warmed plots (20.0% in 2006 and 18.3%

in 2007) than that in the unwarmed plots (25.3% and

26.8% in 2006 and 2007, respectively; Fig. 3a and b).

Sampling date significantly interacted with N addition to

impact NEE in both 2006 and 2007 (Table 2). There were

little differences in NEE between the control and the N-

addition plots before the date of N addition (19 July) in

either 2006 (P 5 0.318) or 2007 (P 5 0.377). However, N

addition significantly increased NEE after N was added

(Fig. 3) in both 2006 (P 5 0.001) and 2007 (P 5 0.035).

Similar to NEE, GEP was significantly increased by N

addition (Po0.001) but not by warming or its interac-

tion with N addition (P 5 0.763; Table 1). When ana-

lyzed separately by year using RMANOVA, N addition

significantly enhanced GEP in both years (Table 2), but

Fig. 1 Daily precipitation (bars) and daily mean air tempera-

ture (line) in 2006 and 2007. Data are from the eddy tower

adjacent (approximately 200 m) to the experimental plots.
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the increases in GEP were lower in the dry year of 2007

(11.4%) than in the wet year of 2006 (16.0%; Fig. 3c and

d). Unlike NEE, the increases in GEP by N addition

were slightly lower in the unwarmed plots (13.6% and

10.6% in 2006 and 2007, respectively) than those in the

warmed plots (18.4% and 12.1% in 2006 and 2007,

respectively; Fig. 3c and d). N addition significantly

interacted with sampling date to affect GEP in 2006

(Po0.001, Table 2). GEP did not differ between the

Table 1 Results (P-values) of three-way ANOVA on the effects

of warming (W), N (nitrogen) addition (N), year (Y), and their

interactions on net ecosystem CO2 exchange (NEE), gross

ecosystem productivity (GEP), ecosystem respiration (ER)

NEE GEP ER

N 0.002 0.002 0.121

W 0.620 0.447 0.523

N�W 0.660 0.763 0.311

Y o0.001 o0.001 0.039

Y�N 0.183 0.261 0.844

Y�W 0.647 0.593 0.775

Y�N�W 0.893 0.842 0.664

Table 2 Results (P-values) of repeat-measurement ANOVA on

the effects of warming (W), N (nitrogen) addition (N), sam-

pling date (D), and their interactions on net ecosystem CO2

exchange (NEE), gross ecosystem productivity (GEP), ecosys-

tem respiration (ER)

2006 2007

NEE GEP ER NEE GEP ER

N 0.006 0.007 0.152 0.049 0.028 0.249

W 0.541 0.448 0.540 0.977 0.822 0.685

N�W 0.709 0.854 0.406 0.650 0.918 0.450

D o0.001 o0.001 o0.001 o0.001 o0.001 o0.001

D�N o0.001 o0.001 0.097 0.096 0.259 0.361

D�W 0.461 0.650 0.566 0.137 0.351 0.423

D�N�W 0.691 0.266 0.685 0.947 0.616 0.548
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control and the N addition plots before N addition

(19 July) in either 2006 (P 5 0.886) or 2007 (P 5 0.255).

However, GEP was significantly stimulated in the short-

term by N addition in both 2006 (Po0.001) and

2007(P 5 0.037, Fig. 3).

None of N addition, warming, or their interactions

affected ER (Table 1). When analyzed separately by year

using RMANOVA, the effects of warming, N addition, and

their interactions were not statistically significant for ER

(Table 2) in either year. No interaction was found

between sampling date and N addition to affect ER in

either 2006 or 2007 (Table 2).

Treatment effects on control factors over ecosystem C
fluxes

When analyzed separately by year using RMANOVA, soil

N availability increased by 10.2% and 17.8% under N

addition in 2006 (P 5 0.039) and 2007 (Po0.001), respec-

tively. Warming did not affect soil N availability in 2006

(P 5 0.468), but showed a marginally positive effect in

2007 (8.2%, P 5 0.061). N addition stimulated peak

aboveground biomass only in 2006 (19.2%, Po0.001;

Table 3), with no effect of warming was detected in

either 2006 or 2007 (Table 3). When separating above-

ground biomass into different plant functional types,

differential responses between grass and forb were

observed to warming and N addition. Warming mar-

ginally reduced grass biomass in 2006 (17.0%, P 5 0.078;
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Table 3 Results (P-values) of two-way ANOVA on the effects

of warming (W), N (nitrogen) addition (N), and their interac-

tions on peak aboveground biomass (AGB), peak grass bio-

mass (GB), peak forb biomass (FB), and peak grass : forb

biomass ratio (GB : FB)

AGB GB FB GB : FB

2006

N o0.001 0.611 o0.001 0.159

W 0.255 0.078 0.784 0.031

N�W 0.066 0.329 0.094 0.662

2007

N 0.208 0.054 0.038 0.040

W 0.376 0.719 0.355 0.469

N�W 0.192 0.222 0.783 0.499
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Table 3, Fig. 4a) whereas it did not affect it in 2007

(Table 3, Fig. 4b). No effect of warming on forb biomass

was observed in either 2006 or 2007 (Table 3, Fig. 4a and

b). N addition marginally increased grass biomass by

35.8% (P 5 0.054) in 2007, but had no effect in 2006

(Table 3, Fig. 4a). Forb biomass was stimulated by 24.0%

(Po0.001) in 2006 but was reduced by 17.7% (P 5 0.038)

under N addition in 2007 (Table 3, Fig. 4b). The differ-

ential responses between grass and forb also induced

changes in grass : forb ratio under the warming and N

addition treatments. For example, grass : forb ratio

was decreased by warming in 2006 (P 5 0.031; Table 3,

Fig. 4c), but was increased by N addition in 2007

(P 5 0.040; Table 3, Fig. 4d).

Impacts of biotic and abiotic factors on ecosystem C fluxes

The seasonal dynamics of NEE, GEP, and ER produced

a one-peak pattern in both 2006 and 2007 (Fig. 3). Across

the two growing seasons, NEE (R2 5 0.54, P 5 0.008),

GEP (R2 5 0.63, Po0.001), and ER (R2 5 0.59, Po0.001;

Fig. 5a) all increased linearly with increasing soil moist-

ure, with steeper slope of the regression in GEP than in

ER (Po0.05; Fig. 5a). ER increased exponentially with

soil temperature (R2 5 0.20, P 5 0.037; Fig. 5b) whereas

no relationship was found between soil temperature

and NEE or GEP. In 2006, seasonal variation in NEE

showed no relationship with either soil temperature or

moisture. However, the combination of soil moisture

and soil temperature explained 70% and 87% of the

seasonal variation in GEP and ER (ER 5 aebTM 1 c),

respectively. In 2007, NEE and GEP, but not ER, in-

creased linearly with NDVI (R2 5 0.68, P 5 0.006;

R2 5 0.55, P 5 0.023). NDVI and soil moisture together

accounted for 92% and 91% of the seasonal variation

in NEE and GEP, respectively. Ninety-three percent

of seasonal variation in ER could be accounted for by

the combination of soil moisture and soil temperature.

The above results suggest all the concurrent seasonal

variations in soil moisture, soil temperature, and plant

growth contributed to the temporal variability in eco-

system C fluxes.

Across the 24 plots, seasonal mean NEE showed

positively linear dependence upon mean soil moisture

(P 5 0.006; Fig. 6b), peak forb biomass (P 5 0.010;

Fig. 6d) in 2006, and peak grass biomass in 2007

(P 5 0.017; Fig. 6c). On the contrary, negative correla-

tions between mean NEE and mean soil temperature

(P 5 0.008; Fig. 6a) and peak forb biomass (P 5 0.031;

Fig. 6d) were found across the 24 plots in 2007. Stepwise

multiple regression analyses demonstrated that 41.8%

of the spatial variation in NEE could be explained by the

combination of peak forb biomass (partial R2 5 0.22,

P 5 0.022) and soil moisture (partial R2 5 0.20, P 5 0.014)

in 2006. In 2007, soil temperature alone contributed to

30.1% (P 5 0.005) of the spatial variation in NEE.

Seasonal mean GEP was linearly and positively cor-

related with mean soil moisture in both 2006 (P 5 0.003)

and 2007 (P 5 0.041; Fig. 6f), peak grass biomass in 2007

(P 5 0.031; Fig. 6g), and peak forb biomass in 2006

(P 5 0.016; Fig. 6h), whereas negatively with mean soil

temperature in 2006 (Po0.001; Fig. 6e). Stepwise multi-

ple regression analyses showed that peak forb biomass

(partial R2 5 0.43, P 5 0.014) and soil temperature

(partial R2 5 0.23, P 5 0.017) together accounted for

66.5% of the spatial variation in GEP in 2006. In 2007,

soil moisture alone was responsible for 20.5%

(P 5 0.026) of the spatial variation in GEP.
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Fig. 5 Temporal dependence of net ecosystem carbon (C) ex-

change (NEE; filled cycles and solid line), gross ecosystem

productivity (GEP; open cycles and dotted line), and ecosystem

respiration (ER; open triangles and dashed lines) on soil moist-

ure (a) and soil temperature (b) across the two growing seasons.
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Across the 24 plots, seasonal mean ER in 2007 showed

positively linear correlation with mean soil moisture

(P 5 0.004; Fig. 6j) and peak forb biomass (P 5 0.033;

Fig. 6l). On the contrary, a negative correlation between

mean ER and mean soil temperature (Po0.001; Fig. 6i)

was observed in 2006. Stepwise multiple regression

analyses demonstrated that soil temperature explained

17.6% (P 5 0.041) of the variation in ER in 2006. In 2007,

92.3% of the spatial variability in ER could be attribu-

table to the combination of soil N availability (partial

R2 5 0.57, P 5 0.005) and soil moisture (partial R2 5 0.36,

P 5 0.002). These results suggest that both biotic (grass

and forb biomass) and abiotic (soil moisture, soil

temperature, and soil N availability) factors played

important roles in regulating spatial variations in

ecosystem C fluxes in the temperate steppe.

Discussion

NEE and its components in the temperate steppe

In the temperate steppe in northern China, greater

ecosystem C uptake (GEP) than release (ER) leads to a

net C sink (positive NEE) in both years. This is similar

with that reported in an annual grassland (Harpole

et al., 2007), some arctic ecosystems (Bubier et al., 2007;

Oberbauer et al., 2007), and a former study in this area

(Niu et al., 2008).

The interannual variations in NEE and its two com-

ponents are positively related to those in precipitation,

demonstrating that precipitation determines the annual

C exchange. Our results are in agreement with those in

a previous study in the same study area (Niu et al., 2008)

and those in other temperate grassland ecosystems

(Suyker & Verma, 2001; Flanagan et al., 2002; Aires

et al., 2008). The positive linear correlations between

ecosystem C fluxes and soil moisture at the temporal

(Fig. 5a) and spatial (Fig. 6b, f, and j) scales support the

above findings. However, the interannual variability is

different between the two components of NEE. Consis-

tent with that in boreal and temperate forests (Barr et al.,

2002), GEP fluctuates more strongly (34.7% lower in

2007 than 2006) than ER (10.5% lower in 2007 than 2006)

in the temperate steppe, indicating that GEP is more

sensitive to interannual climatic variation than ER in

this study area. The different magnitudes of the inter-

annual variability in GEP and ER could have been

ascribed to their different water sensitivities, which is

reflected by their different slopes when plotted against

soil moisture (Fig. 5a). The greater dependence of GEP

than ER on soil moisture across the two growing

seasons supports the previous findings that GEP is

more sensitive to soil water availability than ER in the

semiarid temperate steppe.

Warming effects

It has been proposed that warming effects on ecosystem

C exchange will likely be modulated by soil water

regimes (Welker et al., 2004; Niu et al., 2008). For

Fig. 6 Spatial dependence of seasonal mean net ecosystem C (carbon) exchange (NEE), gross ecosystem productivity (GEP), and

ecosystem respiration (ER) on soil temperature (a, e, i), soil moisture (b, f, j), peak grass biomass (c, g, k), and peak forb biomass (d, h, l),

respectively, across the 24 plots in 2006 (filled cycles and solid lines) and 2007 (open cycles and dotted lines).
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example, Welker et al. (2004) have reported that the res-

ponses of C exchange to warming are different among

dry, mesic, and wet tundra, indicating the dependence

of warming effect on hydrological conditions. However,

in our ecosystem, the warming effects on ecosystem C

exchange (NEE) do not differ between the two hydro-

logically contrasting growing seasons. In the growing

season with extra precipitation (2006), the insensitivity

of NEE to elevated temperature could have been attrib-

uted to the counteractive effects of warming-induced

changes in different control factors. Irrespective of no

changes in peak aboveground biomass, warming-

induced reductions in the growth of grass species

(Table 3, Fig. 4a) and stimulation of forb biomass

(8.6%) in 2006 lead to an increase in the proportion of

forb biomass (lower grass : forb ratio) in the community.

The warming-induced changes in species composition

are consistent with a previous study in an annual

grassland (Zavaleta et al., 2003), in which warming

increases forb production and abundance but does not

affect grass. The positive responses of forb biomass

(Fig. 6d and h) could have ameliorated the negative

impacts of lower soil water availability (Fig. 6b and f) on

NEE and GEP under warming condition. Given no

effects of warming on plant growth and community

composition in the dry season (2007), the insensitivity of

NEE to warming could have been accounted for by

the concurrent water limitation of GEP and ER in this

growing season (Fig. 6f and j). In addition, consistent

with some previous studies (Rustad et al., 2001; Mellilo

et al., 2002), we have observed warming-induced in-

crease in soil N availability, especially in the dry period.

The positive effect of enhanced N availability could

have also ameliorated the negative impacts of warm-

ing-induced water depletion.

Insignificant changes in GEP and ER have resulted in a

consequently little NEE response under warming in the 2

years (Table 1; Fig. 4). A previous study has also observed

insignificant changes in C exchange components under

experimental warming in 2006 in the same area (Niu

et al., 2008). Our results are inconsistent with those in a

recent study in tundra (Oberbauer et al., 2007), in which

both GEP and ER respond positively to climate warming.

This highlights the ecosystem-specific responses of eco-

system C exchange to climate change depending on

initial conditions (Shaver et al., 1998, 2000). In addition,

our results in the wet growing season support the pro-

position that warming-induced species shifts can mediate

warming impacts on ecosystem C exchange (Campell

& Smith, 2000; Harte et al., 2006). Our findings have

important implications for global climate–C cycle models,

in that shifts in species composition should be taken into

consideration to project the C-cycle responses to future

climate change (Dufresne et al., 2002; Fung et al., 2005).

N addition effects

Although a great deal of research has been conducted

on the responses of plant communities to N addition

and has considered the implications for ecosystem C

balance (Williams & Silcock, 1997; Berendse et al., 2001;

Heijmans et al., 2001), there is little research effort on the

changes in NEE response to N addition. Saarnio et al.

(2003) have found only minor response of NEE to N

addition in a 3-year N addition study in Finnish peat-

land. Harpole et al. (2007) have reported that N addition

tends to reverse the positive effect on NEE due to water

addition. However, N addition has been observed to

increase NEE in the two hydrologically contrasting

growing seasons because of the larger stimulation in

GEP than in ER in our ecosystem, which is consistent to

the hypothesis of Bubier et al. (2007). Our observations

suggest an overall enhancement of ecosystem C seques-

tration under N addition in the temperate steppe.

By stimulating GEP but not changing ER, N addition

exerts consistent positive effects on NEE in the two

hydrologically contrasting growing seasons. However,

N addition has differential impacts on the growth of

two major plant functional types in the two growing

seasons. In the wet growing season (2006), N addition

increases peak aboveground biomass (primarily forb

biomass) with no effect on grass biomass (Table 3). The

increase in forb biomass could have led to the stimula-

tion of GEP (Fig. 6h) under N addition in 2006. How-

ever, given no relationship between ER and plant

growth, the positive N effects on NEE in 2006 could

have been contributed to the N-induced stimulation of

forb biomass. In contrast to the wet growing season,

reductions in forb biomass and increases in grass bio-

mass in the dry growing season in 2007 have caused no

changes in peak aboveground biomass in this year

(Table 3). Higher GEP associated with grass biomass

(Fig. 6g) and lower ER related to forb biomass (Fig. 6l)

could have accounted for the positive responses of NEE

to N addition in 2007 (Fig. 6c and d). Moreover, less

stimulation of seasonal mean NEE induced by N addi-

tion in the warmed than unwarmed plots (Fig. 3a and b)

suggests antagonistic effects of the two treatments. The

suppression of N responses of NEE under warming

could also have been attributed to the reduced soil

water availability. Our observations highlight the im-

portance of differential plant growth of distinctive

functional groups across years in modulating the re-

sponses of ecosystem C exchange to N addition.

Impacts of drought events

It is expected that drought can reduce gross primary

productivity as well as NEE in terrestrial ecosystems

(Ciais et al., 2005; Granier et al., 2007) and act as the main
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source of interannual variation in terrestrial C seques-

tration (Pereira et al., 2007). In this study, lower seasonal

mean C fluxes in 2007 than those in 2006 and greater C

release than uptake (negative NEE; Fig. 3b) until late

July in 2007 indicate critical roles of soil water avail-

ability in regulating ecosystem C exchange in the semi-

arid temperate steppe in northern China. Moreover,

larger reductions in GEP (34.7%) than ER (10.5%) in

2007 compared with the respective C flux in 2006 suggest

drought may restrain ecosystem C uptake more than C

release. The findings are consistent with those of model

simulations (Zeng et al., 2005) and observational studies

(Ciais et al., 2005; Breshears et al., 2005) that drought

induces substantial terrestrial ecosystem C loss.

Although it is anticipated that global warming will

make drought events more frequent (Cook et al., 2004;

Manabe et al., 2004), warming may have insignificant

impacts on ecosystem C exchange in our system. Similar

positive responses of ecosystem exchange to N addition

between the wet (22.7%) and dry (22.5%) growing sea-

sons imply independence of the N effect on ecosystem C

fluxes upon hydrological conditions in this temperate

steppe. This is inconsistent with a recent assumption

(Harpole et al., 2007) that grassland ecosystem response

to N addition will be strongly dependent on precipita-

tion patterns. Thus, irrespective of the dependence of

interannual variability in ecosystem C fluxes on precipi-

tation, drought may not alter the impacts of warming

and N addition on ecosystem C exchange in the semiarid

temperate grassland in northern China.

Conclusions

In contrast to the common expectation of stimulation of

ecosystem C release under elevated temperature, we

found insignificant responses to warming of ecosystem

C exchange and its components in the temperate steppe

in northern China, which could have been attributable

to the offset of the positively direct effects by the

negatively indirect effects via aggravating water limita-

tion (Wan et al., 2007; Niu et al., 2008). N addition

stimulated ecosystem C exchange (NEE) primarily by

increasing C assimilation process (GEP), which empha-

sizes the limitation of soil N availability on ecosystem C

exchange in this semiarid grassland. Moreover, this

study was conducted during two hydrologically con-

trasting growing seasons (wet in 2006 and dry in 2007)

and, thereby, offered a unique opportunity to under-

stand how drought event affects ecosystem C fluxes and

their responses to warming and N addition in the

temperate steppe. Although warming and N effects

on plant productivity and species composition were

dependent on precipitation regimes, drought event

did not alter the relative responses of ecosystem C

exchange to warming and N addition. These findings

will improve our understanding of C sequestration

response to the simultaneous climate change drivers

in arid and semiarid grassland ecosystems.
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