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Cropland area in north-western China has quadrupled over the past 50 years. The effects of this rapid
expansion on regional carbon and water budgets have not been examined quantitatively. In this study, an
enhanced Biome-BGC model including crop growth processes was used to quantify the effects on
regional net primary productivity (NPP) and evapotranspiration (ET) in a representative catchment. The
model results were in good agreement with biometric measurements. The catchment-scale total NPP
(TNPP) and total ET (TET) increased by 81.8% and 89.4%, respectively. The increase in cropland area
(LUCC) explained 40.3% and 60.5% of the increased TNPP and TET, while management practices (Mana)
accounted for 46.1% and 16.8% of the increased TNPP and TET, respectively. Climate change (CLM) had the
least inﬂuence on the increase in TNPP and TET (accounting for 1.8% and 4.7%). As assuming no interactions between CLM and LUCC, we detected effects of interactions between CLM and Mana (accounting for 10% and 16.8%) and between Mana and LUCC (accounting for 1.8% and 4.7%) on the increased
TNPP and TET. These results implied that the rapid expansion of cropland and intensive agricultural
management practices had important effects on regional carbon and water budgets.
Ó 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
Arid and semi-arid regions cover approximately one third of
the world’s land area (Okin et al., 2006). In China, these regions
cover approximately 22% of the land area, 2.15  106 km2, mostly
in the northwestern part of the country (Hu et al., 2010). Agricultural oases are referred to cultivated land in arid or semi-arid
regions formed by human activities that are irrigated by anthropogenic means (e.g., withdrawn river water or pumped underground water; Wang, 2010a,b). Agriculture in artiﬁcial oases is
necessary to maintain social development and the increased
population in these arid and semi-arid regions (Chen, 2008) and
plays an important role in the regional carbon and water cycle
(Foley et al., 2005). First, most agricultural cropland was converted
from natural vegetation in natural oases, which are generally
called agricultural oases in arid and semi-arid regions of northwest China. Thus, agriculture is highly dependent on management
practices such as irrigation and fertilization (Wang and Zhang,
1999), which increase crop yields and modify the carbon, water,
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and nitrogen budgets in the cropland (Li et al., 2005; Zhang et al.,
2011). Second, the arable area of the agricultural oases in northwestern China has quadrupled from 2.5  105 km2 to
10.4  105 km2 over the past 50 years (Wang, 2010a,b). The
expansion of agricultural oases is a type of land-use and landcover change (LUCC), which greatly changes the vegetation distribution and surface biogeochemical and biophysical processes,
leading to dramatic changes in the water cycle and ecosystem
productivity (Houghton and Hackler, 2003; Tian et al., 2011). At
the same time, water is the most limiting resource for sustaining
crop production in agricultural oases due to high water demands
of the increased cropland area and population (Jia et al., 2004). To
address this concern, the effects of expansion and associated
management practices in agricultural oases on regional carbon
and water budgets have not been examined quantitatively.
The effects of LUCC and agriculture on the terrestrial carbon
cycle can be estimated based on the process-based terrestrial
ecosystem models that have been widely used in recent decades
(Bondeau et al., 2007; Ciais et al., 2011; Li et al., 2011; Parton et al.,
1998; Vuichard et al., 2008), or based on statistically empirical
models (Aggarwal et al., 2006; Bradford et al., 2005; Field et al.,
1995; Graf et al., 1990; Huang et al., 2007; Lieth, 1975; Potter
et al., 1993). Terrestrial ecosystem models can be used to describe
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the effects of human activities and environmental changes on
carbon balance in croplands based on geophysical and geochemical
processes and, therefore, have received much more attention (Ciais
et al., 2011). A large number of terrestrial ecosystem models have
been developed, including the Biome-BGC (Running and Hunt,
1993), IBIS (Kucharik, 2003), ORCHIDEE (Krinner et al., 2005), and
JULES (Clark et al., 2011) models. All of these models were originally
designed for natural vegetation, not for crops. When the models are
applied to agricultural systems, the crops are generally described as
grasslands (Churkina et al., 2010; Gervois et al., 2004; Mu et al.,
2008; Vetter et al., 2008; Wang et al., 2005); however, the crops
differ from grasslands in both physiological processes and management practices (Gervois et al., 2004). Therefore, some terrestrial
ecosystem models have been coupled with crop growth models.
The Agro-IBIS model has incorporated managed agroecosystems
into the IBIS model (Kucharik and Brye, 2003) and has been used to
simulate the spatial patterns and impact on maize yield at the
regional scale in the USA (Kucharik, 2003). Gervois et al. (2004) and
De Noblet-Ducoudré et al. (2004) coupled the ORCHIDEE model
with STICS, an agronomic crop-growth model, and Li et al. (2011)
comprehensively assessed its performance in estimating the
ﬂuxes of CO2 and H2O in several European maize sites. Hoof et al.
(2011) incorporated a generic crop model (SUCROS) into a land
surface model (JULES) and evaluated the ﬂuxes simulated by the
coupled JULES-SUCROS model against FLUXNET measurements at
six European sites. Crop-speciﬁc parameters and management
practices are deﬁned in these coupled models, and their effects on
phenology, biomass allocation, and carbon and water processes are
given in the ecosystem model (De Noblet-Ducoudré et al., 2004;
Gervois et al., 2004; Kucharik and Brye, 2003).
The Biome-BGC (BioGeochemical Cycles) model is a common
model that can be used to simulate the carbon, nitrogen and water
cycles of terrestrial ecosystems (Running and Hunt, 1993). The
Biome-BGC model is a multi-biome generalization of FOREST-BGC
(Running and Coughlan, 1988), which was originally developed to
simulate a forest’s development through its life cycle. The BiomeBGC model has been widely used for various biomes, including
forests (Chiesi et al., 2007), grasslands (Running and Hunt, 1993)
and crops (treating them as grasslands; Wang et al., 2005) and has
been used at the site (Ueyama et al., 2010), regional (Mu et al.,
2008; Turner et al., 2007) continental and global scales (Churkina
et al., 2010; Vetter et al., 2008). The Biome-BGC model has
already been modiﬁed to simulate the carbon and water ﬂux of
agro-ecosystems. Di Vittorio et al. (2010) updated the Biome-BGC
model (Agro-BGC) to investigate the carbon, nitrogen and water
balance of C4 perennial grasslands, including crops. Ma et al. (2011)
used eddy ﬂux measurements of agro-ecosystems to identify the
spatially generalized ecophysiological parameters of the ANTHROBGC model (another modiﬁed version of the Biome-BGC) in croplands. Both versions of the modiﬁed Biome-BGC model have been
used at the site scale; however, the crops were still treated as
“managed grasslands”, and speciﬁc features of crops’ physiological
processes such as phenology, biomass allocation and agricultural
management practices were not described when the Biome-BGC
model was used at the regional scale.
Therefore, the objectives of this study are to (1) incorporate a
speciﬁc agricultural module including crop phenology, biomass
allocation and agricultural management practices (irrigation and
fertilization) into the Biome-BGC model; (2) evaluate the performance of the enhanced Biome-BGC in simulating crop biometric
variables (leaf area index, LAI, leaf and stem biomass, grain yield)
and evapotranspiration (ET); and (3) apply the modiﬁed BiomeBGC to a representatively agricultural oasis in northwest China to
investigate the temporal-spatial changes in NPP and ET and to estimate the contributions of the increased area in agricultural oasis,

management practices and climate change on regional NPP and ET
from 1971 to 2006.
2. Material and methods
2.1. Study area
This study area was in Sangonghe Catchment, a relatively isolated in land catchment with mountains, agricultural oasis and
deserts in the arid region of northwestern China (Fig. 1). The agricultural oasis is called Sangonghe Oasis and is located in the north
Tianshan Mountains and southern ﬂank of Junggar Basin, with total
area of approximately 942 km2. The upper alluvial fan, at an
elevation of 500e700 m, has gravelly and sandy desert soil where
corn was grown, while the lower alluvial plain, at an elevation of
450e500 m, has ﬁne-textured clay soil in which the dominant crop
is winter wheat (Luo et al., 2008). The climate is extremely dry, and
precipitation during the growing season was not sufﬁcient to meet
the demands of crop growth. The mean annual solar radiation was
5650 W m2, and the annual average temperature was 6.9  C from
1971 to 2006. The mean annual precipitation was only 226 mm,
while the annual potential evaporation reached 1808 mm. The old
oasis is distributed along the river edge, and the newly developed
oasis is converted from the shrublands or grasslands in or around
the original oasis. The water withdrawn from Sangonghe River and
pumped from groundwater was used for irrigation in Sangonghe
Oasis (Wang et al., 2008).
2.2. Biometric measurements
Biometric data (LAI, leaf and stem biomass, and grain yield) were
collected at Wulanwusu Agrometeorological Station (WAS). WAS is
located in a suburb of Shihezi city (44.3 N, 85.8 E, 468.5 m a.s.l.),
180 km from Fukang city, the center of the Sangonghe Catchment
(Fig. 1). Biometric measurements were taken from 1995 to 2007. The
WAS site has climatic conditions similar to those of Sangonghe
Oasis. The mean annual temperature was 7.5  C, annual precipitation was 225 mm, and annual pan evaporation was 1571 mm.
LAI and biomass (fresh and dry weights) were measured from
destructive plant samples. Ten winter wheat plants were harvested
at four stages including turning green, elongation, heading and
milk-ripe stages; additionally, ﬁve corn plants were harvested at
the three-leaf, seven-leaf, elongation, heading and milk-ripe stages.
The number of winter wheat and maize was counted in each LAI
measured periods in a 1 m  1 m plot. Winter wheat had a higher
plant density than corn. The maximum plant density of winter
wheat and corn was 1390 plants m2 and 12.5 plants m2, while
the minimum value was 810 plants m2 and 7.5 plants m2. The
dimensions (length and width) of all the leaves of the sampled
plants were measured with a scale, and the total leaf area was
calculated as the product of its length along the primary vein, its
maximum width and a correction coefﬁcient (0.85 for winter wheat
and 0.7 for corn). The leaf area per unit of single crop (unit:
m2 plants1) was converted to leaf area per unit of ground area
(unit: m2 m2) by plant density (unit: plants m2). Then, the
sampled plants were divided into leaves and stems (including
sheaths), and were oven-dried for 8e10 h. The dry matter of the
leaves and stems were weighed separately. The mature crop plants
in a 5 m  5 m plot were harvested and oven-dried for 8e10 h, and
the yield was measured by weighing the dried grains.
2.3. Management practice data
The mean dates of sowing in the Sangonghe Oasis for winter
wheat and corn were 21 September and 21 April, while the mean
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Fig. 1. The location of the study area.

harvest dates were 3 July and 7 September (Huang et al., 2000;
Wang and Huang, 1994), respectively. Irrigation was applied ﬁve
times, and fertilizer was applied four times for both corn and
winter wheat during the growing season. The total amounts of
irrigation water applied were 552 mm for corn and 720 mm for
winter wheat. The total amounts of nitrogen fertilization for the
two crops increased from 7.2 kgN ha1 in 1971 to 40 kgN ha1 in
2006. The management inventory data (including time and amount
of irrigation and fertilization) were derived from the Fukang National Economic Statistical Yearbook (Fukang Statistic Bureau,
2007) for 1971e2006.
2.4. Model inputs
Oasis-scale simulation required grid-based meteorological,
cropland distribution and soil texture maps, as well as practice
information on irrigation and fertilization in croplands. To produce
an accurate representation of the expansion of croplands, all
required spatial input variables were produced at a spatial resolution of 250 m  250 m.
Meteorological variables, including the maximum, minimum
and mean air temperature, precipitation, vapor pressure deﬁcit
(VPD), solar radiation and day-length, were generated by interpolating site-recorded meteorological data from 28 sites in the
northern Tianshan Mountains, according to the approach of Liston
and Elder (2006). The Shuttle Radar Topographic Mission (SRTM)
DEM data, which have a spatial resolution of 90 m, were used for
spatial interpolation (Jarvis et al., 2008).
The maps of cropland distribution were extracted from Landsat
images in 1978 (MSS), 1987 (TM), 1998 (ETMþ), and 2006 (TM) by
interactive interpretation, and the four cropland maps represented
the four decadal periods (1970s, 1980s, 1990s, and early 2000s). The
C3 crop (winter wheat) was distributed in the lower reaches
(elevation lower than 500 m), while the C4 crop (corn) was grown
in the upper reaches (elevation higher than 500 m).
Sixty soil samples were collected from thirteen slopes at Sangonghe Catchment in 2006 and were used to generate a regional
soil texture map.
2.5. Model description and modiﬁcations
In the Biome-BGC model, NPP was calculated as the gross primary production (GPP) minus the sum of maintenance respiration
(MR) and growth respiration (GR) (Running and Coughlan, 1988).

NPP consisted of both aboveground (leaves, stems) and belowground (roots) components. The daily net photosynthate was
allocated to leaves (CL) and roots (CR) by a leaf/root carbon ratio for
grass (Running and Cower, 1991). LAI integrated canopy radiation
absorption, water interception, photosynthesis, and litter inputs to
detrital pools (White et al., 2000), and thus was a central variable in
the Biome-BGC model. The LAI was calculated as the ratio of the leaf
carbon mass to the speciﬁc leaf area (SLA) in this model.
In this paper, a speciﬁc agriculture module was integrated into
the current version of the Biome-BGC model (4.1.2) for application
to agricultural systems. The agricultural module consists of three
main components: phenology, biomass allocation and management (irrigation and fertilization). Crop phenology was incorporated into the Biome-BGC model via daily accumulated
temperature, which was also used to control biomass partitioning
(Huang et al., 2009). Unlike grass, the crop has grain and stem organs; thus, the aboveground biomass is allocated to the leaf (GL),
stem (CS) and grain (CG), while the partitioning coefﬁcients for
different organs empirically vary with crop phenology. The
phenology stage at any given day, i, between planting and maturity
is the crop developmental index (DVI; Huang et al., 2009; listed in
Appendix A), computed as

Pn
DVI ¼

i¼1 ðTi

AT

 BÞ

(1)

where Ti is daily mean air temperature, B is the minimum temperature for crop development, AT is the total accumulated temperature (degree-days) above the lower limit (B) during the
growing season, and n is the length of the growing season in days.
The Biome-BGC model couples the water, carbon and nitrogen
cycles. Leaf growth is modiﬁed by both leaf water status and nitrogen availability (Running and Cower, 1991). The soil nitrogen
concentration is controlled by the decomposition rates of nitrogen
(KLTC) in the litter and soil, and KLTC is calculated as a function of soil
moisture (Ws) and temperature (Ts) (Running and Cower, 1991).
When the soil water content (SWC) exceeds ﬁeld capacity, the
excess soil water is drained and the soil mineralized nitrogen
(SMN) occurs leaching. In the revised model, irrigation and fertilization were directly added into the soil compartment. Irrigated
water was treated as rainfall without canopy interception and was
routed to the soil. The fertilization was treated as the same process
by which atmospheric nitrogen deposition is added to the soil
mineralized nitrogen.
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2.6. Model parameterization and validation
Among the eco-physiological parameters of the Biome-BGC
model, those related to phenology, carbon allocation and speciﬁc
leaf area (SLA) were determined from observations at the WAS site,
and the rest were derived from Wang et al. (2005) and White et al.
(2000). The twelve site-years of observed data, including LAI, leaf
and stem dry matter, crop yields, and pan evaporation were used to
validate the performance of the modiﬁed model for winter wheat
and corn at the WAS site.
The measured crop yields (Y) were converted to carbon mass
(NPP) by the following equation (Huang et al., 2007; Lobell et al.,
2002):

NPP ¼

ð1  MCÞ  Y  C
HI  fAG

(2)

where HI is harvest index, deﬁned as the ratio of grain yield to total
aboveground biomass; fAG is the root-to-shoot ratio; MC is the
moisture content at harvest (expressed as a fraction of soil volume);
and C is a conversion factor from biomass to carbon content. The HI
was set as an average value of the measurements at the WAS site.
The values of C and MC were set to 0.45 and 0.11, respectively
(Lobell et al., 2002) for both winter wheat and corn, and the value of
fAG was set to 0.11 for winter wheat and 0.09 for corn (Huang et al.,
2007).
Actual crop evapotranspiration (ET) was estimated from the
measured pan evaporation (Epan) based on the single crop coefﬁcient approach (Allen et al., 1998) and was then compared with the
simulated evapotranspiration (Ju et al., 2010; Yang et al., 2011) as
follows:

ET ¼ Epan  Kp  Kc

(3)

where Epan is the pan evaporation (measured by a pan with
diameter of 20 cm), and Kp and Kc are the pan and crop coefﬁcients,
respectively. The value of Kp was set to 0.7 (Allen et al., 1998), and Kc
was set to 0.93 for winter wheat and 1.1 for corn (Liu et al., 2002).
2.7. Simulation experiments
Two simulations were conducted to investigate the individual
contributions of climate change and management practices (irrigation and fertilization) to NPP and ET; the results were then
compared with the original Biome-BGC results and the observed
data at the site scale. In the climate simulation (CLM), only the
climate data were included in the modiﬁed Biome-BGC model. In
the climate and management simulation (CLM þ Mana), both
climate factors and management practices were used to drive the
modiﬁed model.
At the catchment scale, four simulation experiments (Table 1)
were conducted to examine the responses of total NPP and ET to the
changes in oasis expansion, management practices and daily
climate in the Sangonghe Oasis from the 1970s through the 2000s.
Simulation I (CLM þ Mana þ LUCC) was designed to simulate total
NPP and ET by combining three effects including historical change
in climate (1971e2006), management practices (1971e2006) and
cropland area (1978, 1988, 1998 and 2006). Simulation II
(CLM þ Mana) considered cropland area to be unchanged in 1978,
but climate and management practices changed between 1971 and
2006. Simulation III (CLM þ LUCC) considered changes in both the
oasis cropland area and climate from 1971 to 2006, but omitted
management practices. Simulation IV (CLM) included forced historical climate change (1971e2006) but omitted management
practices and cropland area was in 1978.

Table 1
Design of catchment-scale simulation experiments in the Sangonghe Oasis. CLM,
Mana, and LUCC represent climate, management practices, and cropland expansion,
respectively. CLM þ Mana þ LUCC, CLM þ Mana, CLM þ LUCC, and CLM represent
the simulations performed with CLM þ Mana þ LUCC, CLM þ Mana, CLM þ LUCC,
and CLM, respectively.

I
II
III
IV

Simulations

Climate

Management

Cropland maps

CLM þ Mana þ LUCC
CLM þ Mana
CLM þ LUCC
CLM

1971e2006
1971e2006
1971e2006
1971e2006

1971e2006
1971e2006
No
No

1978\1988\1998\2006
1978
1978\1988\1998\2006
1978

3. Results
3.1. Comparison between simulated and measured biometric
variables
Fig. 2 compares the LAI simulation with the modiﬁed BiomeBGC model and the measurements for corn (Fig. 2a) and winter
wheat (Fig. 2b) at the WAS site. Coefﬁcients of determination (R2)
between the modeled and measured LAI were 0.84 and 0.73 for
corn and winter wheat, respectively. Root mean square error
(RMSE) values for LAI were 0.75 m2 m2 for corn and 1.33 m2 m2
for winter wheat. These results indicated that the modiﬁed BiomeBGC model agreed well with measured LAI values for both C4 and C3
crops; however, model errors differed between crops. For corn, the
model slightly overestimated LAI before the jointing stage
(LAI < 2 m2 m2). For winter wheat, although agreement between
the model and the measurement was poor from heading to ﬂowering (LAI > 4 m2 m2), the majority of the measured LAI values
were within one standard deviation of the modeled LAI.
Fig. 3 shows the comparisons between simulated and measured
dry mass (measured in carbon) for the leaves and stems. The
measured leaf biomass was converted to carbon mass by multiplying by a conversion factor (0.45) to compare with the modeled
leaf carbon mass. Coefﬁcients of determination (R2) between
modeled and measured leaf carbon mass were 0.7 for corn (Fig. 3a)
and 0.64 for winter wheat (Fig. 3b), respectively. The RMSE values
were 31.13 gC m2 and 27.24 gC m2 for corn and winter wheat,
respectively. As SLA has been reported to change at different growth
stages, the Biome-BGC model showed slightly worse performance
for leaf carbon mass than for LAI. For stem carbon mass, the model
exhibited satisfactory performance for both corn and winter wheat,
although the model overpredicted stem carbon mass during the
early growing period. The correlation coefﬁcients between modeled
and measured stem dry mass were 0.69 for corn (Fig. 3c) and 0.55 for
winter wheat (Fig. 3d), respectively. The RMSE values were
59 gC m2 and 58.5 gC m2 for corn and winter wheat, respectively.
The mean model error for both crops was less than 20%.
The comparison between the modeled NPP and the calculated
NPP from the measured crop yield is shown in Fig. 4. The model
produced good agreement with the measured NPP. The correlation
coefﬁcients and RMSE values for corn were 0.76 and 39.46 gC m2
(Fig. 4a), and those for winter wheat were 0.8 and 25.33 gC m2
(Fig. 4b), respectively. The model produced lower NPP for corn
(average ¼ 1100 gC m2) than for winter wheat
(average ¼ 700 gC m2), in agreement with the NPP calculated from
the observed yields.
3.2. Comparison between simulated and measured ET
Linear regression analysis between modeled and observed daily
ET during the growing season showed good agreements for both
corn (R2 ¼ 0.84; Fig. 5a) and winter wheat (R2 ¼ 0.74; Fig. 5b),
indicating that the Biome-BGC model could explain more than 70%
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Fig. 2. Observed vs. modeled LAI dynamics for corn (a) and winter wheat (b). Both the observed and modeled LAI are averaged over multiple years from 1995 to 2007. The circle
represents the average LAI, and the error bar represents the standard deviation of the observed LAI. The solid line indicates the modeled LAI, and the shaded area indicates the
standard deviation of the modeled LAI. R2 is the square of coefﬁcient of determination, and RMSE is root mean square error in m2 m2.

of the variance in the measured evapotranspiration. RMSE values
were 0.83 mm and 0.81 mm for corn and winter wheat, respectively.
3.3. Responses of the simulated NPP and ET to climate change and
management practices
As shown in Fig. 6, the CLM and Original (with the original
Biome-BCG model) site-scale simulations, with no management
practices, highly underestimated the NPP for both corn (Fig. 6a) and
winter wheat (Fig. 6b). The modeled NPP with “CLM” and “Original”
accounted for only 19% and 33% of the observed NPP for corn and 5%

and 24% of the observations for winter wheat, respectively. These
results indicated that management practices contributed signiﬁcantly to NPP in the oasis croplands. The simulation “CLM þ Mana”
with the modiﬁed Biome-BGC model produced good agreement
with observations for both crops.
3.4. Temporal and spatial patterns of NPP and ET from the 1970s
through the 2000s
The total net primary productivity (TNPP) and total ET (TET) in
the catchment were calculated as the sum of annual NPP and ET for

Fig. 3. Observed vs. modeled leaf and stem dry mass for corn (a, c) and winter wheat (b, d) from 1995 to 2007. The dotted line indicates the 1:1 line. The solid line indicates the
linear regression.
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Fig. 4. Observed vs. modeled net primary production (NPP) of corn (a) and winter wheat (b) from 1995 to 2007. The dotted line indicates the 1:1 line. The solid line indicates the
linear regression.

Fig. 5. Observed vs. modeled evapotranspiration (ET) of corn (a) and winter wheat (b) from 1995 to 2007. The dotted line indicates the 1:1 line. The solid line indicates the linear
regression.

Fig. 6. Observed and simulated net primary production (NPP) for corn (a) and winter wheat (b) at the WAS site from 1995 to 2007. ‘Observed’ is the calculated value of NPP using Eq.
(2). ‘Original’ represents the simulation performed with the original Biome-BGC model. ‘CLM’ represents the simulation run with climate only, using the modiﬁed Biome-BGC
model. ‘CLM þ Mana’ represents the simulation performed with both climate and management practices, using the modiﬁed Biome-BGC model.
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all crop pixels. The corn TNPP increased from 0.23 PgC year1 in the
1970s (average form 1971e1979) to 0.31 PgC year1 in the early
2000s (average from 2000 to 2006) (Fig. 7a). The winter wheat
TNPP increased much more, from 0.08 PgC year1 to 0.24 PgC
year1 from the 1970s through the 2000s (Fig. 7a). The rates of
TNPP increased by 19.7%, 13.6%, and 1.5% for corn and 14.2%, 78.2%,
and 51.4% for winter wheat during the 1970s, 1980s, and 2000s,
respectively. Consequently, the catchment TNPP increased by 81.8%
from the 1970s through the 2000s; 34.4% of the increase was
contributed by corn, and the remaining 65.5% was contributed by
winter wheat.
Like the catchment TNPP, TET increased by 89.4% from
1.04  108 m3 to 1.87  108 m3 between the 1970s and the early
2000s. The TET for winter wheat increased from 0.43  108 m3 to
1.10  108 m3, while TET for corn increased by a relatively small
amount, from 0.60  108 m3 to 0.87  108 m3, from the 1970s
through the 2000s (Fig. 7b). At the catchment scale, the winter
wheat contributed 71.7% of increased TET, while corn contributed
28.3% from the 1970s through the 2000s.
Fig. 7c shows the changes in cropland area for both corn and
winter wheat in the Sangonghe Catchment. The area of corn
increased by 22.0% and that of winter wheat increased by 78.0%
from the 1970s through the 2000s. The contributions of the
changes in cropland area (LUCC), management practices (Mana),
climate (CLM) and their interactions to regional TNPP and TET
indicate that the increases in cropland area explain 40.3% and 60.5%
of the increased regional TNPP and TET, respectively (Fig. 7d). The
Mana explained 46.1% and 13.3% of the increased TNPP and TET,
respectively, whereas the CLM contributed only 1.8% and 4.7%,
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respectively. The interactions between CLM and Mana explained
10% and 16.8% of the increased TNPP and TET, the interactions between Mana and LUCC explained 1.8% and 4.7%, and we assumed no
interactions between CLM and LUCC. The results demonstrated that
human activities, especially agricultural oasis expansion, played a
signiﬁcant role in increasing agro-ecosystem productivity (NPP)
and water consumption (ET) compared to climate change in the
Sangonghe Oasis.
Fig. 8 shows the spatial distribution of NPP and ET changes from
the 1970s through the 2000s in the Sangonghe Oasis. The upper
(southern) region of the oasis was called the “old oasis” and
experienced less expansion during the past forty years; NPP and ET
showed only slight increases. The lower (northeastern) region of
the oasis experienced greater increases in NPP and ET; this newly
cultivated cropland was converted from desert shrub between 1970
and the early 2000s. ET increased more than the NPP in all oasis
croplands, especially in the 1980s and 1990s. Overall, the old oasis
contributed only 12.2% and 22% of the total increased NPP and ET,
respectively, whereas the newly developed oasis contributed majority of the increased NPP and ET in Sangonghe Oasis from the
1970s through the 2000s.
4. Discussion
The impacts of the change in climatic factors (e.g., temperature,
net radiation, wind speed and relative humidity, etc.) on crop NPP
and ET have been widely examined (Dinpashoh et al., 2011;
Donohue et al., 2010; Jhajharia et al., 2011; McVicar et al., 2011,
2010). Land-use change and agricultural management practices

Fig. 7. Total net primary productivity (TNPP; PgC; a), total evapotranspiration (TET; 108 m3; b), and total area (102 km2; c) of corn and winter wheat between 1970 and the early
2000s. The contributions (%) of changes in cropland area (L), management practices (M), climate change (C) and their interactions (including C  M and M  L) on the changes in
TNPP and TET from 1971 to 2006 (d). C  M indicates the interactions between C and M, and M  L indicates the interactions between M and L. We assumed no interactions
between C and L (C  L ¼ 0).
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Fig. 8. Rate of change (deﬁned as the ratio of the difference between the values at the end and start year to the value at the start year) in mean annual net primary production and
evapotranspiration during the growing season in association with the combined effects of oasis expansion, management practices and climate change from the 1970s through the
1980s (a for NPP, d for ET), 1980s-1990s (b for NPP, e for ET), and 1990s-2000s (c for NPP, f for ET).

(e.g., irrigation and fertilization) have been considered important to
NPP and ET in cropland ecosystems (Li et al., 2011; Ren et al., 2012;
Zhang et al., 2011). Climate change, land-use change and management practices have been captured by ecosystem models (Bondeau
et al., 2007; Ciais et al., 2011; Huang et al., 2009; Li et al., 2011; Ren
et al., 2012). As in other studies, we found that management
practices (irrigation and fertilization) were among the most
important factors for maintaining crop productivity at the site scale
(Huang et al., 2007; Ren et al., 2012). In a regional simulation, we
also found that area changes in the agricultural oasis were the
dominant factor modifying the spatial distributions of NEE and ET,
and that cropland conversion from natural vegetation would increase NPP.
Variation in water resources is a crucial factor in agriculture,
which in Xinjiang relies heavily on irrigation (Zhang et al., 2010).

Shi et al. (2007) reported that the average annual precipitation
from 1987 to 2000 was 22% higher than that from 1961 to 1986 in
Xinjiang; however, the irrigated cropland covering 90% of the
total cropland area increased by 147% from 1951 to 2000 (Xinjiang
Statistic Bureau, 2005). The annual available water for agriculture
was 4.07  1010 m3, but the annual water consumption for irrigated cropland was 4.4  1010 to 4.6  1010 m3 (Fan et al., 2013).
Water resources for the expansion of cropland are limited in
Xinjiang. The rapid and substantial expansion of cropland also
might have signiﬁcant impacts on regional carbon and hydrological cycles, and the ecosystem stability and sustainable development of the oasis are highly threatened (Jia et al., 2004; Shen
and Chen. 2010; Wang et al., 2007; Zhang et al., 2003). No
comprehensive, integrated, and quantitative analysis of the effects
of climate change, management and land-use change on the
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regional total NPP and ET has been reported in Xinjiang. This
paper was aimed at ﬁlling this knowledge gap. The conclusions of
this regional simulation study might have important implications
for maintaining the stability of the oasis and reconciling the
conﬂict over water resources between supply and demand in arid
regions.
Although some speciﬁc agricultural processes have been incorporated into the Biome-BGC model and the simulated LAI and
biometric variables were satisfactory, the uncertainties in carbon
imports and exports caused by changes in land use from desert
shrublands to croplands were not considered in the current
modiﬁed model. Previous studies suggested that land-use change
caused carbon release via the conversion from natural vegetation to
crops (Houghton and Goodale, 2004; Mann, 1986). The carbon
content in the soil proﬁle in newly cultivated croplands later
increased due to optimized land-management strategies such as
fertilizer/irrigation application and rotation (Houghton et al., 2010).
The uncertainties of irrigation evaporation were not considered in
estimates of soil evaporation in this modiﬁed model. Howell (2003)
reported that the irrigation efﬁciency ranged from 75% to 90% and
that 10e25% of the surface irrigation was lost to evaporation in the
ﬁeld. Drainage was the primary component of loss to irrigation
(Howell, 2003) and could be estimated by the recharge coefﬁcient
and the amounts of irrigation and effective precipitation (Sun et al.,
2010).
A follow-up study will include the effect of land-use change on
the net ecosystem exchange of carbon and the effect of irrigation
efﬁciency on the exchange of water into the modiﬁed Biome-BGC
model and conduct further comprehensive assessments of the effects of climate change and human activities on regional carbon and
hydrological cycles in oasis croplands.
5. Conclusion
In this study, the original Biome-BGC model was modiﬁed by
integrating major agricultural processes (phenology, biomass
allocation, irrigation and fertilization practices). The modiﬁed
Biome-BGC model has been veriﬁed for LAI, biometric variables,
NPP, and ET. Simulation experiments indicated that management
practices had much stronger effects on NPP and ET than did
climate factors at the site scale; however, the increase in the area of
agricultural oases, i.e., oasis expansion, was the signiﬁcant factor in
increasing the catchment total NPP and ET between the 1970s and
the early 2000s. Our modeling research quantiﬁed the contributions of natural factors, human activities and their interactions to
regional carbon and hydrological cycles at the catchment scale.
The simulated TNPP increased signiﬁcantly by 81.8%, and TET
increased by 89.4%. Under a changing climate, human activities
might lead to water shortages in the oasis croplands of northwest
China.
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Appendix A. Partitioning coefﬁcients of photosynthate to leaf
(PL), stem (PS) and grain (PG) for corn and winter wheat.

DVI

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

Corn

Winter wheat

PL

PS

PG

PL

PS

PG

0.70
0.70
0.70
0.70
0.70
0.66
0.50
0.34
0.20
0.10
0.00

0.30
0.30
0.30
0.30
0.30
0.33
0.50
0.66
0.80
0.90
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.00

0.67
0.67
0.67
0.67
0.63
0.50
0.40
0.30
0.20
0.10
0.00

0.33
0.33
0.33
0.33
0.37
0.50
0.60
0.70
0.80
0.90
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.00

The crop developmental index (DVI) has values of 0 at crop emergence and 1 at
heading (for winter wheat) and at silking (for corn).

Appendix B. Performance statistics of the modiﬁed BiomeBGC model for winter wheat and corn at the WAS site. R2 is
the square of the coefﬁcient of determination; RMSE is the
root mean square error; and S is the slope of the linear
regression between the modeled and observed values.

Variables

LAI
Leaf dry mass
Stem dry mass
NPP
ET

Unit

m2 m2
gC m2
gC m2
gC m2
m3

Corn

Winter wheat

R2

RMSE

SLOP

R2

RMSE

SLOP

0.84
0.7
0.69
0.76
0.84

0.75
31.13
59
39.46
0.83

0.82
0.96
0.49
1.1
0.7

0.73
0.64
0.55
0.8
0.74

1.33
27.24
58.5
25.33
0.81

1.02
0.7
0.56
1.46
0.86
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