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Abstract: Intermittent irrigation has attracted much attentas a water-saving technology in arid and seidi-ar
regions. For understanding the effect of intermittierigation on water and solute storage varieanfrirrigation
amount per timelRA), irrigation application frequencyRAF), irrigation intervals IRI) and even soil texture
(ST), intermittent irrigation experiment was carriedtdn 33 micro-plots in Inner Mongolia, China. The
experiment results were used for the calibratiod ealidation of HYDRUS-1D software. ThenS (silty clay
loam, silty loam, and silty clay), RA (2, 4, 6, 8, and 10 cm),IRAF (2, 3, 4, and 5 times) andIRlI (1, 2, 3, and
4 days) were combined and total 240 scenarios sirelated by HYDRUS-1D. Analysis of variance (ANVDA
of simulated results indicated thal, IRA, andIRAF had significant effect on salt and nitrate nitmogBO;™-N)
storage of 0-40 cm depth soil in intermittent iatign while only ST affected soil water storage obviously.
Furthermore, salt leaching percentageR) and water use efficiencfyMUE) of 0-40 cm depth were calculated
and statistical prediction models f& P were established based on the ANOVA using multiiglgression
analysis in each soil texture. Then constraint @@ of soil water storage (around field capagisalt storage
(smaller than 168 mg-cR), WUE (as large as possible) in 0-40 cm depth and iotghtion water amount (less
than 25 cm) were proposed to find out the optimtgrimittent irrigation strategies. Before sowintge optimal
irrigation strategy for silty clay loam soil wasct IRA, 3 timesIRAF, and 2 day$RI respectively. For silty loam
and silty clay soils|RA, IRAF, andIRI were 8 cm, 3 times, and 2 days respectively.

Keywords: intermittent irrigation, HYDRUS-1D, simulation,ls&aching percentage, water use efficiency

Introduction

The broader emergence of high levels of nitratsuiiace and groundwater is attracting
more and more concern throughout the world [1]sTHas resulted in pressure to improve
the present traditional agricultural practices,eesqly in irrigation strategies to reduce the
amount of nitrogen entering our water systemsTBf quality of soils, surface and ground
water resources is always at risk in areas whergwral production is dominated by
irrigation such as North China and many other and semiarid regions [3, 4]. According
to the data from IFA, the annual global nitrogen) (frtilizer consumption was
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102.3 million tons while China accounted for mohart 32% by the end of 2009 [5].
Excessive and improper application of nitrogenoerilizers could lead to an increase
in nitrate concentration in waters and one of thestmcommon contaminants found
in groundwater worldwide is nitrate (NGN), an oxidized form of dissolved nitrogen
which may cause methemoglobinemia, or blue babgrsyne [6, 7].

Irrigation is essential for crop cultivation in érand semiarid regions for increasing
water storage in the soil and to leach a fractibraacumulated salts [8, 9]. However,
NO;™-N leaching in irrigation process is assumed tabédnevitable result because the N
uptake efficiency of annual crops is usually smiah@an 50%. Therefore, it is important to
find some ways to alleviate NON leaching in irrigation process. Siyal et al $lidied this
issue by changing fertilizer placement in furrovigiation and found placing N fertilizer on
the sides of the furrow near the ridge top or gnabthe furrow at the center of the ridge
could maximize the retention of N fertilizer withihe root zone. Meanwhile, studies also
showed that even when following good managementtipes, about 30% of applied N
fertilizer is also leached into groundwater. Theref irrigation strategies are still the main
factor that affect Ng-N leaching.

In He-Tao Irrigation District, the largest irrigati district located in North China,
a flood - irrigation strategy has been developedcesithe 1980s to create suitable
environment for crops before sowing. The floodrigation strategy is definitely wasting
water and increasing the risk of groundwater coimation [10]. However, it is almost
impossible to change the flood - irrigation intdhets such as spray or drip irrigation which
are widely recognized as water saving because eofettonomic and other local factors.
Differently, intermittent irrigation strategy, whids also regarded as water saving and has
better effects on salt leaching is more easy topadmd expand in above traditional
irrigation regions [11].

Irrigation amount per time, irrigation applicatifrequency, and irrigation interval are
main factors of an intermittent irrigation stratedyrevious researches indicated that
intermittent high frequency irrigation with lessteacould increase salt leaching from the
root zone [12, 13]. Borojeni and Salehi [14] evenrfd that intermittent irrigation could
obtain more paddy yield than continuous irrigatidiowever, Tan et al [15] considered that
intermittent irrigation potentially decreased thater saving effectiveness and increased the
NO;-N loading to the groundwater. Therefore, an appab@ intermittent irrigation
strategy should consider water storage, salt legohith the N@-N leaching from the root
zone together. Because of the time and economisucaption, it is difficult to achieve this
only by experiment and computer models have becmereasingly important tools for
analyzing irrigation and crop production probler§,[17]. HYDRUS-1D was developed
by the USDA Salinity Laboratory and has been usestudy the leaching of accumulated
salt and nitrogen in soil under rainfall or irrigmat conditions in many regions and achieve
comparable simulation results [18]. Our previousesrch used HYDRUS-1D to evaluate
soil salt leaching under different irrigation regisp but N@-N leaching was not
considered [10]. Furthermore, the mechanism andatipa of HYDRUS software are
relatively hard for local farmers and policymakef$ierefore, it is necessary to develop
simple and dependable models to determine irrigagicategies considering water storage,
salt and N@-N leaching of root zone.

The objectives of this study were to (1) calibrate validate the HYDRUS-1D for
water, salt, and NO-N storage in the root zone (0-40 cm) by field ekpent data in
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different soil texture; (2) apply HYDRUS-1D to sifate water, salt, and NON transport

in different intermittent irrigation scenarios; (@¢velop prediction models for salt leaching
percentage of root zone by HYDRUS-1D simulatiorultssand statistical analysis, then
determine the optimal irrigation strategies inaliént soil texture.

Materials and methods

Study site

Hetao Irrigation District (40°1941°18N, 106°20-109°19E), which is located in the
arid western areas of Inner Mongolia autonomou®nregs the largest Irrigation District in
China (Fig. 1). It has the monsoon climate andaterage annual potential evaporation is
about 139-122 mm, approximately 60% of which fallguly and August, while the annual
potential evaporation is about 2,200-2,400 mm. DRoethe strong evaporation, the
groundwater and soil water constantly migrate upwand eventually resulting in salt
accumulation in the topsoil after the soil watemmorates. Therefore, Hetao Irrigation
District has struggled with soil salinization issder several years.
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Fig. 1. Location of study site (a) and schematagdam of Micro-plot (b and c¢) [cm]

Experimental design

Experimental scheme

Field experiments were conducted in micro-plotdwwihdisturbed soil at the YiChang
experimental station in the Hetao Irrigation DistriMore exactly, randomly combined
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design were used and study factors included totajation amount TIRA), irrigation
application frequencylRAF), and irrigation intervalsIRT). Each factor had 2 levels
(TIRA = 20 and 30 cmtRAF = 2 and 3JRT = 1 and 2 days, respectively) and there were
3 replicates. Furthermore, one time irrigation wiith 20, and 30 cm were also applied with
3 replicates as reference in our experiment. Asthtreatments were randomly arranged in
33 micro-plots. The cross section of each micrd-plas 1.8 mx1.8 m and wrapped with
impermeable plastic (0-1.5 m below the soil surfate prevent leakage (Fig. 1c).
Therefore, the water and solute transport in eaatroaplot could be regarded as one
dimension.

Before irrigation (May %, 2013), we took soil samples from 33 micro-plots t
determine the texture, water content, salt ancgén concentration at depths of 0-10,
10-20, 20-30, and 30-40 cm. Then we began to teigacording to experimental scheme
on the same day. The irrigation water came frome# and its total solute content was
about 800.75 mg- dih After irrigation (May 11", 2013), soil samples from 33 micro-plots
were also collected for water, salt and nitrogealysis at the same depth as before
irrigation sampling. Climate data were recordedhhyautomated weather station beside the
micro-plots, provided daily precipitation data aadditional weather parameters for the
calculation of soil evaporation (Fig. 2).
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Fig. 2. Precipitation and evaporation in May 201¥i€Chang Experimental Station

Soil analysis

Soil particle size percentage was analyzed usipgti@ method. Soil water content was
measured using conventional oven drying. The étattconductivity EC,.5 [dS-mY]) of
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soil was determined with an EC meter (DDSJ-318,GlEChina) in an extract (1:5) after
shaking for 3 mins. Soil NON concentration was measured by Automatic Nitrogen
Analyzer (Cleverchem-200, Dechem-Tech, Germany)un study, we assumed the bulk
density of 0-40 cm depth was same and use thegavénak density (1.4 g-ch) to convert
measured water content into volumetric water cdraed then calculated the mass of total
salt and N@-N content.

Modeling process
Description of HYDRUS-1D

Soil water movement for the experimental situati@s described as follows [18]:

ot o0z 0z
whered is the soil volumetric water content [&ram]; h is the water pressure head [cm];
K is the unsaturated hydraulic conductivity [cii};dz is the vertical axis (upward positive)
depending on the origin of the surface flux.

The soil water retentionf(h)) and the hydraulic conductivityK(h)) variables
in Eq. (3) were described by van Genuchten asvislld 9]:

gr +Lenf h<O0
6= @+|ah")" &)
. h=0
K(h) =K 1-@-8™"? 3
mzl—% (4)
6-6
S L 5
) (5)

whereds andd, are the saturated and residual water content’ ¢omi]; K is the saturated
hydraulic conductivity [cm-d], « [cnm™’] and n represent the empirical shape parameters,
and| is a pore connectivity parameter. To reduce thabar of free parameters, we took
| = 0.5, a common assumption which was based owthtg of Mualem [20].Sis the
effective saturation.

The one-dimensional solute transport under trahsigater flow conditions in
a partially saturated porous medium is expressetidfollowing equations:

@zﬁ[aﬁj_% ©)
ot 0z 0z 0z
D=a.q )

wherec is the solute concentration [mg-¢m D is the effective dispersion coefficient
[cm?dY; q is the volumetric flux density given by Darcy’s wacm® cm®d™]; and
oy represents the longitudinal dispersivity [cm].
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Calibration and validation

According to the soil particle size analysis arféréo the soil texture triangl&JEDA),
the texture of 0-40 cm depth of each micro-plot wagorm but varied from different
micro-plots. More exactly, the 33 micro-plots cobl divided into 3 types by soil texture:
silty clay loam, silty loam, and silty clay (Fig).3Therefore, we calibrated and validated
HYDRUS-1D in 3 different soil texture respectively.
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Fig. 3. Soil texture classification of 0-40 cm demtf each micro-plot (7 red points meant silty clay
loam, 8 black points meant silty loam, and 18 ldaimts meant silty clay)

Because soil hydrodynamic and solute transportnpeters vary from soil physical
properties €g clay percentage, specific surface area), we divitie experimental data of
each soil texture into 2 sub-sets based on thepdagentage. In practical terms, the mean
values for each sub-dataset should be similar With mean value of the total data.
Meanwhile, the variance of each sub-dataset shioelds far as possible. In addition, the
sample size in each sub-dataset should be compardbis work was completed by
a procedure based on an enumeration algorithm ared smb-dataset was used for
HYDRUS-1D calibration and the other was used fdidation (Fig. 4).
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Date: Month/Day

05/03  05/04  05/05  05/06  05/07 05/03  05/04  05/05 05006  05/07
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Fig. 4. Irrigation strategies of each experimerttalatment (M means micro-plot; C means these
treatments were used for calibration and V mearesethtreatments were used for model
validation; red colour indicates silty clay loamilsblack colour indicates silty loam soil, and
blue colour indicates silty clay soil)

In the calibration process, the soil hydraulic paeters saturated and residual water
contentds andé;, a, n and the saturated hydraulic conductivitig{) were initially estimated
based on the experimental soil particle percentagg bulk density using the neutral
network pedotransfer functions of Rosetta modulld.[After that, we calculated the mean
value of each Rosetta realization and use thenheasnitial parameter values and then
a trial-and-error procedure was used to find oet fihal parameter values for each soil
texture based on least-square-fitting method [Histly, we fitted the soil hydraulic
parameterg; andé,, thena, n andKy were fitted simultaneously, finally, solute paraemns
such as longitudinal dispersivitp(), molecular diffusion coefficient in free watdd,f) and
adsorption coefficienti{y) of salt and nitrate nitrogen (NGN) were estimated respectively
(Table 1). The convection dispersion equation fon-reactive solutes was used during
simulation because the solutes were assumed notive=al he simulation in calibration and
validation processes were conducted for 9 daysm(fiday 3% to May 11") and the
irrigation strategies for each treatment were shimwigure 4.

In the modeling process, we regarded irrigatiopragipitation and converted the total
irrigation amount TIRA) into irrigation amount per timaRA). The upper conditions of the
soil profile correspond to atmosphere boundary ttimmd Because we wanted to find out
the irrigation strategies before sowing, and theénnwaop of study area was sunflower
whose roots were mainly in 0-40 cm depth whiledheundwater depth was approximately
200 cm, the lower boundary condition was free drgén For solute transport, the upper and
lower boundary conditions were concentration fluxd azero concentration gradient,
respectively.
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Table 1
Input values of the soil hydrodynamic parameters
Texture O 0s a n Ks DL | Duwsalt Duwn Kdsalt Kn
— [cm® e |[em® cnt ¥ |[em ™| — [[em-dY|[cm]|[cm? d Y |[cm? d Y [[cm® g} |[cm® g}
Silty clay loam|  0.093 0.462 | 0.00P1.452 10.02 | 6.8
Silty loam 0.071 0.420 0.004.614 23.20 | 7.7 3.8 6.5 0.25 0.15
Silty clay 0.102 0.498 | 0.013.31§ 8.98 | 5.8

Dusaitand Dyn meant molecular diffusion coefficient in free waté salt and N@-N respectivelyKgsat andKgn
meant adsorption coefficient of salt and ;N® respectively

Table 2
Statistical evaluation indexes of calibration amatldation of HYDRUS 1D
Soil Water content ECis NO3™-N concentration
3. i T et
Texture samples [cm3 e [dS- Y [mg-kg ™

R> |NSE|Bias]| Pbias| R?> |NSE | Bias| Phias| R?> | NSE | Bias | Pbias
Silty clay | Calibration 0.902| 0.873-0.001-0.288%0.942( 0.901| 0.063|11.287% 0.862 | 0.798| -0.421 -8.308%

loam Validation 0.839| 0.8230.001|0.255% 0.883| 0.866| 0.021|4.854% 0.827 0.534 1.067] 22.962%
Calibration 0.814| 0.798-0.001-0.0409%0.894( 0.823| 0.024|6.536% 0.785 | 0.752| 0.341] 8.642M%
Validation 0.787 | 0.698-0.005-1.943%0.799| 0.653| 0.050(10.272% 0.780 0.068 1.034 32.127%
Calibration 0.790| 0.68p0.007(1.772% 0.839( 0.819| 0.086{11.553% 0.718 | 0.642| 0.573 9.308M%
Validation 0.715| 0.3480.013|3.428% 0.750| 0.708| 0.088]10.442% 0.710 | —0.666 1.181 31.78%%

R? means the determination coefficient a48E meant Nash-Sutcliffe modelling efficiency

Silty loam

Silty clay

Model evaluation

Both graphical and statistical methods were useeviluate the model performance.
In the graphical approach, the measured and pestiiealues were plotted in the same
graph.

Different statistical techniques such as coeffitigindetermination ?), Nash-Sutcliffe
efficiency (NSE), model biasBias), and percentage biaBljas) were used in this study.

i (YiObS _Yisim)2

NSE =1- 1= 8)

n
z (YiObS _Ymean)2
i=1

whereY,® is theith observed value;S™ is theith simulated value and™ is the mean of
observed value\NSE can range fromee to 1.NSE = 1 means a perfect match between the
modeled value and the measured d&f = 0 means the model predictions are as accurate
as the mean of the measured data. WherebdiS&mf less than 0 occurs when the measured
mean is a better predictor than the model. Theeeftire closeNSE is to 1, the more
accurate the model is [23].

Becausd\SE values depend on sample size, bias of magnitudi@attiers.Bias values
were also calculated along wiBE by:

H _1 0 sm _ \/0
Bias== > (v v ©

In addition, the percentage bidb{as) is easier to interpret and is determined by the
ratio of the Bias to the mean of the observed afnaltiplied by 100.
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Smulation scenarios

After calibration and validation, HYDRUS-1D was dsdo simulate different
intermittent irrigation strategies. The 5 leveldrafyation amount per timdRA = 2, 4, 6, 8,
and 10 cm), 4 levels of irrigation application faeqcy (RAF = 2, 3, 4, and 5 times), and 4
levels of irrigation intervalsIRl = 1, 2, 3, and 4 days) were complete combinatiuth a
simulated in 3 different soil texture (silty clayaim, silty loam, and silty clay) respectively.
Therefore, total 240 scenarios were simulated. ifiteal condition of soil profile was
obtained by average the water content, salt andgah (NQ-N) concentration of all
33 micro-plots. The end time was set on th& H@y after the last irrigation in each
simulation, respectively.

Data analysis

Before running HYDRUS-1D model, soil salt and ;N® content should be converted
into the ratio of solute mass and volume watergiigs. (10)-(11) as follows:

EC,; [ 0308[ 0[1000

Sinpul - (10)
10CH
obs
Ninput - N w (11)
100

where S™* and N™ were soil salt and NON content in solute mass/volume water
[mg-cm? respectively;N** was the measured NGN content in initial units [mg-Kd;
0.308 is the coefficient obtained by experimentsdavertEC,.5[dS-m?] into percentage
salt content [%]p is the bulk density [1.4 g-cfl) ¢ is the volumetric water content
[cm® ).

All simulated results were firstly used to calceldhe total storage of water, salt and
NO;™-N content in 0-40 cm depth by Egs. (12)-(14):

TWS™P* = D Bﬁ—zef’“’“ (12)
i=1
T$0ulpul - D B];ieoutput [aoutput (13)
n&
TNSoutput - D B]_'z Hioutput D\lioutput (14)
n i=1

where 6,2 [cm® cn?, S [mg-cm?, and N*"™ [mg-cm?] are the HYDRUS-1D
results of soil water, salt, and NN content in each calculation nodeis the number of
nodes:D is the soil depthTWS™ [cm], TSS™™ [mg-cm?, and TNS™™ [mg-cm? are
soil water, salt and NON of 0-40 cm depth 10 days after irrigation.
For better evaluate the irrigation effect, we dedirsalt leaching percentad® P [%])
and water use efficiencyMUE) by Egs. (15)-(16):
-ATSS

S T

100 (15)
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ANTWS — @ [ANTSS + (1—- a)ANTSS
IRACIRAF

where4TSS [mg-cm? was obtained using the salt storage of 0-40 cpitdefter irrigation
(TSS"™ [mg-cm?) minus the salt storage before irrigatioFS8™" [mg-cm?); ANTWS,
ANTSS, and ANTNS are the normalized value of water, salt, andsNO storage after
irrigation minus their corresponding values befimggation respectively; and is the
weighing factor (0.7 in our study).

Then all the data were subjected to analysis ofimae (ANOVA). Averages of the
main effects were compared using the revised leagtificant difference test at the
0.05 level of probability [24]. Computations anditistical analyses were carried out using
the SPSS software (Version 18.0).

Results
Calibration and validation of HYDRUS-1D

The experimental data were used to determine thepammeters in HYDRUS-1D.
Figure 5 plotted the experimental data and simrdatiata of the water, salt, and nitrogen
contents of 0-40 cm depth for silty clay loam,ysitiam, and silty clay soils respectively.

Observed data Simulated data

g 8;8_ Silty loam
] Silty cle
g 0.25 Silty clay loamI bl e
— 1 I
onr-——¥r 11+ 11
0 10 20 30 40 50 60 70 80 90 100 110 120 130
b) Data numbers
2.5 T
2.0 [
I
I

Silty loam

/EC,, [dS'm"]
s
|

W77 T T T T T e | T
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c) Data numbers

Electrical conductivity Soil water content

— T
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o+——T"—"T—T—T T T T

Nitrate nitrogen
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Fig. 5. Calibration and validation of HYDRUS-1D &bk lines mean observed data and red lines mean
simulated data)

We could find that the simulative and experimemtata of water, salt and nitrogen
contents in all 3 soils aggregated along the hd, Which indicated the correlation between
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them. Furthermore, statistical evaluation indexeshsasR?, NSE, Bias, andPbias for both
calibration and validation process were shown ild2. We could find that the? of water
content, salt content and NEN concentration were all larger than 0.7. But & vefer to
other evaluation index, the HYDRUS-1D model's parfance was not that remarkable.
More exactly, theNSE value for NQ™-N concentration in the validation process of siligy
soil were negative (—0.666). In addition, fsias value of silty loam and silty clay soil for
NO;™-N concentration in the validation process wergdarthan 30% (32.13 and 31.79%
respectively). However, although this model coutd perform perfectly in all situations,
when considering both Figure 5 and Table 2, we ¢@so deem the HYDRUS-1D can
obtain the acceptable simulative results in outysttonditions.

Analysis of different simulation scenarios

Analysis of variance (ANOVA) indicated that onlyilstexture had significant effects
on water, salt, and NON storage of 0-40 cm soil deptR € 0.001). Irrigation amount per
time (RA) and irrigation application frequencyRAF) affected salt and NON storage
obviously @ = 0.001), but had no significant effect on wateorage. Furthermore,
irrigation intervals (RI) had no obvious effects on water, salt, and;NO storage
(Table 3).
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Fig. 6. Water, salt and nitrate nitrogen storag®-d0 cm depth under different soil texture, irtiga
amount per timelRA), irrigation application frequencyRAF), and irrigation intervalélRl)
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Soil texture of silty clay had the maximum wateltsand NQ-N storage while silty
loam had the least of them in depth of 0-40 cm luef days after irrigation (Fig. 6).
The 0-40 cm water storage increased WiRA (Fig. 6a). But when considerid@RAF, the
largest water storage was obtained in 4 timesaitiog (12.450 cm) not 5 times (Fig. 6b).
Moreover, 2 days other than 1 day irrigation indrachieved the largest water storage
(12.380 cm). Soil salt and NGN storages all increased witRl but decreased wittRA
and IRAF. More exactly, 10 cmIRA could decrease 67.16% salt storage and
80.28% NQ-N storage relate to 2 ctRA; 5 timesIRAF could decrease 43.77% salt
storage and 52.45% NGN storage relate to 2 timéRAF; but 4 daydRl increased 6.81%
salt storage and 9.52% NEN storage of 0-40 cm soil depth relate to 1 HRly(Fig. 6¢-f).

Table 4 demonstrated that soil texture could afedtwater, salt, and NON storage
of 0-40 cm depth significantly. Therefore, it iscessary to analysis the effect of irrigation
strategies on soil water and solute distributionglifferent soil textures respectively. The
ANOVA results for 3 different soil textures wereosin in Table 4, which illustratetRA
and IRAF affected soil salt and NON storage of 0-40 cm depth 10 days after irrigatio
obviously P = 0.001). HowevernRI only had significant effects on salt storage itysilay
loam and on N@-N storage in silty loamR = 0.001 and 0.036, respectively). Furthermore,
only IRA in silty clay loam and silty clay soils had sigcént effects on water storage of
0-40 cm depthR = 0.015 and 0.001, respectively).
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More exactly, 10 cmRA and 4 timedRAF could obtain maximum water storage of
0-40 cm depth in all 3 soils. But when consideriRy 3 daysIRI obtain maximum water
storage in silty clay loam while in silty loam asitty clay soils, thdRI for maximum water
storage was 2 days (Fig. 7a-c). Salt and;NO storage of 0-40 cm depth were both
decreased withRA andIRAF, and increased witlRIl (Fig. 7d-i). In addition, silty clay soil
also had the maximum while silty loam soil had thaimum water, salt, and NON
storage in all differentRA, IRAF, andIRI treatments respectively (Fig. 7).

Table 3
The ANOVA of the effects 08T, IRA, IRAF andIRI
Water Nitrate nitrogen Salt leaching Water use
Salt storage -
storage storage percentage efficiency
Source of variation of 0-40 cm| of 0-40 cm of 0-40 cm of 0-40 cm of 0-40 cm
depth depth depth depth depth
(P>F) (P>F) P>F) (P>F) P>F)
Soil texture 8T) 0.001" 0.001" 0.001" 0.001" 0.001"
Irrigation ‘z‘l’lgz)um Pertime 4 064 0.001 0.001" 0.001" 0.008"
Inigation application 0.745 0.001 0.001" 0.001" 0.477
frequency (RAF)
Irrigation intervals (RI) 0.941 0.740 0.684 0.046 0.651
" means significant level < 0.05;" means significant leve < 0.01
Table 4
The ANOVA of the effects ofRA, IRAF andIRI in specific soil texture
Water Nltrate Salt leaching| Water use
Salt storagg  nitrogen -
Soil storage storage percentage efficiency
texture Source of variation of 0-40 cm| of 0-40 cm| of 0-40 cm of 0-40 cm of 0-40 cm
depth depth depth depth depth
(P>F) (P>F) P>F) P>F) (P>F)
Irrigation amount 0.015 0.001" 0.001" 0.001" 0.302
) per time (RA)
Silty clay Irrigation application
loam 9 pp 0.212 0.00% 0.001" 0.001" 0.491
frequency (RAF)
Irrigation intervals (RI) 0.602 0.001 0.081 0.281 0.592
Irigation amount 0.242 0.001 0.001" 0.001" 0.001"
per time (RA)
Silty loam  Irrigation application 0.750 0.001 0.001" 0.001" 0.001"
frequency (RAF)
Irrigation intervals (RI) 0.714 0.175 0.036 0.175 0.757
Irrigation amount 0.001" 0.001" 0.001" 0.001" 0.001"
per time (RA)
Silty clay| Irrigation application 0.244 0.001 0.001" 0.001" 0.001*
frequency (RAF)
Irrigation intervals (RI) 0.519 0.357 0.145 0.356 0.657

" means significant levét < 0.05"" means significant levét < 0.01
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Salt leaching percentageS$LP)

Salt leaching percentagflL(P) of each scenarios were calculated according tqEx).
ANOVA indicated that althoughRA, IRAF, andIRI had significant effects o8LP when
considering all scenarios together (Table 3), dR¥ andIRAF affectedSLP significantly
when considering silty clay loam, silty loam, arittysclay soils respectively (Table 4).
Therefore,IRA and IRAF were selected to establish statistical predictiwodels forSLP
in 3 different soils by multiple regression anasysspectively (Eqgs. (17)-(19)):

SLP, =-55087+ 8513RA+ 11700IRAF (2< IRA<10, 2<IRAF <5  (17)
SLP, = - 16579+ 6602RA+ 9259 RAF (2<IRA<10 2<IRAF<5)  (18)
SLP, = -76915+ 9619IRA+ 13352RAF (2< IRA<10 2<IRAF <5  (19)

whereSLPyy, Py, andSLPy. means salt storage of 0-40 cm depth 10 days iafigation
in silty clay loam, silty loam, and silty clay seilespectively.
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Fig. 8. Model performance evaluation of salt leaghipercentageSLP) between statistical model
(Egs. (17)-(19)) and HYDRUS results in 3 differentls respectively

Graphical and statistical indexes) (R?, NSE, andPbias) were also used to evaluate the
accuracy of statistical prediction models compaoetiYDRUS-1D results. We found that
the scatters of statistical prediction models artDRUS-1D results distributed along the
1:1 line in all 3 soils. In addition, both the deténation coefficient &%) and
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Nash-Sutcliffe efficiency NSE) were larger than 0.9 whilBbias values were all smaller
than 0.5% (Fig 8). Therefore, we could regard thatistical prediction models as
an appropriate substitution of the HYDRUS-1D 8P evaluation in silty clay loam, silty
loam, and silty clay soils. Based on Eqs. (17)-(I®) 2 timesIRAF, the minimumIRA in
silty clay loam, silty loam, and silty clay soils #nsureSLP larger than O were 3.72, 2 and
5.22 cm respectively.

Water use efficiency WUE)

Water use efficiencyWUE) for each scenario was calculated on the basisuof
definition (Eq. (16)). If we consider all scenartogether (Table 3), onI$T andIRA affect
WUE significantly ¢ = 0.001 andP = 0.005, respectively). But when we did ANOVA of
WUE in each soil texture respectively (Table KBA andIRAF both had significant effect
on WUE in silty loam and silty clay soild?(= 0.001). HoweverlRI could not affectWUE
obviously in all 3 soils and in silty clay loam koboth IRA and IRAF also had no
significant effect oWWUE.
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More exactly, silty clay had the maximuMUE in these 3 soils. Furthermore, when
IRA was 2 cm andRI was smaller than 3 days, silty clay loam could imbteegativeWUE
and allWUE in silty loam were negative (Fig. 9). In silty gllbam soil, the maximurtMUE
was obtained in condition of 4 chiRA, 2 timesIRAF, and 3 daydRl (WUE = 0.110);
in silty loam soil, 10 cnRA, 5 timesIRAF, and 1 day$RI could obtain the maximuMUE
(WUE = —-0.001); and in silty clay soil, the correspargfiRA, IRAF, andIRI were 2 cm,

2 times, and 3 days respectivelyYE = 0.112).

Optimal irrigation strategy

The most widespread crop in our study site is swdl, which is defined as moderate
salt tolerance sensitive crop [25]. Based on theearches for sunflower growth
characteristic in our study site [26], the threshehlue of soil salt content for sunflower’s
root zone (0-40 cm depth) was around 0.3% (168 mdg)c Therefore, first important
constraint condition for optimal irrigation strageis the root zone’s salt content should be
less than 168 mg-cfn Furthermore, irrigation also plays a role of #&sing soil water
content, so another constraint condition is thet mmne’s water storage before sowing
(10 days after irrigation in our study) should lveund field water capacity. Here we use
the “rule of thumb” that regard half of saturatedter content of each soil texture as field
water capacity respectively. Moreover, an appra@rigigation strategy should cause less
NO;™-N leaching out of root zone. Therefore, the thomhstraint condition wa¥VUE
should be as large as possible. In addition, weeHopdevelop a water saving irrigation
strategy, so the total irrigation water amount $thdoe less than local traditional flood
irrigation water amount (about 25-35 cm). In thaspect, we determined the optimal
irrigation strategy for silty clay loam, silty loarand silty clay soils respectively (Table 5).

Table 5
Optimal irrigation strategies of 3 different sakture
Items Silty clay loam Silty loam Silty clay
Irrigation amount per timd RA [cm]) 6 8 8
Irrigation application frequencyRAF) 3 3 3
Irrigation intervals (Rl [day]) 2 2 2
Water storage [cm] 13.506 10.080 15.704
Salt storage [mg- cHj 162.130 81.288 125.486
Nitrate nitrogen (N@-N) storage [mg- cid] 0.433 0.176 0.281
Water use efficiencyWWUE) 0.060 —0.008 0.048
Discussion

Water, salt, and nitrate nitrogen (NO;™-N) storage

Water storage has constrained both economic aridudigral development in many
arid and semi-arid regions. Instead of flood irtiga, which is regarded as wasting water
resources, many water-saving irrigation technoktiave been developed and promoted to
enhance water productivity and to reduce water [258. Our results indicated that
intermittent irrigation could also keep suitabletevaamount before sowing. The similar
results were also found by Tan et al [15], whoéatid that intermittent irrigation reduced
irrigation water without a significant impact orceiyields and increased the mean water
productivity by 16.9% compared with continuouslgdtl irrigation. Irrigation amount per
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time (RA), irrigation application frequencylRAF), and irrigation intervalsIRl) are

3 important factors of intermittent. However, besmwf the time and economic costing,
only a few treatments of the 3 factors could besm®ered in experiments, Borojeni and
Salehi [14] set 4 treatments to consider the effé& irrigation intervals (2, 4, and 6 days)
and 1 irrigation amount per time on rice yield.the experiment of Gun Won et al [11],
only 3 irrigation amount per time (2, 4, and 10 aweye considered. In our study, due to the
use of HYDRUS software, we could consider the comtion effect of 3RA, 4 IRAF and

4 IRl and even 3 soil texture at the same time. Furtberpour results demonstrated 6 cm,
8 cm, and 8 cnRA and 3 timedRAF for silty clay loam, silty loam, and silty clay $®i
could create suitable water, salt, and;N® storage of root zone before sowing (Table 5),
which could save about 4-48.6% water amount congp#wetraditional flood irrigation
(nearly 25-35 cm irrigation amount per time) [3].dddition, our study found water storage
of root zone was not always increased WRAF in the same level dRA, and the effect of
IRl on water storage changed with soil texture sucB daysIRIl obtained maximum water
storage in silty clay loam soil while the maximurater storage in silty loam and silty clay
soils were achieved in 2 dayRl. This phenomenon might because of the water hold
capacity varies from different soil texture andysitlay soil could achieve largest water
storage in our study.

Because our study focused on intermittent irrigatiefore sowing, the salt and nitrate
nitrogen storage of root zone should also be censil In previous researches, irrigation
times were regarded as important factors affectiregsolute leaching efficiency [6, 28].
However, issues about solute transport in inteemitt irrigation conditions were
controversial. Behera and Panda [29] also pointednereasing irrigation frequency could
enhance solute leaching. But Mermoud et al [30iciated intermittent irrigation with small
irrigation amount per time would retain water inpep soil layer and only large amount
irrigation once a time might increase solute leaghin evaporation condition. Our results
demonstrated that both salt and nitrate nitrogemage decreased wittRA and IRT
(Fig. 7), similar results were also found in sontkeo researches [14, 31]. In our study,
nitrate nitrogen storage was even smaller tharssalage in the same intermittent irrigation
condition. However, we cannot define that the nipailon of nitrate nitrogen is better than
salt because we did not consider the transformaifonitrogen. Although in intermittent
irrigation, the normal process of gaseous exchargween the soil and atmosphere is
interrupted, especially in larger irrigation amoyrdr time. The nitrate nitrogen may be
diffused into the underlying reduced layer whemmidty be denitrified into pO or N, which
readily escapes to the atmosphere [32]. Buresh let[38] also indicated the
nitrification-denitrification processes induced 8gying and wetting cycles in intermittent
irrigation would increase nitrogen losing. Thereforthe mechanism of nitrogen
transformation in intermittent irrigation process domplicate and deserves further deep
researches.

Irrigation strategies determination

In our study, HYDRUS simulation was used to exp#mel experiment data, and we
think this method is necessary and effective, dafiedn researches about agriculture.
However, the calibration and validation of HYDRUSvealed that in some situation,
HYDRUS could not achieve very accuracy resultsunsiudy €g the validation process of
NO;™-N concentration in silty loam and silty clay saiespectively, Table 2). The possible
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reasons might be as follows. For one thing, duthéocracks formed in drying phase of
intermittent irrigation, water could be lost by faential flow in the rewetting phase after
drying. Behera and Panda [29] indicated that tierinittent drying can lead to shrinkage
and cracking, thereby increasing the risk of s@itew loss. Although HYDRUS can assume
an advective exchange mechanism that depends et wathange dynamics which is
relevant for describing solute transport duringeiinittent irrigation affecting both the
solute concentrations and the water matric potisntiaconsider the preferential flow [34],
we did not consider it because it need more rea-tsoil profile monitoring results to
calibrate the parameters and we will do this warKuture. For another, the response of
water and solute transport to irrigation interraptiduring intermittent irrigation is
indicative of non-equilibrium transport caused bigygical and/or chemical processes,
however, for reactive compounds, the two proceaseslifficult to distinguish as they occur
simultaneously [35]. In addition, the soil textw£0-40 cm depth in 33 micro-plots were
divided into 3 groups according to soil particlalysis and USDA standard, but although in
the same soil textureeq silty loam), the percentage of each componegtsénd, silt, and
clay) was different, which would also affect theil doydrodynamic parameters but we
assumed the parameters for water and solute wamstasd in the same soil texture.
However, HYDRUS also achieved acceptable simulatésults in our study and statistical
analysis was used to establishP prediction models using the expanded data. We
maintained this method was practical and convergspecially in agriculture management.
Because local farmers can use these models toabigsistimateSLP and then combined it
with the initial soil salt content and the saltest of their crops to determine the total
irrigation water amount and even evaluate the emomefficiency briefly before irrigation.
Many agriculture management studies used the similathod to establish empirical
functions such as water production functions antkmwafertilizer production functions [36,
37]. Moreover, because our statistical analysis mesed on the combination of experiment
and HYDRUS simulation, the prediction models shoblave the properties of both
experience and mechanism. However, the use of hieshction models (Egs. (17)-(19))
was also restrictive, because the modelskd? were established based on specific regions
and climate conditions.

In addition, when searching the optimal irrigatgirategy, both water, salt, and N
distributions after irrigation should be consideretherefore, we definedVUE and
combined it with salt tolerance of a specific c{spnflower), field water capacity and total
irrigation water amount to determine the optimaigation strategy (Table 5). Coefficient
used to evaluate water effectiveness was usuafiyedeas the crop yield divided by total
water applied if there were crop growth [27] or thdo of the quantity of water draining
past the root zone to that infiltrated into thel'sa@urface in salt leaching condition [38].
Our study definedWJE coefficient to reflect the coupling effects of peigation amount
on soil water, salt, and NON storage (Eq. (16)), the normalization processoam
eliminate the effect of index dimension and quantif data. In addition, the weighting
factor forANTSS was larger thaWNTNS in our study, this was because salt leachingds th
most focused issue in our study site and nitrogetilifer would be applied again before
sowing and/or during the growth stages of cropaunstudy, th&MUE of each scenario in
silty loam was negative due to the water storagé-40 cm depth 10 days after irrigation
was even smaller than the initial water storageofieeirrigation). The reason of this
phenomenon was mainly for the amount of evaporadioth drainage below root zone in
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silty loam soil were larger than silty clay loamdasilty clay soils, which indicated more
irrigation water and less interval between irrigatand sowing were necessary in field with
silty loam soil. However, constraint conditions fd&termining optimal irrigation strategy
would be more complicate if we focus on the whalepcgrowth period for some other
factors such as root water uptake and water ant siedss should be taken into
consideration [39, 40]. Although in conditions @ftire sowing like our study, factors such
as field slope, farming practicesy(tillage, no tillage, and plastic mulched) will alaffect
the soil water, salt, and NON distributions after irrigation [41] and theseghi be 2D/3D
issues and will be studied in our future work.

Conclusions

Taking all togetherST had significant effects on water, salt, and ;N storage of
0-40 cm depth 10 days after irrigatio®,P and WUE. IRA also affected these variables
except soil water storage. FurthermdRAF had significant effects on salt, NEN storage
and SLP but could not affect water storage aWlE significantly while onlySLP varied
from IRl obviously in our study. HYDRUS-1D could achievecegtable results of soil
water and solute transport in intermittent irrigatiand prediction models fo8LP
established by combining experiment, HYDRUS, aratistical analysis were effective
tools for agriculture management. Based onWwE, crop water demand, salt tolerance,
and total irrigation water amount, the optinhBA were 6, 8, 8 cm in silty clay loam, silty
loam, and silty clay soils respectively before swyiand the optimdRAF andIRI for these
3 soils were all 3 times and 2 days respectively.
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WPLYW RO ZNYCH STRATEGII NAWADNIANIA NA TRANSPORT
WODY GLEBOWEJ, SOLI | AZOTU AZOTANOWEGO W GLEBIE

Abstrakt: Nawadnianie przerywane zwraca uwa@ko technologia oszednego uycia wody w regionach
suchych i pétpustynnych. Dla zrozumienia wpltywugraetrow nawadniania przerywanego, takich jak cii&)(
czestotliwosci stosowania nawadnianitRAF), odstpy czasu nawadnianidR]), a take struktury gleby $T) na
magazynowanie wody i substancji rozpuszczonyctgpmvadzono eksperyment przerywanego nawadniania na
33 mikropoletkach w Mongolii Wewgtrznej, w Chinach. Wyniki daviadczér uzyto do kalibracji i walidaciji
oprogramowania HYDRUS-1D. Nagginie 3ST (mulisty piasek gliniasty, muliste ity i gliny mdte), SRA (2, 4,

6, 8110 cm), 4RAF (2, 3, 415 razy) i 4RI (1, 2, 3 i 4 dni) palczono ogdtem w 240 scenariuszy symulowanych
przez HYDRUS-1D. Analiza wariancji (ANVOA) symulowgch wynikéw wykazataze ST, IRA i IRAF mialy
znaczcy wplyw na sél i azot azotanowy (NGN), sktadowane na gbokaici 0-40 cm gleby w nawadnianiu
przerywanym, podczas g@&I wptywat tylko na magazynowanie wody w glebie. Pdoagrocentowe tugowanie
soli (SLP) i efektywna¢ wykorzystania wody WUE) zostaly obliczone dla gbokasci 0-40 cm i statystyczne
modele predykcyjne dI&LP zostaly ustalone na podstawie analizy warianciiai pomog analizy regresji
wielokrotnej w kadej strukturze gleby. Aby okék¢ optymalmy strategs sporadycznego nawadniania,
zaproponowano ograniczenie warunkéw magazynowanayww glebie (okoto pojemroi polowej),
magazynowania soli (mniejszeznl68 mg - crif), WUE (jak najwicksza) w 0-40 cm gbokdici i catkowitej
ilosci wody do nawadniania (mniej-nR5 cm). Przed siewem optymalna strategia nawadnigieb mulistych
gliniastych zaktadata odpowiednio 6 ¢RA, 3 razylRAF i 2 dnilRI. Dla gliny pylastej i ilastych gleb gliniastych
zalazonoIRA, IRAF i IRl odpowiednio 8 cm, 3 razy i 2 dni.

Stowa kluczowe:nawadnianie przerywane, HYDRUS-1D, symulacja, enbavyptukiwania soli, efektywrséd
wykorzystania wody



