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Abstract

Aims
The plasticity of ecosystem responses could buffer and post-
pone the effects of climates on ecosystem carbon fluxes, but 
this lagged effect is often ignored. In this study, we used carbon 
flux data collected from three typical grassland ecosystems in 
China, including a temperate semiarid steppe in Inner mongolia 
(Neimeng site, Nm), an alpine shrub-meadow in Qinghai (Haibei 
site, Hb) and an alpine meadow steppe in Tibet (Dangxiong site, 
DX), to examine the time lagged effects of environmental factors 
on Co2 exchange.

Methods
Eddy covariance data were collected from three typical Chinese 
grasslands. In linking carbon fluxes with climatic factors, we 
used their averages or cumulative values within each 12-month 
period and we called them ‘yearly’ statistics in this study. To 
investigate the lagged effects of the climatic factors on the car-
bon fluxes, the climatic ‘yearly’ statistics were kept still and the 
‘yearly’ statistics of the carbon fluxes were shifted backward 
1 month at a time.

Important Findings
soil moisture and precipitation was the main factor driving the annual 
variations of carbon fluxes at the alpine Hb and DX, respectively, while 
the Nm site was under a synthetic impact of each climatic factor. The 
time lagged effect analysis showed that temperature had several months, 
even half a year lag effects on Co2 exchange at the three studied sites, 
while moisture’s effects were mostly exhibited as an immediate manner, 
except at Nm. In general, the lagged climatic effects were relatively weak 
for the alpine ecosystem. our results implied that it might be months or 
even 1 year before the variations of ecosystem carbon fluxes are adjusted 
to the current climate, so such lag effects could be resistant to more fre-
quent climate extremes and should be a critical component to be con-
sidered in evaluating ecosystem stability. an improved knowledge on the 
lag effects could advance our understanding on the driving mechanisms 
of climate change effects on ecosystem carbon fluxes.
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INTroDuCTIoN
Previous studies on carbon flux mostly focused on forests 
(Carrara et  al. 2004; Hollinger et  al. 2004; Xu et  al. 2014; 
Zhang et  al. 2011) due to their great potential to sequester 
carbon (Pacala et  al. 2001). Recently, grassland ecosystems 
are attracting growing attentions (Fan et  al. 2011; Fu et  al. 

2009; Gilmanov et  al. 2007; Novick et  al. 2004; Zhang et  al. 
2013), due to the high uncertainty related to their contribu-
tions to carbon balance and their high sensitivity to climatic 
perturbations (Novick et al. 2004). Especially at high altitude 
and latitude regions, grassland ecosystems were found to be 
highly sensitive and vulnerable to climate change (Guisan 
and Theurillat 2000) and their permafrost soil could release 
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large amounts of carbon under climatic warming (Wang et al. 
2002).

The factors driving grassland carbon fluxes differ with 
grassland types under distinct climatic conditions (Fu et  al. 
2009). Some studies reported that precipitation was mainly 
responsible for CO2 flux in shortgrass steppe (Parton et  al. 
2012) while warming could also stimulate carbon sequestra-
tion in tallgrass prairie (Wan et al. 2005). For alpine ecosys-
tems, some studies considered that temperature was more 
critical than other climatic factors (Fu et al. 2006; Kato et al. 
2006), but others found that carbon fixation increased with 
the amount of precipitation (Yang et al. 2009). Weaker solar 
radiation increased the carbon absorption for the alpine grass-
land ecosystem (Fan et al. 2011).

Climate change could cause changes in ecosystem struc-
ture and functions, which could buffer the effects of climatic 
variability on carbon fluxes. Empirical evidence suggested 
that the variability of carbon flux was directly influenced by 
climatic variability among years, also by its lag effects (Odum 
1969). However, most studies have only paid attention to the 
direct impacts of environmental factors (Fu et  al. 2009; Xu 
et al. 2004; Zhang et al. 2010), while the commonly existed lag 
effect on long time scales (Katul et al. 2001; Stoy et al. 2009) 
was conventionally ignored (Braswell et  al. 1997; Marcolla 
et al. 2011; Teklemariam et al. 2010).

Along with the development of research on regional car-
bon budget and global change, ecologists are paying mounting 
attention to the lag effects (Teklemariam et al. 2010), because 
they reflect the internal changes of ecosystems (Granier et al. 
2007) and the responses of ecosystem structure and compo-
sition to climatic forcing (Marcolla et al. 2011). In addition, 
for long-term predictions of carbon budget in the context 
of global change, the lag effects must be taken into serious 
accounts so as to restrain estimation uncertainties (Wu et al. 
2012). In this context, understanding the time lagged effects 
of climatic factors on ecosystem carbon fluxes is fundamental 
to predicting how the biosphere affects, and will be affected 
by climate change, and to define their roles in controlling car-
bon flux variability.

Many studies revealed that the lag effects of climatic driv-
ers on carbon fluxes may be more important than their direct 
effects (Barford et al. 2001; Braswell et al. 1997). For example, 
high spring temperature was found to increase photosynthe-
sis in the following autumn (Richardson et al. 2009). Spring 
temperature can also bring about important effects on annual 
ecosystem productivity (Piao et al. 2009; Zhang et al. 2011,). 
So a non-equilibrium framework for studying the impacts of 
temperature change on current or future forest carbon balance 
is necessary (Piao et al. 2009). A negative correlation between 
radiation and carbon fluxes was identified with a 1-year lag 
in an alpine meadow (Marcolla et al. 2011). Precipitations can 
also generate lag effects on ecosystem CO2 exchange by alter-
ing LAI, changing canopy chemistry (Flanagan et al. 2002) and 
soil microbial community (Sowerby et al. 2005). Teklemariam 
et  al. (2010) reported stronger correlations between carbon 

fluxes and climatic factors of the previous year than those 
of the current year. So it is necessary to jointly consider the 
direct and lagged effects of climatic factors on carbon fluxes 
(Braswell et al. 1997; Dunn et al. 2007).

Nowadays, a growing number of parametric models are 
being developed to study the carbon flux (Chen et al. 2011; 
Wu et al. 2008) because of their simple model structures and 
easily obtained parameters. However, the barely captured lag 
effects in parametric models resulted in increased simula-
tion deviation (Goetz et al. 2000). Identifying the lag effects 
of environmental factors would improve our understanding 
on the driving mechanisms of climate change on terrestrial 
ecosystem carbon flux and advancing our prediction of global 
carbon cycle.

The extensively distributed temperate (~8.4 × 105 km2) 
(Li et al. 1998) and alpine grasslands (~2.5 × 106 km2) (Zhao 
et al. 2006) in China are important components of terrestrial 
carbon budget. It is important to know how climate change 
will affect the carbon fluxes in these grasslands ecosystems 
and how the ecosystems will feedback to the climate change. 
Previous studies have identified the presences of the direct 
and lagged effects of climatic factors on the carbon and water 
fluxes in several forest and grassland systems (Marcolla et al. 
2011; Teklemariam et al. 2010; Xu et al. 2014). However, how 
the direct and lagged effects act on different types of grass-
lands in China still need to be explored. The objective of this 
study is to test the hypothesis whether there exist lagged cli-
matic effects on carbon flux of Chinese grasslands and evalu-
ate how the direct and lagged effects differentiately performed 
among the three typical grassland ecosystems in China. The 
research findings would shed light on the plasticity of Chinese 
grassland ecosystems in responding to climate extremes.

DaTa aND mETHoDs
Site description

Carbon fluxes were measured over three grassland ecosystems 
located in the Qinghai-Tibet Plateau and north China, includ-
ing: an alpine meadow-steppe ecosystem with short sparse 
vegetation (~10 cm) and sandy soil, located in the hinterland 
of Qinghai-Tibet Plateau; an alpine shrub-meadow ecosystem 
with moderate soil moisture, located on the northeast edge 
of Qinghai-Tibet Plateau; and a temperate steppe ecosystem 
under semi-arid climate, located in Inner Mongolia (Table 1) 
(Hu et al. 2008). Detailed descriptions are available for HB (Li 
et al. 2003), DX (Shi et al. 2006) and NM (Hao et al. 2006). The 
three monitoring sites are all members of the ChinaFLUX (Yu 
et al. 2006).

Observation and instrumentation

The eddy covariance (EC) flux observation systems are 
equipped with uniform measurement systems and sensors to 
monitor CO2 and H2O fluxes and micrometeorological condi-
tions. The CO2 and H2O fluxes were measured by the open-
path EC method with a CO2/H2O analyzer (Model LI-7500, 
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Li-cor, Inc., NE). The wind velocity was monitored by a 3-D 
sonic anemometer (Model CSAT3, Campbell Scientific, Inc., 
Logan, UT). All the raw data were collected with a frequency 
of 10 Hz and then resampled to a 30-min-average using a 
CR5000 datalogger (Model CR5000, Campbell).

The air temperature (Ta) and relative humidity sensors 
(Model HMP45C, Campbell) were mounted in ventilated 
shields at heights of 1.2 and 2.2 m above ground. Soil temper-
atures were measured at five depths (5, 10, 20, 40 and 80 cm) 
with thermocouples (105-T and 107-L, Campbell), and soil 
water contents were recorded with three TDR probes (Model 
CS615-L, Campbell) at depths of 5, 20 and 50 cm. In this 
study air temperatures observed at 2.2 m height and soil tem-
perature and soil water content measured at 5 cm deep were 
used. Radiation measurements were conducted using a four-
component net radiometer (Model CNR-1, Kipp&Zonen, The 
Netherlands), a pyranometer (Model CM11, Kipp&Zonen) 
and a quantum sensor of photosynthetically active radiation 
(Model LI190SB, Licor, Inc.). Rainfall was monitored with a 
rain gauge (Model 52203, RM Young, Inc.). Meteorological 
variables were recorded at 1 Hz, then resampled to 30 min 
averages by three CR10X dataloggers (Model CR10XTD, 
Campbell) and a CR23X datalogger (Model CR23XTD, 
Campbell) with a 25-channel solid-state multiplexer (Model 
AM25T, Campbell).

Flux calculation

The carbon dioxide exchange (mg CO2 m
−2 s−1) between bio-

sphere and atmosphere was calculated as,
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where the first term on right-hand side is the eddy flux for 
carbon dioxide and the second is the storage below the height 
of observation (zr). All advective terms in the mass conserva-
tion equation were ignored.

The carbon dioxide flux data were processed using a proce-
dure of data processing for ChinaFLUX (Yu et al. 2006) imple-
mented in Matlab 7.11 (The MathWorks, Inc., Natick, MA). 
Firstly, we applied a three-dimensional rotation aligning the 
coordinate system with mean wind direction to remove the 
effects of instrument tilt irregularity on the airflow (Falge 
et al. 2001; Wilczak et al. 2001). Then the Webb, Pearman and 
Leuning density correction (the WPL correction—a correction 
for the effects of the fluctuations of air density) was used to 
adjust the effects of air density change on CO2 and H2O fluxes 
(Webb et al. 1980). The storage of CO2 fluxes below the EC 
height was also calculated (Hollinger et al. 1994).

The spurious data caused by rainfall, water condensation or 
system failure were removed from the dataset. To avoid pos-
sible underestimation of the fluxes caused by low turbulence 
fluxes under stable conditions during night, the night obser-
vations (solar elevation angle < 0) were excluded when the 
friction velocity (u*) was below the predetermined thresholds 
(Reichstein et al. 2005). The threshold values of u* for DX, HB 
and NM were 0.15, 0.15 and 0.2 m s−1, respectively.

There are several methods for filling missing and spuri-
ous data (Fu et  al. 2006). In this study, the data gaps were 
filled using the look-up table method (Reichstein et al. 2005). 
Missing meteorological data were filled using the mean diur-
nal variation (MDV) method (Falge et  al. 2001). Further 
details about data processing were presented in the previous 
related studies (Li et al. 2003; Shi et al. 2006; Hao et al. 2006; 
Yu et al. 2006).

Calculating the correlations between climate 
drivers and ecosystem carbon fluxes

To identify the linkage between climatic factors and carbon 
fluxes, we selected six main climatic factors (net radiation 
(Rn), air temperature (Ta), soil temperature (Ts), precipita-
tion (PPT), vapor pressure deficit (VPD) and soil water content 
(SWC)) and then analyzed their correlations with ecosystem 
carbon fluxes at an annual scale. For ecosystem carbon flux, we 

Table 1: site information of the three types of grasslands

Site DX HB NM

Observation period 2004–11 2003–08 2004–08

Location 30°51′N, 91°05′E 37°40′N, 101°20′E 43°33′N, 116°40′E

Elevation (m) 4333 3293 1252

Mean precipitation (mm) 480 580 350

Mean temperature (°C) 1.3 −2 −0.4

Soil type Meadow soil Mol-Cryic Cambisols Chestnut soil

Vegetation type Alpine meadow-steppe Alpine shrub-meadow Temperate steppe

Canopy height (cm) 10 55 45

Dominant species Kobresia pygmaea (C. B. Clarke) C. B. Clarke, 
Stipa capillacea Keng, Carex montis-everestii 
Kükenth.

Potentilla fruticosa L., Kobresia 
capillifolia (Decne.) C. B. Clarke, 
Festuca rubra L.

Leymus chinesis (Trin.) Tzvel., Stipa 
grandis P. Smirn., Agropyron cristatum 
(L.) Gaertn.

Maximum LAI(m2 m−2) 1.0 2.8 1.5

Ground cover (%) 40 75 ~100
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used net ecosystem productivity (NEP), whose positive value 
represents net CO2 uptake while the negative value represents 
net CO2 loss, gross primary productivity (GPP) and ecosystem 
respiration (Re). We placed emphasis on the time lag effects 
between climatic factors and ecosystem carbon fluxes.

To match ecosystem carbon flux, annual average Ta, Ts, 
SWC, VPD and cumulative Rn, PPT and carbon fluxes were 
calculated. The ‘yearly’ statistics were obtained using a ‘moving 
time window’ method, i.e. moving time window of 12 months, 
shifting 1 month a time (Luyssaert et al. 2007; Marcolla et al. 
2011; Xu et al. 2014). Totally, there were 85 values generated 
from the eight year data at DX, 61 values from the 6-year data 
at HB and 49 values from the 5-year data at NM. To investigate 
the lag effects of the carbon fluxes’ responses to the climatic 
factors, we shifted the carbon fluxes series backward 1 month 
a time (up to 12 months) and kept the climatic series still, in 
calculating the correlations between climate drivers and the 
carbon fluxes. The Student’s t-tests were applied to verify the 
statistical significance of the correlation coefficients.

rEsulTs
Comparisons of environmental conditions and CO2 
flux dynamics

The three grassland ecosystems showed similar seasonal and 
interannual temperature and radiation dynamics, but distinct 
for moisture (Fig. 1), as exhibited by the much smaller varia-
tions of the interannual temperature and radiation than that 
of moisture (Fig. 2). The annual ranges of Ta and Ts at NM 
were wider than those at DX and HB. The growing season Ta 
and Ts at NM were higher than those at HB and DX. The HB 
site had the highest Rn, while the DX site had comparable Rn 
with NM.

The SWC at HB was significantly higher than those at DX 
and NM (PHB vs. DX < 0.01, PHB vs. NM < 0.01). It had two peaks 
appearing in spring and the late growing season, respectively 
(Fig. 2), which were corresponding to the timing of snowmelt 
in spring and accumulated precipitation during the growing 
season, respectively. The single peak of SWC at DX and NM 
followed precipitation during the growing season and snow-
melt, respectively (Fig.  2). The dynamics of SWC and PPT 
were approximately consistent over the three sites (Fig.  1). 
But the annual mean showed the increased SWC caused by 
precipitation had a certain time lag to PPT (Fig. 2). The PPT 
was concentrated in June, July and August at DX. Among the 
three grassland ecosystems, the NM site received the lowest 
PPT, coming with the highest VPD during growing seasons 
(Figs 1 and 2).

Among the three studied sites (Fig.  3), the interannual 
variations of carbon fluxes (NEP, GPP and Re) were lowest 
at HB. The interannual variations of GPP and Re were great-
est at NM. But the interannual variation of NEP at NM was 
comparable to that at HB. The NEP, GPP and Re at HB dur-
ing growing seasons were significantly higher than those at 
DX and NM (PHB vs. DX < 0.01, PHB vs. NM < 0.01), which are in 

accord with the SWC pattern over the three grasslands. As 
compared to DX, NM site had higher GPP and Re. Moreover, 
Re increased more rapidly than GPP at NM. The growing sea-
son NEP was lower at NM than that at DX (Fig. 2 and 3).

Overall, carbon fluxes and climatic factors roughly fol-
lowed a sinusoidal temporal trajectory during the measur-
ing period (Fig. 1). However, the waveforms of carbon fluxes 
lagged behind that of climatic factors, especially in 2007 at 
DX and in 2004 and 2008 at NM as circled in the box (Fig. 1). 
Figure 1 clearly showed that the variations of climatic factors 
pulled the changes of carbon fluxes.

Climatic drivers of ecosystem carbon fluxes

In order to quantify the time lagged effects of climatic factors 
on ecosystem carbon fluxes, a ‘moving time window’ method 
was used in this study. The lag correlation curves fit by this 
method were smooth rather than irregular (Fig.  4), which 
indicated the suitability of the statistical method for this study. 
The statistical results were shown in online supplementary 
Table S1, which is available on-line.

The driving effects of climate on ecosystem carbon fluxes 
changed with ecosystem type. Each climatic factor exhibited 
different magnitudes of lag effects (Fig.  4). Ts and Ta had a 
continuous and long-lasting impact on carbon fluxes. In gen-
eral, temperature exhibited negative correlations with GPP and 
positive correlations with Re at DX and HB, and the negative 
correlation with GPP was significant (R = −0.41, P < 0.01) with 
a 6-month lag at HB. These were followed by negative correla-
tions between NEP and temperature with about a 3-month lag 
(RTa = −0.70, RTs = −0.64, P < 0.01) at the DX site and a 5-month 
lag (RTa =–0.67, RTs = –0.69, P < 0.01) at the HB site, respec-
tively. In temperate steppe at NM, temperature promoted GPP 
and Re, and the correlations between them reached a peak 
after approximately half a year (P < 0.01). NEP showed a posi-
tive correlation with temperature and peaked one month ear-
lier (RTa = 0.80, RTs = 0.84, P < 0.01) than GPP and Re.

The radiation showed positive correlations with carbon 
fluxes (NEP, GPP and Re) and exhibited no lag effects at 
the DX site (RNEP = 0.38, RGPP = 0.55, RRe = 0.39, P < 0.01). 
Strong radiation had a negative effect on GPP and Re and this 
effect had a more than half a year lag at HB (RGPP = −0.67, 
RRe = −0.44, P < 0.01), while Rn had no significant impact 
on NEP. At the relatively drier NM site, Rn showed imme-
diate positive correlations with GPP and Re (RGPP  =  0.54, 
RRe  =  0.56, P  <  0.01) and the highest negative correlations 
with both NEP and its two components with a nearly 1-year 
lag (RNEP = −0.80, RGPP = −0.87, RRe = −0.82, P < 0.01).

Compared with other climatic factors, SWC had the highest 
and longest lasting correlations with carbon fluxes (NEP, GPP 
and Re) at HB, where, Re had a higher positive correlation with 
SWC than GPP (RGPP = 0.66, RRe = 0.92, P < 0.01), followed by 
a negative correlationship between NEP and SWC (R = −0.68, 
P < 0.01). The PPT had a continuous impact on NEP and GPP 
at DX, and their correlations reached the highest level with 
a 1-month lag (RNEP = 0.77, RGPP = 0.75, P < 0.01), while the 
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correlation between PPT and Re was relatively weak (R = 0.34, 
P < 0.01). Both GPP and Re were significantly affected by PPT 
at NM (RGPP = 0.69, RRe = 0.82, P < 0.01), but the correlogram 
between PPT and NEP showed a flat trend. The effects of VPD 

on carbon fluxes were approximately opposite to the effects 
of PPT at DX and NM. The effects of PPT and VPD on carbon 
fluxes at HB were weak, as revealed by their non-significant 
relationships (online supplementary Table S1).

Figure 1: monthly values of carbon fluxes and climatic factors in each year over the three sites.

 at N
orthw

est Plateau Institute of B
iology, C

A
S on D

ecem
ber 19, 2016

http://jpe.oxfordjournals.org/
D

ow
nloaded from

 

http://jpe.oxfordjournals.org/lookup/suppl/doi:10.1093/jpe/rtu026/-/DC1
http://jpe.oxfordjournals.org/


296 Journal of Plant Ecology

DIsCussIoNs
Environmental controls on carbon fluxes in 
grasslands

The ecosystem carbon budget will reach a dynamic equilib-
rium within a long enough time horizon (Sitch et al. 2003). 
Our studied period is relatively short, which is possible to fall 

in the trough or crest. Under this situation, the annual scale 
relationships between climatic factors and carbon fluxes as 
derived from several-year measurements cannot fully rep-
resent the long term phenomena. In this study, we tried to 
overcome the constraint of short term data availability by 
regenerating the ‘yearly’ statistics, which turned out to be 
effective for those data shortage situations.

Figure 2: comparisons of monthly environmental factors among the alpine steppe-meadow (DX), the alpine shrub-meadow (HB) and the 
temperate steppe (NM); The error bars represent the interannual variability of environmental factors in each month.
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Many previous studies considered that the alpine ecosys-
tem was temperature limited (Fu et al. 2006; Kato et al. 2006), 
while some deemed that precipitation was more important 
than temperature (Yang et al. 2009). Our study showed that 
moisture was more critical for CO2 exchange in the two alpine 
ecosystems. The PPT dominated the carbon sequestration at 
DX, mainly caused by a more obvious effect of PPT on GPP 
than on Re (Fig. 4). The SWC was the primary factor affect-
ing the carbon fluxes at HB, while high SWC could lower 
carbon uptake due to the rapidly increased Re with elevated 
SWC. Nevertheless, PPT did not show significant correlations 
with carbon fluxes at HB because precipitation timing exerted 
greater influences than precipitation amount in this alpine 
shrub-meadow ecosystem (Zhao et al. 2006).

The variability of carbon fluxes at the NM site was resulted 
from an integrated effect of environment factors. Similar to 
findings in most of the previous studies (Parton et al. 2012; 
Suyker et  al. 2003), we found that PPT exerted a greater 
influence on GPP and Re in this temperate semiarid grass-
land. However, the correlations between PPT and NEP at NM 
were not significant due to the similar magnitude responses 
of GPP and Re to PPT in this temperate steppe. The Ts had 
the strongest immediate effect on NEP, and Rn not only had 
immediate but also a significant long term effect on both NEP 
and its two components. In addition, SWC had weak cor-
relations with GPP and Re due to the low water retention 
capacity of chestnut soil and a lack of groundwater supply at 
the NM site. Rather, PPT is a major source of SWC (Cui et al. 
1990).

It is generally accepted that increasing temperature favors 
carbon sequestration for Chinese grasslands (Fu et al. 2009; 
Wan et al. 2005), as observed in our study for the temperate 
steppe at NM due to the higher temperature sensitivity of GPP 
compared to Re (Fig. 4, Marcolla et al. 2011). However, the 
higher temperature induced carbon uptake reduction in the 
alpine ecosystems of DX and HB. Possibly, the alpine plants 
living on the Tibet Plateau have been acclimated to the long-
term low temperature conditions (Cui et al. 2003) and have 
developed photosynthetic organisms optimal for low tem-
peratures (Fu et al. 2006). So the carbon sequestration capac-
ity is depressed at relatively high temperature. In addition, 
the frigid soil which is rich in organic matter due to the slow 
decomposition of litter under low-temperature conditions 
could release large amounts of carbon along with increased 
temperature (Wang et al. 2002).

The lagged climatic effects on carbon flux 
variations

The ecosystem behaviors are driven by climatic variability 
(Suyker et al. 2003; Wen et al. 2006; Xu and Baldocchi 2004; 
Zhang et al. 2011). But, across a long time scale, sole climatic 
variability is not adequate to fully explain carbon flux variabil-
ity (Barford et al. 2001; Stoy et al. 2009; Xu et al. 2014) because 
of its ignorance of the lag effects of climatic factors. The EC 
measurements as well as most of other related observations 
and experiments are conducted over relatively short periods, 
inadequate for capturing the lag effect of environmental fac-
tors (Misson et al. 2010). In this study, we used a statistical 

Figure 3: seasonal variations of carbon fluxes over the three grassland ecosystems. The error bars represent the interannual variability of car-
bon fluxes in each month.  at N
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method to reveal and quantify the time lagged effects of cli-
matic factors on ecosystem carbon fluxes and showed that 
each climatic factor has different magnitude of lag effect on 
carbon fluxes over the three grassland ecosystems.

The lag effects associated with temperature (Ta and Ts) 
were obvious at the three sites, which indicated that grass-
land ecosystems require longer period to respond to changes 
in temperature (Marcolla et al. 2011). This may be related to 

temperature’s impact on phenology (Galvagno et  al. 2013; 
Richardson et al. 2010), especially during green-up period in 
spring (Zhang et al. 2011). The changed spring phenology could 
accelerate nitrogen (N) cycling and leads to cascade effects on 
N uptake, foliar N concentrations and photosynthetic capac-
ity (Richardson et al. 2009), thereby affecting ecosystem carbon 
cycling in the whole year (Piao et al. 2009). While the main 
part of carbon fluxes stem from vegetation growth in the peak 

Figure 4: correlation coefficients between annual carbon fluxes and corresponding climatic factors (Ta, Rn, Ts, SWC, PPT and VPD) in DX, HB 
and NM. Solid patterns represent highly significant correlations (P < 0.01).
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growing season, which is several months after spring. This may 
explain why temperatures showed parabolic lag effects. The 
lag effect of temperature was weakest at DX, followed by HB. 
The NM site had the strongest lag effect related to temperature, 
meaning its greater resistance against extreme temperatures 
(Granier et al. 2007). This also reflected the higher stability of 
temperate steppe ecosystems than that of alpine ecosystems.

The lag effects of moisture (SWC and PPT) on carbon 
fluxes in alpine ecosystems were not obvious, except the 
1-month PPT lag effect at DX. At NM, PPT generated both 
immediate effects and a certain degree of negative impacts on 
carbon fluxes in the following year. The reason might lie in 
that stronger plant growth under suitable precipitation led to 
increased biomass accumulation in the current year, which 
in turn caused enhanced microbial competition for nutrients 
(Van Der Heijden et al. 2008) and reduced plant growth in the 
next year (Braswell et al. 1997). In addition, SWC showed a 
significant 1-year lag effect on NEP (R = 0.51, P < 0.01) in this 
semiarid grassland, which indicated that the SWC in a given 
year may have significant effect on NEP in the subsequent 
year. The lag effect of SWC may be attributed to the altered 
water use strategies of plants under soil water stress (Granier 
et al. 2007; Hao et al. 2008) or long turnover time of deep soil 
moisture (Braswell et al. 1997). The 1-year lag effect of SWC 
on NEP was not obvious for GPP and Re. Partitioning NEP 
into other types of components might give a better explana-
tion. For example, NEP can be partitioned as the difference 
between net primary productivity (NPP) and heterotrophic 
respiration. Similar findings have been reported for forest 
ecosystems, where reduced NPP was caused by reduced car-
bohydrate, lipids and protein reserves during the previous 
drought year (Bréda et al. 2006).

Without considering its interactions with other factors, Rn’s 
driving effect on carbon flux was mostly exhibited as an imme-
diate manner (Xu et al. 2014) as observed at DX. In fact, the 
lag effects of Rn on carbon fluxes could also become operative 
through its action on moisture conditions (Hollinger et al. 2004) 
due to the negative effect of Rn on SWC, as observed at HB and 
NM sites. The SWC was the main driver on carbon fluxes at 
HB, which counteracted the direct effect of Rn and resulted in 
negative correlation with a half-a-year lag. At the semiarid NM 
site, stronger Rn could lead to more water loss, which turns 
environment unfavorable for grass to turn green in the follow-
ing year, consequently causing lower carbon fluxes of the next 
year (Teklemariam et  al. 2010). Rn could stimulate GPP and 
Re immediately but lead to no obvious improvement for NEP, 
while stronger Rn could result in a rapid reduction of NEP with 
1-year lag, meaning that lower carbon sink occurred 1  year 
after high Rn. Therefore, stronger Rn will be disadvantageous 
to carbon fixation for the semiarid grassland ecosystem at NM.

The components of carbon flux parameters 
contributing to the lag effects

The carbon flux measured by EC technique could be consid-
ered as NEP. NEP directly measures the net ecosystem carbon 

absorption or emission, whose spatio-temporal dynamic is 
controlled by its two components—GPP and Re (Baldocchi 
et  al. 2001). Similar studies have been plentifully reported 
(Dunn et al. 2007; Lafleur et al. 2003). Furthermore, NEP var-
ies from short to longer temporal scales and this variability is 
also driven by the responses of its two terms to abiotic and 
biotic factors (Stoy et al. 2009).

The time lagged effect analysis in this study showed that 
the dependence of NEP on climatic factors was jointly decided 
by the dependences of GPP and Re on climatic factors across a 
long time scale. Both GPP and Re showed similar correlograms 
with all climatic factors in this study. This lends further sup-
port to the viewpoint of their mechanistic interdependences 
(Lasslop et  al. 2010). Generally, NEP is positively correlated 
with each climatic factor when the correlation coefficients 
between GPP and the climate factor are higher than those 
between Re and the same climate factor, and NEP is nega-
tively correlated with each climatic factor when the correla-
tion coefficients between GPP and the climate factor are lower 
than those between Re and the same climate factor (Marcolla 
et al. 2011). However, there are some exceptions. For exam-
ple, the correlation curves between carbon fluxes and PPT 
(and VPD) at NM fell apart from this rule, probably due to 
its dry weather conditions. In addition, both Ta and Ts all had 
positive correlations with Re over the three sites. While the 
sign of the correlation between NEP and the temperatures 
cohered with those between GPP and the temperatures. For 
example, at DX and HB sites, the correlation between GPP 
and temperature was negative. So the correlation between 
NEP and temperature was also negative, vice versa at NM 
(Fig. 4). Also, the lag effect of Ta on GPP directly led to the lag 
effect on NEP at HB. Therefore, the variations, even hysteresis 
of NEP, might depend on that of GPP (Yu et al. 2013).

The correlation between PPT and NEP was not significant 
at NM. The reason could be the fast reorganization of plant 
community among years with different PPT in temperate grass-
land. For example, Xia et  al. (2009) found plant community 
structure could shift fast to keep the same nitrogen and warm-
ing responses of NEP between two hydrologically contrasting 
years. However, we found PPT had a high correlation with GPP 
and Re, while NEP was not sensitive to PPT probably due to the 
consistent responses of GPP and Re to PPT as we discussed in 
Environmental controls on carbon fluxes in grasslands. Under 
future climate change scenarios such as climate change or 
interactions between changed meteorological factors, the bal-
anced responses of GPP and Re to PPT may be broken, then the 
dominant effect of PPT on NEP would surface. So we can take 
PPT as the potential main control factor in this region.

The characteristics of the lagged effects

Climatic factors could result in step changes in ecosystem pro-
cesses, which will have a continuous and long-term impact 
on carbon fluxes (Goldstein et al., 2000). In the meantime, the 
impact of climatic forcing is weakened by lagged changes in 
ecosystem structure and functional responses to climate. That 
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is to say, the plasticity of ecosystem responses acts as a buffer 
to postpone the effects of climatic factors on ecosystem carbon 
fluxes (Braswell et al. 1997; Teklemariam et al. 2010).

The lagged responses of ecosystem processes to climate 
occurred at different temporal scales (Richardson et al. 2007; 
Stoy et al. 2009). For example, the effects of light and tem-
perature on the kinetics of photosynthesis are nearly instan-
taneous (Sage et  al. 2007); the physiological acclimation is 
considered a relatively slow process occurring on a tempo-
ral scale of a day or week (Luo et al. 2001, Richardson et al. 
2007); the biogeochemical processes such as changes in N 
cycling rates may operate over months or years’ scale, or even 
longer (Richardson et al. 2009, Schimel et al. 1990). Therefore, 
it is possible that the relationships between carbon fluxes and 
key meteorological variables are not consistent among years 
(Teklemariam et  al. 2010). Some climatic factors’ effects on 
ecosystem process may exhibit a 1-year lag (Braswell et  al. 
1997; Teklemariam et  al. 2010). So understanding the lag 
effects of climate variability is critically important for ade-
quately evaluating the impacts of climate change on ecosys-
tem carbon balance.

As observed in this study, the temporal responses of eco-
system carbon fluxes to each environmental factor were dif-
ferent, and the signs of the lag effect correlations can even be 
opposite to those of the immediate effects due to interactions 
between climatic factors (Hollinger et  al. 2004) or tradeoff 
effects between plant and microbial activity (Braswell et  al. 
1997). The seasonal shedding of leaves and roots affect the 
input of biomass to heterotrophic microorganisms. Suitable 
climate could promote plant growth and biomass inputs in a 
given year, which could cause increased microbial competi-
tion for nutrients and reduced plant growth in subsequent 
years (Braswell et al. 1997).

The lag effects are also different among ecosystem types 
(Hollinger et  al. 2004; Richardson et  al. 2009). Structural 
growth restricted biomass production of trees (Körner 2003), 
thereby influencing carbon budget. Climatic factors could 
exhibit a lasting impact on growth of perennial trees, even 
over years (Chapin Iii and Starfield 1997). In the temper-
ate grassland ecosystem at the NM site in this study, climatic 
factors also showed a strong time lag effect as seen by the 
up to 1 year delayed effects from Rn, SWC and PPT. In the 
alpine ecosystem at DX and HB site, climatic factors showed 
relatively weaker time lag effects. It indicates that the alpine 
ecosystems might become more sensitive to global environ-
mental change.

The variations of ecosystem carbon fluxes might be driven 
by both climatic factors and ecosystem responses (Marcolla 
et al. 2011, Wu et al. 2012). The ecosystem responses could be 
intuitively demonstrated by time lagged effects (Marcolla et al. 
2011, Xu et al. 2014), stemmmed from the plasticity of ecosys-
tem response (Odum 1969). Compared with the direct effects 
caused by climatic factors, time lagged effects more clearly 
reflect the internal changes of ecosystems and reflect one fur-
ther step into the effects of climatic factors on ecosystem.

CoNClusIoN
This study analyzed the direct and lagged effects of climatic 
factors on carbon fluxes over the three grassland systems in 
China. Both temperature and moisture conditions had time 
lagged effects on the carbon fluxes. Several months even half 
a year temperature lag effects were observed at the three 
sites. Moisture conditions tended to show mostly immediate 
effects except at NM. The time lagged effect was more obvi-
ous in the temperate grassland than that in the alpine ecosys-
tem. Therefore, alpine ecosystems would be more sensitive 
under future climatic change. This study showed that the 
time lagged effect would delay the positive feedback of car-
bon fluxes to climate change and emphasized the importance 
of optimizing models that are solely driven by climatic factors. 
In the future studies, longer EC data series would be critical 
to more accurately reveal the impacts of climate variability on 
ecosystem behaviors.

suPPlEmENTarY maTErIal
Supplementary material is available at Journal of Plant Ecology 
online.

FuNDINg
This work was supported by the 973 Program (2013CB956302) 
of the Ministry of Science and Technology of China, and One 
Hundred Talent Plan, Chinese Academy of Sciences.

aCKNoWlEDgEmENTs
The authors thank The Data Center of Chinese Terrestrial Ecosystem 
Flux Observation and Research Network (ChinaFLUX) and The Data 
Center of Chinese Ecosystem Research Network (CERN) for the sup-
port of data for this study. The authors thank Yongtao He for making 
his flux datasets available to us. The authors thank Xianjin Zhu, Jian 
Tao, Yanbin Jiang and Ke Huang for their valuable comments and 
suggestions.

rEFErENCEs
Baldocchi D, Falge E, Gu LH, et  al. (2001) Fluxnet: a new tool to 

study the temporal and spatial variability of ecosystem-scale car-

bon dioxide, water vapor, and energy flux densities. Bull Am Meteor 

Soc 82:2415–34.

Barford CC, Wofsy SC, Goulden ML, et al. (2001) Factors controlling 

long- and short-term sequestration of atmospheric CO2 in a mid-

latitude forest. Science 294:1688–91.

Bréda N, Huc R, Granier A, et  al. (2006) Temperate forest trees 

and stands under severe drought: a review of ecophysiological 

responses, adaptation processes and long-term consequences. Ann 

For Sci 63:625–44.

Braswell BH, Schimel DS, Linder E, et  al. (1997) The response of 

global terrestrial ecosystems to interannual temperature variabil-

ity. Science 278:870–2.

 at N
orthw

est Plateau Institute of B
iology, C

A
S on D

ecem
ber 19, 2016

http://jpe.oxfordjournals.org/
D

ow
nloaded from

 

http://jpe.oxfordjournals.org/


Zhang et al.     |     lagged climatic effects on carbon fluxes 301

Carrara A, Janssens IA, Yuste JC, et al. (2004) Seasonal changes in 

photosynthesis, respiration and nee of a mixed temperate forest. 

Agric For Meteorol 126:15–31.

Chapin III FS, Starfield AM (1997) Time lags and novel ecosystems in 

response to transient climatic change in arctic Alaska. Clim Change 

35:449–61.

Chen B, Coops NC, Fu D, et al. (2011) Assessing eddy-covariance flux 

tower location bias across the Fluxnet-Canada Research Network 

based on remote sensing and footprint modelling. Agric For Meteorol 

151:87–100.

Cui X, Tang Y, Gu S, et al. (2003) Photosynthetic depression in relation 

to plant architecture in two alpine herbaceous species. Environ Exp 

Bot 50:125–35.

Cui Z, Fan RW, Li SM, et al. (1990) Major characteristics and rational 

utilization of chestnut soil of Inner Mongolia. J Arid Land Resour 

Environ 4:25–30.

Dunn AL, Barford CC, Wofsy SC, et  al. (2007) A long‐term record of 

carbon exchange in a boreal black spruce forest: means, responses to 

interannual variability, and decadal trends. Glob Change Biol 13:577–90.

Falge E, Baldocchi D, Olson R, et  al. (2001) Gap filling strategies 

for defensible annual sums of net ecosystem exchange. Agric For 

Meteorol 107:43–69.

Fan YZ, Zhang XZ, Wang JS, et  al. (2011) Effect of solar radiation 

on net ecosystem CO2 exchange of alpine meadow on the Tibetan 

Plateau. J Geogr Sci 21:666–76.

Flanagan LB, Wever LA, Carlson PJ (2002) Seasonal and interan-

nual variation in carbon dioxide exchange and carbon balance in a 

northern temperate grassland. Glob Change Biol 8:599–615.

Fu Y, Zheng Z, Yu G, et  al. (2009) Environmental influences on 

carbon dioxide fluxes over three grassland ecosystems in china. 

Biogeosciences 6:2879–93.

Fu YL, Yu GR, Sun XM, et al. (2006) Depression of net ecosystem CO2 

exchange in semi-arid Leymus chinensis steppe and alpine shrub. 

Agric For Meteorol 137:234–44.

Galvagno M, Wohlfahrt G, Cremonese E, et al. (2013) Phenology and 

carbon dioxide source/sink strength of a subalpine grassland in 

response to an exceptionally short snow season. Environ Res Lett 8.  

doi:10.1088/1748-9326/8/2/025008 

Gilmanov TG, Soussana JE, Aires L, et  al. (2007) Partitioning 

European grassland net ecosystem CO2 exchange into gross pri-

mary productivity and ecosystem respiration using light response 

function analysis. Agric Ecosyst Environ 121:93–120.

Goetz SJ, Prince SD, Small J, et al. (2000) Interannual variability of 

global terrestrial primary production—results of a model driven 

with satellite observations. J Geophys Res 105:20077–91.

Goldstein AH, Hultman NE, Fracheboud JM, et al. (2000) Effects of 

climate variability on the carbon dioxide, water, and sensible heat 

fluxes above a ponderosa pine plantation in the Sierra Nevada 

(CA). Agric For Meteorol 101:113–29.

Granier A, Reichstein M, Bréda N, et al. (2007) Evidence for soil water 

control on carbon and water dynamics in European forests during 

the extremely dry year: 2003. Agric For Meteorol 143:123–45.

Guisan A, Theurillat JP (2000) Assessing alpine plant vulnerability 

to climate change: a modeling perspective. Integr Assess 1:307–20.

Hao Y, Wang Y, Mei X, et al. (2008) CO2, H2O and energy exchange 

of an Inner Mongolia steppe ecosystem during a dry and wet year. 

Acta Oecologica 33:133–43.

Hao YB, Wang YF, Sun XM, et al. (2006) Seasonal variation in carbon 

exchange and its ecological analysis over Leymus chinensis steppe in 

Inner Mongolia. Sci China Ser D Earth Sci 49:186–95.

Hollinger DY, Aber J, Dail B, et  al. (2004) Spatial and temporal 

variability in forest-atmosphere CO2 exchange. Glob Change Biol 

10:1689–706.

Hollinger DY, Kelliher FM, Byers JN, et  al. (1994) Carbon-dioxide 

exchange between an undisturbed old-growth temperate forest 

and the atmosphere. Ecology 75:134–50.

Hu ZM, Yu GR, Fu YL, et al. (2008) Effects of vegetation control on 

ecosystem water use efficiency within and among four grassland 

ecosystems in china. Glob Change Biol 14:1609–19.

Körner C (2003) Carbon limitation in trees. J Ecol 91:4–17.

Kato T, Tang YH, Gu S, et al. (2006) Temperature and biomass influ-

ences on interannual changes in CO2 exchange in an alpine 

meadow on the Qinghai-Tibetan Plateau. Glob Change Biol 

12:1285–98.

Katul G, Lai CT, Schäfer K, et al. (2001) Multiscale analysis of veg-

etation surface fluxes: from seconds to years. Adv Water Resour 

24:1119–32.

Lafleur PM, Roulet NT, Bubier JL, et al. (2003) Interannual variability 

in the peatland-atmosphere carbon dioxide exchange at an ombro-

trophic bog. Glob Biogeochem Cycles 17:1036.

Lasslop G, Reichstein M, Papale D, et  al. (2010) Separation of net 

ecosystem exchange into assimilation and respiration using a light 

response curve approach: critical issues and global evaluation. Glob 

Change Biol 16:187–208.

Li LH, Liu XH, Chen ZZ (1998) Study on the carbon cycle of Leymus 

chinensis steppe in the Xilin River basin. Acta Bot Sin 40:955–61.

Li Y, Zhao X, Wang Q, et al. (2003) The comparison of community bio-

mass and environmental condition of five vegetational type in alpine 

meadow of Haibei, Qinghai Province. J Mountain Sci 21:257–64.

Luo YQ, Wan SQ, Hui DF, et al. (2001) Acclimatization of soil respira-

tion to warming in a tall grass prairie. Nature 413:622–5.

Luyssaert S, Janssens IA, Sulkava M, et  al. (2007) Photosynthesis 

drives anomalies in net carbon-exchange of pine forests at differ-

ent latitudes. Glob Change Biol 13:2110–27.

Marcolla B, Cescatti A, Manca G, et al. (2011) Climatic controls and 

ecosystem responses drive the inter-annual variability of the 

net ecosystem exchange of an alpine meadow. Agric For Meteorol 

151:1233–43.

Misson L, Rocheteau A, Rambal S, et al. (2010) Functional changes 

in the control of carbon fluxes after 3 years of increased drought 

in a mediterranean evergreen forest? Glob Change Biol 16:2461–75.

Novick KA, Stoy PC, Katul GG, et  al. (2004) Carbon dioxide and 

water vapor exchange in a warm temperate grassland. Oecologia 

138:259–74.

Odum EP (1969) Strategy of ecosystem development. Science 

164:262–70.

Pacala SW, Hurtt GC, Baker D, et  al. (2001) Consistent land- and 

atmosphere-based US carbon sink estimates. Science 292:2316–20.

Parton W, Morgan J, Smith D, et  al. (2012) Impact of precipitation 

dynamics on net ecosystem productivity. Glob Change Biol 18:915–27.

Piao SL, Friedlingstein P, Ciais P, et al. (2009) Footprint of temperature 

changes in the temperate and boreal forest carbon balance. Geophys 

Res Lett 36: L07404.

 at N
orthw

est Plateau Institute of B
iology, C

A
S on D

ecem
ber 19, 2016

http://jpe.oxfordjournals.org/
D

ow
nloaded from

 

http://jpe.oxfordjournals.org/


302 Journal of Plant Ecology

Reichstein M, Falge E, Baldocchi D, et al. (2005) On the separation of 

net ecosystem exchange into assimilation and ecosystem respira-

tion: review and improved algorithm. Glob Change Biol 11:1424–39.

Richardson AD, Black TA, Ciais P, et al. (2010) Influence of spring and 

autumn phenological transitions on forest ecosystem productivity. 

Philos Trans R Soc B Biol Sci 365:3227–46.

Richardson AD, Hollinger DY, Aber JD, et al. (2007) Environmental var-

iation is directly responsible for short-but not long-term variation in 

forest-atmosphere carbon exchange. Glob Change Biol 13:788–803.

Richardson AD, Hollinger DY, Dail DB, et  al. (2009) Influence of 

spring phenology on seasonal and annual carbon balance in two 

contrasting new england forests. Tree Physiol 29:321–31.

Sage RF, Kubien DS (2007) The temperature response of C3 and C4 

photosynthesis. Plant Cell Environ 30:1086–106.

Schimel DS, Parton WJ, Kittel TGF, et al. (1990) Grassland biogeo-

chemistry: links to atmospheric processes. Clim Change 17:13–25.

Shi PL, Sun XM, Xu LL, et al. (2006) Net ecosystem CO2 exchange and 

controlling factors in a steppe—Kobresia meadow on the Tibetan 

Plateau. Sci China Ser D Earth Sci 49:207–18.

Sitch S, Smith B, Prentice IC, et al. (2003) Evaluation of ecosystem 

dynamics, plant geography and terrestrial carbon cycling in the LPJ 

dynamic global vegetation model. Glob Change Biol 9:161–85.

Sowerby A, Emmett B, Beier C, et al. (2005) Microbial community changes 

in heathland soil communities along a geographical gradient: interac-

tion with climate change manipulations. Soil Biol Biochem 37:1805–13.

Stoy PC, Richardson AD, Baldocchi DD, et  al. (2009) Biosphere-

atmosphere exchange of CO2 in relation to climate: a cross-biome 

analysis across multiple time scales. Biogeosciences 6:2297–312.

Suyker AE, Verma SB, Burba GG (2003) Interannual variability in net 

CO2 exchange of a native tallgrass prairie. Glob Change Biol 9:255–65.

Teklemariam TA, Lafleur PM, Moore TR, et al. (2010) The direct and 

indirect effects of inter-annual meteorological variability on eco-

system carbon dioxide exchange at a temperate ombrotrophic bog. 

Agric For Meteorol 150:1402–11.

Van Der Heijden MGA, Bardgett RD, Van Straalen NM (2008) The 

unseen majority: soil microbes as drivers of plant diversity and 

productivity in terrestrial ecosystems. Ecol Lett 11:296–310.

Wan SQ, Hui DF, Wallace L, et al. (2005) Direct and indirect effects of 

experimental warming on ecosystem carbon processes in a tallgrass 

prairie. Glob Biogeochem Cycles 19: doi:10.1029/2004GB002315.

Wang GX, Qian J, Cheng GD, et al. (2002) Soil organic carbon pool of 

grassland soils on the Qinghai-Tibetan Plateau and its global impli-

cation. Sci Tot Environ 291:207–17.

Webb EK, Pearman GL, Leuning R (1980) Correction of flux meas-

urement for density effects due to heat and water vapor transfer. Q 

J Roy Meteor Soc 106:85–100.

Wen XF, Yu GR, Sun XM, et  al. (2006) Soil moisture effect on the 

temperature dependence of ecosystem respiration in a subtropi-

cal Pinus plantation of southeastern China. Agric For Meteorol 

137:166–75.

Wilczak JM, Oncley SP, Stage SA (2001) Sonic anemometer tilt cor-

rection algorithms. Bound-Layer Meteor 99:127–50.

Wu J, van der Linden L, Lasslop G, et  al. (2012) Effects of climate 

variability and functional changes on the interannual variation of 

the carbon balance in a temperate deciduous forest. Biogeosciences 

9:13–28.

Wu WX, Wang SQ, Xiao XM, et al. (2008) Modeling gross primary 

production of a temperate grassland ecosystem in Inner Mongolia, 

China, using MODIS imagery and climate data. Sci China Ser D 

Earth Sci 10:1501–12.

Xia JY, Niu SL, Wan SQ (2009) Response of ecosystem carbon 

exchange to warming and nitrogen addition during two hydro-

logically contrasting growing seasons in a temperate steppe. Glob 

Change Biol 15: 1544–56.

Xu LK, Baldocchi DD (2004) Seasonal variation in carbon dioxide 

exchange over a Mediterranean annual grassland in California. 

Agric For Meteorol 123:79–96.

Xu M, Wen X, Wang H, et al. (2014) Effects of climatic factors and 

ecosystem responses on the inter-annual variability of evapotran-

spiration in a coniferous plantation in subtropical China. PLoS ONE 

9:e85593.

Yang YH, Fang JY, Pan YD, et  al. (2009) Above ground biomass in 

Tibetan grasslands. J Arid Environ 73:91–5.

Yu GR, Fu YL, Sun XM, et al. (2006) Recent progress and future direc-

tions of ChinaFLUX. Sci China Ser D-Earth Sci 49: 1–23.

Yu GR, Zhu XJ, Fu YL, et al. (2013) Spatial patterns and climate driv-

ers of carbon fluxes in terrestrial ecosystems of China. Glob Change 

Biol 19: 798–810.

Zhang G, Zhang Y, Dong J, et al. (2013) Green-up dates in the Tibetan 

Plateau have continuously advanced from 1982 to 2011. Proc Natl 

Acad Sci USA 110:4309–14.

Zhang L, Wylie BK, Ji L, et  al. (2010) Climate-driven interannual 

variability in net ecosystem exchange in the Northern Great Plains 

grasslands. Rangeland Ecol Manag 63:40–50.

Zhang WJ, Wang HM, Yang FT, et al. (2011) Underestimated effects 

of low temperature during early growing season on carbon 

sequestration of a subtropical coniferous plantation. Biogeosciences 

8:1667–78.

Zhao L, Li YN, Xu SX, et al. (2006) Diurnal, seasonal and annual vari-

ation in net ecosystem CO2 exchange of an alpine shrubland on 

Qinghai-Tibetan Plateau. Glob Change Biol 12:1940–53.

 at N
orthw

est Plateau Institute of B
iology, C

A
S on D

ecem
ber 19, 2016

http://jpe.oxfordjournals.org/
D

ow
nloaded from

 

http://jpe.oxfordjournals.org/

