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ABSTRACT 
 
 
The main aim of this study was to investigate the dynamics and biophysical controls of 
carbon, water and energy exchange over a semiarid shrub ecosystem in the Mu Us desert, 
northern China, using continuous eddy-covariance (EC) measurements. Specific objectives 
were as follows: (1) To examine intra-annual variations in net ecosystem CO2 exchange 
(NEE) and its biophysical controls (Paper I); (2) To quantify the diurnal and seasonal 
variations in surface energy-balance components, and to examine the partitioning of net 
radiation (Rn) among different energy components at diurnal and seasonal timescales (Paper 
II); and (3) To examine how ecosystem production and water use efficiency (WUE) vary 
inter-annually with contrasting precipitation (PPT) and soil moisture patterns (Paper III). 

The results showed that, soil water content (i.e. at 30 cm depth, SWC_30), or water 
deficit, imposed a major control on the seasonal dynamics of carbon assimilation and 
energy partitioning. Water deficit (i.e. SWC_30 < 0.10 m3 m-3) was a major constraint over 
daytime NEE, and also interacted with other stresses, e.g. heat stress and photoinhibition 
(Paper I). Low soil moisture reduced the temperature sensitivity (Q10) of total ecosystem 
respiration (TER). Rain events triggered immediate pulses of carbon release from the 
ecosystem, followed by peaks of CO2 uptake 1–2 days later. Leaf area index (LAI) 
accounted for 45 and 65% of the seasonal variation in NEE and gross ecosystem production 
(GEP), respectively. On the other hand, sensible heat flux (H) exceeded latent heat flux (λE) 
during most time of the year (Paper II). The evaporative fraction (EF, i.e. λE/Rn), 
Priestley-Taylor coefficient (α), surface conductance (gs) and decoupling coefficient (Ω) all 
correlated positively with SWC_30 and LAI. The direct enhancement of λE by high vapor 
pressure deficit (VPD) was buffered by a concurrent suppression of gs, which controlled EF 
and α by mediating the effects of LAI, SWC_30 and VPD.  

At the annual scale, net ecosystem production (NEP, here defined as −NEE) indicated a 
rapid shift from an annual sink of carbon in 2012 (NEP = 77 ± 10 g C m-2 yr-1) to a source 
of carbon in 2014 (NEP = -22 ± 5 g C m-2 yr-1), with the year 2013 being close to carbon 
neutral (NEP = -4 ± 10 g C m-2 yr-1) (Paper III). GEP, TER and evapotranspiration (ET) 
also declined over the three years. Suppressed annual carbon and water fluxes were 
observed in years with low spring soil moisture. GEP declined more than TER and ET, 
leading to reduced carbon sequestration and WUE (i.e. GEP/ET). Neither annual nor 
growing-season PPT amount could explain the year-to-year variation in carbon fluxes. 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 spring, and affected the rates of 
leafout, plant growth and carbon uptake in the early- to mid-growing season. 
 
 
Keywords: Carbon balance, eddy-covariance, evapotranspiration, energy balance, 
shrubland, water availability 
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1. INTRODUCTION 
 
 
1.1 Dryland ecosystems and climate change 
 
Drylands (semiarid and arid areas) comprise over 40% of the global terrestrial surface and 
are home to more than 38% of the global population (Reynolds et al. 2007; Gao et al. 2012). 
The extent of dryland ecosystems has been expanding in many regions around the world 
due to climate change and increasing human activities (Asner et al. 2003). Climatic change 
driven by atmospheric CO2 enrichment could lead to a global increase in desert areas by 17% 
(Emanuel et al., 1985). Arid and semiarid areas in China span from central Asia in the west 
to northern China in the east, covering an area of more than 1.6 million km2 (Wang et al. 
2008). These areas lie primarily in regions above 35° N and have an annual rainfall of <450 
mm. In China, the total desertified area increased by 2460 km2 yr-1 from the 1980s to the 
mid-1990s (Yang et al. 2005). 

Although dryland ecosystems are characterized by low precipitation (PPT), soil fertility, 
aboveground biomass and productivity, they constitute an important component of the 
global carbon cycle (Poulter et al. 2014; Ahlström et al. 2015). Arid and semiarid areas 
account for approximately 20–35% of total terrestrial net primary productivity (NPP) (Field 
et al. 1998) and 15–20% of total soil organic carbon (Lal 2004; Liu et al. 2016). Some 
dryland ecosystems have shown a significant carbon sequestration potential, both through 
photosynthesis by plants (shrubs and grasses) (Gao et al. 2012) and CO2 absorption by 
alkaline soils (Wohlfahrt et al. 2008; Xie et al. 2009). Recent evidence suggests an 
increasingly important role of semiarid ecosystems in driving the trend and interannual 
variability of the global carbon cycle (Poulter et al. 2014; Ahlström et al. 2015). Despite the 
importance of drylands, carbon, water and energy exchanges and their influencing factors 
are less well understood in these ecosystems compared to mesic forests and grasslands 
(Scott et al. 2015; Biederman et al. 2016; Liu et al. 2016), limiting our ability to project the 
global carbon balance under changing climate. In particular, the arid and semiarid 
shrublands of northern China, which represent an important land-cover type in Eurasia, are 
subject to increasing temperatures and altered PPT patterns (Liu et al. 2011; Gao et al. 
2012). However, arid and semiarid ecosystems dominated by shrub species are largely 
under-represented in studies of climate change impacts (Liu et al. 2016). 

Dryland ecosystems are highly sensitive to changes in climate (e.g. rising temperatures 
and shifting PPT patterns) (Li et al. 2005; Liu et al. 2016; Zhang et al. 2016), and their 
responses to climatic variability may feed back to the regional or global climate system 
(Poulter et al. 2014; Ahlström et al. 2015). Global climate models suggest a warmer and 
drier future climate in semiarid and arid regions of Asia (McCarthy et al. 2001). China’s 
average temperature had increased by 1.2 °C from 1960 to 2010, and is expected to 
increase further by 1–5 °C by 2100 (Piao et al. 2010). Northern China is warming more 
than twice as fast as southern China. In addition, winter warming (0.04 °C per year) was 
found to be more pronounced than summer warming (0.01 °C per year) (Piao et al. 2010). 
Climate models also predict larger climatic variability and more frequent extreme events 
(e.g. droughts, storms and heat waves) in the future (Dong et al. 2011). A more variable 
PPT regime is likely to occur in the future, being characterized by more extreme rainfall 
events punctuated by longer intervening dry periods (Thomey et al. 2011). Particularly, 
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northern China is expected to experience increases in drought frequency and intensity (Liu 
and Feng 2012). Increases in both the severity and duration of drought are expected to 
profoundly impact ecosystem structure and functioning (Jongen et al. 2011; Biederman et al. 
2016). 

China is among the countries undergoing the most severe desertification, with the total 
desertification-affected area (2.62 million km2) accounting for 27% of the national land 
area (Yang et al. 2005). China has made enormous effort in ecological restoration in arid 
and semiarid regions, as demonstrated by a series of ecological engineering projects carried 
out in northern China to combat desertification (Li et al. 2004). To date, restored vegetation 
covers more than 2.4 million hectares of degraded land in China (Gao et al. 2012). Endemic 
shrub species are widely used in this vast region for restoration, as they effectively reduce 
wind erosion (Wang et al. 2014). Revegetated shrublands can also serve to simultaneously 
sequester carbon for mitigating climate change and increase forage production (Gao et al. 
2012). Significant shrubland expansion has been observed in northern China (Zhang et al. 
2016). Shrub ecosystems in these areas are particularly susceptible to environmental 
perturbations and human activities (Gao et al. 2012). Considering the large extent of arid 
and semiarid ecosystems in China, changes in desertification-affected area may have 
significant effects on the global carbon balance and climate change (Poulter et al. 2014; 
Ahlström et al. 2015). 

Shrubland ecosystems at the southern edge of the Mu Us Desert (also referred to as the 
Mu Us Sandland) lie in a critical geographical transition zone between arid and semiarid 
climates, and between agricultural and pastoral land uses. From the mid-20th century, 
human disturbances, especially overgrazing and inadequate reclamation, have caused 
severe vegetation degradation and desertification problems in this area (Chen and Duan 
2009). Grazing on natural shrublands and steppes has been prohibited since the late 1990s, 
and large-scale rehabilitation practices (fencing and revegetation with shrubs) have been 
put into action (Chen and Duan 2009). Therefore, the vegetation has been given the 
opportunity to recover for almost two decades. The reversal of desertification has been 
evidenced by increases in vegetation cover and species diversity, increasingly fine soil 
texture, increased soil nutrient contents and reduced wind erosion (Chen and Duan 2009). 
In particular, the growth and expansion of xerophytic shrub species (e.g. Artemisia ordosica 
(Compositae), Hedysarum mongolicum (Leguminosae) and Hedysarum scoparium 
(Leguminosae)) have been found in the restoring area of the Mu Us Desert. 

Based on both in situ measurements and model simulations, shrublands are shown to 
play an important role in maintaining ecosystem functions in northern China (Bourque and 
Hassan 2009; Zhang et al. 2016). However, little has been done to quantify the carbon 
sequestration potential of the recovering shrub vegetation (Gao et al. 2012; Liu et al. 2016). 
In addition, few (if any) studies have formally examined the biophysical control of surface 
energy partitioning (e.g. the evaporative fraction, EF, and the Bowen ratio, β) and the 
associated bulk surface parameters (e.g. bulk surface conductance, gs; the decoupling 
coefficient, Ω; and the Priestley-Taylor coefficient, α) in these shrub-dominated ecosystems. 
In order to reduce uncertainties in predicting regional and global ecosystem functioning 
under a warming climate, it is necessary to understand how exchanges of carbon, water and 
energy between the biosphere and atmosphere in dry areas respond to current climatic 
variability (Gao et al. 2012; Biederman et al. 2016; Liu et al. 2016). These issues are 
essential to the evaluation of current rehabilitation efforts and to adaptive ecosystem 
management under a changing climate. 
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1.2 Biophysical controls on carbon, water and energy exchange 
 
Whether and when an ecosystem is a net sink or source of CO2 is affected by the way it 
responds to variability in driving environmental factors (Liu et al. 2012). In semiarid and 
arid ecosystems, moisture-related factors such as PPT, soil water content (SWC) and vapor 
pressure deficit (VPD) usually exert strong influences on diurnal, seasonal and interannual 
variations in the net ecosystem CO2 exchange (NEE) (Fu et al. 2006; Gao et al. 2012). 
Water deficit may depress gross ecosystem production (GEP) by limiting physiological 
processes (e.g. stomatal closure) and altering plant phenology (e.g. delayed leaf emergence) 
and canopy structure (e.g. reduced leaf area index, LAI) (Zhou et al. 2013). Low water 
availability may also limit total ecosystem respiration (TER) by reducing root activity, 
microbial decomposition of organic matter and the diffusion of extra-cellular enzymes and 
carbon substrates in the soil (Wang et al. 2014). Moreover, the effects of water availability 
on GEP and TER depend not only on the sensitivity of related biotic processes and the 
magnitude of water stress but also on the temporal pattern of water supply. For example, 
NEE in dryland ecosystems showed inconsistent responses to rainfall events (Liu et al. 2011; 
Gao et al. 2012), indicating our lack of understanding on how dryland ecosystems respond 
to water stress and its relief. The role of abiotic stresses and their alleviation may play a 
more important role in regulating carbon cycling in the face of an increasing frequency and 
intensity of extreme climatic events in the future (Jongen et al. 2011; Thomey et al. 2011). 

Besides water availability, NEE in arid and semiarid ecosystems is also affected by 
other abiotic and biotic factors. Drought stress is often accompanied with thermal and 
irradiation stresses, as the cloudiness is usually low and the soil is readily heated up by 
solar radiation during dry periods. High leaf temperature can deactivate photosystem II, 
enhance the evaporative demand for plants and stimulate respiration (Fu et al. 2006). Strong 
irradiation is common in arid and semiarid areas, and is likely to induce photosynthetic 
depression at midday (Fu et al. 2006). In many ecosystems, canopy development or 
phenology is critical to the seasonal evolution of CO2 fluxes (Xu and Baldocchi 2004; Li et 
al. 2005). However, the large stochasticity of PPT and variability of soil moisture in arid 
and semiarid ecosystems can obscure the effects of LAI (Wang et al. 2008). Considering the 
inconsistent effects of these environmental stresses and biotic factors on CO2 fluxes (e.g. Fu 
et al. 2006; Aires et al. 2008a; Wang et al. 2008), further studies are needed to examine the 
relative importance of these biophysical controls and their interactions at different 
timescales in desert shrub ecosystems. 

The response of ecosystem energy partitioning to climate change is a major concern to 
ecologists and climate scientists because of local and regional feedbacks to climate, which 
in turn affects ecosystem carbon and water cycles (Aires et al. 2008b; Krishnan et al. 2012; 
Launiainen et al. 2016). Evapotranspiration (ET), which corresponds to the latent heat flux 
(λE), is closely linked to ecosystem productivity (Aires et al. 2008b). The energy exchange 
between the biosphere and the atmosphere involves complex interactions among 
environmental (e.g. solar radiation, temperature and moisture) and biological (e.g. plant 
functional type, phenology and stomatal regulation) factors (Ding et al. 2013; Tang et al. 
2014). The relative roles of biophysical variables can vary among ecosystem types (Aires et 
al. 2008b; Li et al. 2009; Krishnan et al. 2012). For example, in mesic forests and 
grasslands, shoot growth strongly controls energy partitioning via its impact on 
eco-physiological processes (e.g. transpiration), surface albedo and roughness (Hammerle 
et al. 2008). In boreal coniferous forests, low radiation and temperature are key factors 
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limiting the energy dissipated as λE (Launiainen 2010). In contrast, arid and semiarid areas 
are characterized by sporadic PPT, sparse vegetation and dry soils (Li et al. 2006). In such 
environments, the spatio-temporal variability of water availability strongly affects the 
dynamics of surface energy exchange (Li et al. 2006). In general, previous studies have not 
yet produced a consistent functional pattern for the responses of energy partitioning (e.g. 
EF and β) and bulk canopy parameters (e.g. gs and Ω) to biophysical controls in arid and 
semiarid areas (Ding et al. 2013). Therefore, a better understanding of the biophysical 
controls on energy partitioning in these ecosystems is required for a proper assessment of 
regional and global carbon budget under changing climate (Li et al. 2006; Krishnan et al. 
2012). In particular, the determination of major factors affecting energy partitioning can 
help predict how dryland ecosystems will respond to climatic variability and extremes (e.g. 
increases in drought duration and frequency) (Baldocchi and Xu 2007). Measurements of 
the seasonal trends of bulk canopy parameters and their biophysical controls for 
water-limited vegetation can be further used to better parameterize and validate 
eco-hydrological models (Krishnan et al. 2012; Ding et al. 2013; Launiainen et al. 2016). 

Knowledge on the key factors affecting annual ecosystem production and water use 
efficiency (WUE) in dryland areas is crucial to the projection of global carbon balance 
under changing climate. Previous studies showed that semiarid grasslands and steppes have 
larger interannual variability in carbon and water exchange than forest and grassland 
ecosystems in mesic areas, and that semiarid ecosystems could switch from a net carbon 
sink in wet or normal years to a carbon source in dry years (Aires et al. 2008a; Jongen et al. 
2011; Scott et al. 2015; Liu et al. 2016). Although water is considered a key factor affecting 
ecosystem carbon and water exchange in dryland regions, the response of ecosystem 
production to year-to-year fluctuations in PPT often varies among sites (Sala et al. 2012; 
Scott et al. 2015). Many previous studies have suggested that annual PPT amount is a good 
predictor of annual NPP, net ecosystem production (NEP) or GEP (Huxman et al. 2004; 
Scott et al. 2015; Biederman et al. 2016). However, some other studies have showed weak 
or non-significant relationships between annual PPT and ecosystem production (Xu and 
Baldocchi 2004; Gilmanov et al. 2006; Jongen et al. 2011; Sala et al. 2012). This 
inconsistency contrasts with the usually tight spatial relationships between mean annual 
precipitation (MAP) and NPP, NEP or GEP found by global and regional data syntheses 
(Huxman et al. 2004; Bai et al. 2008; Xiao et al. 2013). Clearly, the relationship between 
interannual variations in PPT and ecosystem production remains to be clarified for arid and 
semiarid areas. 

Slight changes to the amount and timing of PPT may also trigger a complex interaction 
of physical, chemical and biological processes at the ecosystem level (Liu et al. 2011). The 
seasonal pattern of PPT can be more important than its total amount in determining the 
annual carbon balance in semiarid ecosystems (Jongen et al. 2011; Liu et al. 2016). 
Hydrologic losses through runoff and evaporation may also render PPT amount inaccurate 
as a measure of water availability for eco-physiological processes (Scott et al. 2015; 
Biederman et al. 2016). In addition, carry-over effects from the earlier year may further 
complicate the responses of annual ecosystem production to PPT (Sala et al. 2012). 

WUE is a critical link between carbon and water cycling (Niu et al. 2011). Ecosystem 
WUE tends to increase with increasing MAP at the regional scale (Bai et al. 2008; Xiao et al. 
2013). However, Huxman et al. (2004) reported an opposite trend in rain use efficiency 
(RUE) across a broader MAP gradient (i.e. data from throughout North and South America). 
Evidence based on individual sites often lacks consensus on the response of WUE to 
drought. Previous studies have shown either increases (Huxman et al. 2004; Bai et al. 2008; 
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Dong et al. 2011) or decreases (Liu et al. 2012; Scott et al. 2015) in WUE during dry years. 
The organizational level of aggregation (e.g. leaf, canopy or ecosystem), the way WUE is 
computed (e.g. NPP/PPT, GEP/ET or NEP/ET), or the timescale of analysis (e.g. seasonal, 
interannual and multi-decadal) may have contributed to the observed inconsistent drought 
effects on WUE and carbon exchange (Bai et al. 2008; Niu et al. 2011; Scott et al. 2015). 
Thus, a better understanding is needed of the relationship between year-to-year variations in 
water availability and ecosystem WUE, which can help constrain predictions of carbon and 
water coupling under changing climate. In addition, information on how key 
eco-physiological parameters (e.g. maximum carbon uptake rate and gs) respond to 
interannual variations in climatic factors can help improve the modeling of carbon and 
water cycles. 
 
 
1.3 Objectives of the study 
 
The main aim of this study was to investigate the dynamics and biophysical controls of 
carbon, water and energy exchange over a semiarid shrub ecosystem in the Mu Us desert, 
northern China, using continuous eddy-covariance (EC) measurements. Specific objectives 
were as follows: 
 
(1) To examine intra-annual variations in net ecosystem CO2 exchange (NEE) and its 

biophysical controls (Paper I). 
(2) To quantify the diurnal and seasonal variations in surface energy-balance components, 

and to examine the partitioning of net radiation (Rn) among different energy 
components at diurnal and seasonal timescales (Paper II). 

(3) To examine how ecosystem production and water use efficiency (WUE) varied 
inter-annually with contrasting precipitation (PPT) and soil moisture patterns (Paper 
III). 

  
The hypotheses tested in this study were as follows: 
(1) Soil water shortage is dominant factor over other stress factors in controlling NEE of 

dryland ecosystems and could modify the responses of NEE to other environmental 
factors (Paper I). 

(2) Seasonal dynamics of leaf area index (LAI) is an important determinant of 
productivity over the growing season, whereas abiotic stresses constrain CO2 fluxes at 
shorter timescales (e.g. hourly to daily) (Paper I). 

(3) Soil moisture and canopy phenology exert the most important controls over energy 
partitioning as mediated by bulk surface conductance (gs) (Paper II). 

(4) Decreases in water availability, which is determined by the amount and seasonal 
pattern of PPT, reduce gross ecosystem productivity (GEP) more than total ecosystem 
respiration (TER) and evapotranspiration (ET), leading to lower net ecosystem 
production (NEP) and WUE (Paper III). 
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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.) of Beijing Forestry University. The site is located in Ningxia, Northwest China, 
and lies at the southern edge of the Mu Us Desert, an area of mid-temperate semiarid 
continental climate (Fig. 1). The mean annual air-temperature (1954–2004) is 8.1 °C, with 
mean monthly temperature ranging from -8.7 °C in January to 22.4 °C in July (Chen and 
Duan 2009; Wang et al. 2014). The MAP of 287 mm is much lower than pan-evaporation 
(2024 mm). In addition, PPT shows large seasonal (~80% of annual amount falls during 
June–September) and interannual variation (145–587 mm). The growing season 
(May–October) is usually warm and receives most of the annual PPT. 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 is dominated by a mixture of xerophytic shrub species, 
including A. ordosica (35% relative cover), H. mongolicum (30%), H. scoparium and Salix 
psammophila (Salicaceae) (20%), with a minor component (15% percent cover) of grass 
species such as Stipa capillata (Gramineae) and Agropyron cristatum (Gramineae). 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 plant photosynthesis and soil 
respiration of the studied shrub ecosystem (Feng et al. 2013; Wang et al. 2014). 
 
 
2.2 EC and meteorological measurements 
 
An EC tower was established in June 2011 at Yanchi Research Station for measuring 
carbon, water and energy fluxes in a typical recovering shrubland ecosystem at the southern  
 
 

 
 
Figure 1. Location of the study site (left), the studied shrubland and the eddy-covariance 
tower (right). 
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edge of the Mu Us Desert. The EC system, which consists of an ultrasonic anemometer and 
an infrared gas analyzer, was mounted at a height of 6.2 m on a scaffold tower. A 3D 
ultrasonic anemometer (CSAT3, Campbell Scientific Inc., USA) was used to measure 
fluctuations in wind speed, direction and sonic temperature. A closed-path fast response 
infrared gas analyzer (LI-7200, LI-COR Inc., USA) was used to measure fluctuations in 
CO2 and water vapor (H2O) concentrations. Raw signals were recorded at 10 Hz using a 
data logger (LI-7550, LI-COR Inc., USA). 

Incident photosynthetically active radiation (PAR) was measured using a quantum 
sensor (PAR-LITE, Kipp & Zonen, The Netherlands). Rn was measured using a 
four-component radiometer (CNR-4, Kipp & Zonen, The Netherlands). Air temperature (Ta) 
and relative humidity were measured with a thermohygrometer (HMP155A, Vaisala, 
Finland). Wind speed (u) and direction was measured with a wind set (034B, Met One 
Instruments Inc., USA). All these meteorological sensors were mounted on the tower at 6 m 
above the ground. Half-hourly soil temperature (Ts) and water content (SWC) were 
measured at four depths (10, 30, 70 and 120 cm) within 10 m of the tower, with three 
replicate sensors (ECH2O-5TE, Decagon Devices, USA) at each depth. Soil heat flux (G) 
was calculated as the sum of the heat flux at 10-cm depth, measured within 10 m of the 
tower using five soil heat flux transducers (HFP01, Hukseflux Thermal Sensors, The 
Netherlands), and the rate of change in heat storage in the soil layer above the transducers 
(Ochsner et al. 2007). Rainfall was measured daily with a manual rain gauge from 15 May 
to 22 July 2012, and thereafter with a tipping-bucket rain gauge (TE525WS, Campbell 
Scientific Inc., USA) at a distance of ~50 m from the tower. Daily rainfall values from 1 
January to 14 May 2012 measured at the nearest weather station (37°48’N, 107°23’E, 1349 
m a.s.l., ~20 km from the study site) were included to obtain the total rainfall amount in 
2012. Details on instrumentation and sampling procedures can be found in Paper I and II. 
 
 
2.3 Data processing and analysis 
 
2.3.1 Flux calculation, quality control and gap-filling 
 
Raw CO2 and H2O records were processed using the EddyPro 4.0.0 software (LI-COR Inc., 
USA), through steps including spike removal, double coordinate rotation, time delay 
corrections, frequency response corrections, detrending (block averaging) and flux 
computation (Burba 2013). The Webb-Pearman-Leuning (WPL) correction was not 
required because the LI-7200 outputs the CO2 and H2O mixing ratio directly, i.e. thermal 
expansion and water dilution of the sampled air have already been accounted for (Burba 
2013). CO2 and H2O fluxes were also excluded from analyses when turbulent mixing was 
low during calm nights (friction velocity u* < 0.18 m s-1). The u* filtering, however, was not 
applied to turbulent energy fluxes (i.e. λE and sensible heat flux, H). Half-hourly carbon, 
water and energy fluxes were despiked following Papale et al. (2006). Positive values for 
turbulent fluxes denote transfer of CO2, H2O and energy upwards to the atmosphere (i.e. 
source). Paper I and II provide more details on flux calculation and quality control. 

Instrument failure and maintenance resulted in 3%, 16% and 5% missing CO2 and H2O 
flux records in 2012, 2013 and 2014, respectively; while the quality control procedure 
discarded 26%, 21% and 26% of annual CO2 and H2O flux values for 2012–2014. 
Instrument failure, maintenance and data screening together caused 5%, 17% and 7% 
missing λE values for 2012–2014, compared to 2%, 17% and 6% missing H values for the 
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three years. Missing Rn or G values never exceeded 2% for each of the three years. 
All missing values were replaced with estimated values in order to calculate the annual 

carbon, water and energy budgets. Linear interpolation was used to fill small gaps (≤ 2 h). 
For larger gaps in CO2 time series during daytime (i.e. PAR ≥ 5 μmol photons m-2 s-1), 
empirical NEE–PAR relationships were used for gap-filling. A light response model (refer to 
Paper I and III, Eq. 1,) which was modified from the rectangular hyperbola to incorporate 
photoinhibition at high radiation was used to estimate missing daytime NEE (NEEday) 
because net CO2 uptake declined at high PAR, especially in summer. The light response 
model was fit to consecutive windows of 500 non-missing daytime data points to obtain 
seasonally-varying parameter values. 

To estimate missing nighttime NEE values (NEEnight), an exponential function was fit to 
the relationship between half-hourly NEEnight and soil temperature at the 10-cm depth (Ts_10) 
for each year. The exponential function was only fit to the annual dataset because 
short-term data points were too scattered to establish any valid NEEnight–Ts relationships. 
Therefore, model parameters for TER did not vary seasonally. 

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). Daytime TER during the growing season was extrapolated from the 
temperature response function for NEEnight. TER during the non-growing season was 
considered equal to NEE. GEP was then estimated as TER minus NEE. See Paper I for a 
detailed description of the procedure for filling gaps in CO2 fluxes. 

Missing λE and H flux values were filled following a similar procedure to that described 
by Amiro et al. (2006). In brief, nighttime missing λE values were set to zero. Daytime 
missing λE values were estimated by the regression between λE and Rn – G for good 
daytime data periods, based on a 240-point (half-hour period) moving window, moved in an 
increment of 48 points at a time. Missing H values were estimated by the regression 
between H and Rn – G, using a similar moving window approach. Remaining gaps in λE 
and H time series (due to missing Rn or G) were filled by applying the MDV method to 
consecutive 15-day windows. 
 
2.3.2 Calculation of canopy and ecosystem parameters 
                                                                                                                                                                     
Bulk surface parameters, including the surface conductance (gs, m s-1), decoupling 
coefficient (Ω) and Priestley-Taylor coefficient (α), were calculated to help investigate the 
biophysical controls on λE and NEE (see Paper II and III for details). The surface 
conductance (gs) was estimated by inverting the Penman-Monteith equation (Monteith 
1965). The value of gs represents the aggregate conductance of dry canopy (transpiration), 
wet canopy (evaporation) and soil surface (evaporation). However, during the growing 
season when ET in semiarid ecosystems originates largely from transpiration, gs strongly 
reflects the canopy-integrated stomatal conductance (Liu and Feng 2012). 

The decoupling coefficient (Ω) was calculated following Jarvis and McNaughton (1986). 
Ω is a measure of the degree of coupling between the ecosystem surface and the 
atmospheric boundary layer. Ω varies from 0 (i.e. canopy surface and the atmosphere are 
coupled and λE is mostly controlled by gs and VPD) to 1 (i.e. canopy surface and the 
atmosphere are decoupled and λE is mostly controlled by Rn). 

The coefficient α is the ratio of actual λE to the equilibrium λE (λEeq) (Aires et al. 
2008b). The λEeq was estimated following Priestley and Taylor (1972). Usually, α ≥ 1 can 
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be expected in mesic ecosystems, indicating sufficient water supply so that λE is limited by 
available energy (Launiainen 2010). In contrast, α < 1 has been observed in semiarid and 
arid ecosystems where λE is usually water-limited (Liu and Feng 2012). Low α values in 
dryland ecosystems can result from stomatal control on transpiration and/or scarce water 
supply to soil evaporation (Launiainen et al. 2016). 

Energy partitioning (EF, i.e. λE/Rn and β, i.e. H/λE) and bulk surface parameters (gs, Ω 
and α) were calculated for dry canopy periods only (non-rainy days) since these periods are 
most pertinent to understandings of biophysical controls on energy partitioning. To avoid 
spurious values caused by low solar elevation, all periods when shortwave incoming 
radiation was less than 100 W m-2 were rejected (Li et al. 2006). See Paper II for a detailed 
description of the calculation of canopy and ecosystem parameters. 

Following Huemmrich et al. (1999) and Wilson and Meyers (2007), the tower-based 
normalized-difference vegetation index (NDVI) was calculated with incident and reflected 
radiation measurements for PAR and global solar radiation (Paper III). After Beer et al. 
(2009), WUE at the ecosystem level was calculated as the ratio of GEP to ET, or as the 
slope of the GEP vs. ET relationship; while the inherent WUE (IWUE) was calculated as 
ecosystem WUE multiplied by the mean daytime VPD (i.e. the ratio of GEP · VPD to ET), 
or as the slope of the (GEP · VPD) vs. ET relationship. The IWUE used here can be 
considered an analogue of leaf-level IWUE (i.e. the ratio of photosynthesis rate to stomatal 
conductance) at the ecosystem level (Beer et al. 2009). 
 
2.3.3 Uncertainty analysis 
 
The cumulative effects of random measurement uncertainty in annual NEP and ET were 
evaluated with the successive days approach (Hollinger and Richardson 2005; Dragoni et al. 
2007) (see Paper I and III for details). This method infers the statistical properties of the 
random error from the difference between half-hourly flux measurements made exactly 24 
h apart. The effects of imperfect environmental similarity between the successive days were 
controlled for following Dragoni et al. (2007). A Monte Carlo approach was then used to 
generate a random error for each measured half-hourly flux value. The simulation was 
repeated 2000 times and the uncertainty of the measured annual NEP or ET were estimated 
by calculating the 90% prediction limits or standard deviation of all simulated annual flux 
values. Similarly, the random uncertainties for annual GEP and TER were evaluated 
following a Monte Carlo algorithm detailed by Hagen et al. (2006). The algorithm infers 
the statistical properties of the random error from the residuals of the model for gap-filling 
and flux partitioning. Again, the 90% prediction limits or standard deviation of all (N = 
2000) simulated annual GEP and TER values were calculated. The resulting GEP and TER 
uncertainties encompass sources from both measurement error and model parameterization 
(Hagen et al. 2006). 
 
2.3.4 Statistical analysis 
 
To evaluate the seasonal variation in light response of NEE, a modified rectangular 
hyperbolic model (Eq. (1) in Paper I and III) was fit monthly from May to October. The 
model was fit to bin-averaged data (50 μmol m-2 s-1 PAR bins). In order to test the 
dependency of the NEEday–PAR relationship on abiotic factors and exclude the confounding 
effects of plant phenology, NEEday during the peak growing season (Jun–Aug) was 
complied into multiple groups according to VPD, Ta and SWC at 30 cm depth (Paper I). The 
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NEEday values were then bin-averaged before parameters were fit for each group. To 
evaluate the relative importance of different abiotic factors, the light-response model was fit 
to all half-hourly NEEday values during June–August, and the residuals were then subjected 
to least-square regressions and a stepwise multiple linear regression against VPD, Ta and 
SWC. In order to test NEEday–Ta and NEEday–VPD relationships, as well as their 
dependency on SWC, NEEday was compiled with respect to SWC at 30 cm depth (SWC_30 ≤ 
0.1 m3 m-3, SWC_30 > 0.1 m3 m-3), and then bin-averaged into 1 °C Ta and 0.2 kPa VPD 
intervals, respectively. NEEday–Ta and NEEday–VPD relationships were fit with the quadratic 
model. Soil moisture at 30 cm depth was used in all analyses because its effects were most 
pronounced among SWC at different layers. In addition, this layer corresponds to the main 
rooting depth (20–50 cm) of the dominant shrub species at the site (Wang et al. 2015). 

To examine the effects of SWC on the TER–Ts_10 relationship, NEEnight when Ts_10 > 
0 °C was classified into two groups with respect to SWC_30 (SWC_30 ≤ 0.1 m3 m-3, 
SWC_30 > 0.1 m3 m-3), and then bin-averaged NEEnight into 1 °C Ts_10 intervals (Paper I). 
An exponential model was fit to NEEnight vs. Ts_10 separately for each SWC group. A surface 
fitting was then used to further examine the interaction between temperature and water 
availability in regulating half-hourly NEEnight. 

Regression analyses were also used to test the effects of LAI, SWC_30 and VPD on EF, 
α, gs, Ω and β, and to examine the role of gs in controlling EF, α and Ω (Paper II). Response 
variables were bin-averaged before regressions were conducted. For testing the effects of 
abiotic controls (SWC_30 and VPD), only data from the mid-growing season (June–August) 
were used to minimize the confounding effects of canopy phenology. The effects of gs were 
assessed for both the whole year and the mid-growing season using bin-averaged values 
(0.5 mm s-1 gs intervals). 

Path analysis was used to elucidate the direct and indirect effects of biophysical factors 
(LAI, SWC_30, VPD, Ta and gs) on EF and α (Paper II). The direct path coefficient between 
two variables is the standardized partial-regression coefficient (which varies from -1 to 1) 
given by multiple regression, and the indirect path coefficient is the product of direct 
coefficients summed over all paths. The total path coefficient is the sum of direct and 
indirect coefficients. Initial models included all potential causalities based on widely 
accepted knowledge, and final models were derived by removing insignificant (p ≥ 0.05) 
paths and recalculating coefficients. 

Linear fitting was used to test relationships between some variables of interest (e.g. 
GEP vs. LAI, TER vs. GEP, GEP vs. ET) (Paper I and III). Analysis of Covariance 
(ANCOVA) was performed to test for significant year-to-year differences in the intercept 
(the main effect of year) and slope (year × ET interaction) of regression lines of GEP or 
(GEP · VPD) vs. ET (Paper III). Separate lines for each year were reported where the 
intercept and/or slope differed significantly among years. Otherwise, a common line was fit 
to the pooled data. For the nonlinear relationship between WUE and VPD, a common curve 
for the pooled data was reported as fit parameters for separate curves showed overlapping 
95% confidence intervals (i.e. non-significant differences). 
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3. RESULTS 
 
 
3.1 Temporal variation in biophysical factors 
 
The seasonal patterns of Ta, Ts_10, incident PAR and VPD were similar among the three 
years (See Paper III, Table 1 and Fig. 1). Daily mean Ta ranged from about -8 °C in winter 
to 25 °C in summer. Daily incident PAR had minimum values (<5 mol m-2 day-1) on cloudy 
winter days and maximums (~60 mol m-2 day-1) in summer. VPD was slightly lower in 2012 
than the following two years. 

The three years were characterized by contrasting seasonal patterns of PPT and SWC 
(See Paper III, Fig. 1). Annual rainfall was higher in 2014 (19% above MAP) and 2012 (17% 
above MAP) than 2013 (3% below MAP). Significant interannual differences in SWC were 
also noticeable in spring. Soil thaw caused a step rise in SWC_30 in early spring, followed 
by a gradual depletion until SWC_30 was recharged by the first significant rain event. 
Spring SWC_30 showed sustained high values in 2012 and sustained low values in 2014. At 
the study 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. 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. 

Clear seasonal cycles were observed for tower-based NDVI and LAI (See Paper I and III, 
Fig. 1). Canopy development was generally in phase with solar irradiance and the wet 
period. 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 carbon uptake 
period (i.e. daily GEP > 0), compared to 0.28 in 2014. A decreasing trend was observed in 
both the seasonal maximum and the growing-season mean of gs from 2012 to 2014 (See 
Paper III, Fig. 1). 
 
 
3.2 Temporal dynamics of carbon, water and energy exchange 
 
Diurnal variations in NEE were first examined for the year 2012 (Paper I, Fig. 10). The 
monthly mean diurnal variations showed that the diel amplitude of NEE was largest in July 
and smallest in October. Net CO2 uptake showed an asymmetric pattern around noon on 
summer days (June–August), peaking at 09:30–10:00 LST (GMT + 8). PAR showed a 
symmetric diurnal pattern, whereas both Ta and VPD were lowest in early morning and 
peaked in late afternoon. Comparison of the mean diurnal variations among the three years 
(2012–2014) revealed dramatic interannual differences in both NEE and ET during the 
early- to mid-growing season (May and July), when daytime carbon uptake, nighttime 
carbon release and ET were all highest in 2012 and lowest in 2014 (Paper III, Fig. 3). The 
diurnal courses of both NEE and ET were similar among years during the late growing 
season (September). Diurnal variations in energy fluxes were also examined for 2012 
(Paper II, Fig. 5). The midday maximum Rn ranged from about 250 W m-2 in January to 
over 500 W m-2 in July. The diurnal peaks of H and G varied from about 190 and 50 W m-2 
in winter to 250 and 140 W m-2 in spring, respectively. λE was close to zero during winter, 
while displayed a clear diurnal cycle during the growing season, with a maximum diurnal 
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peak of 180 W m-2 in July. During midday (10:00–15:00), H was generally larger than λE in 
most months except July, when λE exceeded H. 

The three years differed markedly in the seasonal and annual patterns of carbon and 
water fluxes (Paper III, Table 1; Fig. 2). Daily NEE varied 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 (negative values indicate 
net carbon uptake). 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 
carbon uptake period was of similar length (DOY 115–302) across the three years, the 
number of carbon sink days (i.e. daily NEE < 0) varied, being 131, 122 and 113 days for 
2012–2014, respectively. Daily TER was low in winter (<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 
shrubland was a moderate carbon sink in 2012 (NEP = 77 ± 10 g C m-2 yr-1), almost carbon 
neutral in 2013 (-4 ± 10 g C m-2 yr-1), but switched to a weak carbon source in 2014 (-22 ± 
5 g C m-2 yr-1). Annual TER was less variable than GEP among years, although both of 
them were highest in 2012 and lowest in 2014. Maximum ET was 3.4, 3.6 and 2.5 mm day-1 
for the three years, respectively. Annual ET was highest in 2012 (282 ± 3 mm) and lowest 
in 2014 (194 ± 2 mm). Daily WUE during the growing season varied between 1–4 g C kg-1 
H2O. The dry soil conditions in the spring of 2014 led to markedly suppressed WUE till 
early August. Annual WUE was similar in 2012 and 2013, but declined in 2014. 

In 2012, the seasonal course of daily Rn ranged from less than 1 MJ m-2 day-1 in winter 
to over 15 MJ m-2 day-1 in summer (Paper II, Fig. 2). Cumulative Rn over the year was 2548 
MJ m-2. Daily G varied from negative values in late autumn and winter (a minimum of -2.4 
MJ m-2 day-1) to about 2 MJ m-2 day-1 in spring and early summer. Daily H showed a 
bimodal seasonal pattern, with a spring peak of 11.3 MJ m-2 day-1 on 25 May (DOY 116) 
and an autumn plateau of about 6.5 MJ m-2 day-1 during DOY 220–270. H was low during 
wintertime (~2 MJ m-2 day-1). Cumulative H over the year was 1411 MJ m-2, and the annual 
H/Rn was 0.55. Daily λE was smaller than 1 MJ m-2 day-1 throughout the winter, increased 
from spring to mid-summer (with a maximum of 7.9 MJ m-2 day-1), and declined thereafter. 
In addition, λE was greater than H only during a short period in early summer (DOY 
170–220). The annual sum of λE was 695 MJ m-2, corresponding to an annual EF of 0.27. 
The dry-canopy EF and bulk surface parameters (α, gs and Ω) showed similar seasonal 
trends in 2012 (Paper II, Fig. 4). Their daily mean values were generally close to zero 
during wintertime, but reached a maximum (EF = 0.6, α = 0.9, gs = 7.7 mm s-1 and Ω = 0.6) 
in late June or early July. 
 
 
3.3 Biophysical controls on carbon, water and energy exchange 
 
As expected, PAR had strong influences on NEEday during the growing season. However, 
the effect of PAR was modified by other environmental factors (Paper I, Fig. 3). The 
magnitude of the maximum rate of net CO2 uptake (NEEmax) decreased with increasing 
VPD and Ta. In addition, the magnitude of both NEEmax and the average daytime ecosystem 
respiration (Rd) were lower under dry soil conditions. NEEnight related positively with Ts_10 
cm depth for both SWC_30 groups (Paper I, Fig. 5). However, the temperature sensitivity of 
NEEnight (Q10) was much larger, with the rate of NEEnight at 10 °C (Re10) slightly smaller, for 
the higher SWC_30 group. Surface regression showed that Q10 increased from 1.9 to 3.2, 
and Re10 increased with from 0.73 to 0.83 μmol CO2 m-2 s-1, as the relative extractable water 
(REW) increased from 0 to 1 (Paper I, Fig. 6).  
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The light response curve of NEEday varied both seasonally and among years (Paper III, 
Fig. 4). NEEmax showed a unimodal seasonal pattern, peaking in July 2012, July 2013 and 
August–September 2014. A delayed peak in 2014 was also found for the quantum yield. 
NEEmax in spring and summer was smaller in 2013 than 2012, and NEEmax, initial quantum 
yield and Rd were all much lower in 2014 than the previous two years. However, all 
parameters converged to similar values towards the end of the growing season. NEEnight 
increased exponentially with Ts_10 when Ts_10 was lower than 20 °C. NEEnight plateaued or 
declined slightly with further increases in Ts_10. Above the tipping point, NEEnight was 
highest in 2012 and lowest in 2014 (Paper III, Fig. 5). 

In 2012, daily TER was linearly related to GEP, with a slope of 0.34 (Paper I, Fig. 8a). 
Both daily GEP and NEE responded linearly to the seasonal variation of LAI, with a slope 
of 4.12 and -2.03, respectively (Paper I, Fig. 8b, c). Daily GEP linearly increased daily ET, 
with highest slope observed in 2012 and lowest in 2014 (Paper III, Fig. 6). Bin-averaged 
half-hourly WUE decreased with increasing VPD (Paper III, Fig. 7a). The WUE–VPD 
relationship was not significantly different among the three years and was well described by 
a common exponential function. 

In 2012, seasonal variations in LAI significantly affected EF and bulk surface 
parameters (Paper II, Fig. 6). During the mid-growing season (June–August), EF, gs α and 
Ω were all strongly correlated with SWC_30 (Paper II, Fig. 7). Both EF and α increased 
with VPD up to VPD values of 1 kPa, but then leveled off to EF and α asymptotes of about 
0.38 and 0.6, respectively (Paper II, Fig. 8). Bin-averaged gs increased slightly with VPD up 
to VPD of 1 kPa, then decreased from a peak of 5 mm s-1 to about 2 mm s-1 at VPD of 3 kPa. 
Bin-averaged Ω showed a strong negative correlation with VPD. EF, α and Ω were all 
tightly and positively correlated with gs (Paper II, Fig. 10). 

Path analysis (Paper II, Fig. 11) revealed strong positive effects of gs on EF and α, with 
the direct path coefficients exceeding 0.90. High VPD also directly promoted EF and α, 
with a direct path coefficient of 0.52. LAI was the main factor controlling gs, followed by 
SWC and VPD whose direct effects on gs were similar in magnitude but opposite in sign. In 
addition, high VPD indirectly suppressed gs, via a negative effect on SWC_30. As mediated 
by gs, the indirect path coefficients of LAI, SWC and VPD on EF (α) were 0.68 (0.66), 0.30 
(0.29) and -0.36 (-0.35), respectively. The indirect effects of VPD partially offset its direct 
effects, resulting in a total path coefficient of 0.16 for EF and 0.17 for α. Neither LAI nor 
SWC showed any significant direct effect on EF and α, their total path coefficients therefore 
equaled indirect path coefficients. 
 
 
4. DISCUSSION AND CONCLUSIONS 
 
 
4.1 Evaluation of methodology 
 
This study used the EC technique to investigate the dynamics and biophysical controls of 
carbon, water and energy exchange over a semiarid shrub ecosystem in the Mu Us desert, 
northern China. Based on continuous EC measurements, intra-annual variations in net 
ecosystem CO2 exchange (NEE) and its biophysical controls were examined using 
measurements throughout 2012 (Paper I). Data for 2012 were then analyzed to quantify the 
diurnal and seasonal variations in surface energy-balance components, and to examine how 
Rn was partitioned among different energy components at diurnal and seasonal timescales 
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(Paper II). Finally, measurements for three years (2012–2014) with contrasting PPT and 
soil moisture patterns were analyzed to examine the how ecosystem production and water 
use efficiency (WUE) vary inter-annually (Paper III). 

Although the EC technique is considered more accurate and reliable than traditional 
methods (e.g. chambers, biomass inventory) in quantifying ecosystem carbon balance 
(Baldocchi 2003), several methodological issues need to be addressed here. Firstly, the 
overall performance of the EC measurements was assessed by the degree of energy balance 
closure. Annual energy balance closure as indicated by the slope of the relationship 
between turbulent energy (λE and H) and available energy (Rn – G) varied from 74% in 
2014 to 82% in 2012. This range falls within that (0.53–0.99 with a mean of 0.79) reported 
for FLUXNET sites (Wilson et al. 2002), indicating that measurements in this study are 
reliable. As in most previous studies, energy-closure adjustments were not applied to EC 
fluxes because of the unclear cause of energy imbalance (Wilson et al. 2002). Secondly, 
storage flux terms in the air column below the EC instrument height were not added to 
estimates of NEE and ET. Calculation of the storage terms for λE and H following Zha et al. 
(2004) revealed that aboveground energy storage terms contributed negligibly to the surface 
energy closure. This finding indicates that NEE and ET values estimated without their 
respective aboveground storage terms are reliable. Small storage flux terms resulted from 
the short-statured canopy (1–1.5 m) and a low sensor height, which usually render storage 
terms negligible (Zhang et al. 2007). In addition, the cumulative storage terms should get 
close to zero as the timescale increases (e.g. daily, seasonal and annual) (Baldocchi 2003; 
Burba 2013). Thirdly, the underlying surface of the shrubland was flat and extended over 
250 m in all directions. Footprint analysis using the flux source area model (FASM) 
(Schmid 1997) showed that >90% of the fluxes originated from within 200 m of the tower. 
Therefore, the study site met the requirements by the EC technique in terms of topography 
and fetch. Lastly, data gaps were few (see 2.3.1) during the study period (2012–2014) and 
occurred mostly in the non-growing season, ensuring reliability of the results. 
 
 
4.2 Evaluation of results 
 
4.2.1 Temporal dynamics of carbon, water and energy exchange and their biophysical 
controls 
 
The total amount of carbon sequestered by the studied shrubland in 2012 (NEP = 77 ± 10 g 
C m-2 yr-1) (Paper I), with an annual rainfall of 335 mm (48 mm higher than MAP) and a 
peak LAI of 1.2 m2 m-2 (equivalent to a maximum NDVI of 0.47), was generally lower than 
that sequestered by forests and grasslands in humid and subhumid areas (e.g. Suyker and 
Verma 2001; Zha et al. 2004; Zhou et al. 2013). However, the NEP observed in 2012 was 
higher than many reported values from semiarid and arid non-forest ecosystems (Wang et al. 
2008; Gao et al. 2012). For example, a revegetated shrub ecosystem ~200 km west of the 
studied shrubland dominated by Caragana korshinskii (Leguminosae) and A. ordosica had 
a NEP of 14–23 g C m-2 yr-1, with an annual PPT of <150 mm (Gao et al. 2012). An 
semiarid steppe in central Mongolia showed a NEP of 41 g C m-2 yr-1, with an annual PPT 
of 260 mm and a peak LAI of 0.57 (Li et al. 2005). NEP in the studied shrubland reduced to 
-4 ± 10 g C m−2 in 2013 and further to -22 ± 5 g C m−2 in 2014 (Paper III), probably as a 
result of year-to-year variations in PPT and soil moisture. Based on this study, the broad 
distribution of arid and semiarid shrublands in north and northwest China represents a 
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considerable carbon fixation potential at the regional scale, as long as an adequate water 
supply is provided. 

The relative magnitude of different energy-balance components varied with time of year 
and the timescale considered in 2012 (Paper II). Sensible heat (H) was the dominant term 
on an annual basis (i.e. with an annual β of 2.0), and H exceeded λE during most of the year. 
Similar β values have been reported for other arid and semiarid ecosystems where low PPT, 
dry soils and a sparse canopy constrain λE (Li et al. 2006; Hao et al. 2007; Aires et al. 
2008b). Daily λE dominated H during the mid-summer of 2012 when rainfall was frequent 
and LAI was high. The inverse relationship between λE and H over the growing season is 
consistent with previous observations in semiarid steppe and shrub ecosystems (Li et al. 
2006). An annual EF of 0.27 was close to that (0.26) reported by Li et al. (2006), and fell 
within the range (0.18–0.29) reported for an undisturbed semiarid grassland in North 
America (Krishnan et al. 2012). However, it was lower than that in a Mediterranean C3/C4 
grassland (0.37–0.45) (Aires et al. 2008b) and in a typical steppe in northern China 
(0.39–0.42) (Hao et al. 2007). Low EF may be characteristic of shrub ecosystems in 
northern China due to their arid climate and sparse vegetation. 

Water stress, which varies significantly at hourly to seasonal scales, is the most common 
limitation to vegetation growth in dryland ecosystems (Fu et al. 2006). Results of this study 
supported the hypothesis that soil water shortage plays a dominant role in limiting 
photosynthesis, and could modify the responses of NEEday to other environmental factors 
(Paper I). Findings of this study that low SWC_30 and high VPD depressed the maximum 
rate of CO2 uptake (NEEmax) were in agreement with previous studies in dryland 
ecosystems (Li et al. 2005; Wang et al. 2008; Yang et al. 2011). Both SWC_30 and VPD 
affect plant hydraulic status, however, they reduce carbon assimilation through partially 
different mechanisms. Dry soil leads to reduced water supply for metabolism and cell 
expansion, while drought-related increases in VPD affect CO2 supply for photosynthesis by 
regulating stomatal conductance and evaporative demand (Zhou et al. 2013). In this study, 
these two mechanisms did not act in isolation, but interacted to reduce CO2 uptake under 
water-stressed conditions. Li et al. (2005) suggested that the sensitivity of stomata to VPD 
becomes stronger once leaf water potential starts to drop because of deficient water supply 
from the soil. Low soil water availability may aggravate VPD-induced stomatal closure. 

Water limitation to ecosystem or soil respiration has been found in various types of 
ecosystems (Gao et al. 2012). This study showed a marked decrease in both the magnitude 
and Q10 of TER under low SWC_30 (Paper I). The reduction in Q10 of TER under drought 
conditions was most likely associated with decreased carbon transportation to roots due to 
suppressed photosynthesis, deactivated rhizosphere and switched carbon pool being 
respired (e.g. from labile to recalcitrant) (Zhang et al. 2007; Wang et al. 2008; Gao et al. 
2012). 

This study found that LAI accounted for 45% and 65% of the seasonal variation in NEE 
and GEP in 2012, respectively, supporting the hypothesis that canopy development is an 
important determinant of productivity over the growing season (Paper I). The effects of leaf 
area on NEE and GEP lie in the role that leaves play in determining the amount of 
photosynthetic tissues and the amount of intercepted light by the vegetation (Yang et al. 
2011). Similar GEP–LAI and NEE–LAI relationships have been reported for steppe, 
grassland and pasture ecosystems (e.g. Tappeiner and Cernusca 1998, Flanagan et al. 2002; 
Yang et al. 2011). The slope of the GEP–LAI relationship reported here (4.1 g C m-2 leaf 
area day-1) was comparable to that in a semiarid steppe (3.1 g C m-2 day-1) (Li et al. 2005) 
and two Mediterranean grasslands (3.9-4.1 g C m-2 day-1, Xu and Baldocchi 2004; Aires et 
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al. 2008a). However, it was much smaller than that found in a Canadian temperate 
grassland (7.5–8.7 g C m-2 day-1, Flanagan et al. 2002). A small GEP–LAI slope may be 
indicative of water and nutrient limitations (Li et al. 2005). 

Results of this study support the hypothesis that water availability and canopy 
development are the primary factors affecting λE in semiarid shrub ecosystems (Paper II). 
Although there was a synchrony between the supply and demand for water, λE was often 
moisture-limited due to limited PPT. During the mid-growing season, β decreased 
exponentially with soil moisture, which is consistent with previous studies (Bracho et al. 
2008). EF (α) increased linearly from 0.30 (0.45) under dry conditions (SWC_30 = 0.06 m3 
m-3) to 0.5 (0.7) under wet conditions (SWC_30 = 0.16 m3 m-3). In addition, the linear 
dependence of gs and Ω on SWC_30 suggested a strong stomatal control on ET and a tight 
canopy-atmosphere coupling under dry conditions (Li et al. 2006; Liu and Feng 2012). 
These results are in line with previous studies of semiarid grasslands, shrublands and 
steppes (Baldocchi et al. 2004; Li et al. 2006; Aires et al. 2008b; Krishnan et al. 2012). 

Canopy structure and LAI regulate energy partitioning via their impacts on surface 
albedo, roughness and stand transpiration (Li et al. 2006; Hammerle et al. 2008). Consistent 
with previous studies in semiarid steppes and grasslands (e.g. Li et al. 2006; Hao et al. 2007; 
Krishnan et al. 2012), this study showed that LAI affected the seasonality of energy 
partitioning and bulk canopy parameters (Paper II). In addition, the monthly reference gs at 
VPD of 1 kPa followed the seasonal pattern of LAI, indicating that canopy phenology acted 
in concert with environmental factors to control the seasonal cycle of λE. 

The tight relationships of EF and α with gs observed in this study are consistent with 
previous studies (Li et al. 2007; Krishnan et al. 2012; Liu and Feng 2012), and indicate 
strong eco-physiological regulation of energy partitioning and ET in the studied shrubland 
(Paper II). These relationships together with the path analyses supported the hypothesis that 
gs strongly and directly affected energy partitioning and bulk canopy parameters. Moreover, 
neither SWC_30 nor LAI showed any significant direct effect on EF and α; but their 
controlling effects were mediated through gs. Based on this study, the energy partitioned to 
λE was largely controlled by the phenology of LAI and environmental regulation on gs. 
 
4.2.2 Effects of precipitation timing and soil moisture carry-over on ecosystem productivity 
 
PPT strongly affects the structure and functioning of semiarid ecosystems (Huxman et al. 
2004; Sala et al. 2012). Annual PPT amount has been identified as an important factor 
driving interannual variations in NPP, NEP and WUE for forests and grasslands (e.g. Aires 
et al. 2008a; Bai et al. 2008; Dong et al. 2011; Biederman et al. 2016). However, this study 
found that the year with the highest rainfall (2014, 342 mm) during the study period 
showed the lowest ecosystem production and WUE, and that annual PPT could not explain 
year-to-year variations in ecosystem fluxes (e.g. NEP, GEP, TER and ET) and WUE. 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). 

Annual total PPT is not always an accurate metric of the water available to drive plant 
and soil CO2 cycling (Scotts et al. 2015; Biederman et al. 2016). This has been reported for 
arid and semiarid ecosystems in different regions around the world (Jongen et al. 2011; Sala 
et al. 2012; Liu et al. 2016). Firstly, small rain events rarely recharge the soil moisture at 
plant rooting depth, although they may trigger increased microbial respiration in shallow 
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soil layers (Thomey et al. 2011). Previous studies at the same site found that roots of the 
dominant shrubs are mainly distributed in the 20–50 cm soil layer (Wang et al. 2015), and 
seasonal variations in NEE were strongly regulated by SWC at 30-cm depth, rather than that 
at a shallower (10-cm) depth. The present study showed that higher annual carbon and 
water fluxes corresponded to higher spring SWC_30 and that SWC_30 did not respond to 
the large number of small rainfall events (i.e. <20 mm day-1). Multiple small rain events in 
the spring of 2014 failed to alleviate the detrimental effects of low initial SWC_30. It has 
been proposed that even for a given total annual PPT, different seasonal patterns, e.g. 
frequent intermediate and small events vs. less frequent but larger events, may have 
contrasting effects on plant water uptake, growth and ecosystem productivity (Thomey et al. 
2011). 

Secondly, eco-physiological processes may depend on water availability during 
particular phenophases, leading to the decoupling of total PPT quantity and plant water 
demand (Dong et al. 2011; Liu et al. 2016). At the study site, low springtime soil moisture 
was associated with suppressed seasonal and annual ecosystem production. Ample rainfall 
in the summer and autumn of 2014 did not completely offset the adverse impacts of spring 
dry soil conditions, although late-season NEP and its light-response parameters had 
recovered to levels comparable to those in 2012 and 2013. Similarly, late PPT events have 
been found to result in smaller proportional increases in GEP than early events (Jongen et 
al. 2011; Zhou et al. 2013). A recent analysis on nine years of EC data also found that PPT 
during pre-growing season (November–April), rather than annual total or growing-season 
PPT, played an important role in controlling ecosystem productivity (Liu et al. 2016). 

Thirdly, hydrologic losses (i.e. through surface runoff, deep drainage 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). Results of this study support this view, showing that low 
productivity years were associated with low ET, irrespective of annual PPT. 

This study found that low soil moisture conditions in spring coincided with lower 
seasonal and annual carbon and water fluxes, as well as lower WUE. Spring drought may 
affect ecosystem productivity through different 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. 2008a; Dong et al. 
2011). In the studied shrubland, NDVI was lower in 2014 than in previous two years, likely 
a result of the severe spring drought in 2014. Secondly, dry air and/or soil conditions may 
induce partial stomatal closure of dominant shrub species, as indicated by suppressed 
growing-season gs, which reflects the canopy-integrated stomatal conductance. Reduced 
LAI combined with stomatal closure can lead to suppressed canopy photosynthetic capacity 
(Yang et al. 2013; Liu et al. 2016). Thirdly, annual GEP has been proposed to be jointly 
controlled by photosynthetic capacity and plant phenology (Xia et al. 2015). However, the 
decreases in GEP in years with low spring soil moisture found in this study were largely 
attributable to suppressed canopy photosynthetic capacity, as the carbon uptake period 
remained unchanged across years. Finally, community composition has been shown to be 
an important driver of ecosystem productivity in response to interannual variations in PPT 
(Liu et al. 2016). In the studied shrubland, the relative abundance of dominant species did 
not change much during the measurement period, so that shifts in community composition 
are not expected to account for observed patterns in carbon and water fluxes. 

Drought events may affect GEP and TER differently, thus modifying NEP (Zhou et al. 
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2013). Results of this study are in line with the previous hypothesis that GEP is more 
sensitive than TER to spring drought in semiarid 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 et al. 2013). Therefore, 
the interaction among the timing, severity and duration of drought should be considered 
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. This study found that lower annual WUE and shallower slope of the GEP vs. ET 
relationship occurred in years characterized by dry spring soil conditions. Findings of this 
study are consistent with previous studies in semiarid areas showing stronger drought 
impact on GEP than ET (Aries et al. 2008a; Niu et al. 2011; Liu et al. 2012). It is worth 
mentioning that despite decreases in ecosystem-level WUE, leaf- and canopy-level WUE 
(e.g. the ratio of assimilation to transpiration) may remain unaffected or even increase in 
response to water stress, as stomatal closure limits H2O loss more than CO2 assimilation 
(Dong et al. 2011; Liu et al. 2012). Therefore, the level of biological organization should be 
explicitly considered when modeling and interpreting WUE responses to drought (Niu et al. 
2011). 

PPT legacy effects (i.e. effects of past PPT on current ecosystem properties) may 
simply result from the carry-over of soil moisture between years (Sala et al. 2012). At the 
study site, little soil water recharge occurred from late autumn to early-spring, so that 
early-spring SWC_30 was similar to the values from the preceding autumn. Therefore, 
years preceded by low late-season PPT may undergo spring drought, negatively affecting 
annual ecosystem productivity and WUE. Results of this study are in line with previous 
findings that low winter/spring PPT led to inadequate recharge of deep soil moisture, and 
thus constrained growing-season GEP and NEP in semiarid steppe and shrubland 
ecosystems (Kwon et al. 2008; Liu et al. 2016). Alternatively, PPT legacy effects may be 
mediated by structural (e.g. biomass, density, LAI and species composition) or 
biogeochemical (e.g. litter input and nutrient availability) changes (Sala et al. 2012). 
Long-term studies at the site are needed to investigate how drought-induced structural and 
biogeochemical changes (e.g. decreases in NDVI as a result of the severe spring drought in 
2014) may influence ecosystem productivity and WUE in the following year. 
 
 
4.3 Conclusions 
 
Based on three years of EC measurements, this study investigated the carbon, water and 
energy exchange over a semi-arid shrubland in northern China. Water stress (e.g. high VPD) 
exerted a strong control over half-hourly fluctuations in NEE during the peak growing 
season, and interacted with heat stress and photoinhibition in constraining carbon fixation. 
Rain pulses regulated NEE at the synoptic scale, highlighting the role of water supply in the 
alleviation of abiotic stresses. Canopy development largely determined the dynamics of 
NEE and GEP over the entire growing season. Inter-annual variations in water availability 
had large impacts on carbon sequestration of the shrub-dominated ecosystem, causing it to 
switch rapidly between an annual sink and source of CO2. Spring soil moisture deficit 
reduced seasonal and annual GEP more than TER or ET, leading to decreases in carbon 
sequestration and WUE. Little soil moisture recharge occurred during winter, so that spring 
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soil moisture following soil thaw resulted from the legacy of the preceding year’s water 
balance. ET may be a better proxy than PPT for water availability in order to predict carbon 
exchange on an annual basis. H was the primary energy-balance component in the studied 
shrub ecosystem, and λE exceeded H only during the mid-growing season. The gs imposed 
a dominant and direct control over λE. Both water availability and canopy development 
were important factors effecting gs, and thus increases in SWC and LAI enhanced λE 
indirectly. 

Results of this study highlight the role of abiotic stresses and their alleviation in 
regulating carbon cycling in the face of an increasing frequency and intensity of extreme 
climatic events. The results also indicate the importance of adaptive plant responses to 
water scarcity in regulating ecosystem carbon, water and energy exchange. PPT timing and 
soil moisture carry-over may play an important role in controlling ecosystem productivity. 
These findings may apply to the vast areas of desert shrublands and steppes in northern 
China due to their broad climatic, edaphic and vegetation similarities. 

The present study has important implications for projecting ecosystem responses to 
climate change. Climate modeling suggests a warmer and drier future climate in the 
semiarid and arid regions of Asia (McCarthy et al. 2001; Piao et al. 2010). Hence, more 
stressful environmental conditions in the future may lead to substantially lower carbon 
sequestration capacity in temperate semiarid areas. Also, the predicted higher variability in 
PPT (Easterling et al. 2000; Thomey et al. 2011), i.e. more extreme but less frequent 
rainfall events intervened by longer dry periods, accentuates the role of the temporal pattern 
of water availability in controlling NEE in the future. Throughout China, the past decades 
have witnessed a faster rate of warming in winter than 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 emergence 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 
carbon sequestration potential of semi-arid shrubland and steppe ecosystems. 
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