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a  b  s  t  r  a  c  t

The  balance  between  ecosystem  carbon  dioxide  (CO2)  uptake  and release  determines  the  level  of car-
bon  (C)  sequestration  in terrestrial  ecosystems  and  its  potential  impact  on CO2 concentration  in  the
atmosphere.  However,  how  changes  in  temperature  and  precipitation  will  affect  the  relationships  of
net ecosystem  productivity  (NEP)  with  gross  primary  productivity  (GPP)  and  ecosystem  respiration
(ER)  remains  unclear.  In this  study,  a nine-year  field  manipulative  experiment  was  conducted  with
elevated  temperature  and increased  precipitation  in a  semiarid  steppe  of  Inner  Mongolia,  China.  Exper-
imental  warming  reduced  GPP  and  ER  by  almost  the  same  amount,  leading  to a slight  change  in  NEP
(−0.16  �mol  m−2 s−1),  whereas  increased  precipitation  stimulated  GPP  more  than  ER during  the  growing
seasons,  resulting  in an  enhanced  NEP  (+0.63  �mol m−2 s−1).  In addition,  seasonal  patterns  of  ecosystem
C  fluxes  and  the  NEP-GPP  or NEP-ER  relationships  were  not  altered  by  experimental  warming.  However,
increased  precipitation  delayed  the  peak  of  GPP  during  the growing  seasons  and  enhanced  the  correla-
cosystem respiration tion  between  NEP  and  GPP  in the  steppe  ecosystem.  The  enhanced  control  of GPP over  NEP  under  the
increased  precipitation  suggests  that  ecosystem  C sequestration  is  attributed  more  to  C uptake  than  C
release  when  water  availability  is  improved  in the  semiarid  grassland.  Our  findings  provide  an insight  into
the response  mechanism  of ecosystem  C flux  to  warming  and precipitation  change  in  semiarid  grasslands,
and  facilitate  the  projection  of  terrestrial  ecosystem  C dynamics  and  climate  feedbacks  in the  future.
. Introduction

Terrestrial ecosystems absorb carbon (C) from the atmosphere
hrough photosynthesis (i.e. gross primary productivity, GPP) and
elease C into the atmosphere via ecosystem respiration (ER) (Chen
t al., 2015; Lasslop et al., 2010; Law et al., 2002; Valentini et al.,
000; van Dijk and Dolman, 2004; Yu et al., 2013). As the net bal-
nce of these two processes, net ecosystem productivity (NEP) is an

ndicator of the C sink or source in terrestrial ecosystems. There-
ore, quantifying the NEP-GPP and NEP-ER relationships and their
esponses to climate warming and changing precipitation regime

∗ Corresponding author.
E-mail addresses: swan@henu.edu.cn, swan@ibcas.ac.cn (S. Wan).

ttp://dx.doi.org/10.1016/j.agrformet.2016.09.004
168-1923/© 2016 Elsevier B.V. All rights reserved.
©  2016  Elsevier  B.V.  All  rights  reserved.

is critical for projections of net C balance and global C cycling in the
future.

The NEP-GPP and NEP-ER relationships generally vary with cli-
mate zones and biomes. Global assessments in forest, grassland,
cropland, and wetland ecosystems have demonstrated that NEP
change is more closely related to variation in GPP than in ER (Law
et al., 2002; Niu et al., 2012; van Dijk and Dolman, 2004; Wohlfahrt
et al., 2008). Inter-annual fluctuation in NEP is more similar to that
in GPP than that in ER, implying that NEP is more strongly controlled
by GPP (Beringer et al., 2007; Saigusa et al., 2005; Urbanski et al.,
2007). By contrast, a study across 15 European forests revealed that

spatial variability of NEP is influenced more by ER change because
ER increases with latitudes, but GPP remains relatively constant
(Valentini et al., 2000). The closer relationship between NEP and
ER is also supported by several previous studies in tropical forests

dx.doi.org/10.1016/j.agrformet.2016.09.004
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Saleska et al., 2003; Yan et al., 2013; Zhang et al., 2010). The con-
icting results on the NEP-GPP and NEP-ER relationships may  be
ttributable to the differences in vegetation types, soil nutrients,
recipitation, temperature, and solar radiation at different sites
Goulden et al., 1996; van Dijk et al., 2005; Wilson and Baldocchi,
001). Understanding of the NEP-GPP and NEP-ER relationships in
ifferent ecosystems is necessary to resolve the disputes.

Moreover, the current knowledge on the NEP-GPP and NEP-ER
elationships is primarily obtained by using the eddy covariance
echnique under natural climate conditions, with the potential
mpacts of changes in temperature and precipitation on the rela-
ionships largely being neglected. Concurrent climate warming and
hanges in global and regional precipitation regimes (IPCC, 2013)
ill have profound impacts on temperature- and water-associated

iological processes, with subsequent influences on terrestrial C
alance (Hui et al., 2003; Liu et al., 2009; Niu et al., 2008; Scanlon
nd Albertson, 2004; Wan  et al., 2009; Wu et al., 2011; Xia et al.,
014). It has been well illustrated that GPP and ER have differential
esponses and sensitivities to changes in temperature and water
vailabilities (Luo, 2007; Ma  et al., 2007; Niu et al., 2012; Urbanski
t al., 2007; Yan et al., 2013), suggesting shifts in contributions of
PP and ER to NEP in response to climate warming and changing
recipitation regimes.

Grassland in arid and semiarid regions is one of the major ter-
estrial biomes and plays an important role in driving dynamic of
lobal land C sink (Poulter et al., 2014). A field manipulative experi-
ent was established in April 2005 in a semiarid temperate steppe

n the Mongolian Plateau to examine the potential impact of warm-
ng and increased precipitation on ecosystem C cycling. Ecosystem

 fluxes were measured using the chamber-based technique dur-
ng the growing seasons from 2005 to 2013. The specific objectives
f this study were: (1) to examine long-term effect of warming and
ncreased precipitation on ecosystem C fluxes, and (2) to investigate
he possible impacts of warming and increased precipitation on the
EP-GPP and NEP-ER relationships in the semiarid grassland.

. Materials and methods

.1. Experimental site

The experimental field site was located in a temperate steppe in
uolun County (42◦02′N, 116◦17′E, 1324 m a.s.l), Inner Mongolia,
hina. Mean annual temperature (1960–2013) was 2.4 ◦C with

 monthly mean temperature ranging from −17.6 ◦C in January
o 19.2 ◦C in July. Mean annual precipitation (1960–2013) was
74.5 mm,  fluctuating greatly between years, and approximately
0% of precipitation occurred during the growing season (from
ay  to October). The plant community was dominated by grasses

Stipa krylovii, Cleistogenes squarrosa,  Agropyron cristatum) and
orbs (Artemisia frigida,  Potentilla acaulis,  Allium bidentatum). Plant
ommunity cover was estimated using a canopy interception tech-
ique based on a 1 × 1 m2 frame with 100 equally distributed grids
10 × 10 cm2) at the middle of the growing season for each year
rom 2005 to 2013. Plant community cover was calculated as the
ercentage of grids occupied by plant canopy, which ranged from
0 to 70%. The aboveground primary productivity of grassland at
he study site was approximately 100–200 g m−2 yr−1 (Niu et al.,
008). The soil at the site was classified as chestnut according to
he Chinese soil classification system and pH value was  6.84 ± 0.07.

.2. Experimental design
A split-plot design was  employed in the current study with
recipitation as the primary factor and temperature as the sec-
ndary factor. In April 2005, three pairs of 10 × 15 m2 plots were
teorology 232 (2017) 359–366

selected in the fenced study area and the distance between the
two plots of each pair was  1 m.  One plot in each pair was assigned
to the increased precipitation treatment and another to the ambi-
ent precipitation treatment. In each of the increased or ambient
precipitation plots, four 3 × 4 m2 subplots were chosen and ran-
domly treated as warmed or unwarmed subplots. Therefore, there
were 4 treatments including control, warming, increased precipita-
tion, and warming plus increased precipitation. For each treatment,
there were 6 replicates.

The increased precipitation treatments were performed using
6 sprinklers during the growing seasons from 2005 to 2013. In
July and August of each year, a total amount of 120 mm water
was evenly added (15 mm wk−1 × 8 wk) to the increased precipita-
tion plots. The warming treatments were conducted with 165-cm
(Length) × 15-cm (Width) MSR-2420 infrared radiators (Kalglo
Eletronics, Bethlehem, PA, USA) fixed 2.5 m above the ground. The
warmed subplots were heated continuously from March 15 to
November 15 each year. To simulate the shading effects of the
infrared radiator on the warmed subplot, a “dummy” heater with
the same shape and size as the heat equipment was  suspended
2.5 m high in the unwarmed subplots. More details of the experi-
mental design were described in Niu et al. (2008), Liu et al. (2009),
and Yang et al. (2011).

2.3. Measurements of environmental variables

Soil temperature at 5 cm depth was  measured with thermo-
couples and recorded in a CR1000 datalogger (Campbell Scientific,
Logan, UT, USA) every hour from June 2005 to October 2013. Volu-
metric soil water content (0–10 cm)  was measured with a portable
device (Diviner 2000, Sentek Pty Ltd, Balmain, Australia) 2–6 times
per month throughout the 9 growing seasons from 2005 to 2013.

2.4. Measurements of ecosystem C fluxes

Ecosystem C fluxes were measured using a transparent sampling
chamber (50 cm length × 50 cm width × 50 cm height) attached to
the LI-6400 Portable Photosynthesis System (Li-Cor, Lincoln, NE,
USA) for all the subplots. In each subplot, two  aluminum (stainless
steel later) frames (50 × 50 cm2 for each) were installed into soil to
a depth of 2–3 cm at two opposite corners in April 2005. The fixed
frames acted as a linkage between the sampling chamber and the
soil surface.

The measured C fluxes included the fluxes of net ecosystem CO2
exchange (NEE, NEP = −NEE) between ecosystem and atmosphere
and ER. During each measurement of NEE, the sampling cham-
ber was placed on the frame surface and two small fans fixed at
two opposite top corners of chamber ran continuously to mix  the
air inside the sampling chamber. The concentration of CO2 in the
chamber was  analyzed by the infrared gas analyzer every 10 s and
recorded in the flash card of LI-6400 Portable Photosynthesis Sys-
tem during a 90-s period. NEP was calculated from changes in CO2
concentration during the measuring period. Following the mea-
surements of NEE, the chamber was  opened for over 30 s, replaced
on the frame again, and then covered with an opaque cloth for ER
measurement. NEE and ER were measured between 9:00 a.m. and
12:00 p.m. (local time) on the measuring days during each month.
Ecosystem CO2 fluxes were usually measured twice per month in
the first six years (2005–2010) and three times per month in the
last three years (2011–2013).

2.5. Statistical analyses
Positive and negative NEP values represented CO2 uptake by and
release from the ecosystem, respectively. Ecosystem respiration
and NEP were averaged for the 2 frames in each subplot repre-
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Table  1
Results (P values) of two-way repeated measurement ANOVAs on the impacts of
warming (W), increased precipitation (P), and their interaction on net ecosystem
productivity (NEP), gross primary productivity (GPP), ecosystem respiration (ER),
soil temperature (ST), and soil moisture (SM). The total sampling size was  2760.

Factors df NEP GPP ER ST SM

P 1 0.012 0.015 0.017 <0.001 0.024
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Fig. 1. Carbon fluxes, including net ecosystem productivity (NEP; a), gross pri-
mary productivity (GPP; b), and ecosystem respiration (ER; c), in the unwarmed
(open triangles) and warmed (filled triangles) plots during the growing season
(May–October) across 9 years (from 2005 to 2013) in a semiarid steppe. AT: ambient
temperature treatments (control and increased precipitation), ET: elevated temper-

ature treatments (all P > 0.05; Fig. 3). In addition, NEP increased
W  1 0.096 0.027 0.030 <0.001 0.003
P  × W 1 0.859 0.792 0.792 0.514 0.289

enting the measured CO2 fluxes of the subplot. GPP was  estimated
s the sum of NEP and ER.

Split-design repeated-measurement ANOVAs were used to
xamine the effects of warming, increased precipitation, and their
nteraction on CO2 fluxes, as well as soil moisture and temper-
ture, across the 9 growing seasons. Regression analyses were
sed to examine the NEP-GPP and NEP-ER relationships observed
uring the growing seasons from 2005 to 2013. The seasonal-
verage values of NEP, GPP, and ER for each plot were used in
he regression analyses. The heterogeneity of regression slopes was
ested and the common slope was calculated when homogeneity
f slopes occurred (Hui et al., 2003; Warton and Weber, 2002). The
alculations and tests of common slope were conducted using Stan-
ardized Major Axis Tests & Routines (SMATR) Version 2.0 (Falster
t al., 2006; http://www.bio.mq.edu.au/ecology/SMATR/) between
emperature or precipitation treatments.

To assess the direct and indirect impacts of microclimate (soil
emperature and moisture) on GPP and ER, as well as the control
f GPP over ER, path analysis was conducted using R statistical
oftware (lavaan package, R 3.0.3).

. Results

.1. Soil microclimate

Across the 9 growing seasons, soil temperature at 5 cm depth
as elevated, on average, by 0.4 ◦C by warming (P < 0.001), but
ecreased by 0.5 ◦C by increased precipitation (P < 0.001). Mean soil
ater content was reduced by 1.0% (absolute change) under exper-

mental warming (P = 0.003, Table 1), whereas enhanced by 1.6%
absolute change) under increased precipitation (P = 0.024, Table 1).
o interactive effect was found between warming and increased
recipitation on either soil water availability or temperature (both

 > 0.05, Table 1).

.2. Seasonal patterns of CO2 fluxes under experimental warming
nd increased precipitation

During the growing seasons, NEP and GPP reached their peaks
n August (Fig. 1a and b), whereas maximum ER occurred in July

ithout and with warming (Fig. 1c). The seasonal patterns of NEP
nd ER did not change under the ambient and increased precipita-
ion treatments (Fig. 2a,c). However, the maximum GPP under the
ncreased precipitation treatments occurred in August (Fig. 2b).

Seasonal mean NEP, GPP and ER were substantially
ncreased by 29.3% (0.63 �mol  m−2 s−1, absolute value), 31.5%
1.56 �mol  m−2 s−1), and 33.2% (0.93 �mol  m−2 s−1), respectively,
nder the increased precipitation across the 9 growing seasons (P
alues: 0.012, 0.015, and 0.017 for NEP, GPP, and ER, respectively;
able 1). Mean GPP and ER were significantly decreased by 5.9%
0.35 �mol  m−2 s−1, absolute value) and 5.5% (0.18 �mol  m−2 s−1),

espectively (P values: 0.027 and 0.030 for GPP and ER, respec-
ively; Table 1), by warming. However, mean NEP decreased
lightly under the warming treatments (−6.4%, 0.16 �mol  m−2 s−1;
ature treatments (warming and warming plus increased precipitation). Each data
point represents the monthly mean value of CO2 flux across 9 years under the two
temperature treatments.

P = 0.096; Table 1). No interactions of warming and increased
precipitation on CO2 fluxes were found (all P > 0.05; Table 1).

3.3. Contributions of GPP and ER to NEP under different
experimental treatments

Annual mean NEP linearly increased with GPP and ER under the
ambient (R2 = 081, P < 0.001 for NEP vs. GPP; R2 = 0.58, P = 0.004;
Fig. 3a and b) and warming treatments (R2 = 0.62, P = 0.003 for NEP
vs. GPP; R2 = 0.32, P = 0.056 for NEP vs. ER; Fig. 3a and b) over the
9 growing seasons. A common slope between NEP-GPP relation-
ships (common slope = 0.381, P = 0.759), as well as that between
NEP-ER relationships (common slope = 0.541, P = 0.563), was  found
in the unwarmed and warmed plots. Both slopes had no shift in
elevation or along the common slope between the two  temper-
with GPP (R2 = 0.51, P = 0.009) in the increased precipitation plots,
but not in the ambient precipitation plots (Fig. 4a), suggesting
the enhanced correlation between changes in NEP and GPP under

http://www.bio.mq.edu.au/ecology/SMATR/
http://www.bio.mq.edu.au/ecology/SMATR/
http://www.bio.mq.edu.au/ecology/SMATR/
http://www.bio.mq.edu.au/ecology/SMATR/
http://www.bio.mq.edu.au/ecology/SMATR/
http://www.bio.mq.edu.au/ecology/SMATR/
http://www.bio.mq.edu.au/ecology/SMATR/
http://www.bio.mq.edu.au/ecology/SMATR/
http://www.bio.mq.edu.au/ecology/SMATR/
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Fig. 2. Carbon (C) fluxes, including net ecosystem productivity (NEP; a), gross pri-
mary productivity (GPP; b), and ecosystem respiration (ER; c), under ambient (open
squares) and increased precipitation (solid squares) during the growing season
(May-October) across 9 years (from 2005 to 2013) in a semiarid steppe. AP: ambient
precipitation treatments (control and warming), IP: increased precipitation treat-
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ents (increased precipitation only and warming plus increased precipitation). Each
ata  point represents the monthly mean value of CO2 flux across 9 years under the
wo  precipitation treatments.

ncreased precipitation. No correlation of NEP change with varia-
ion in ER was found under any of the precipitation scenarios (both

 > 0.05; Fig. 4b).
Path analysis demonstrated that GPP increased with soil

oisture (SM; correlation coefficients r = 0.37–0.42) and soil tem-
erature (ST; r = 0.40–0.52), whereas ER change was positively
ependent on GPP change (r = 0.81–0.85) and ST (r = 0.15–0.19;
ig. 5). A significant correlation between SM and ST was found
nder the different experimental treatments (r = 0.14–0.25; Fig. 5).

n addition, little change in all the correlation coefficients among
PP, ER, SM,  and ST was found under warming. However, increased
recipitation enhanced the correlation coefficient between SM and
T, as well as between GPP and ST, compared with those under the
mbient precipitation.
. Discussion

The primary control of NEP by GPP instead of ER over the 9
ears observed in this semiarid grassland ecosystem is consistent
teorology 232 (2017) 359–366

with the conclusions in several previous studies (Niu et al., 2012;
van Dijk and Dolman, 2004; Wohlfahrt et al., 2008). The stronger
correlation between NEP and GPP could have been attributable
to the response magnitude of GPP to climate fluctuations, which
is larger than that of ER. In the current study, the slope (0.67) of
ER vs. GPP demonstrated that ER increased by 0.67 �mol  m−2 s−1

with 1 �mol  m−2 s−1 increment in GPP on average. Therefore,
GPP increased more than ER under improved precipitation/water
availability, leading to the enhanced NEP across the 9 years. As
a substrate-constrained process, ER is mainly controlled by the
recent photosynthate (Chen et al., 2015; Janssens et al., 2001; Ma
et al., 2007), and thus shows less change than GPP  in response
to warming and increased precipitation in the semiarid grassland
ecosystem.

The controls of GPP and ER on NEP are determined by the kinetic
sensitivities of GPP and ER to environmental change at temporal
and spatial scales (Luo, 2007). The kinetic sensitivities of ER and
GPP to environmental change revealed in the temperate steppe
as well as in the aforementioned terrestrial ecosystems could be
ascribed to two  possible factors. First, climate factors (e.g., tem-
perature and precipitation) may  concurrently affect GPP and ER,
but the direction and magnitude of GPP and ER changes may  vary
with ecosystem types. Their effects on GPP and ER may  result in
different outcomes. Indeed, warming decreased GPP  and ER in the
temperate grassland (e.g., this study), but stimulated them at high
latitudes and altitudes (Boelman et al., 2003; Welker et al., 2004;
Wu et al., 2011). Enhancement of soil moisture under increased
precipitation stimulated GPP more than ER (Niu et al., 2008). Sec-
ond, GPP is only related to plants whereas ER (including autotrophic
and heterotrophic respiration) is also affected by soil microbes and
fauna.

No interactive effect of warming and increased precipitation on
soil moisture or temperature found in the current study suggests
that soil moisture and temperature are influenced by temperature
and precipitation treatments independently in the steppe ecosys-
tem. Soil temperature is increased through external heat energy
under the warming treatments, but decreased by enhanced plant
community cover (data not shown) under the increased precipita-
tion treatments. The decreased soil moisture may  be induced by
the stimulated evapotranspiration under the warming treatments.
Although increased precipitation can facilitate plant growth (the
enhanced plant community cover) and reduce soil moisture, the
declination of soil moisture is offset by the amount of increased
precipitation. Soil moisture is enhanced by increased precipitation
in the semiarid steppe. Therefore, warming and increased precip-
itation independently affect soil moisture and temperature, and,
consequently, ecosystem C fluxes in the current study.

Warming can increase photosynthesis and respiration of terres-
trial ecosystems by facilitating plant growth and microbe activities,
especially in temperature-limited ecosystems (Liang et al., 2013;
Lin et al., 2010; Rustad et al., 2001; Wan  et al., 2005; Welker et al.,
2004; Zhou et al., 2007). On the other hand, warming can also
reduce C uptake and release in some terrestrial ecosystems when
plant physiological activities and soil respiration (an important part
of ER) are suppressed by warming-exacerbated atmospheric and
soil water deficits (Liu et al., 2009; Niu et al., 2008; Rustad et al.,
2001; Saleska et al., 1999; Shaver et al., 2000; Wan  et al., 2007). In
this study, GPP and ER decreased in the warmed subplots over the
9 growing seasons, resulting in a neutral change in NEP. This result
is inconsistent with the conclusion from the first two-year study
of this project, which showed that GPP and NEP were reduced by
warming, but no change in ER was found under the warming treat-

ment (Niu et al., 2008). The negative warming effect on GPP may  be
caused by the higher evaporative demands (vapor pressure deficits,
VPD) and lower soil water content, and consequently lower leaf sto-
matal conductance and photosynthesis in the warmed plots (Niu
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a b

Fig. 3. Relationships between net ecosystem productivity (NEP) and its two  components (gross primary productivity, GPP, a and ecosystem respiration, ER, b) in the unwarmed
(open  triangles and dashed lines) and warmed (filled triangles and solid lines) plots across 9 years (2005–2013) in a semiarid steppe. AT: ambient temperature treatments
(control and increased precipitation), ET: elevated temperature treatments (warming and warming plus increased precipitation). Each data point represents growing-season
average of each plot over 9 years under the two temperature treatments.

a b

Fig. 4. Relationships between net ecosystem productivity (NEP) and its two components (gross primary productivity, GPP, a and ecosystem respiration, ER, b) under ambient
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open  squares) and increased precipitation (filled squares and solid line) across 9 yea
nd  warming), IP: increased precipitation treatments (increased precipitation only
verage of each plot over 9 years under the two precipitation treatments.

t al., 2008). However, the decrease in ER under the warming treat-
ent over the 9 growing seasons in the steppe may  be attributed

o the reduction of GPP, because GPP is the key factor regulating ER
ariations and the correlation coefficient remains constant under
arming.

Ecosystems CO2 fluxes (NEP, ER and GPP) in the semiarid grass-
and are water-limited and sensitive to precipitation change. As
xpected, all components of ecosystem C exchange were stimu-
ated by the increased precipitation treatment in summer from
005 to 2013. The stimulation of ecosystem C flux caused by

ncreased precipitation is also found in other grasslands (Flanagan
t al., 2002; Harper et al., 2005; Hastings et al., 2005; Huxman
t al., 2004; Patrick et al., 2007). Higher GPP under increased pre-
ipitation could have resulted from higher soil moisture and larger
ositive correlation between GPP and soil temperature when soil
ater availability is improved. The greater GPP could supply more

ubstrate for root growth, microbial activities, and soil respiration,
ontributing to greater ER. However, the precipitation-induced
ncrease in GPP is greater than that in ER, leading to an enhanced

 sink in the temperate steppe, which is consistent with the early
bservation in the same experiment (Niu et al., 2008). No inter-
ctions of warming and increased precipitation on ecosystem C
uxes in either short-term (Liu et al., 2009; Niu et al., 2008) or long-
erm observations (this study) in this experiment indicate additive

ffects of climate warming and precipitation change on ecosystem

 cycling in the semiarid grassland.
The NEP-GPP and NEP-ER relationships show common slopes

ith no shifts under the two temperature scenarios, suggesting
m 2005 to 2013) in a semiarid steppe. AP: ambient precipitation treatments (control
arming plus increased precipitation). Each data point represents growing-season

that the positive NEP-GPP and NEP-ER relationships are not altered
by warming in this study. The common slope of the NEP-GPP rela-
tionship implies that the NEP increment per unit increase in GPP
(dNEP/dGPP; Ma  et al., 2007; Verón et al., 2005) remains constant
in response to climate warming, suggesting a strong capacity of
the semiarid grassland ecosystem to maintain C balance under cli-
mate warming. However, dNEP/dGPP is different from the ratio of
NEP to GPP (Carbon sequestration efficiency, CSE; Goulden et al.,
2011) which is defined as the amount of NEP produced per unit GPP
(Verón et al., 2005). In the current study, no difference was  found
in the values of CSE among the 4 treatments across the 9 years in
the steppe irrespective of the substantially interannual variability
in CSE (data not shown).

In this study, NEP change was  significantly correlated with
variation in GPP under increased precipitation, but not under the
ambient precipitation, implying that the correlation between C bal-
ance and C uptake was strengthened by increased precipitation
in the semiarid steppe. Two  mechanisms may  contribute to the
enhanced control of GPP on NEP. First, the seasonal pattern of NEP is
more similar to the changed seasonal pattern of GPP mainly driven
by soil moisture, which contributes to the strengthened correlation
between changes in NEP and GPP. Second, the sensitivity of GPP to
temperature change increases during the growing season when soil
water availability is improved, which is supported by a previous

study (Ma  et al., 2007). Therefore, the shifted NEP-GPP relationship
under changing precipitation should be taken into consideration
in the model projections of atmospheric CO2 concentration in the
future.
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Fig. 5. Path diagrams showing the effects of ST and GPP on ER, the impacts of ST and SM on GPP, and the interaction between SM and ST under the warming and increased
precipitation during the growing season from 2005 to 2013 in the temperate steppe. The value beside each arrow represents the standardized path coefficient. ST: soil
t respiration, AT: ambient temperature treatments (control and increased precipitation),
E cipitation), AP: ambient precipitation treatments (control and warming), IP: increased
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Table 2
The coefficients of determination (R2 values) for the self-correlation (Rs

2), the
observed correlation (Ro

2), and the adjusted correlation (Ro-s
2) between NEP and

GPP.

Treatments CVNEP CVER Rs
2 Ro

2 Ro-s
2

AP 0.03 0.16 0.04 0.17 0.13
IP  0.07 0.34 0.04 0.51 0.47
AT 0.17 0.50 0.10 0.81 0.71
ET  0.10 0.44 0.05 0.62 0.56
All 0.14 0.46 0.08 0.74 0.66

Note: Rs = 1(
1+(CVER/CVNEP)2

)1/2 .

Ro-s
2 = Ro

2 − Rs
2.

CVNEP and CVER are the coefficient of variance of net ecosystem productivity
(NEP) and ecosystem respiration (ER), respectively. AT: ambient temperature treat-
ments (control and increased precipitation), ET: elevated temperature treatments
(warming and warming plus increased precipitation), AP: ambient precipitation
treatments (control and warming), IP: increased precipitation treatments (increased
emperature, SM: soil moisture, GPP: gross primary productivity, ER: ecosystem 

T:  elevated temperature treatments (warming and warming plus increased pre
recipitation treatments (increased precipitation only and warming plus increased

It is worth noting that GPP was not measured directly in the
resent study. It was estimated from the NEP and ER, following the
imilar approach of previous studies (e.g., Valentini et al., 2000; van
ijk and Dolman, 2004; Chen et al., 2015). Certain degrees of self-
orrelation between NEP and GPP might be introduced when the
orrelation between NEP and GPP is examined. The potential bias
nduced by the self-correlation was tested using the equation pro-
osed by Brett (2004). The result showed that the self-correlations
ere 4–10% in the relationship of NEP with GPP for different treat-
ents (Table 2). The results of the correlation between NEP and
PP did not change after excluding the self-correlation between

he two fluxes.
The lesser responses of NEP, GPP, and ER to warming than to

ncreased precipitation, in combination with the altered NEP-GPP
elationship under increased precipitation, indicate that precip-
tation/water availability plays a predominant role in regulating
cosystem C fluxes in the semiarid grassland. The conclusion from
he long-term observations in this study confirms those of short-
erm studies in this system (Bai et al., 2010; Liu et al., 2009; Niu
t al., 2008). However, the response of ER to experimental warm-
ng detected with the long-term observations is different from that
n a short-term study in the same project, implying the importance

f long-term observations. The shifted correlation between ecosys-
em C sequestration potential and C uptake observed in this study
ndicates that changing precipitation regimes has the potential to
precipitation only and warming plus increased precipitation), All: all of the treat-
ments. All Ro

2 values are significant at the 0.05 level except the one in the IP
treatment.

influence the C exchange between the terrestrial biosphere and the
atmosphere.
The negative warming responses and positive precipitation
responses of ecosystem C fluxes were observed in the short- (Liu
et al., 2009; Niu et al., 2008) and long-term (this study) obser-
vations in the field manipulative experiment performed in the
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emi-arid grassland of Inner Mongolia, Northern China. The positive
EP-GPP and NEP-ER relationships were not altered by experimen-

al warming over the 9 growing seasons, suggesting the strong
bility of this semiarid ecosystem to maintain C balance under
limate warming. However, increased precipitation strengthened
he C uptake control on ecosystem C sequestration. The finding of
he shifted relationship between ecosystem C sequestration and

 uptake under increased precipitation in the temperate steppe
an facilitate model parameterization and projection of terrestrial

 dynamics and climate feedbacks.
Our findings from this manipulative experiment may  be site-

pecific to the semiarid grassland. This is because ecosystem C
ycling is a complex process, and C uptake and release have dif-
erent responses and sensitivities to environmental factors. As NEP
s the difference between GPP and ER, change in NEP could result
rom many different combinations of changes in GPP and ER. Our
tudy in the semiarid steppe revealed one of the possibilities (GPP
nd ER increased under increased precipitation). Other possibilities
ould be possible in different grassland ecosystems. For instance,
ore combinations of changes in GPP and ER induced by experi-
ental warming were found in three tundra ecosystems (Welker

t al., 2004). Therefore, more manipulative experiments should be
onducted to examine the NEP-GPP and NEP-ER relationships in
arious terrestrial ecosystems, and combined with eddy covariance
easurements to reveal the response mechanisms of net C balance

o warming and changing precipitation.

. Conclusions

Consistent with the short-term observation, ecosystem CO2
uxes were suppressed by experimental warming, but stimulated
y increased precipitation across the 9 growing seasons in the semi-
rid steppe of Inner Mongolia, China. Experimental warming did
ot affect the seasonal dynamics of ecosystem C fluxes and the NEP-
PP and NEP-ER relationships during the growing seasons, whereas

ncreased precipitation delayed the peak of GPP and enhanced the
ontrol of GPP on NEP in the steppe ecosystem. Our results improve
he understanding of ecosystem C cycling in response to warming
nd precipitation amount change in semiarid grasslands. How-
ver, the findings in this study may  be ecosystem-specific and are
ifficult to extrapolate to other terrestrial ecosystems. More manip-
lative experiments should be performed in various terrestrial
cosystems, and combined with eddy covariance measurements
o provide insights of ecosystem C sequestration in response to
arming and changing precipitation.
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