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a  b  s  t  r  a  c  t

Water  is  considered  a key  factor  affecting  ecosystem  carbon  exchange  in  dryland  regions.  However,  the
relationship  between  inter-annual  variations  in  precipitation  and ecosystem  productivity  remains  to
be  clarified  for  arid  and  semi-arid  areas.  Based  on  eddy-covariance  measurements,  we  examined  how
ecosystem production  in a shrubland  of  northern  China varied  over  three  years  (2012–2014)  with  con-
trasting  precipitation  and  soil moisture  patterns.  Net  ecosystem  production  (NEP) was 77 ±  10  (±  standard
deviation),  −4  ± 10 and  −22  ±  5 g  C m−2 in 2012–2014,  respectively,  indicating  a rapid  shift  from  an  annual
sink to a  source  of  carbon.  Gross  ecosystem  production  (GEP),  total  ecosystem  respiration  (TER)  and  evap-
otranspiration  (ET)  also  declined  over  the three  years.  Annual  carbon  and  water  fluxes  appeared  to  be
suppressed  in years  with  low  spring  soil  moisture,  which  declined  dramatically  from  2012  to  2014.  GEP
declined  more  than  TER  and  ET, leading  to reduced  carbon  sequestration  capacity  and  water  use effi-
ciency (WUE  =  GEP/ET).  Neither  annual  nor  growing-season  precipitation  could  explain  the year-to-year
variations  in  carbon  fluxes,  whereas  at our  site ET  was  a  better  proxy  for  water  available  to  ecosystem
carbon  exchange  on an annual  basis.  Autumn  soil  moisture  levels  were  carried  over  winter  to  the  fol-
lowing  spring,  and,  thus,  may  affect  the rates  of  leafout,  plant growth  and  carbon  uptake in the early-
to  mid-growing  season.  Our  conclusions  were  drawn  from  only  three  years  of measurements  and  are

therefore  preliminary.  Longer  timeseries  encompassing  a wider  range  of precipitation  and  soil  moisture
conditions  are  needed  to confirm  or  refine  these  conclusions.  Our findings  highlight  the importance  of
precipitation  timing  and  soil  moisture  carry-over  in  controlling  ecosystem  productivity.  Winter  warming
and  decreases  in  autumn  and  winter  precipitation  may  induce  spring  drought  and  thus  impair  the  carbon
sequestration  potential  of shrubland  and  steppe  ecosystems  in  semi-arid  and  arid  Eurasia.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Global climate models project larger climatic variability and
ore frequent extreme events (e.g., drought, storm and heat wave)

n the future (Dong et al., 2011). Increases in both the severity and
requency of drought are expected to profoundly impact ecosys-

em structure and functioning (Jongen et al., 2011; Biederman et al.,
016). Arid and semi-arid ecosystems play an essential role in the
lobal carbon (C) cycle, and are highly sensitive to year-to-year

∗ Corresponding author at: Yanchi Research Station, School of Soil and Water
onservation, Beijing Forestry University, Beijing 100083, China.

E-mail addresses: tianshanzha@bjfu.edu.cn, ts zha@hotmail.com (T. Zha).

ttp://dx.doi.org/10.1016/j.agrformet.2016.07.007
168-1923/© 2016 Elsevier B.V. All rights reserved.
climatic variations (Poulter et al., 2014; Ahlström et al., 2015).
Therefore, knowledge on the key factors affecting annual ecosys-
tem production and water use efficiency in dryland areas is crucial
to the projection of global C balance under changing climate.

Previous studies showed that semi-arid grasslands and steppes
have larger inter-annual variability in C exchange than forest and
grassland ecosystems in mesic areas, and that semi-arid ecosys-
tems could switch from a net C sink in wet  or normal years to a
C source in dry years (Aires et al., 2008; Jongen et al., 2011; Scott
et al., 2015; Liu et al., 2016). Although water is considered a key fac-

tor affecting ecosystem C exchange in dryland regions, the response
of ecosystem production to year-to-year fluctuations in precipita-
tion (PPT) often varies among sites (Sala et al., 2012; Scott et al.,
2015). Despite many findings that annual PPT amount is a good

dx.doi.org/10.1016/j.agrformet.2016.07.007
http://www.sciencedirect.com/science/journal/01681923
http://www.elsevier.com/locate/agrformet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agrformet.2016.07.007&domain=pdf
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est M

p
(
d
e
t
B
e
t
a
m
C
2
m
i
e
r

c
i
2
i
f
a
e
2
o
c
G
s
m
c
b
t
c
u
p
c
c

s
o
n
f
r
e
t
d
t
H
t
a
b
e
t
u
t
n
v
e

a
p
R
r
i
e

X. Jia et al. / Agricultural and For

redictor of year-to-year variations in net primary productivity
NPP), net ecosystem productivity (NEP), or gross ecosystem pro-
uction (GEP) (Huxman et al., 2004; Scott et al., 2015; Biederman
t al., 2016), some studies showed weak or non-significant rela-
ionships between annual PPT and ecosystem production (Xu and
aldocchi, 2004; Gilmanov et al., 2006; Jongen et al., 2011; Sala
t al., 2012). Clearly, the relationship between inter-annual varia-
ions in PPT and ecosystem production remains to be clarified for
rid and semi-arid areas. Firstly, the seasonal pattern of PPT can be
ore important than its total amount in determining the annual

 balance in semi-arid ecosystems (Jongen et al., 2011; Liu et al.,
016). Secondly, hydrologic losses through runoff and evaporation
ay  render PPT amount inaccurate as a measure of water availabil-

ty for eco-physiological processes (Scott et al., 2015; Biederman
t al., 2016). Thirdly, carry-over effects may  further complicate the
esponses of ecosystem production to PPT (Sala et al., 2012).

Water-use efficiency (WUE) is a critical link between C and water
ycling (Niu et al., 2011). Ecosystem WUE  tends to increase with
ncreasing MAP  at the regional scale (Bai et al., 2008; Xiao et al.,
013), although Huxman et al. (2004) reported an opposite trend

n rain use efficiency (RUE) across a broader MAP  gradient (i.e., data
rom throughout North and South America). For a given site, there is

 lack of consensus regarding the response of WUE  to drought, with
ither increases (Huxman et al., 2004; Bai et al., 2008; Dong et al.,
011) or decreases (Liu et al., 2012; Scott et al., 2015) in WUE  being
bserved in dry years. The organizational level considered (e.g., leaf,
anopy and ecosystem), the way WUE  is computed (e.g., NPP/PPT,
EP/ET or NEP/ET, where ET denotes evapotranspiration), or the
cale of analysis (e.g., seasonal, inter-annual and multi-decadal)
ay  partially account for the inconsistent WUE  responses to dry

onditions (Bai et al., 2008; Niu et al., 2011; Scott et al., 2015). A
etter understanding is needed of the relationship between year-
o-year variations in water availability and ecosystem WUE, which
an help constrain predictions of coupled C and water cycling
nder changing climate. In addition, information on how key eco-
hysiological parameters (e.g., maximum C uptake rate and surface
onductance) respond to inter-annual variations in climatic factors
an help improve the modeling of C and water cycles.

Despite the extent and potential for C sequestration of desert
hrublands in Eurasia, they have been less studied than forests
r grasslands (Jia et al., 2014). The arid and semi-arid regions of
orthern China are characterized by highly variable annual PPT and

requent drought periods (Liu et al., 2012). Recent studies in this
egion have reported diurnal and seasonal dynamics of C and water
xchange over shrub-dominated ecosystems, and have revealed
he importance of seasonal changes in soil moisture, vapor pressure
eficit (VPD) and canopy characteristics in controlling C seques-
ration (Gao et al., 2012; Liu et al., 2012; Jia et al., 2014, 2016).
owever, mechanisms regulating C and water dynamics depend on

he timescale considered (Bai et al., 2008; Jia et al., 2014), and inter-
nnual dynamics should be addressed as more multi-year datasets
ecome available. The vast Eurasia arid and semi-arid areas are
xpected to undergo increases in temperature and altered PPT pat-
erns (Gao et al., 2012; Liu et al., 2012). In this respect, the long-term
ncertainty in regional C sequestration potential lies primarily in
he sensitivity of shrublands to climate variability. Therefore, it is
ecessary to investigate the biophysical controls on inter-annual
ariations in NEP, WUE  and their components in these shrubland
cosystems.

The south edge of the Mu  Us Desert, an ecotone between arid
nd semi-arid climates in northern China, is vulnerable to anthro-
ogenic disturbances and land use changes (Jia et al., 2014, 2016).

egional conservation practices in the past two  decades have
esulted in a dramatic expansion of shrubland distribution, which
s considered a sign of desertification reversal (Jia et al., 2016). Jia
t al. (2014, 2016) reported diel and seasonal dynamics of eddy-
eteorology 228 (2016) 120–129 121

covariance (EC) C, water and energy fluxes in a typical shrubland of
the southern Mu  Us Desert, showing that the ecosystem acted as a
C sink of 77 g C m−2 in 2012. Here we focus on how C sequestration
and WUE  vary inter-annually in the shrub-dominated ecosystem.
The three years (2012–2014) reported here were characterized by
contrasting seasonal patterns of PPT and soil moisture, offering an
opportunity to examine ecosystem responses to inter-annual varia-
tions in water availability. We  hypothesized that decreases in water
availability, which is determined by the amount and seasonal pat-
tern of PPT, reduce GEP more than TER and ET,  leading to lowered
NEP and ecosystem WUE.

2. Materials and methods

2.1. Study site

This study was  conducted at the Yanchi Research Station
(37◦42′31′′N, 107◦13′37′′E, 1530 m a.s.l.), Ningxia, Northwest China.
The site is situated at the southern edge of the Mu Us Desert, an area
of mid-temperate semi-arid continental climate. The mean annual
air-temperature (1954–2004) is 8.1 ◦C, with mean monthly tem-
perature ranging from −8.7 ◦C in January to 22.4 ◦C in July (Jia et al.,
2014). The MAP of 287 mm is much lower than pan-evaporation
(2024 mm).  In addition, PPT shows large seasonal (∼80% falling
during June–September) and inter-annual variations (145–587 mm
for the period 1954–2004) (Jia et al., 2016). The growing season
(May–October) coincides with the warm and wet  period. The soil is
sandy with a bulk density of 1.54 ± 0.08 g cm−3 (mean ± SD, n = 16)
in the upper 10 cm of the soil profile. The studied shrubland has
a total vegetation cover of ∼70%. It is dominated by a mixture of
xerophytic shrub species, including Artemisia ordosica (35% relative
cover), Hedysarum mongolicum (30%), H. scoparium and Salix psam-
mophila (20%), with a minor component (15%) of grass species such
as Stipa capillata and Agropyron cristatum. The shrub canopy is about
1–1.5 m tall. Shrub roots are distributed mainly in the 20–50 cm soil
layer. Soil water availability depends entirely on PPT as the water
table lies 8–10 m below the ground surface. Seasonal water deficit
constrains photosynthesis, ET and soil respiration of the studied
shrub ecosystem (Jia et al., 2014, 2016).

2.2. EC and meteorological measurements

Net ecosystem CO2 exchange (here defined as NEE = −NEP) and
ET were measured with a EC system, which consisted of a 3D sonic
anemometer-thermometer (CSAT-3, Campbell Scientific Inc., USA)
and a closed-path infrared gas analyzer (LI-7200, LI-COR Inc., USA),
mounted on a tower at 6.2 m height. Air was drawn from an inlet
20 cm away from the center of the sonic anemometer sensor vol-
ume. The sampled air was then pumped through a tube of 1 m
in length and 9 mm in diameter to the LI-7200 at a flow rate of
15 L min−1. On-site maintenance and sensor calibration were per-
formed every three months. Raw signals were recorded at 10 Hz
using a data logger (LI-7550, LI-COR Inc., USA). The CO2 and water
vapor (H2O) storage terms were not estimated due to the short-
statured canopy (1–1.5 m)  and low sensor height, which usually
render storage terms negligible. In addition, the cumulative storage
terms should get close to zero as the timescale of flux integration
increases (e.g., daily, seasonal and annual) (Burba, 2013).

Meteorological variables were measured with sensors installed
at 6 m height on the EC tower, and included incident and reflected
photosynthetically active radiation (PAR, PAR-LITE, Kipp and Zonen,

the Netherlands), wind speed (u) and direction (034B, Met  One
Instruments Inc., USA), net radiation (Rn, CNR-4, Kipp & Zonen,
The Netherlands), and air temperature (Ta) and relative humidity
(HMP155A, Vaisala, Finland). Soil heat flux (G) was calculated as
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he sum of the heat flux at 10-cm depth, measured within 10 m
f the tower using five soil heat flux transducers (HFP01, Hukse-
ux Thermal Sensors, The Netherlands), and the rate of change in
eat storage in the soil layer above the transducers. All these vari-
bles were sampled at 0.1 Hz and half-hourly values stored on a
ata logger (CR3000, Campbell Scientific Inc., USA). Rainfall was
easured daily with a manual rain gauge from 15 May  to 22 July

012, and thereafter with a tipping-bucket rain gauge (TE525WS,
ampbell Scientific Inc., USA) at a distance of ∼50 m from the tower.
utomated rainfall measurements were recorded by a CR200X data

ogger (Campbell Scientific Inc., USA). We  included daily rainfall
alues from 1 January to 14 May  2012 measured at the nearest
eather station (37◦48′N, 107◦23′E, 1349 m a.s.l., ∼20 km from the

tudy site) to obtain the total rainfall in 2012. Snowfall, which nor-
ally contributes little to annual PPT at our site, was  not measured.
alf-hourly soil temperature (Ts) and water content (SWC) were
easured at four depths (0.1, 0.3, 0.7 and 1.2 m)  within 10 m of the

ower, with three replicate sensors (ECH2O-5TE, Decagon Devices,
SA) at each depth. Details on instrumentation and sampling pro-
edures can be found in Jia et al. (2014, 2016).

.3. Flux calculation, quality control and gap-filling

Raw CO2 and H2O records were processed using the EddyPro
.0.0 software (LI-COR Inc., USA), through steps including spike
emoval, double coordinate rotation, time delay corrections, fre-
uency response corrections, detrending (block averaging) and flux
omputation (Burba, 2013). The Webb-Pearman-Leuning (WPL)
orrection was not required because the LI-7200 outputs the CO2
ixing ratio directly (Burba, 2013). A half-hourly flux value was

ejected if missing records, removed spikes and out-of-range mea-
urements together exceeded 10% of the total records of any
ariable involved in calculating the flux. Calculated half-hourly
uxes were then screened for outliers following Papale et al. (2006).
O2 and H2O fluxes measured during calm nights (friction veloc-

ty u* < 0.18 m s−1) were also excluded from the analyses (Jia et al.,
014). Positive values for NEE and ET denote transfer of CO2 and H2O
pwards to the atmosphere (i.e., source). Annual energy balance
losure as indicated by the slope of the relationship between turbu-
ent energy (latent plus sensible heat) and available energy (Rn–G)
aried from 74% in 2014–82% in 2012. This range falls within that
0.53–0.99 with a mean of 0.79) reported for FLUXNET sites (Wilson
t al., 2002). As in most previous studies, we did not apply energy-
losure adjustments to EC fluxes because of the unclear cause of
nergy imbalance (Wilson et al., 2002).

Instrument failure and maintenance resulted in 3%, 16% and 5%
issing flux records in 2012, 2013 and 2014, respectively; while

he quality control procedure discarded 26%, 21% and 26% of annual
ux values for 2012–2014. Consequently, 7%, 18% and 8% daytime
ata needed to be gap-filled in order to estimate annual C and water
udgets for the three years, compared to proportions of 52%, 56%
nd 56% at nighttime.

Gaps in C fluxes were filled following the procedure detailed
n Jia et al. (2014). In brief, data gaps of less than 2 h were
lled by linear interpolation. A light-response function account-

ng for photoinhibition was used to fill larger daytime (incident
AR ≥ 5 �mol  m−2 s−1) gaps (Jia et al., 2014):

EEday = ˛
1 − ˇQ

1 + �Q
(Q − Qc) (1)

here NEEday is daytime NEE (�mol  C m−2 s−1), Q is incident PAR
�mol  m−2 s−1), Qc is the light compensation point. Fit parameters

, � and � are used for the following computations:

m =
√

(  ̌ + �)(1 + �Qc)/  ̌ − 1

�
(2)
eteorology 228 (2016) 120–129

NEEmax = −˛1 − ˇQm
1 + �Qm

(Qm − Qc) (3)

�0 = −NEE′
day(Q = 0) = −˛[1 + (� + ˇ)Qc] (4)

Rd = NEEday(Q = 0) = −˛Qc (5)

In Eqs. (2)–(5), Qm is the value of Q at the most negative NEEday
(NEEmax, �mol  C m−2 s−1), �0 is the initial quantum yield (i.e., at
Q = 0, mol  C mol−1 photons), Rd is the average daytime ecosystem
respiration rate (�mol  C m−2 s−1). Seasonal variation in parameter
values was taken into account by fitting Eq. (1) to consecutive win-
dows of 500 non-missing daytime data points. To estimate missing
nighttime NEE values (NEEnight), we  fit the Q10 function to the
relationship between half-hourly NEEnight and soil temperature at
10-cm depth (Ts 10) for each year. Fit parameters were also used to
estimate growing-season daytime TER. Although by bin-averaging
we found that NEEnight plateaued or slightly reduced when Ts 10 was
greater than 20 ◦C (Fig. 5), the application of a sigmoidal fit instead
of the Q10 function to half-hourly values only led to minor changes
(<8 g m−2) in annually-integrated C fluxes and did not alter any of
our conclusions. Missing values in the independent variables (PAR
and Ts 10) of these functions were estimated using either the mean
diurnal variation (MDV) method (Falge et al., 2001) or empirical
relationships with other micro-meteorological measurements (e.g.,
global solar radiation and Ta). TER during the non-growing season
was considered equal to NEE. GEP was then estimated as TER–NEE.

Gaps in H2O fluxes were filled following a similar procedure to
that described by Amiro et al. (2006). In brief, nighttime missing
values were set to zero. Daytime missing values were estimated by
the regression between latent heat flux and Rn–G for good daytime
data periods, based on a 240-point (half-hour period) moving win-
dow, moved in an increment of 48 points at a time. Remaining gaps
in H2O fluxes (due to missing Rn or G) were filled by applying the
MDV  method to consecutive 15-day windows.

2.4. Data analysis

We  used the “successive days approach” together with Monte
Carlo simulations to estimate the random uncertainty in annual NEP
and ET (Hollinger and Richardson, 2005; Jia et al., 2014). A Monte
Carlo algorithm was  also used to evaluate the random uncertainty
in annual GEP and TER (Hagen et al., 2006; Jia et al., 2014). The
random uncertainties we evaluated (i.e., the standard deviation of
2000 annual values derived from Monte Carlo simulations) only
represent a partial measure of the total uncertainty for the fluxes.
Other sources of uncertainty, including systematic errors arising
from the choice of the u* threshold and the gap-filling technique,
were not assessed.

We  estimated the bulk surface conductance (gs) by inverting the
Penman-Monteith equation (Monteith, 1965):

�E = �(Rn − G) + �CpVPDga

� + �(1 + ga
gs

)
(6)

where � is the rate of change of saturation vapor pressure with Ta
(kPa K−1), � the air density (kg m−3), Cp the specific heat capacity
of air (J kg−1 K−1), � the psychrometric constant (kPa K−1), VPD the
atmospheric vapor pressure deficit (kPa). The aerodynamic conduc-
tance (ga) was  calculated as (Monteith and Unsworth, 1990):

ga = (
u

u∗2
+ 6.2u∗−0.67)

−1
(7)

Half-hourly gs was only calculated during days with no rain

and for periods when incoming shortwave radiation exceeded
100 W m−2 (Jia et al., 2016).

After Huemmrich et al. (1999) and Wilson and Meyers (2007),
we calculated the tower-based normalized-difference vegetation
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Table  1
Climatic factors and carbon and water fluxes for 2012–2014a.

Year

2012 2013 2014

Ta (◦C) 8.7 9.8 9.5
Incident PAR (kmol m−2 yr−1) 11.5 11.1 10.3
VPD (kPa) 0.68 0.78 0.72
Rainfall (mm  yr−1) 335 278 342
NEP (g C m−2 yr−1) 77 ± 10 −4 ± 10 −22 ± 5
GEP  (g C m−2 yr−1) 456 ± 6 359 ± 10 258 ± 7
TER (g C m−2 yr−1) 379 ± 8 363 ± 12 280 ± 6
ET  (mm  yr−1) 282 ± 3 223 ± 3 194 ± 2
WUE  (g C kg−1 H2O) 1.62 1.61 1.33
IWUE (g C kg−1 H2O kPa) 2.34 2.92 2.52

a Ta , mean air temperature over all half-hourly values for each year; PAR, inci-
dent photosynthetically active radiation accumulated over each year; VPD, mean
vapor pressure deficit over all half-hourly values for each year; NEP, net ecosystem
productivity; GEP, gross ecosystem productivity; TER, total ecosystem respira-
tion; ET,  annual evapotranspiration; WUE, water use efficiency (GEP/ET); IWUE,
mean inherent WUE  over daily values for the carbon uptake period (i.e., daily
GEP > 0). Uncertainties for fluxes represent ± standard deviation of 2000 annual val-
u
r

i
a
l
G
l
t
r
o
c

fi
A
i
y
(
t
e
r
d
s
d
(

3

3

s
T
m
d
u
(
w
i
y

m
w
i
P
a

es  derived from Monte Carlo simulations (see the Data analysis section and also
efer to Jia et al. (2014) for details).

ndex (NDVI) with incident and reflected PAR and global solar radi-
tion measurements. After Beer et al. (2009), WUE  at the ecosystem
evel was calculated as the ratio of GEP to ET,  or as the slope of the
EP vs. ET relationship; while the inherent WUE  (IWUE) was  calcu-

ated as ecosystem WUE  multiplied by the mean daytime VPD (i.e.,
he ratio of GEP·VPD to ET), or as the slope of the (GEP·VPD) vs. ET
elationship. The IWUE used here can be considered an analogue
f leaf-level IWUE (i.e., the ratio of photosynthesis rate to stomatal
onductance) at the ecosystem level (Beer et al., 2009).

Regression analysis was used to fit parameters used in gap-
lling and to test relationships between variables of interest.
nalysis of Covariance (ANCOVA) was performed to test for signif-

cant year-to-year differences in the intercept (the main effect of
ear) and slope (year × ET interaction) of regression lines of GEP or
GEP·VPD) vs. ET.  Separate lines for each year were reported where
he intercept and/or slope differed significantly among years. Oth-
rwise, a common line was fit to the pooled data. For the nonlinear
elationship between WUE  and VPD, a common curve for the pooled
ata was reported (Fig. 7a) as fit parameters for separate curves
howed overlapping 95% confidence intervals (i.e., non-significant
ifferences). All statistical analyses were done using R version 3.2.1
The R Development Core Team).

. Results

.1. Biophysical factors

The seasonal patterns of Ta, Ts 10, incident PAR and VPD were
imilar among the three years (Fig. 1a–c, Table 1). Daily mean
a ranged from about −8 ◦C in winter to 25 ◦C in summer. Daily
ean Ts 10 was close to Ta in winter, but was  higher than Ta

uring the growing season. Daily incident PAR had minimum val-
es (<5 mol  m−2 day−1) on cloudy winter days and maximums
∼60 mol  m−2 day−1) in summer. Reflected PAR peaked on days
ith snow cover (e.g., DOY 20–30, 315–320 in 2012; DOY 37–45

n 2014). VPD was slightly lower in 2012 than the following two
ears.

In general, the period between June and September received
ost (∼80%) of the annual rainfall; and winter and early spring

ere rainless (Fig. 1d). Snowfall contributed little to annual PPT, as

ndicated by transient periods of snow cover (i.e., peaks in reflected
AR, Fig. 1b). Despite this general regime, the three years were char-
cterized by contrasting seasonal patterns of PPT and SWC  (Fig. 1d
eteorology 228 (2016) 120–129 123

and e, Table 1). Annual rainfall was  higher in 2014 (19% above MAP)
and 2012 (17% above MAP) than 2013 (3% below MAP). Periods
with little rainfall and low SWC  were evident in the summer of
2012 (e.g., DOY 225–244) and 2013 (e.g., DOY 215–249). In contrast,
plentiful summer rain in 2014 maintained higher SWC  at 30-cm
depth (SWC  30) during the mid- to late-growing-season. Signifi-
cant inter-annual differences in SWC  were also noticeable in spring.
Soil thaw caused a step rise in SWC  30 near 1 March, followed by
a gradual depletion until SWC  30 was recharged by the first sig-
nificant rain event. Spring SWC  30 showed sustained high values
in 2012 and sustained low values in 2014. At our site, little rain
or snow occurs from late autumn to early-spring, so that early-
spring SWC  30 following soil thaw was similar to the values from
the preceding autumn (Fig. 1e). SWC  at 10-cm depth (SWC  10) was
more affected by small rain events and surface drying than SWC  30,
which responded mainly to rainfall events larger than 20 mm day−1

(Fig. 1d and e). SWC  at 70-cm depth (SWC  70) was enhanced only
by four heavy rainfalls over the study period.

Clear seasonal cycles were observed for tower-based NDVI
(Fig. 1f). Spring increases in NDVI occurred ∼20 days earlier in 2012
and 2013 than in 2014, and the seasonal maximum of NDVI was
higher in 2012 (0.47) and 2013 (0.47) than 2014 (0.37). Moreover,
2012 and 2013 had a mean NDVI of 0.38 for the C uptake period
(i.e., daily GEP > 0), compared to 0.28 in 2014. Daily gs was low in
winter and reached seasonal maximum in late-spring or early sum-
mer  (Fig. 1 g). A decreasing trend was observed in both the seasonal
maximum and the growing-season mean of gs from 2012 to 2014.

3.2. Carbon and water exchange

The three years differed markedly in the seasonal and annual
patterns of C and water fluxes (Fig. 2, Table 1). Daily NEE var-
ied in the range −4.71 to 1.63, −2.38 to 2.13 and −2.11 to
1.51 g C m−2 day−1 in 2012–2014, respectively, where negative
values indicate the strength of growing-season C sink (Fig. 2a).
Decreases in the maximum daily net C uptake (i.e.,  most nega-
tive daily NEE) were accompanied by a delay in its occurrence
(DOY 182, 203 and 243 in 2012–2014, respectively) over the three
years. Maximum daily GEP was 6.78 g C m−2 day−1 (DOY 182) in
2012, 4.63 g C m−2 day−1 (DOY 203) in 2013 and 3.21 g C m−2 day−1

(DOY 243) in 2014. Although the C uptake period was of sim-
ilar length (DOY 115–302) across the three years, the number
of C sink days (i.e., daily NEE < 0) varied, being 131, 122 and
113 days for 2012–2014, respectively. Daily TER was low in win-
ter (<0.5 g C m−2 day−1), and had seasonal peaks of 3.26, 2.76 and
2.02 g C m−2 day−1 in 2012–2014, respectively. The timing of sea-
sonal maximum TER (DOY 207–209) was  similar among the three
years. The shrubland was a strong C sink in 2012, almost C neutral
in 2013, but switched to a weak C source in 2014 (Fig. 2b, Table 1).
Both annual GEP and TER were highest in 2012 and lowest in 2014.
However, annual TER was less variable than GEP among years, so
that inter-annual variability in NEP was controlled primarily by the
factors controlling GEP.

Daily ET was  close to zero in winter, and increased to a sea-
sonal maximum on around DOY 200 (Fig. 2c). Maximum ET was
3.4, 3.6 and 2.5 mm day−1 for the three years, respectively. Annual
ET was highest in 2012 and lowest in 2014 (Table 1). The low rain-
fall periods in August 2013 and the spring of 2014 showed reduced
ET. Daily WUE  during the growing season varied between 1 and
4 g C kg−1 H2O (Fig. 2d). The lack of rain in August 2013 slightly
enhanced WUE  while the spring drought in 2014 led to markedly
depressed WUE  till early August. Annual WUE  was similar in 2012

and 2013, but declined in 2014 (Table 1). Growing-season mean
IWUE was highest in 2013 and lowest in 2014 (Table 1).

The mean diurnal variations (for non-rainy days) showed dra-
matic differences in NEE, ET and gs among years during the early- to
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Fig. 1. Temporal variation in (a) daily mean air temperature (Ta) at 6 m above ground and soil temperature (Ts 10) at 10 cm depth, (b) daily-integrated incident and reflected
photosynthetically active radiation (PAR), (c) daily mean vapor pressure deficit (VPD), (d) daily and cumulative rainfall, (e) soil water content (SWC) at three depths (10,
30  and 70 cm), (f) daily mean tower-based normalized difference vegetation index (NDVI) and (g) daily mean bulk surface conductance (gs , Eq. (6)) during 2012–2014. The
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omputations for NDVI and gs were limited to half-hourly values when the incoming
n  non-rainy days). The horizontal dashed line in (d) denotes a rain intensity of 20
ptake period (i.e., daily GEP > 0). Climatic factors and gs values for 2012 have been 

id-growing season (May and July), when both daytime C uptake
nd nighttime C release were strongest in 2012 and lowest in 2014
Fig. 3a and b). This pattern was also observed for daytime ET and
s (Fig. 3d, e, g and h). During the late growing season (September),
he diurnal courses of NEE, ET and gs were all similar among years
Fig. 3c, f and i).

The light response curve (Eq. (1)) of NEEday varied both sea-
onally and among years (Fig. 4). NEEmax (Eq. (3)) showed a
nimodal seasonal pattern, peaking in July 2012, July 2013 and
ugust–September 2014 (Fig. 4a). A delayed peak in 2014 was also

ound for �0 (Eq. (4), Fig. 4b). NEEmax in spring and summer was

maller in 2013 than 2012, and NEEmax, �0 and Rd (Eq. (5)) were
ll much lower in 2014 than the previous two years. However,
ll parameters converged to similar values towards the end of the
rowing season. NEEnight increased exponentially with Ts 10 when
wave radiation was  greater than 100 W m−2 and to dry surface conditions only (i.e.,
ay−1; horizontal dashed lines in (f) and (g) denote mean values during the carbon
ed by Jia et al. (2014, 2016).

Ts 10 was lower than 20 ◦C (equivalent to a Ta of about 15 ◦C) (Fig. 5).
NEEnight plateaued or declined slightly with further increases in
Ts 10. The NEEnight–Ts 10 tipping point was  lower in 2014 than the
other two  years. Above the tipping point, NEEnight was highest in
2012 and lowest in 2014.

Daily GEP linearly increased daily ET (Fig. 6a), with highest
slope observed in 2012 and lowest in 2014 (ANCOVA, for year,
F2,312 = 61.61, P < 0.01; for ET,  F1,312 = 747.34, P < 0.01; for year × ET,
F2,312 = 15.17, P < 0.01). The slope of the relationship between (WUE  ·
VPD) and ET showed a similar decreasing pattern from 2012 to 2014
(ANCOVA, for year, F2,312 = 55.69, P < 0.01; for ET,  F1,312 = 1408.24,

P < 0.01; for year × ET,  F2,312 = 7.38, P < 0.01) (Fig. 6b). Bin-averaged
half-hourly WUE  decreased with increasing VPD (Fig. 7a). The
WUE–VPD relationship was not significantly different among the
three years (i.e., with overlapping 95% confidence intervals for fit
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Fig. 2. Temporal variation in (a) daily carbon fluxes (NEE, net ecosystem CO2 exchange; GEP, gross ecosystem production; TER, total ecosystem respiration), (b) cumulative
carbon  fluxes, daily and cumulative evapotranspiration (ET), and (d) daily ecosystem water use efficiency (WUE, the ratio of daily GEP to daily ET). Horizontal dotted lines in
(a)  and (b) represent zero reference lines. Carbon and water fluxes for 2012 have been reported by Jia et al. (2014, 2016).

Fig. 3. Mean diurnal courses of (a) net ecosystem CO2 exchange (NEE), (b) evapotranspiration (ET) and (c) bulk surface conductance (gs) for May, July and September,
2012–2014. The values for gs were based on periods when the incoming shortwave radiation was  greater than 100 W m−2. Horizontal dotted lines in (a–c) represent zero
reference lines. Diurnal courses of NEE for 2012 have been reported by Jia et al. (2014).
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Fig. 4. Monthly parameters for the light-response curve (Eq. (1)) of daytime net
ecosystem CO2 exchange (NEEday) for 2012–2014. NEEmax , maximum magnitude of
NEEday (Eq. (3)); �0, quantum yield when PAR equals zero (i.e., absolute initial slope
of  the light-response curve, see Eq. (4)); Rd , average daytime ecosystem respiration
rate (Eq. (5)). Monthly NEEmax , �0 and Rd for 2012 have been reported by Jia et al.
(2014).

Fig. 5. Nighttime net ecosystem CO2 exchange (NEEnight) as a function of soil tem-
perature at 10 cm depth (Ts 10) for 2012–2014. Only data when Ts 10 > 0 ◦C were used.
NEEnight was  bin-averaged into 1 ◦C Ts 10 intervals. Error bars indicate ±1 standard
errors.

p
f
g
a

Fig. 6. Relationship between (a) daily gross ecosystem production (GEP) and evap-
otranspiration (ET), and between (b) daily (GEP·VPD) and ET for 2012–2014, where
VPD  is the mean daytime vapor pressure deficit. Data from rainy days as well as the
subsequent two  days were excluded from analysis. For (a), 2012, y = 1.82x + 0.0086,

2 2 2

rarely recharge the soil moisture at plant rooting depth, although
they may  trigger increased microbial respiration in shallow soil lay-
ers (Thomey et al., 2011). Our previous studies found that roots
of the dominant shrubs are mainly distributed in the 20–50 cm
arameters) and was well described by a common exponential
unction. Daily WUE  only significantly increased with NDVI in the
rowing season of 2012 (R2 = 0.31, P < 0.05, Fig. 7b), but not in 2013
nd 2014.
R = 0.78; 2013, y = 1.27x + 0.60, R = 0.67; 2014, y = 1.07x + 0.49, R = 0.40. For (b),
2012, y = 3.60 x − 1.10, R2 = 0.87; 2013, y = 3.20 x − 0.15, R2 = 0.82; 2014, y = 2.53 x
−  0.0016, R2 = 0.56.

4. Discussion

4.1. Does annual precipitation control ecosystem production and
WUE?

PPT strongly affects the structure and functioning of semi-arid
ecosystems (Huxman et al., 2004; Sala et al., 2012). Both ecosys-
tem productivity (NPP, NEP or GEP) and WUE  have been shown to
vary along spatial gradients of MAP (Bai et al., 2008; Sala et al.,
2012; Xiao et al., 2013). Annual PPT amount has also been identi-
fied as an important factor driving inter-annual variations in NEP
and WUE  for forests and grasslands (e.g., Aires et al., 2008; Dong
et al., 2011; Biederman et al., 2016). However, there are also some
studies that found weak or non-significant relationships between
annual total PPT and ecosystem production (Sala et al., 2012; Liu
et al., 2015). More significant than annual total PPT is usually the
seasonal pattern of PPT (e.g., Gilmanov et al., 2006; Kwon et al.,
2008; Jongen et al., 2011; Zhou et al., 2013). In the studied semi-
arid shrubland, we also found that annual PPT could not explain
year-to-year variations in ecosystem fluxes (e.g., NEP, GEP, TER,  ET
and WUE) (Figs. 1 and 2, Table 1). Counterintuitively, the year with
the highest rainfall (2014, 342 mm)  during the study period showed
the lowest ecosystem production and WUE.

Annual total PPT is not always an accurate metric of the water
available to drive plant and soil CO2 cycling (Scott et al., 2015;
Biederman et al., 2016). This has been reported for arid and semi-
arid ecosystems in different regions around the world (Jongen et al.,
2011; Sala et al., 2012; Liu et al., 2016). Firstly, small rain events
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Fig. 7. (a) Relationship between ecosystem water use efficiency (WUE) and vapor
pressure deficit (VPD) and for 2012–2014. To minimize the confounding effects of
canopy phenology, only data for the mid-growing period (June–August) were used.
Half-hourly values were bin-averaged into 0.2 kPa VPD increments. Error bars refer
to ±1 standard error. A common curve for the pooled data is reported for the WUE  vs.
VPD  relationship as fit parameters for separate years showed overlapping 95% con-
fidence intervals (i.e., non-significant differences). (b) Relationship between daily
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the timing, severity and duration of drought should be considered
UE  and tower-based normalized difference vegetation index (NDVI) for 2012. The
egression of WUE  on NDVI was non-significant (P > 0.05) for 2013 and 2014.

oil layer (Wang et al., 2015), and seasonal variations in NEE were
trongly regulated by SWC  at 30-cm depth, rather than that at a
hallower (10-cm) depth (Jia et al., 2014). The present study showed
hat higher annual C and water fluxes corresponded to higher
pring SWC 30 (Figs. 1 d and 2) and that SWC  30 did not respond to
he large number of small rainfall events (i.e.,  <20 mm day−1, Fig. 1d
nd e). Multiple small rain events in the spring of 2014 failed to alle-
iate the detrimental effects of low initial SWC  30 (Fig. 1d and e).
t has been proposed that even for a given total annual PPT, differ-
nt seasonal patterns, e.g., frequent intermediate and small events
s. less frequent but larger events, may  have contrasting effects on
lant water uptake, growth and ecosystem productivity (Thomey
t al., 2011).

Secondly, eco-physiological processes may  depend on water
vailability during particular phenophases, leading to the decou-
ling of total PPT quantity and plant water demand (Dong et al.,
011; Liu et al., 2016). At our study site, low springtime soil
oisture was associated with suppressed seasonal and annual

cosystem production (Figs. 1 e and 2). Ample rainfall in the sum-
er  and autumn of 2014 did not completely offset the adverse

mpacts of spring dry soil conditions (Figs. 1 e and 2), although
ate-season NEP and its light-response parameters had recovered
o levels comparable to those in 2012 and 2013 (Figs. 3 and 4).
imilarly, late PPT events have been found to result in smaller pro-
ortional increases in GEP than early events (Jongen et al., 2011;
hou et al., 2013). A recent analysis on nine years of EC data

lso found that PPT during pre-growing season (November–April),
ather than annual total or growing-season PPT, played an impor-
ant role in controlling ecosystem productivity (Liu et al., 2016). In
eteorology 228 (2016) 120–129 127

addition, winter to early spring PPT had a significant impact on the
annual C balance of a Hungarian semi-arid grassland (Nagy et al.,
2007).

Thirdly, hydrologic losses (i.e., through runoff and evaporation)
may  decouple PPT from soil water available for biotic CO2 exchange
(Biederman et al., 2016). Recent synthesis studies on ecosystem
responses to climatic variability suggest the use of ET as a proxy
for the amount of water available to ecosystem production (Scott
et al., 2015; Biederman et al., 2016). Our results support this view,
showing that low productivity years were associated with low ET,
irrespective of annual PPT (Figs. 1 and 2, Table 1).

4.2. Ecosystem responses to spring drought

We found that low soil moisture conditions in spring coincided
with lower seasonal and annual C and water fluxes, as well as lower
WUE, whereas a summer drought in 2013 had less impact (Figs. 1
e, 2 –4). The timing of drought plays a significant role in regulating
ecosystem responses (Kwon et al., 2008; Dong et al., 2011; Zhou
et al., 2013). Some previous studies in shrubland, grassland and
sagebrush-steppe ecosystems also found that spring drought can
be more critical to plant growth and C dynamics than summer or
autumn drought (Gilmanov et al., 2006; Kwon et al., 2008; Dong
et al., 2011). A severe spring drought in northern China in 2001
led to significant decreases in ecosystem WUE, whereas a simi-
larly severe autumn drought in 2006 only slightly affected WUE
(Liu et al., 2015).

Spring drought may  affect ecosystem productivity through dif-
ferent mechanisms. Firstly, water deficit during the early growing
season has been reported to hinder leaf emergence and canopy
development, resulting in reduced leaf area index (LAI) (Aires et al.,
2008; Dong et al., 2011). At our site, NDVI was  lower in 2014 than
in previous two years (Fig. 1f), likely a result of the severe spring
drought in 2014 (Fig. 1e). Secondly, dry air and/or soil conditions
may  induce partial stomatal closure of dominant shrub species
(Jia et al., 2016), as indicated by suppressed growing-season gs
(Fig. 1g), which reflects the canopy-integrated stomatal conduc-
tance. Reduced LAI combined with stomatal closure can lead to
suppressed canopy photosynthetic capacity (Yang and Zhou, 2013;
Liu et al., 2016). Thirdly, annual GEP has been proposed to be jointly
controlled by canopy photosynthetic capacity and ecosystem-level
plant phenology (Xia et al., 2015). However, the decreases in GEP
in years with low spring soil moisture were largely attributable
to suppressed canopy photosynthetic capacity (Figs. 2–4), as the
C uptake period remained unchanged across years. Finally, com-
munity composition has been shown to be an important driver of
ecosystem productivity in response to inter-annual variations in
precipitation (Liu et al., 2016). At our site, the relative abundance
of dominant species did not change much during the measurement
period (unpublished data), so that shifts in community composition
are not expected to account for observed patterns in C and water
fluxes.

Drought events may  affect GEP and TER differently, thus modi-
fying NEP (Zhou et al., 2013). Our results (Figs. 1 and 2) are in line
with the previous hypothesis that GEP is more sensitive than TER to
spring drought in semi-arid shrublands and steppes (Kwon et al.,
2008; Dong et al., 2011; Niu et al., 2011). However, short-term
drought may  suppress TER more than GEP because heterotrophic
respiration is controlled by shallow SWC  in the litter and upper
soil layers, which dry first, whereas photosynthesis is affected by
moisture that is accessible to roots in deeper soil layers (Reichstein
et al., 2002; Yang and Zhou, 2013). Therefore, the interaction among
when comparing the sensitivities of GEP and TER to water stress.
GEP and ET may  also show different sensitivities to spring

drought, leading to changes in WUE. We  observed that lower annual
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UE  and shallower slope of the GEP vs. ET relationship occurred in
ears characterized by dry spring soil conditions (Fig. 6, Table 1).
ur findings are consistent with previous studies in semi-arid areas

howing stronger drought impact on GEP than ET (Aires et al., 2008;
iu et al., 2011; Liu et al., 2012). It is worth mentioning that despite
ecreases in ecosystem-level WUE, leaf- and canopy-level WUE
e.g., the ratio of assimilation to transpiration) may  remain unaf-
ected or even increase in response to water stress, as stomatal
losure limits H2O loss more than CO2 assimilation (Dong et al.,
011; Liu et al., 2012). Therefore, the level of biological organization
hould be explicitly considered when modeling and interpreting

UE responses to drought (Niu et al., 2011). The widely reported
henological control on ecosystem WUE  (Scott et al., 2015) was
nly observed in the year (i.e., 2012) with high spring soil moisture
Fig. 7b), implying a more important role of air and soil moisture in
egulating ecosystem WUE  (Fig. 7a) in years with water stress.

.3. Carry-over effects of soil moisture

PPT legacy effects (i.e., effects of past PPT on current ecosystem
roperties) may  simply result from the carry-over of soil mois-
ure between years (Sala et al., 2012). At our site, little soil water
echarge occurred from late autumn to early-spring, so that early-
pring SWC  30 was similar to the values from the preceding autumn
Fig. 1e). This was also the case from the autumn of 2011 (data not
hown) to the spring of 2012. Therefore, years preceded by low
ate-season PPT may  undergo spring drought, negatively affecting
nnual ecosystem productivity and WUE  (Fig. 2, Table 1). Our results
re in line with previous findings that low winter/spring PPT led to
nadequate recharge of deep soil moisture, and thus constrained
rowing-season GEP and NEP in semiarid steppe and shrubland
cosystems (Kwon et al., 2008; Liu et al., 2016). Alternatively, PPT
egacy effects may  be mediated by structural (e.g., biomass, density,
AI and species composition) or biogeochemical (e.g., litter input
nd nutrient availability) changes (Sala et al., 2012). Long-term
tudies at our site are needed to investigate how drought-induced
tructural and biogeochemical changes (e.g., decreases in NDVI as a
esult of the severe spring drought in 2014) may  influence ecosys-
em productivity and WUE  in the following year.

. Conclusions and implications

Three years of EC measurements at a semi-arid shrubland in
orthern China suggest the following patterns. First, inter-annual
ariations in water availability had large impacts on C sequestra-
ion of the shrub-dominated ecosystem, causing it to switch rapidly
etween an annual sink and source of CO2. Second, spring soil mois-
ure deficit reduced seasonal and annual GEP more than TER or ET,
eading to decreases in C sequestration and WUE. Third, little soil

oisture recharge occurred during winter, so that spring soil mois-
ure following soil thaw resulted from the legacy of the preceding
ear’s water balance. Fourth, ET may  be a better proxy than PPT
or water availability in order to predict C exchange on an annual
asis. The observed year-to-year fluctuations in C and water fluxes
ere unlikely to be caused by climatic factors other than PPT and

oil moisture, as neither temperature nor radiation showed large
nter-annual variability during the measurement period. Our con-
lusions are preliminary and longer timeseries spanning a wider
ange of precipitation and soil moisture conditions are needed to
onfirm or refine these patterns. Our findings may  apply to the vast
reas of desert shrublands and steppes in northern China due to

heir broad climatic, edaphic and vegetation similarities.

Our findings have important implications for projecting ecosys-
em responses to climate change. Throughout China, the past
ecades have witnessed a faster rate of warming in winter than
eteorology 228 (2016) 120–129

summer, a trend that is expected to continue (Piao et al., 2010).
Increases in air and soil temperatures during winter can lead to
shorter soil-freezing periods, higher evaporative water losses, and
thus lower carry-over of soil moisture for springtime leaf emer-
gence and expansion. Climate models predict changes in both the
amount and variability of PPT (Thomey et al., 2011). The observed
trend of decreasing autumn/winter PPT in northern China (Liu et al.,
2005; Piao et al., 2010), even under constant or increased annual
PPT, could intensify spring drought and thus impair the C seques-
tration potential of semi-arid shrubland and steppe ecosystems.
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