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Abdract
Water shortageisaserious problemin the arid oasis of Northwest China. Traditional flood irrigation wasted considerable amount of precious water,
especidly in Shiyang River Basin. Improvingirrigation efficiency isvital for sustainable water resources management in theregion. In thisstudy, the
DSSAT (Decision Support System for Agro-Technology Transfer) model was used to determine the effects of different irrigation scenarios on sail
water evaporation, percolation, transpiration, grain yield and irrigation water use efficiency (IWUE) of spring wheat (TriticumaestivumL.) and maize
(ZeamaysL.). Prior to running the model, calibration was carried out using 4 years' field experimental dataand good agreement between simulated
and measured crop phenology, grainyield and evapotranspiration (ET) were achieved. Long simulation resultsfrom 1985-2004 reveal thefollowing:
Considerable soil evaporation occurs under traditional irrigation in especially spring wheat (131.7-147.0 mm) and maize (79.8 mm) fallow period,
accounting for 73.2-81.7% and 31.4% of annual precipitation, respectively. Under traditional irrigation, about 29.5-34.0% of irrigated water (675-745
mm) for wheat and 28.5% of irrigated water (765 mm) for maize percolates into deep soil layer from root zone, only less than 50% of the water is
used by crop transpiration. Rational adjustmentsinirrigation schedulewith 80 mm winter irrigation during fallow and 375 mm during wheat cropping
season along with cancelling winter irrigation and supply with 440 mm irrigation during maize cropping season isrecommended. In comparison with
thetraditional practice, 220-290 mm irrigation for wheat and 325 mm irrigation for maize can be saved without significant reduction in crop yield.

Meanwhile, IWUE can beincreased by 39.8-54.4% for wheat and 66.2% for maize in the study area.

Keywords: Irrigation scheduling, drainage, soil water evaporation, water use efficiency, spring wheat/mai ze, DSSAT model.

Introduction

Thereisanincreasing severity of water shortagein theinland arid
region of Northwest China . Dueto low precipitation (30-250
mm/yr) and high potential evaporation (2000-2650 mm/yr) inthe
region ®, cropping depends heavily onirrigation. This, along with
rapid farmland expansioninthe oasis, hasworsened water shortage
inthearea. Traditional floodirrigationisstill acommon agronomic
practice in arid oasis of Northwest China. Such agronomic

operation wastes a considerabl e fraction of the limited available
water resources of the region &7. A more adaptable and efficient
irrigation scheme is therefore needed to mitigate water stressin
the water-shortage Northwest China.

Previous studiesin thisareahavefocused on estimating ET for
cropping seasons &1°, without considering ET for non-cropping
seasons under crop-fallow rotation system. In addition to limited
field studies, excessive drainageloss (especialy infallow seasons)
complicates accurate estimation of total water cycle in the
region*3, There are still not exact estimates of the amount of
water budget in cropping and non-cropping seasons, and the
fraction such as soil water evaporation, crop transpiration and
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drainageto groundwater.

Itisobservedinanumber of studiesthat the DSSAT model can
reliability estimate ET, crop yield and irrigation water management.
Kovécset al. *successfully evaluated DSSAT-wheat model ability
to simulate multi-year grain yield in various weather and soil
conditionsin Hungary and expressed satisfaction with the model
performance. Timsina et al. > used the model to successfully
estimate the effects of soil moisture on wheat-rice sequential
rotation in Bangladesh. Lobell et al. **reported agood agreement
between measured and modelled yields of spring wheat under
reduced irrigation in Yaqui Valley of Mexico. Yang et al.
suggested scientific irrigation management in cultivating winter
wheat to reduce groundwater depletion in the piedmont regions
of Taihang Mountain, North ChinaPlain. Timsina® used DSSAT
to estimate whest yield, aswell asthe components of water balance
and water production in rotation cropping in Punjab, India. These
studies suggest that DSSAT is a useful tool for developing an
adequate understanding on the different components of water
cycleunder cultivated field conditions.

The purposes of thisstudy areto use DSSAT model sto simulate
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theimpactsof different irrigation scheduling on the spring wheat
and maize around ayear, which include both traditional irrigation
practice consisted seasonal and winter irrigation activities and
those of only irrigation applied during crop growing stagesin the
arid oasisregions, and to find the reasonabl eirrigation ways under
crop-fallow rotation system for the two main crops to provide
referencesfor irrigation management inthe arid oasis of Northwest
China

Materialsand M ethods

Sudy area: The study area, Wuwel oasis, is located in central
Shiyang River Basin (101°41-104°16" E, 36°29°-39°27" N; withtotal
areaof 4.16x10*km?), Gansu province, Northwest China(Fig. 1).
Shiyangisaninland river basin that is bordered on the north and
west by Badanjilin desert, and on the east by Tenggeli desert.
Continenta arid climate dominatesthe regionwith anannual rainfal
of 160 mm on base of datafrom Wuwei Meteorological Station
(37°55'N, 104°14'E) during 1968-2007. Asamgjor food production
regionin Gansu province, natura runoff from Qilian Mountainsin
the Qinghai-Tibet Plateau isthe main source of water for the oases.

Spring wheat and maize are two main cultivated cropsin the
study area. Wheat isusually planted in mid March and harvested
inmid July, while maizeisplanted in mid April and harvested in
late September. Dueto low precipitation, crop production in the
region ismainly sustained by irrigation. During cropping season,
farmersusually start irrigating the farmsin April and continueto
do sotill September. Overland flood irrigation isalso commonin
the study area.

Model description: DSSAT-wheat and -maize are two process-
based crop growth models of the DSSAT family developed by
USDA-ARS (United States Department of Agriculture, Agricultural
Research Service). The main processes of the models include
phenological development (which simulatesdurations of growth,
vegetative and reproductive stages), root and canopy dynamics
in relation to photo-synthetically active radiation (PAR) and dry-
matter accumulation, and then senescence. DSSAT embeds
subroutines for the simulation of soil water content, soil water
evaporation, crop transpiration and drainage to groundwater.

Importantly, however, DSSAT doesnot only reliably simulate the
impact of water stresson crop yield, but also calculate stage-by-
stage crop performance in almost any combinations of cropping
systems.

101°E 102°E 103°E 104°E

Badanjilin Desert >
%,

39°N

—_|

-~ Main river —
® \Weather station

38°N

% Experiment station
| Elevation (m) %

37°N

37°N

40 80 120

km

102°E 103°E 104°E 105°E

Figure 1. Location, topography and distribution of meteorological and

experimental stationsin Shiyang River Basin.
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The model could berunindaily or larger time-steps, either of
which requiresdaily datafor weather and soil conditionsaswell
as crop genetic parameters and management practices. Daily
meteorological datainclude solar radiation (SRAD), maximum
temperature (TMAX), minimum temperature (TMIN) and
precipitation. Soil dataincluding soil texture, soil layer depth, bulk
density, organic carbon content, pH, clay, silt and sand fraction
and cation exchange capacity (CEC) were obtained from experiment
materials. DSSAT crop management includes planting (planting
date, depth, method and spacing), irrigation (irrigation date,
amount, mode and depth) and fertilization (fertilization date, depth
and amount) conditions.

Model calibration: Themodel calibration analysiswasbased on
data obtained from the experiments conducted at the Wuwel
Irrigation Experimental Stationinvolving spring wheat (var. Zhang
No. 258) and maize (var. Liangdan No.1) during the period 1989-
1992. Wheat was sown on March 15" and harvested on July 20"
(128 days) whereas maize was sown on April 20" and harvested
on September 20 (154 days) each agronomic year. In the
experiments, 180 mm of winter irrigation wasdonein mid November
each preceding year, followed by 70-100 mm irrigation at each
growth stage of the crops. A total of seven irrigations for wheat
and eight irrigationsfor mai ze were done per year. The experiment
wasdonein arandomized block design with threereplicates. The
plot sizewas 5x8 m?. Irrigation was applied by plastic tube with
water meter to record the amount applied to each plot.
Conventional methods were used to monitoring the dates of

important phenological events (emergence, panicle initiation,
flowering and physiological maturity). At harvest, each plot were
harvested manually and then threshed using different threshers
for the two crops. Soil moisture was monitored regularly using
soil cores down to 140 cm at 20 cm increments. Water use or
evapotranspiration (ET) was cal cul ated by water balance equation:

ET=P+1+SAMD-R-D+CR

where ET isthetotd seasonal water use, P ispreci pitation recorded
at the nearby meteorological station, | isirrigation, SAD is soil
water depletion (soil water content at the start minus soil water
content at the end of the period for the 140 cm depth), Risrunoff,
D isdrainagefromtheroot zoneand CRiscapillary riseto theroot
zone. Duetothe scarcerainfal, runoff waszeroin thefield.
Capillary rise was negligible because of the deep
groundwater table. Drainage from the root zonewas cal cul ated
based on the relation of unsaturated water conductivity with
volumetric soil moisture at the bottom of the soil profile'* 2,
Nutrient was not deficient because sufficient fertilizer was
applied throughout the experiment. At the experimental site,
the top soil is predominantly loamy while the subsoil is
dominated by clay-loam. The soils of the study area are
moderately permeable, with average organic matter content
of 13.9 g/kg, bulk density of 1.50 g/cm?, total N of 0.79 g/kg
and available Pand K of 6.0 and 179.0 mg/kg, respectively.
Details of the soil hydrological characteristics are listed in
Teblel.
The DSSAT model parameterswere set based on observed
phenological characteristics of the crops from experiments.
DSSAT-wheat requires six variety-specific genetic
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Table 1. Physical and hydrological propertiesof the 0-140 cm layer soil samples

inthe study area.
SLB  SLLL SDUL SSAT SBDM SLOC SLCL  SLSI  SLNI
25 0.097 0224  0.363 1.52 0.81 13.6 399  0.08
40 0.101 0229  0.363 1.52 0.66 14.7 39.3 0.07
80 0.107  0.235 0.368 1.50 0.44 15.9 408  0.05
140 0.107 0237 0373 1.49 0.41 16.0 433 0.05

SLB Layer depth/base (cm); SLLL Lower limit of plant extractable soil water (cm3/cm?); SDUL Drained upper limit (cm®/cm?;
SSAT Saturated upper limit (cm®¥/cm?); SBDM Bulk density (g/cm?); SLOC Organic carbon; SLCL Percent clay (<0.002 mm) (%);

SLSI Percent silt (0.05-0.002 mm) (%); SLNI Total nitrogen (%).

coefficients: P1V, P1D, P5, G1, G2 and G3. Similarly, DSSAT-maize
requiresfive genetic coefficients: P1, P2, P5, G2 and G3. Thefirst
three coefficients for each of the two crops control phenological
devel opment whereasthe otherscontrol grainyield. PHINT, which
controlsphyllochroninterval, isthethermal time (in degree days)
between successivetip leaf appearances. The genetic coefficients
of thewheat (cv. Zhang N0.258) and maize (cv. Liangdan No.1)
cropsarelistedinTable 2.

Table 2. Thevauesfor the genetic coefficients
of cultivated spring wheat and mai ze.

Spring wheat Spring maize
(cv. Zhang No.258) (cv. Liangdan No.1)

Parameter  Value Parameter  Value
PIV 2.0 P1 280.0
PID 1.5 P3 0.5
P5 2.0 P5 690.0
Gl 1.7 G2 800.0
G2 2.7 G3 9.4
G3 4.1 PHINT 55.0
PHINT 60.0 — —

Irrigation scenarios: Eight irrigation scenariosfor spring wheat
and six irrigation scenariosfor spring maize were used to quantify
crop water-saving potential in the study area. While WFO and
WF1 denote two different traditional wheat irrigation schemes,

Twl, Tw2, Tw3, Tw4, Tw5 and Tw6 arethe simul ated water-saving
scenariosfor springwheet. Similarly, MF1 denotesmaizetraditional
irrigationwhereas Tm1, Tm2, Tm3, Tmd and Tmb arethesimul ated
water-saving scenariosfor spring maize. Thetiming and amount
of irrigationin each scenario arelistedin Table 3.

Simulating water balanceusing DSSAT:

Evaporation and transpiration: DSSAT-wheat and maize use
either the FAO version of the Penman equation 2 or the Priestley-
Taylor 22 equation to calculate potential evapotranspiration. In
this study, the Priestley-Taylor equation is used to calculate
reference evapotranspiration. The combined crop-soil albedo
(ALB) and equilibrium evaporation rate (EEQ) are computed as
follows

SALB if prior to germination
ALB =10.23—(0.23 - SALB)x exp(— 0.75x LAI) if pre- anthesis ®

0.23+ (LAI —4)x2/160 if post - anthesis

where LAl istheleaf areaindex and SALB isbare-soil albedo.

EEQ=9.AD x (4.88 x 103—4.37 x ALB) x (TD + 29)
TD=06xT _ +04xT_

)
©)

Table 3. Timing and amount of irrigation under different irrigation scenariosfor spring wheat

and maize.
Crop No Irrigation period Irrigation scenario
’ (month/day) WFO0 WF1 Twl Tw2 Tw3 Tw4d Tw5 Tw6
1 Post-harvest (7/30) 70 — — — — — —
2 Fallow field (11/15) 180 180 80 80 80 80 80 80
3 Seedling (4/10) 75 75 75 65 75 75 75 75
Spring 4 Trefoil (5/1) 80 80 80 75 — — — —
wheat 5 Jointing (5/20) 90 90 90 80 75 75 80 90
6 Heading (6/5) 90 90 90 80 80 90 80 —
7 Grain filling (6/20) 80 80 80 80 80 90 65 85
8 Milking stage (7/5) 80 80 80 70 65 — — —
Total crop irrigation (mm) 495 495 495 450 375 330 300 250
Total non-crop irrigation (mm) 250 180 80 80 80 80 80 80
Grand total irrigation (mm) 745 675 575 530 455 410 380 330
Crop No Irrigation period Irrigation scenario
’ (month/day) MF1 Tml Tm2 Tm3 Tm4 TmS
1 Fallow field (11/15) 180 — — — — —
2 Sowing (4/20) 40 40 80 45 45 45
3 Seedling (5/10) 80 80 — — — —
Spring 4 Small trumpet (5/25) 80 80 90 75 60 90
maize 5 Jointing (6/15) 90 90 90 90 90 90
6 Tasselling (7/14) 100 100 90 75 60 —
7 Grain filling (8/20) 100 100 90 90 75 75
8 Milking stage (9/10) 95 95 — — —
Total crop irrigation (mm) 585 585 440 375 330 300
Total non-crop irrigation (mm) 180 — — — — —
Grand total irrigation (mm) 765 585 440 375 330 300
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where SLAD is solar radiation and TD is approximate daytime
temperature; T and T . are respectively daily maximum and
minimum air temperature.

Potential evaporation (EO) is calculated as EEQ times 1.1.
However, when daily maximum temperatureislessthan 5°C, the
constant is reduced to account for near freezing conditions and
EOiscaculated as:

EO=EEQx 0.01 x exp[0.18 x (T __ +20)] 4
and when daily maximum temperatureisabove T, (where T, is
24°C for wheat and 32°C for maize), EOiscalculated as:
EO=EEQXx[(T ,—T,)*x0.05+11] (5)
Actual soil water evaporation and crop transpiration are cal culated
from potential evaporation (EO) and other parameters cal cul ated
from soil water content (SW), drained upper limit (DUL) (soil
saturation water content after free drainage), and lower limit of

extractable water content for the crop. Root water supply isthen
calculated as.

0.00267 x exp[62 % (SW(L) —LL (L))]
6.68xLn(RLV (L))

RWU(L) = ©

where RWU (L) isthe potential root water uptakein soil layer L
and RLV (L) istheroot length density in soil layer L. Further water
redistribution processes and equations of water cyclein DSSAT
aredocumented in Ritchie?® and Ritchieet al. 2.

Drainage: Soil water drainageiswater lost to groundwater and a
cascading approach is used to calculate its movement from the
top to the lower layersin DSSAT. Drainage occurs when the soil
water content (SW (L)) in layer (L) is between saturation (SAT
(L)) and upper drainagelimit (DUL (L)), whichisaproxy for field
capacity. Flux (FLUX) isdownward water flowsfor one soil layer
tothenext layer beneath it. When FLUX isnot equal to zero, the
amount of water asoil layer (L) canhold (HOLD) isgivenas:
HOLD = (SAT (L) —SW(L)) x DLAY (L) 7
where DLAY (L) isthethicknessof soil layer.

If FLUX islessthan or equa toHOLD, anew SW (L) iscalculated
prior to drainageas.

SW(L)=SW(L) + FLUX/DLAY (L) (8)
If the new SW (L) islessthan drained upper limit inthelayer, no
drainage (DRAIN) occurs. If, however, thenew SW(L) isgreater
than DUL (L), drainagein the entire soil profileisgiven as.
DRAIN = (SW(L) —DUL (L)) x SWCON x DLAY (L) 9
where SWCON isdrainage constant. If, on the other hand, FLUX
isgreater than HOLD, then DRAIN iscalculated as:
DRAIN = SMCON x (SAT (L) —DUL (L)) x DLAY (L) (10)
Then, finally, an updated drainagefor agiven layer L iscalculated
asfollows:

FLUX = (FLUX-HOLD) + DRAIN (12)
Irrigation water use efficiency: Irrigation water use efficiency
(IWUE) iscdculated as:

Yield —Yield
IWUE= — & ———

Irr (12

whereYield, isgrainyieldfor agivenirrigation scheme, Yielddryis
grainyield without irrigation and I rr isirrigation amount.

Results

Model evaluation: Using the genetic parameterslistedin Table 2,
DSSAT-wheat and -maizeweres mulated for a4-year period, lasting
for the entire experimentation from 1989 to 1992. The model-
simulated phenological processes and yieldswere compared with
field-observed dataas given in Table 4. A good agreement exists
between the model-simulated and field-measured valuesfor crop
phenological and yield variables. Percent relative errors for the
model-simulated and fiel d-measured val ues are 4.2-9.5% for wheat
and 3.9-5.3% for maize.

There also existsagood agreement between the simulated and
measured ET for 1989/1991 maize cropping seasons and 1989/
1990 wheat cropping seasons. Linear regression analysis shows
agood correlation between the simulated and measured ET, with
4-year mean coefficients of determinacy of 0.95 for spring maize
and 0.96 for wheat. The model-estimated ET, however, tendsto be
dightly high (1990 and 1992) for spring maize (Fig. 2), and dightly
low (1991 and 1992) for spring wheat (Fig. 3). The overall

Table4. Simulated and measured phenological parametersand grainyield for 1989-1992.

Calibration Validation
Crop Variable 1989 1990 1991 1992
OBS SIM OBS SIM OBS SIM OBS SIM
Sowing (DOY) 74 74 74 74 74 74 74 74
Spring wheat Sprouting (DOY) 91 91 90 91 92 94 93 95
Zhang No. 258  Flowering (DAP) 78 79 83 82 85 84 80 81
PM (DAP) 120 122 124 125 127 126 123 124
Dry grain yield (kg/ha) 5704 6058 5861 6395 5202 5110 5714 6258
Sowing (DOY) 110 110 110 110 110 110 110 110
Spring maize Sprouting (DOY) 123 123 125 126 127 128 122 121
Liangdan No.1 75% sﬂklpg (DAP) 93 92 94 96 95 96 93 94
Grain filling (DAP) 104 105 108 109 106 107 106 107
PM (DAP) 156 154 154 155 156 157 157 158
Dry grain yield (kg/ha) 11801 11945 11535 11301 9526 10026 11860  1243¢

PM: Physiological maturity; DOY: Days of year; DAP: Days after planting; OBS: Observed value; SIM: Simulated value.
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Figure2. Simulated and observed evapotranspiration under spring maize
season for 1989-1992.
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Figure3. Simulated and observed evapotranspiration under spring wheat
season for 1989-1992.

discrepancy between the measured and simulated valuesissmall.
Thisimpliesthat, the DSSAT model isreliablefor applicationin
the study area.

Simulated irrigation water requirement: Using weather datafor
the period 1985-2004, total monthly crop water requirement (CWR)
was simulated for spring wheat/maize; theresultswereillustrated
in Fig. 4. Spring wheat requires a high amount of water in the
months of May to June; the peak development period when
jointing, heading and grain-filling occurs. After July, CWR
noticeably declines as the crop enters the maturity period. For
spring maize, water requirement is particularly high at jointing,
silking, tasselling and grain-filling stages from early June to
September. Asinwheat, maize CWR declinesin September. ET in
thefirst two monthsafter planting (i.e. March and April for wheat,
and April and May for maize) is mainly driven by soil water
evaporation. Thisisbecause the crops are at the earliest stage of
seedling during which period leaf areaindex (hencetranspiration)
isminimal.

Journal of Food, Agriculture& Environment, Vol.10 (1), January 2012

Fig. 4 also showsthat ET averaged for the months of March to
July for spring wheat i$546.8 mm and for spring maizeis658.5 mm
for the months of April to September. This represents 80.4% of
annual average ET (679.8 mm) for wheat and 88.0% of annual
average ET (748.0 mm) for maize. Given the annual mean
precipitation of 182.1 mm, annual wheat ET is373.3% and annual
maize ET 410.7% of precipitation. Averagerainfallsfor springwhest
and maize cropping seasons are 83.3 mm and 141.8 mm,
respectively. These are 45.7% and 77.9% of the annual
precipitation, respectively. Moreover, crop utilizable portion of
precipitation is even much less. Generally, the effective
precipitation (P,) was cal cul ated asfollows:

p,=%cP

where P is amount of daily precipitation, ¢ is the effective
coefficient (P<5mm, 6 =0; 5mm<P<50mm, 6 =1; P>50mm,c =
0.8). Based on the equation, the amount of annual effective
precipitationis 115.6 mm, and only 50.7 mm (27.8%) and 99.5 mm
(54.6%) of theannual precipitationiseffectiveduring spring wheat
and mai ze crop growing seasons in the study area during 1985-
2004. Thissuggeststhat annual irrigation requirement in the study
areaisno lessthan 564.2 mm for wheat and 632.4 mm for maize
under winter flood irrigation conditions. It is therefore implicit
that irrigation isimportant crop production factor inthisarid oasis.

Components of water balance under traditional irrigation:
Simulated average transpiration is 420.5 mm for spring wheat,
accounting for 46-50% of total water loss under WFO and WF1
traditional irrigation practicefor 1986-2004 (Fig. 5). Thisimplies
that IWUE under current agro-practicesislessthan 50%. During
the cropping seasons, soil water evaporationis 104.6 mmfor WFO
and WFL1. Thisaccountsfor morethan 10% of total water lossin
thestudy area. During fallow period, evaporationis 147.0 mm for
WF0and 131.7 mmfor WFL irrigation practices, respectively. This
accounts for 16% and 15% of total water loss in the study area.
However, drainageto groundwater issignificantly different under
thetwo irrigation practices. Drainageto groundwater under WF1
and WFOQirrigationis198.9 mm (23%) and 253.1 mm (27%) of total
water loss, repectively. Infact, with only 70 mm additiona irrigation
under WFO, soil drainageincreases by 54.2 mm. Thisimpliesthat
heavy flood irrigation may significantly increase groundwater
rechargeinthe study area.

Transpiration and soil water evaporation are slightly higher
under maizethan wheat. Thisisbecause maizegrowsfor ardatively
longer period. Averagetranspiration for maizeis444.3 mm (48%) of
total water loss. Also, seasonal maize evaporationis174.7 (19%)
of total water loss. In comparison with spring wheat, percent
transpirationisvery closetothat for maize. However, evaporation
under land fallow declines on the average of 79.8 mm, accounting
for 9% of total water loss. Similar to spring wheat, drainage under
maize fallow period accounts for alarge portion (217.9 mm) or
about 24% of total water lossin the study area.

IWUE for spring wheat under proposed irrigation scenarios:
Under the irrigation schemes, average water loss for the 20-year
period (1986-2004) from spring wheat fiel dsviatranspiration, soil
water evaporation and drainage aregivenin Table 5. Water deficit
not only limits crop growth and development, but also reduces
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Figure 4. Water requirement (1985-2004) for spring wheat and maize under

traditiond irrigation schemein Shiyang River Basin.
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Figure 5. Averaged seasonal transpiration and evaporation for spring wheat and maize (1985-2004) in
(non)-cropping seasons, along with drainage (percol ation) under traditional irrigation scheme.

transpiration. Given that food production is maintained at the
current levels, TW3 is the best water-saving irrigation scheme.
When wheat yield is not significantly influenced, transpiration
under Tw3is383.3mm. Thisisonly dightly lower than WF1 and
WFO. However, thelarge drop inirrigation water use (by almost
290.0 mm) resultsin 230.4 mm declinein drainage. Then, it suggests
that irrigation water-saving for spring wheat may not necessary
limit ET, but could rather reduce drainage (groundwater recharge)
inthe study area.

However, water loss under the different irrigation scenarios
suggests that irrigation water-saving could increase irrigation
water use efficiency (IWUE). Table 5 shows that when total
irrigation drops by 38.9% (from 745 mm to 455 mm), irrigation
water use efficiency intermsof per-hectaregrainyield increased
by 54.4% (from 8.26 to 12.75 kg/ha/lmm), and the grain yield only
dropsby 5.7% (from 6155.3t0 5802.4 kg/ha). While, whenirrigation
dropsby 55.7% (from 745 mmto 330 mm), though irrigation water
use efficiency increased by 85.8% (from 8.26 to 15.35 kg/ha/mm),
the spring wheat yield has decreased by 17.7% (from 6155.3 to
5067.0 kg/ha). Thisindicatesthat Tw3 isthereasonableirrigation
scheduling in the study area.

IWUE for spring maize under proposed irrigation scenarios:
Water loss under the proposed irrigation scenarios via
transpiration, soil water evaporation and percolation for spring
maizeisgiveninTable 6. Similar to spring wheat, reduced irrigation
of spring maize induces a certain degree of stress, which in turn
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limitstranspiration. Allowing only limited reductionin grainyield
under the proposed irrigation schemes, Tm2 hasthebest potential
for water-savingin thestudy area. In comparisonwithMF1, maize
yield drops by only 4.4% when irrigation is reduced by 42.5%
(325 mm). However, the study shows that 42.5% reduction in
irrigation does not result in a substantial decrease in annual ET.
Rather, the 42.5% reductioninirrigation induces 66% (213.5 mm)
decreasein drainage.

Unlike wheat, further decreasing irrigation in maize does not
result in any obvious increasein irrigation water use efficiency.
Astheirrigation scenario shiftsfrom Tm2to Tm3 or evento Tm4,
in which casesirrigation is respectively reduced by 65 mm and
110 mm, maizeyield accordingly decreases by 15.1% and 26.3%.
These magnitudes of yield loss without proportionate increases
inirrigation water use efficiency should not be recommended.

Discussion

The results from this study have demonstrated that there was
significant water loss via such processes as transpiration,
evaporation and drainage during both cropping and non-cropping
seasonsin thearid oasisof Northwest China. For traditional flood
irrigation of spring wheat and maize, about 23-27% of tota irrigation
water islost to drainage. Moreimportantly, Tables5 and 6 suggest
that adlight reductioninirrigation does not significantly limit ET
inthe study area. The study showsthat reduced irrigation results
inasignificant drop (=80%) in drainage that possibly reduced the
nutrient leaking risk.
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This study further reveals the trend of irrigation water use
efficiency in China snorthwest oasis. For spring wheat, if limited
irrigationisdonein the growing season and non-cropping seasons
(asinTw3for instance), yield of spring wheat dropsby only 5.7%
compared to 38.9% (290 mm) drop in total irrigation and 8.5%
(57.4 mm) dropinannual ET. Inother words, 57.4 mm of annual ET
and 290 mm irrigation water can be saved with only slight dropin
wheat yield under Tw3 irrigation scheme. However, for spring
mai ze, irrigation water use efficiency isoptimum (25.96 kg/ha/lmm)
under Tm2 irrigation treatment. By substituting MF1 traditional
irrigation practice with Tm2 irrigation water-saving scheme,
83.9 mm of annual ET and 325 mm of irrigation water can be saved
withonly slight reduction (4.4%) inthemaizeyidld. Thatis, maize
yield drops from 11 946 to 11 424 kg/ha. The Tw3 (for spring
wheat) and Tm2 (for spring mai ze) irrigation treatmentstherefore
present the optimum irrigation schemesin the study area.

Under traditional irrigation operation, evaporation accountsfor
36.0-37.4% of total ET lossfor spring wheat and 36.4% for maize.
However, non-cropping season evaporation |0ss (58.4%) in wheat
fieldsis much higher than non-cropping season (31.4%) in maize
fields. Inwheat fields, non-cropping season evaporationis 131.7-
147.0 mm, about 72.3-80.7% of theannual preci pitation. Such huge
water |oss underscorestheimportance of devising strategiesaimed
at limiting non-cropping season evaporation loss in the region.
Thiscan be especially useful in post-harvest spell for spring wheat,
during which period evaporation does not, in any way, significantly
affect cropyield.

Although the high drainageis not known to significantly affect
theregional water cycle, surface seepageinirrigated farmlandsis
normally of poor quality. Thisisbecausedrainagefrom agricultural
soil profilesisoften ladened with agro-chemical s%, For instance,
12.5-45.0% of nitrogen fertilizer infiltratesthe aquifer systemsin
Gansu province under current irrigation schemes?. Controlling
irrigation drainage viareducing irrigation could therefore be an
efficient alternative strategy in the study area.

Asidefrom deficit irrigation, agronomic practices could al so be
aviable option to control evaporation loss in the region. It has
been shown in several studies?:2 that mul ching ameliorates soil
micro-climatic conditions by insulating surface soil, which
increases soil resistance to heat and vapour flow. This reduces
soil water evaporation thereby ensuring continuous soil water
availability *. Furthermore, limited or no tillage could reduce
surface soil water evaporation. Theseare simple, practicable and
yet efficient measures to ensure water supply and high crop
production in low precipitation regions3-* like the arid oasi s of
Northwest China. If these techniques can be tapped and adapted
tothelocal conditions, soil water 10ss can be considerably reduced
inthe study area.

Acknowledgements
This research was supported by the National 973 Program
(2010CB951002). We are profoundly grateful to Dr. Moiwo J. Paul
and Prof. Xiying Zhang for constructively reviewing the
manuscript.

References
Kang, S. Z., Liang, Z. S., Pan, Y. H., Shi, P. Z. and Zhang, J. H. 2000.
Alternatefurrow irrigation for maize productionin an arid area. Agric.
Water Manage. 45:267-274.

917



2Zhang, H., Wu, J. W., Zheng, Q. H. and Yu, Y. J. 2003. A preliminary
study of oasis evolution in the Tarim Basin, Xinjiang, China. J. Arid
Environ. 55:545-553.

3Jia, B. Q., Zhang, Z. Q., Ci, L. J,, Ren, Y. P, Pan, B. R. and Zhang, Z.
2004. Oasis land-use dynamics and its influence on the oasis
environment in Xinjiang, China. J. Arid Environ. 56:11-26.

43, X.B.,Kang, E. S, Cheng, R. S., Zhao, W. Z., Zhang, Z. H. and Jin, B.
W. 2005. Estimation of ground water budget at the representative
irrigated areain the middle stream of Heihe River. Hydrogeol. Eng.
Geol. 32(6):25-29.

5Chen, L. H. and Qu, Y. G. 1992. Rational Development and Utilization
on Water and Soil Resourcesin Hexi region. Science Press, Beijing, pp.
143-176.

5Zhang, H. C. and Wu, X. Z. 1995. Theway of solving thecrisisof water
resourcesin Shiyang River Basin: Water-saving agriculture. Hydrogeol.
Eng. Geol. 3:25-27.

’J, X.B.,Kang, E. S,, Chen,R. S., Zhao, W. Z., Zhang, Z. H. and Jin, B.
W. 2007. A mathematical model for smulating water balancesin cropped
sandy soil with conventional flood irrigation applied. Agric. Water
Manage. 87:337-346.

8Kang, S. Z., Liu, X. M. and Xiong, Y. Z. 1994. Theory of Water Transport
in Soil-Plant-Atmosphere Continuum and Its Application. Chinese
Hydraulic and Hydro-Power Press, Beijing, 228 p.

%Yu,B. J, Shi, P Z.,Yang, X. Y., Li, X.L.andKang, S. Z. 2006. Study on
the amount and the law of spring maize water requirement under
contralling aternateirrigation at field scalein arid regions. Gansu Water
Conservancy and Hydropower Technology 42(3):209-212.

Tong, L.,Kang, S. Z. and Zhang, L. 2007. Tempora and spatid variations
of evapotranspiration for spring wheat in the Shiyang River Basinin
Northwest China. Agric. Water Manage. 87:241-250.

H"Boast, C. W. and Robertson, T. M. 1982. A micro-lysimeter method for
determining evaporation from bare soil: Description and laboratory
evaluation. Soil Sci. Soc. Am. J. 46:689-696.

2Tuzet, A., Castell, J. F.,, Perrier, A. and Zurfluh, O. 1997. Flux
heterogeneity and evapotranspiration partitioning in asparse canopy:
Thefallow savanna. J. Hydrol. 188-189:482-493.

BHanan, N. P. and Prince, S. D. 1997. Stomatal conductance of West-
Central Supersite vegetation in HAPEX-Sahel: Measurements and
empirical model. J. Hydrol. 188-189:536-562.

1“Kovécs, G J., Németh, T. and Ritchie, J. T. 1995. Testing simulation
models for the assessment of crop production and nitrate leaching in
Hungary. Agric. Syst. 49:85-397.

BTimsing, J., Singh, U., Badaruddin, M. and Meisner, C. 1998. Cultivar,
nitrogen and moisture effectson arice-wheat sequence: Experimentation
and simulation. Agron. J. 90:119-130.

%_obell, D. B. and Ortiz-Monasterio, |. J. 2006. Evaluating strategies
for improved water use in spring wheat with CERES. Agric. Water
Manage. 84:249-258.

Yang, Y. H., Masataka, W., Zhang, X. Y., Hao, X. H. and Zhang, J. Q.
2006. Estimation of groundwater use by crop production simulated
by DSSAT-Wheat and DSSAT-Maize modelsin the Piedmont region
of the North China Plain. Hydrol. Process. 20:2787-2802.

¥Timsing, J., Godwin, D., Humphreys, E., Yadvinder-Singh, Bijay-Singh,
Kukal, S. S. and Smith, D. 2008. Evaluation of optionsfor increasing
yield and water productivity of wheat in Punjab, India, using the
DSSAT-CSM-CERES-Wheat model. Agric. Water Manage. 95:1099-
1110.

¥Kendy, E., Marchant, P. G, Walter, M. T., Zhang, Y. Q., Liu, C. M. and
Steenhuis, T. S. 2003. A soil-water-balance approach to quantify
groundwater rechargefrom irrigated cropland inthe North ChinaPlain.
Hydrol. Process. 17:2011-2031.

2Zhang, X.Y.,Chen, S.Y., Sun,H.Y., Pei, D. and Wang, Y. M. 2008. Dry
matter, harvest index, grainyield and water use efficiency as affected
by water supply in winter wheat. Irrig. Sci. 27:1-10.

2Doorenbos, J. and Pruitt, W. O. 1984. Crop water requirements. I rrigation
and Drainage Paper No. 24. Food and Agricultural Organization of the

918

United Nations, Rome, Italy.

ZPriestley, C. H. B. and Taylor, R. J. 1972. On the assessment of surface
heat flux and evaporation using large scal e parameters. Mon. Weather
Rev. 100:81-92.

ZRitchie, J. T. 1998. Soil water balance and plant water stress. In Tsuji,
G Y., Hoogenboom, G. and Thornton, P. K. (eds.). Understanding
Options for Agricultural Production. Kluwer, Great Britain, pp. 41-
4.

%Ritchie, J. T., Singh, U., Godwin, D. C. and Bowen, W. T. 1998. Cereal
growth, development and 14 yield. In Tsuji, G Y., Hoogenboom, G.
and Thornton, P. K. (eds.). Understanding Optionsfor 15Agricultural
Production. Kluwer, Great Bratain, pp. 79-98.

#3Smith, R. J., Raine, S. R. and Minkevich, J. 2005. I rrigation application
efficiency and deep drainage potential under surfaceirrigated cotton.
Agric. Water Manage. 71:117-130.

BAyars, J. E., Christen, E. W. and Hornbuckle, J. W. 2006. Controlled
drainage for improved water management in arid regions irrigated
agriculture. Agric. Water Manage. 86:128-139.

2Chen, J. 2001. Groundwater pollution and control measuresin Gansu
province. Hydrol. Water Resour. 22(2):45-46.

ZBussiere, F. and Cellier, P. 1994. Modification of the soil temperature
and water content regimes by a crop residue mulch: Experiment and
modelling. Agric. For. Meteoro. 68:1-28.

2Chung, S. O. and Horton, R. 1987. Soil heat and water flow with a
partial surface mulch. Water Resour. Res. 23:2175-2186.

SMovahedi, N. S. A. R. and Cook, H. F. 2000. Influence of municipal
waste compost amendment on soil water and evaporation. Commun.
Soil Sci. Plant Anal. 31(19/20):3147-3161.

SPitman, J. 1. 1989. Rainfall interception by bracken litter-relationship
between biomass, storage and drainagerate. J. Hydrol. 111:281-291.

%2Savabi, M. R. and Stott, D. E. 1994. Plant residue impact on rainfall
interception. Trans. ASAE. 37:1093-1098.

Journal of Food, Agriculture & Environment, Vol.10 (1), January 2012




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


