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a b s t r a c t

Poplar plantations are widely used for timber production and ecological restoration in northern China, a
region that experiences frequent droughts and water scarcity. An open-path eddy-covariance (EC) system 
was used to continuously measure the carbon, water, and energy fluxes in a poplar plantation during the 
growing season (i.e., April–October) over the period 2006–2008 in the Daxing District of Beijing, China.
We examined the seasonal and inter-annual variability of gross ecosystem productivity (GEP), net ecosys- 
tem exchange (NEE), and ecosystem respiration (ER). Although annual total precipitation was the lowest 
in 2006, natural rainfall was amended by flood irrigation. In contrast , no supplementary water was pro- 
vided during a severe drought in spring (i.e., April–June), 2007, resulting in a significant reduction in net 
ecosystem production (NEP = �NEE). This resulted from the combined effects of larger decrease in GEP 
than that in ER. Despite the drought – induced reduction in NEP, the plantation forest was a strong carbon 
sink accumulating 591 ± 62, 641 ± 71, and 929 ± 75 g C m�2 year�1 for 2006, 2007, and 2008, respectively.
The timing of the drought significantly affected the annual GEP. Severe drought during canopy develop- 
ment induced a lasting reduction in carbon exchange throughout the growing season, while the severe 
drought at the end of growing season did not significantly reduce carbon uptake. Additionally, irrigation 
reduced negative drought impacts on carbon sequestration. Overall, this fast growing poplar plantation is
a strong carbon sink and is sensitive to the changes in environmental conditions.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction 

Tree plantation establishment is one approach to sequestratin g
atmospheric carbon to mitigate climate change (Vitousek, 1991;
Wright et al., 2000 ). Fast growing trees, such as poplars (i.e., Popu-
lus sp.), which account for about 14% of the total tree plantations in
China (Chinese Forestry Society, 2003 ), play a vital role in timber 
production, bioenergy, urban greening, desertification control,
reforestatio n and carbon sequestra tion. However, the tradeoffs be- 
tween carbon gain and water use need to be evaluated as planta- 
tions typically have higher productivi ty as well as higher 
transpiratio n and rainfall intercept ion (Jackson et al., 2005 ). There- 
fore, studies of carbon flux in poplar plantations are important to
ll rights reserved.
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understa nd and quantify the carbon sequestratio n potential and 
to determine how future climate change may impact the carbon 
budgets.

Projected increase in the frequency and severity of droughts in
the mid and high latitudes (Trenberth et al., 2007; Thomas et al.,
2009) is likely to have significant implication s on the carbon cycle 
(Granier et al., 1999; Ciais et al., 2005; Kljun et al., 2006 ). In addi- 
tion, variation in precipitation has a strong influence on ecosystem 
carbon exchange (Law et al., 2002; GrÜnzweig et al., 2003; Ewers 
et al., 2007; Noormets et al., 2008, 2010 ) as water and carbon are 
closely linked in forest ecosystems (Sun et al., 2011a,b ). Both gross 
ecosystem productivity (GEP) and ecosystem respiration (ER) may 
be constrained by low soil moisture during periods of drought 
(Scurlock and Olson, 2002; Huxman et al., 2004; Granier et al.,
2000, 2007; Meir et al., 2008; Baldocchi, 2008; Bonal et al., 2008;
Yuan et al., 2010 ). The suppressi on of GEP is caused by a physiolog- 
ical response to limited plant-availabl e water (Meir et al., 2009;
Meir and Woodward, 2010 ) and by structura l changes of the tree 
during the drought (Le Dantec et al., 2000; Amthor and Baldocchi,
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2001; Reichstein et al., 2002, 2003 ). However, there are contradic- 
tory findings as to whether GEP and ER have similar sensitivities to
drought. Goulden et al. (1996) found that ER was more sensitive to
reduced soil moisture than GEP. Reichstein et al. (2002) reported
that droughts affecting only surface soil can suppress ER more than 
GEP because GEP depends more on deep water storage. Conversely,
net ecosystem exchange (NEE) may be quite unaffected by a
drought if ER and GEP respond proportional ly, as was the case in
the old aspen forest in British Columbia, Canada (Barr et al., 2007 ).

In 2004, the United States – China Carbon Consortium (USCCC)
was established, and a network of eddy flux measure ments was in- 
stalled to compare environm ental controls on key ecosystems in
China and the US (Sun et al., 2009 ). The study site used in this pa- 
per is part of the USCCC and located in the Daxing District of Bei- 
jing City, China. Results for water and energy fluxes of this 
poplar plantatio n have been previously reported (Liu et al.,
2009). This paper focuses on carbon flux and balances for a 3-year 
(i.e., 2006–2008) period. The large variability in the timing and 
intensity of drought for the study period provided an unique 
opportunity to examine the ecosystem response to water stress 
and managemen t. Our objectives of this study are to: (1) quantify 
the seasonal and inter-ann ual variability of GEP, NEE, and ER of a
poplar plantation; and (2) examine the impact of drought on the 
variability of the carbon fluxes.
2. Materials and methods 

2.1. Study Site 

This study was carried out in a managed poplar (Populus eur- 
americana cv. ‘‘74/76’’) plantatio n at the Daxing Forest Farm 
(116�1500700E, 39�3105000N) in the suburb of Beijing, China. The 
trees were planted in 1998 at 3 m � 2 m spacing, and dead or
low-vigor trees were replanted between 2001 and 2003. By the 
end of 2008, the average height of the trees was 14.8 ± 1.2 m
(mean ± SD) and the mean diameter at breast height (DBH) was 
13.8 ± 1.8 cm. The leaf area index (LAI) of the stand was 2.1 ± 0.6.
Shrubs were present at low density under the canopy due to man- 
ual removal. Perennial herbs included Chenopodium glaucum Linn.,
Medicago sativa L., Melilotus officinalis (L.) Lam., Salsola collina Pall.,
and Tribulus terrestris L.

The climate is temperate continental with mean annual temper- 
ature of 11.5 �C, and maximum and minimum extreme tempera- 
tures of 40.6 �C and �27.4 �C, respectivel y (1990–2009). The 
average annual frost-free time period is 209 days. On average, there 
are 2772 mean sunshine – hours per year with 15.5 MJ m�2 d�1 of
incoming solar radiation. The average wind speed is 2.6 m s�1 from
variable directions. Annual rainfall varies between 262 mm and 
1058 mm with a long-term average of 569 mm (1952–2000). About 
65% of the precipitation occurs between July and September (Dax-
ing Weather Station, 116 �1905600E, 39�4302400N).

The top two meters of the soil profile is largely composed of well- 
drained fluvial sand with a pH of 8.3 and bulk density of 1.45 g cm�3.
The soil porosity is about 40% and capillary porosity is 32%. The ter- 
rain is flat with an average elevation of 30 m above sea level. The 
groundwate r table decrease d from 15.3 m below the ground surface 
in 2003 to 18.5 m in 2008, at an average rate of 0.6 m per year. Most 
of the reduction in the water table is attributed to local water with- 
drawal for crop irrigation (Zhang et al., in preparation ).

Management operations, such as flood irrigation and tilling,
were applied from time to time since the establishm ent of the 
plantation but not well documented. During our study period from 
2006 to 2008, the irrigation was applied only during the growing 
season (i.e., April–October) in 2006 and machine tilling applied 
once for weed suppressi on at the end of July in 2006. The amount 
of irrigation water was recorded every week by the water meters 
from three wells. It was calculated that in 2006, 35 mm of water 
was applied in April, and 21 mm of water was applied in May.

2.2. Flux and meteorological measurem ents 

Microme teorological measureme nts at the site included net 
radiation (Rn) and photosyntheti cally active radiation (PAR) at
16 m above the ground level (AGL) in 2006 and 18 m AGL in
2007 and 2008 using a Q7.1 net solar radiation instrument (REBS,
Seattle, WA, USA), and a LI190 SB-L quantum sensor (Lincoln, NE,
USA), respectivel y. Precipitation (P) was measured at 16 m AGL 
in 2006, and 18 m AGL in 2007 and 2008 using the TE525-L tip- 
ping-buc ket rain gauge (Campbell Scientific, Inc., CSI, Logan, UT,
USA). Air temperat ure and relative humidity were measured at
four different heights (2 m, 6 m, 10 m, and 14 m AGL in 2006 and 
5 m, 10 m, 15 m, and 20 m AGL in 2007 and 2008) using the 
HMP45C probe relative humidity and air temperature sensors 
(CSI).

The turbulent vertical fluxes of CO2, water vapor, and latent and 
sensible heat were continuously measured with an open-path eddy 
covariance system (Li-7500, Lincoln, NE, USA and CSAT3, CSI). Both 
instruments were mounted 16 m AGL in 2006 and lifted to 18 m
AGL in 2007 and 2008 to keep them above the roughness sublayer.
The raw 10 Hz data were logged with a CR5000 data logger (CSI).
The fluxes were calculated in the planar fit coordina te system (Leu-
ning, 2004 ), and were corrected for density fluctuations (Webb
et al., 1980 ) and storage in the canopy space. All calculations were 
done with the EC_PROCESS OR 2.1 software package (http://
www4.n csu.edu/~anoor me/ECP/ ). The NEE was calculated as the 
sum of the turbulent flux and the storage term. Canopy storage 
of CO2 (Fs) was estimated from the half-hour change in the mean 
CO2 concentration accordin g to the approach of Hollinger et al.
(1994):

Fs ¼
Dc
Dt
� h ð1Þ

where Dc is the difference of CO2 concentrat ion between two con- 
secuti ve measureme nts, Dt is the time interv al between two con- 
secuti ve measureme nts (set to 30 min for this study), and h is the 
measurem ent height.

Soil temperat ure profiles were measured at depths of 5 cm,
10 cm, and 20 cm by the TCAV107 soil temperat ure sensors (CSI).
Volumetr ic soil water contents at 20 cm and 50 cm depth were 
measure d by a CS616 water content reflectometer (CSI). All data 
were stored at 30-min intervals on a CR5000 data logger (CSI). Be- 
sides, a four-channe l Multiplexer Automated Solution Monitoring 
System (Li-8150, Li-Cor, NE, USA) was used to measure soil respi- 
ration (SR) near the eddy flux tower in 2007 and 2008.

2.3. Data quality control and gap-filling

The data were screened and then evaluated for quality based on
flux stationary (Foken et al., 2004 ), atmospheric stability (Hollinger
et al., 2004 ), instrument quality flags and turbulent mixing as the 
key criteria. In addition, power failures resulted in the loss of 7%,
11%, and 5% of data in 2006, 2007, and 2008, respectively . The crit- 
ical friction velocity values below which flux loss occurred were 
0.18, 0.12 and 0.14 m s�1 in 2006, 2007, and 2008, respectively .
Altogether , 37–45% of the original EC flux data were rejected dur- 
ing the data quality control process, and gaps in 30-min NEE were 
filled using the dynamic parameter mechanistic models (Lloyd and 
Taylor, 1994; Noormets et al., 2007 ):

NEE ¼ R10e
Ea
R �

1
Tref

1
Ta

� �
þ

aQ pAmax

aQp þ Amax
ð2Þ

http://www4.ncsu.edu/~anoorme/ECP/
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Table 1
Biophysical variables measured at the Daxing eddy flux tower site from 2006 to 2008. Day of the year – from 1 to 365, LAI = leaf area index, NEE = net ecosystem exchang e,
GEP = gross ecosystem productivity, ER = ecosystem respiration. The error estimates are standard deviation (SD) for average LAI during growing season and cumulative gap filling
uncertainty across all gap filled periods for NEE.

2006 2007 2008 

Start of carbon uptake period (day of the year) DOY 105 111 96
End of carbon uptake period (day of the year) DOY 304 304 305 
Carbon uptake period (CUP) (days) DOY 200 194 210 
Average LAI (growing season) m2 m�2 1.6 ± 0.4 1.8 ± 0.7 2.1 ± 0.6 
NEE (g C m�2 year�1 for the growing season) g C m�2 year�1 �591 ± 62 �641 ± 71 �929 ± 75
GEP (g C m�2 year�1 for the growing season) g C m�2 year�1 1270 1233 1569 
ER (g C m�2 year�1 for the growing season) g C m�2 year�1 680 592 639 
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where R10 is reference respiration at a common temperatur e
(Tref = 283.15 K = 10 �C), Ea is activation energy (kJ mol �1 K�1), R is
universal gas consta nt (8.3134 J mol �1 K�1), Ta is air temperatu re
(K), a is apparent quantum yield (lmol CO2 lmol�1 PAR), Amax is
the maximum apparent photosy nthetic capacity of canopy 
(lmol CO2 m�2 s�1), and Qp is PAR (lmol quanta m�2 s�1). R10 is a
linear function of soil volumetric water content (VWC) during the 
growing season (Noormets et al., 2007, 2008 ):

R10 ¼ a0 þ a1 � VWC ð3Þ

where a0 is considered the same as R10 in moisture saturated condi- 
tions. a1 is the unit change of R10 per unit change of VWC. The 
uncertaint y in annual NEE caused by gap-filling was estima ted 
according to Aurela et al. (2002) and Flanagan and Johnso n
(2005). During periods when gaps in microme teorologica l data 
did not allow gap-filling with the mechan istic model (Eq. (2)), data 
were filled by a mean diurnal variation (MDV) method (Falge et al.,
2001) using the mean values of monthly or weekly fixed MDV. The 
missing precipitat ion data were filled by the daily precipit ation va- 
lue measured at the Daxing Weather Station. We normaliz ed GEP 
by month ly LAI when evaluating drought response s in different 
years because canopy closure has not yet occurred on the study site 
(Table 1).

2.4. Footprint analysis 

The site was roughly square in shape with the tower located in
the middle. The upwind distance from the plantation edge to the 
tower was approximat ely 450 m. We analyzed the footprint of
the observed fluxes using wind data in 2008 and the model by
Hsieh et al. (2000). The fetch was less than 500 m under unstable 
conditions and was �2500 m for stable conditions (Fig. 1). Follow- 
ing quality screening according to criteria described above, very 
Fig. 1. Modeled fetch for stable conditions and unstable conditions in 2008. The tower 
5000 m, and 80% of the 30-min data fall within a radius of 2500 m. The radius of the rig
stable and moderate ly stable situation s accounted for 3% of the to- 
tal screened data (0.5% of the daytime and 40% of the nighttime 
data). To evaluate the representat iveness of the data, two data ar- 
rays that present the typical wind patterns in summer and winter 
2008 were selected. We chose the data alignments and high atmo- 
spheric boundary layers (i.e., 2:00 pm each day). The results 
showed that the length of 80% of the footprint contribution in
the dominant wind direction was 160 m in the summer and 
180 m in the winter within the range of our measureme nt area.

2.5. Relative extractable water content and canopy conductance 

Ecosyste m drought responses were analyzed in terms of the 
availabili ty of relative extractable water content (REW) in soil. Soil 
water stress was assumed to occur when the REW dropped below 
0.4 (Granier et al., 1999, 2007; Bernier et al., 2002 ). Daily REW is
calculated as:

REW ¼ VWC� VWCmin

VWCmax � VWCmin
ð4Þ

where VWC min and VWC max are the minimum and maximum soil 
volumet ric water content across the 3 years, respective ly.

Canopy conductance, gc (m s�1), was estimated from the Pen- 
man–Monteith equation (Monteith , 1965 ):

g�1
c ¼

D
c
� Rn

kE
� D

c
� 1

� �
� ra þ

qCp

c
� VPD

kE
ð5Þ

where D is the slope of light saturation curve (kPa K�1), c is the psy- 
chromet ric constant (kPa K�1), Rn is the net radiation (W m�2), kE is
the latent heat flux (W m�2), q is air density (kg m�3), Cp is the spe- 
cific heat capacity of air (kJ kg�1 K�1), VPD is the saturated vapor 
pressure deficit, and ra is aerodyn amic resistanc e (s m�1) calculated 
as:
is at the center of the circle. The radius of the left-hand circle (stable conditions) is
ht-hand circle (unstable conditions) is 500 m that includes all of the 30-min data.
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ra ¼
ln½ðz� dÞ=z0� � ln½ðz� dÞ=z0v�

k2u
ð6Þ

where z is the height that wind speed (m) was measured, d is zero 
plane displacem ent (m), z0 is momentum roughness length (m), z0v

is vapor pressure roughness length (m), j is Karman constant, and l
is mean horizontal wind speed (m s�1). All gc data were estima ted 
under conditions with incomin g solar radiation (Rn) > 400 W m�2,
VPD > 0.05 kPa, and l > 0.5 m s�1. The sensitivity of gc to VPD was 
evaluated based on the reference conduct ance concept of Oren
et al. (1999). However , since the slope of the gc–VPD relatio nship 
was not representat ive at VPD = 1 kPa, we reported the conduc- 
tances and slopes at VPD = 1.5 kPa (gc1.5).

2.6. Statistical analyses 

Repeated measureme nt ANOVA (PROC MIXED, SAS 9.0) was 
used to compare the carbon fluxes and soil moisture among years,
and ANOVA was used to compare the classes with different VWC.
All analyses were carried out at a = 0.05.
3. Results 

3.1. Seasonal variation of environmen tal conditions 

The daily mean air temperature (Ta) during growing seasons 
(i.e., April–October) for 2006, 2007, and 2008 ranged from 8.5 to
29.7 �C, 6.2 to 29.5 �C, and 8.4 to 28.8 �C, respectively . The maxi- 
mum air temperature occurred in July in all 3 years. The monthly 
mean air temperature in October, 2006 and May, 2007 were signif- 
icantly (2 ± 0.5 �C) higher than the other 2 years of the same 
months (i.e., 2006: p = 0.018; 2007: p = 0.001). There was also a
significantly lower monthly mean air temperature in June, 2008 
when compare d with the other 2 years in June (p < 0.001, Fig. 2a
–c).

In 2006, 433 mm of precipitatio n (P) occurred during the grow- 
ing season of April to October, and additional irrigation was ap- 
plied in April (35 mm) and May (21 mm). The total water supply 
(i.e., precipitatio n plus irrigation) in 2006 was 489 mm, was 
38 mm less than the long-term average of 527 mm (1990–2009),
but over �100 mm above the mean in 2007 and 2008 (631 mm
and 632 mm, respectively). However, the timing of the water sup- 
ply differed among the 3 years. The rainfall in late August and Sep- 
tember of 2006 was nearly 110 mm and 180 mm less compared to
the same period in 2007 and 2008, and 120 mm less than the long- 
term average. The rainfall was similar in 2007 and 2008, but was 
more evenly distribut ed in 2008. There was a drought period in
2007 from April to June when only 57 mm rainfall was received 
(Fig. 2d–f). A few large precipita tion events (P > 25 mm d�1) after 
the drought (i.e., April–June) accounted for 85% of the accumulate d
rainfall during July, 2007. There was no flooding or runoff during 
these intensive rain events due to the high infiltration capacity of
the sandy soil.

The VPD in the wet year 2008 (0.87 ± 0.3 kPa) was lower than 
those in 2006 and 2007 (1.02 ± 0.4 kPa). Higher Ta and lower P in
April and May of 2007 led to higher VPD compared with the same 
time in 2006 and 2008 (Fig. 2a–c). Growing season VWC in the top 
50 cm varied between 2.7% and 17.5%. Although there was only 
2.9 mm rainfall in April of 2006 equal to about 15% and 5% of the 
same period in the long-term average and in 2008 (p < 0.001), se- 
vere drought (REW < 0.1) with a VWC below the wilting point 
(Tan et al., 2009 ) did not occur in response to less precipitation 
due to the additional irrigation. Severe drought was observed in
late season of 2006, in spring in 2007 and not at all in 2008 
(Fig. 2g–i).

3.2. Ecosystem carbon fluxes

Higher Ta in the spring of 2008 resulted in earlier bud-brea k,
and longer growing season than in 2006 and 2007. The severe 
drought during early spring of 2007 delayed leaf emergence and 
led to the shortest growing season among the 3 years (Table 1).

The dynamics of NEE, ER, and GEP reflected the inter-ann ual dif- 
ferences in temperature and water availabili ty (Fig. 3, Table 1). The 
mean daily NEE in the growing season was �3.0 ± 2.2 (mean ± SD),
�3.3 ± 1.8, and �4.4 ± 3.1 g C m�2 d�1 for 2006, 2007, and 2008,
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respectively . The average daily GEP was 6.4 ± 2.9, 6.4 ± 2.4, and 
7.5 ± 3.8 g C m�2 d�1 for 2006, 2007, and 2008, respectively . The 
mean daily growing season ER was 3.4 ± 1.2, 3.1 ± 1.1, and 
3.0 ± 1.4 g C m�2 d�1 in 2006, 2007, and 2008, respectively. All of
these differenc es were statistically significant among 3 years 
(p < 0.001). Carbon uptake increased abruptly during leaf emer- 
gence in April and decreased rapidly in late August. Daily GEP 
and NEE peaked in July with rates of 15, 12, and 15 g C m�2 d�1

and �9, �9, and �11 g C m�2 d�1 in 2006, 2007, and 2008, respec- 
tively. However, the ER of 9, 5, and 8 g C m�2 d�1 was highest in
August during each of 3 years. The sums of GEP, ER, and NEE in
the growing seasons from 2006 to 2008 are given in Table 1 and
Fig. 3. The largest carbon sink (i.e., NEE = �929 ± 75 g C m�2,
sum ± gap-filling uncertainty) and the highest GEP (i.e.,
1569 g C m�2) occurred in 2008, with both observed following 
higher than average significant periods of precipita tion.

3.3. Effects of soil water on carbon flux

There were significant differences (p < 0.001) in seasonal and 
inter-annual LAI-normali zed GEP (i.e., GEP:LAI) among the 3 years,
consistent with differences in VWC. The LAI-normal ized GEP dur- 
ing the spring drought in 2007 was 11% and 20% less (p < 0.001)
than that during the same period in 2006 and 2008, respectively.
The late-season drought in 2006 similarly resulted in 20% less 
(p < 0.001) GEP:LAI than during the same period in 2007 and 
2008 (Fig. 4a). In addition, the light-saturated photosynthes is
(Amax) was 26% and 47% lower during the spring drought in 2007 
than that in 2006 and 2008 during the same period. Amax in the 
dry period of 2006 was 12% and 7% less than that in the same per- 
iod of 2007 and 2008, respectively. The lowest Amax and ecosystem 
quantum (a) value during the growing season occurred in 2007 
(Table 2).

Seasonal and inter-ann ual differences of reference respiration 
(R10) were attributable to differences in water conditions, with 8%
and 14% lower R10 during spring drought in 2007 than it was during 
the same period in 2006 and 2008, respectively (Fig. 4b). Further- 
more, the seasonal variations of ER/GEP ratio were the largest dur- 
ing the droughts of 2006 and 2007. Although both GEP and ER
decreased under drought, the increase in ER/GEP ratio indicates 
that water limitation suppressed carbon assimilation more than 
carbon release (Fig. 4c). It appears that the net effect of declining 
GEP and ER under drought led to lower net ecosystem production 
(NEP = �NEE). The sensitivity of GEP:LAI to PAR under different 
REWs varied among the 3 years (Fig. 5a–c). Low REW significantly
decrease d the relationship between GEP:LAI and PAR in 2006 and 
2007, and this impact became more pronounced as PAR increased 
(Fig. 5a and b). However, in the wetter year of 2008, there was no
significant effect of REW on the relationshi p between GEP:LAI and 
PAR (Fig. 5c). The slope and compensation point of the daily GE- 
P:LAI–PAR relationship was the greatest in 2008, and the least dur- 
ing 2006 under drought. Additionally, the GEP:LAI ratio was less in
2006 than that in 2007 when there was a severe drought (Fig. 5d–f).



Table 2
Estimates of light respons e parameter s modeled using Eq. (2) (a, apparent quantum yield, lmol CO2 lmol�1 PAR; Amax, maximum apparent photosynthetic capacity of canopy,
lmol CO2 m�2 s�1; Rd, daytime ecosystem respiration, lmol C m�2 s�1) and associated standard err ors (SE) based on the 30-min CO2 flux data. R2 is the determination coefficient
and N is the number of 30-min data periods.

Year Period a SE Amax SE Rd SE R2 N

2006 April–June 0.078 0.057 22.46 1.99 7.18 2.20 0.37 1857 
July–August 0.055 0.022 42.95 1.49 9.65 1.72 0.65 1232 
September 0.038 0.049 19.73 2.08 6.23 1.70 0.39 180 
Growing season 0.064 0.044 28.84 2.84 7.85 2.12 0.37 3269 

2007 April–June 0.067 0.086 16.59 2.64 5.05 2.57 0.19 1812 
July–August 0.045 0.018 36.51 1.74 7.10 1.42 0.59 1230 
September 0.022 0.006 32.93 2.59 3.31 0.55 0.65 650 
Growing season 0.052 0.050 25.96 3.33 6.74 2.00 0.30 3692 

2008 April–June 0.085 0.025 31.33 1.14 7.31 1.30 0.57 1918 
July–August 0.065 0.013 45.31 1.88 7.68 1.13 0.68 1334 
September 0.049 0.013 21.16 1.02 3.53 0.73 0.51 634 
Growing season 0.073 0.019 34.29 2.37 6.80 1.15 0.50 3886 
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Fig. 5. The response of LAI-normalized gross ecosystem productivity (GEP:LAI) to photosynthetically active radiation (PAR) under different relative extractable water content 
(REW) during the growing seasons of 2006–2008.
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3.4. Variability of gc with VPD 

Canopy conductance (gc) ranged from 0.5 to 45 mm s�1 and de- 
clined exponentially with VPD at VPD < 1.5 kPa (Fig. 6a). For 
VPD > 1.5 kPa, stomatal closure limited water loss, and gc was less 
than 10 mm s�1 (Fig. 6a). Canopy conducta nce at VPD = 1.5 kPa 
(gc1.5) which is a moisture indicator, was suppressed from April 
to June of 2007, as well as in September 2006 (Fig. 6b) due to lower 
soil water content (Fig. 7). Consequentl y, NEP was also low during 
this drought period.

4. Discussion 

4.1. Influence of drought on carbon exchange 

Daily PAR accounted for 34%, 38%, and 74% of seasonal varia- 
tions in GEP:LAI in 2006, 2007, and 2008, respectivel y (Fig. 5).
These results indicated that PAR had less influence on the changes 
in carbon fluxes in 2006 and 2007 compared with 2008. Therefore,
PAR was a major (but not the only) determinan t in the variation s of
carbon flux. Atmospheri c temperat ure and water conditions may 
also control carbon exchange (Aubinet et al., 2001 ). The low sensi- 
tivity of the compensation point to PAR was found during the dry 
periods (Fig. 5a–c) due to the limitation of high VPD and low soil 
water content. Both VPD and soil water impact stomatal closure,
and thus potential GEP (Carrara et al., 2004 ). This was also sup- 
ported in current study by measureme nts of suppressed gc under
high VPD and lower gc1.5 under drought conditions (Figs. 6a and 7).

Differenc es in ER between wet and dry periods were governed 
by both temperature and soil moisture conditions. The decompo si- 
tion of organic matter, autotrophic respiration, coarse woody deb- 
ris decompo sition, and even leaf or wood respiration were reduced 
under dry soil condition s (Davidson et al., 2000; Epron et al., 2004;
Salimon et al., 2004; Chambers et al., 2001; Cavaleri et al., 2006 ).
Moreove r, ER and SR could be limited by drought during the grow- 
ing season (Yuste et al., 2003; Jassal et al., 2007 ). The mean annual 
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SR/ER ratio was 0.68 and 0.73 for 2007 and 2008, respectively.
These values are similar to 0.69 recorded in European Forests 
(Janssens et al., 2001 ) and 0.75 reported by Law et al. (2002). In
addition, the impact of soil moisture on SR and the sensitivity of
SR to temperature (i.e., Q10) at this site were studied by Tan et al.
(2009) who reported that the soil water content for optimum SR
is between wilting point (WP, VWC = 6%, REW = 0.2) and the water 
content of rupture of capillary (WRC, VWC = 11%, REW = 0.6, 80% of
field capacity). They also observed that the Q10 was lower in both 
dry and very wet soil conditions. The negative impact of dry soil 
conditions on Q10 was also reported in other studies (Davidson
et al., 2000; Yuste et al., 2003; Palmroth et al., 2005 ). Reichstein
et al. (2002) suggested that the activities of roots and microorgan -
isms are inhibited by dry soil, and may limit soil respiration.

The limitation of NEP under drought was caused primarily by
the drought induced suppressi on of GEP, whereas the decrease in
ER had a minimal effect (Fig. 4c). Soil water had a greater influence
on GEP than on ER (Yuan et al., 2010 ), possibly because the canopy 
conductance in poplar trees was very sensitive to soil moisture (Cai
et al., 2011 ). However, a different result was found in mature aspen 
forest in southern Saskatchew an, where severe drought sup- 
pressed both ER and GEP to a similar extent and therefore NEE 
was relatively unaffected by severe drought (Barr et al., 2007 ).

4.2. Annual carbon exchange 

Some studies showed that annual ecosystem productivi ty on a
global scale is highly correlated with mean annual temperat ure 
and precipitation (O’Neil and DeAngelis, 1981; Sun et al., 2011b ),
while other studies suggest that annual GEP is more sensitive to
annual temperature than to soil water availability at a given site 
(Law et al., 2002; Xu et al., 2011 ). In our study, upon accounting 
for inter-year increases in LAI in the aggrading poplar stand, the 
main source of inter-annual variability in GEP was water availabil- 
ity, with the timing of drought as an additional modifying factor.
Cumulati ve GEP in 2007 was the lowest among the 3 years due 
to the severe drought in spring despite the similar total annual pre- 
cipitation being equal to 2008 values (Fig. 4a, Table 1). There were 
five large precipitatio n events in July 2007 following the severe 
drought. Despite the heavy rainfall, approximately 35% of precipi- 
tation was lost due to deep seepage and 50% of the precipitation 
was lost as evapotransp iration (ET) during this period (Zhang
et al., in preparation ). This indicated that, despite the heavy rain- 
fall, infiltrated rain water would not be fully used by vegetation be- 
cause of the low soil water holding capacity. Although the rainfall 
in April of 2006 was very low, there was no severe drought and sig- 
nificant limitatio n on GEP (p > 0.05) (Table 2) as the irrigation re- 
duced negative drought impacts on carbon sequestratio n.

Furthermore, the causes of inter-annual variation of ER are not 
consisten t among studies. In some cases, ER has been found to vary 
significantly with annual rainfall (Law et al., 2000; Pilegaard et al.,
2001; Morgenstern et al., 2004 ), whereas in other studies ER has 
been relatively invariant despite significant inter-annual climate 
variation s (Black et al., 2000; Arain et al., 2002; Barr et al., 2002;
Griffis et al., 2003 ). In our study, ER was the lowest in 2007 likely 
due to the severe drought in spring. The highest ER occurred in
2006 (i.e., the driest year), indicating that the impact of water lim- 
itation on inter-annual changes of ER was overridden by some 
other factor (Fig. 4b, Table 1). The annual ER was the highest 
among the 3 years in 2006 due in part to large ER in July and Au- 
gust. The high annual ER coincided with tilling which promote d
permeab ility and decompo sition of dead plant material, both 
above and below ground, thus inducing the higher SR (Zhang
et al., 2008; Yu et al., 2012 ). Therefore, at this site, it is evident that 
inter-ann ual variation in ER was impacted by human disturbance 
as well as by natural variations in temperat ure and soil moisture.

In summary, the poplar plantation in this sandy soil in northern 
China was a strong carbon sink fixing 590–930 g C m�2 year�1 in
the growing season. Carbon accumulati on was 30–35% higher in
a year without a significant drought. Although some studies con- 
cluded that spring temperature was the primary climatic control 
of the inter-ann ual variability of NEE (Black et al., 2000; Barr and 
Barbe, 2004 ), significant drought and human activities during the 
growing season were the primary factors in our study.

4.3. Comparis on with other ecosystems 

Compare d with another poplar plantation of similar age and soil 
type, GEP is similar during the growing season but NEP is 20% high- 
er, largely because ER is 25% lower in our study (Migliavacca et al.,
2009). The study by Cai et al. (2011) reported that a 5 year old hy- 
brid poplar plantatio n had 30% lower annual ER, 65% lower annual 
GEP, and 98% lower NEP than our values. Barr et al. (2007) reported
that in a 90+ year old boreal aspen forest, annual ER that was 70%
higher, a GEP that was 7% lower, and a NEP that was 76% lower 
compare d to our study.
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Compared with other temperate and temperat e-humid decidu- 
ous forests, GEP from our study (i.e., 1452 ± 102 g C m�2 year�1,
mean ± SD) was very comparable to the range of temperate decid- 
uous forests (1508 g C m�2 year�1, Wilson and Baldocchi, 2000;
Wilson et al., 2000 ; 1360 g C m�2 year�1, Schmid et al., 2003 ;
1375 ± 56 g C m�2 year�1, Luyssaert et al., 2007 ) but far exceeded 
the values reported for Harvard Forest (987 g C m�2 year�1) (Goul-
den et al., 1996; Law et al., 2002 ). The normal rotation length of a
poplar plantation is approximat ely 15 years, and the current plan- 
tation is approaching its peak productivity (i.e., GEP). However,
ER in our studies showed a lower value than that in the other eco- 
systems (Luyssaert et al., 2007; Law et al., 2002 ) except deciduous 
forest in Harvard Forest (Goulden et al., 1996; Law et al., 2002 ). The 
relatively low ER values in this study may be partly caused by the 
lack of litter and organic matter accumulation. Overall, the 10 year 
old poplar plantatio n at our site, regardless of the dry conditions in
the summer and the scarce and unevenly distribut ed rainfall, was a
strong carbon sink, primarily due to relatively low ER.

The inter-annual variation of ±183 g C m�2 year�1 in annual 
NEE of the plantation was larger than that of measure over other 
temperate deciduous forests (i.e., ±38 g C m�2 year�1, Barford
et al., 2001 ; ±23 g C m�2 year�1, Schmid et al., 2003 ; ±94 g C m�2 -
year�1, Barr et al., 2007 ; ±38 g C m�2 year�1, Luyssaert et al., 2007 ;
±63 g C m�2 year�1, Migliavacca et al., 2009 ). The greater inter-an- 
nual variabilit y of NEE may be attributed to the fast growing nature 
of poplar plantatio ns. In another words, these trees were more sen- 
sitive to environm ental and human disturbance s than other slow 
growing forests.
5. Conclusions 

Poplar plantations have a large potential for carbon sequestra- 
tion due to their high productivi ty. However, they may require 
more water to maintain high growth rates in the region of the 
study area. At our site, the GEP of the poplar plantation was more 
sensitive to soil moisture stress than ER, and thus NEP was sup- 
pressed during periodic droughts. The timing of severe drought 
significantly impacted annual GEP. The severe drought during can- 
opy development induced a lasting reduction in carbon exchange 
throughout the growing season, while droughts at the end of grow- 
ing season did not result in such a limitatio n. In addition, relatively 
high inter-annual variation s of carbon exchange indicate that fast 
growing poplar plantatio ns in the region are sensitive to the 
changes in environmental conditions and human activities, such 
as rainfall patterns and irrigation . Therefore, regional planning that 
uses poplars as the key species in northern China should consider 
the potential impacts of climate change as well as land manage- 
ment operations such as irrigation and tillage.
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