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Water Stress in Maize Production
in the Drylands of the Loess Plateau

Wei Zhu, Huijie Li, Hongchao Qu, Yilin Wang,
Tom Misselbrook, Xiao Li, and Rui Jiang*

Water stress during two maize (Zea mays L.) growing seasons (2013 and 2014) was
investigated in a semiarid region of northwest China. The HYDRUS-1D model gave
good simulation of the soil water content in different layers throughout a 0- to
200-cm depth during the maize growing season, with R? values of 70.6 and 77.0%
for the calibration and validation periods, respectively. Water stress for maize pro-
duction was observed in June of 2013 and in July of 2014. The soil water storage
(SWS) decreased significantly during the early stage of the maize growing season,
especially in 2014. The root depth and crop height were 20 cm deeper and 100 cm
higher, respectively, in 2014 than in 2013 at the early stage. These results suggest
that in the early stage of the maize growing season, pre-seeding SWS can alleviate
crop water stress effectively via deep roots. Model simulation showed that the plow
pan layer (at a depth of 20-40 cm), with high soil bulk density and a lower soil water
retention curve, significantly reduced infiltration. High evapotranspiration and low
precipitation result in a temporary dry layer during the early stage, highlighting the
plow pan as the sensitive layer for water stress during the drought period. Effective
management practices such as deep plowing, plastic film mulching, or water con-
servation treatments in the fallow period are needed to avoid the formation of this
temporary dry layer during the drought period at the early stage and thus improve
maize production in rainfed agriculture on the Loess Plateau of China.

Abbreviations: ET, evapotranspiration; LAl leaf area index; RT, root uptake; SWS, soil water storage.

Soil water is alimiting factor for crop production, particularly in the rainfed agriculture
on the Loess Plateau of China (Zhang et al., 2016; Hu et al., 2009), where rainfall is the
only resource to supplement the soil moisture. Soil water, especially in the upper soil layer,
plays a key role in controlling water and energy fluxes in the soil profile (Vereecken et al.,
2007). It affects the partitioning of precipitation into runoff and infiltration and controls
the redistribution of rainwater and the availability of water to crops. Thus, soil water is
related to processes such as soil evaporation, plant transpiration, runoff, and percolation.
These processes are controlled by factors including climate, vegetation, topography, and
soil properties. A good understanding of soil water processes during the crop growing
season and their influencing factors is therefore important to manage the water resources
effectively and improve crop yields in rainfed agricultural regions.

The Loess Plateau of China is an area with high soil evaporation losses and large inter-
annual rainfall variations. Limited precipitation and high evaporation often result in low
crop yields. Porporato et al. (2004) indicated that plant productivity and water stress are
strongly influenced by the unpredictability of soil moisture dynamics as affected by climatic
variability and variation in the frequency and amount of rainfall. Water stress typically
occurs from April to June for maize in the Loess Plateau, where the maize growing season
spans from the end of April to September, and 50 to 60% of the annual precipitation occurs
between July and September. Drought in April to June often results in poor maize estab-
lishment (Liu et al., 2009). Jiang et al. (2016) found that the lower maize yield related to
water stress is due to the plow pan (30-60 cm), which would temporarily become a dry layer
during the drought period and significantly affect maize production. It could be hypothe-
sized that the dry layer (plow pan layer) limits transport of the deeper soil water to the upper
layers, causing water stress in the establishment and early season growth period and thereby
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limiting maize yield. The Loess soil is very deep, and generally the
soil water stored in deeper soil layers can supply plant water require-
ments in periods of no rainfall. This supplementation of water for
plant use from the deep soil layers has been proven by observations
in many studies of a gradual depletion of soil water at the 2- to 3-m
soil depth after years of intensive farming in croplands (Li et al.,
2010; Wang et al., 2004). To prove our hypothesis regarding the
disruptive role of a plow pan layer, studies of the water processes in
a soil profile including a plow pan layer are required to develop an
understanding of how it influences the soil water balance.

Precipitation, runoff, evapotranspiration (ET), and soil water
storage (SWS) are the key components for the soil water balance
equation, and accurate monitoring or estimation of each compo-
nent is important for the calculation. Li et al. (1985) reported thata
soil depth of no less than 2 m should be used for ET estimation for
annual field crops (i.e., winter wheat [T#iticum aestivum L.], maize,
sorghum [Sorghum bicolor (L.) Moench] and cotton [Gossypium
hirsutum L.]) in the Loess Plateau area. However, many studies
have considered only the topsoil layer (usually the upper 20 cm)
(Kachanoski et al., 1988; Goovaerts and Chiang, 1993; Famiglietti
etal., 1998; Gémez-Plaza et al., 2000; Cosh et al., 2008; Schneider
etal.,, 2008; Hu et al., 2009) or have focused on the 0- to 1-m soil
profile (Kachanoski and de Jong, 1988; Comegna and Basile, 1994;
Hupet and Vanclooster, 2002; Martinez-Ferndndez and Ceballos,
2003; Starks et al., 2006; Hu et al., 2011) because soil water profile
measurement is labor intensive, expensive, and time consuming, A
few studies have investigated ET from the soil profile deeper than
1 m (Kamgar et al., 1993; Tallon, 2004; Hu et al., 2010), but they
considered the soil profile as a homogeneous soil layer. In fact, in
the Loess soil throughout this depth, the bulk density and soil
porosity may vary, influencing soil water movement, evaporation,
and thus the water balance. There is a need therefore, to consider
the water balance to a depth of at least 2 m and to assess the soil
water processes in different soil layers for rainfed agriculture in
the Loess soil region.

Modeling is a good way to simulate the soil water balance,
and different models for soil moisture dynamics have been used
to capture the essential features of the water cycle and the result-
ing vegetation response, including APSIM (Asseng et al., 1998;
Probert et al., 1998; Stewart et al., 2006), EPIC (Rosenberg et al.,
1992; Bryant et al., 1992; Li et al., 2004), HYDRUS (Moran et al,,
2004; Simanck et al., 2008; Tan et al,, 2014), LEACHM (Ramos
and Carbonell, 1991; Smith et al., 1995; Roy et al., 2000), SWAP
(Kroesetal.,2000),and DSSAT (Jones et al., 2003; Sau et al., 2004).
HYDRUS-1D has been widely used to analyze water movement in
unsaturated, partially saturated, or fully saturated homogeneous lay-
ered media (Simtinek et al., 2008), including several applications on
the Loess Plateau of China. Fan et al. (2016) simulated infiltration
characteristics of soil with interlayers by using HYDRUS-1D. Cao
and Gong (2003) successfully simulated soil water transport under
winter wheat using HYDRUS. Wu and Huang (2011) showed, using
HYDRUS-1D, that the root water uptake rate under various condi-

tions remained constant until the soil water content decreased below

a critical value and then declined variably according to conditions
with further soil moisture depletion. HYDRUS-1D includes a dis-
tinction of soil hydraulic properties for different soil layers (Carsel
and Parrish, 1988) based on profile information and therefore has
the potential to simulate the soil water balance accurately on the
Loess Plateau by considering the different soil layers.

With the overall aim to quantify the soil water balance for
improving maize production in the semiarid regions of the Loess
Plateau, the specific objectives of this study were to: (i) simulate
the soil water content associated with different soil layers using
HYDRUS-1D; (ii) calculate a water balance for maize production
in this region; and (iii) investigate the role of the plow plan layer in
water stress during maize production.

Materials and Methods

Study Site

The study was conducted in 2013 to 2014 at the Changwu
Agricultural and Ecological Experimental Station (35°12' N,
107°40" E, 940-1220 m asl) on the Loess Plateau of northwestern
China. It has a warm, temperate, semi-humid, continental monsoon
climate. The annual mean air temperature is 9.2°C, and the average
annual rainfall is 582 mm, with 73% of the annual rainfall occur-
ring during the maize growing season based on 53 yr of climate data
(Wu etal, 2012). The rainfall during 2013 and 2014 was 519 and
521 mm, with 495 and 334 mm during the maize growing season,
respectively (Fig. 1). The main cropping system in this area consists
of one crop of maize or wheat per year. According to the Chinese
Soil Taxonomy, the soils at this site are Cumuli-Ustic Isohumosols
(Gong et al., 2007). The soil properties in the top 20 cm are as fol-
lows: bulk density, 1.30 gcm™3; pH 8.4; organic matter, 16.40 gkg™;
total N, 1.05 g kg™1; available P (Olsen-P), 20.70 mg kg™!; avail-
able K (NH4OAc—cxtractablc K), 133.10 mg kg_l; and mineral N,
28.80 mgkgﬁl.

Field Experiment and Monitoring

Traditional (flat) cultivation was conducted during the
maize growing season in this study. The cultivation consisted
in alternating wide (60 cm) and narrow (40 cm) row spacings.
The plant spacing within rows was 30 cm, giving a plant density
of 67,000 plants ha™1, similar to that of local farms. The recom-
mended N fertilizer rate of 180 kg N ha~! was applied, using urea
(46% N); 70% of the N fertilizer was distributed manually over
the soil surface prior to sowing and then plowed into the subsur-
face as a basal dressing. The remaining 30% of the fertilizer was
applied during the silking stage using a hole-sowing machine
following precipitation. A total of 60 kg P ha™! as calcium super-
phosphate (12% P,05) and 75 kg K ha™! as porassium sulfate
(45% K,0) were applied simultaneously with the basal N fertil-
izer. A high-yielding maize hybrid (Pioneer 335) was selected for
this study. The maize was planted at the end of April and har-
vested at the end of September. There was no irrigation during

the maize growing season.
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Fig. 1. Rainfall distribution during the maize growing season in 2013 and 2014.

Field data were collected for two maize growing seasons
(30 Apr.—30 Sept. 2013 and 30 Apr.—21 Sept. 2014). In 2013, the
soil moisture (volumetric water content) and temperature were
measured at 1-h intervals using an ECH, O system (Decagon
Devices). Each ECH, O system consisted of five ECH,O-TE
sensors, which were installed at soil depths of 10, 30, 60, 100,
and 160 cm, representing measurement depths of 0 to 20, 20 to
40, 40 to 80, 80 to 120, and 120 to 200 cm. In addition, the soil
moisture content of two replicates was determined gravimetri-
cally at the same measured depths at 15-d intervals using a soil
auger. In 2014, due to accidental damage to the ECH, 0O system,
soil water content was measured using a neutron moisture meter
(CNC503DR) every 15 or 30 d at the same measurement depths
as in 2013. The soil water content at depths of 10 and 30 cm
was also determined gravimetrically using a soil auger. Thus, the
ECH,O-TE sensor and neutron moisture meter (CNC503DR)
were calibrated against gravimetrically measured soil water con-
tents in this study.

At the beginning of the experiment, undisturbed soil sam-
ples (diameter 5 cm, height 5 cm) from the five representative
layers were collected for laboratory measurement of soil bulk
density, texture, saturated hydraulic conductivity (K, S), and satu-
rated water content (0 ). The bulk density was calculated from
the volume-mass relationship for each core sample. Soil texture
was determined using the pipette sampling method (Gee and Or,
2002). Values of K| of the undisturbed soil cores were determined
using the falling-head method (Klute and Dirksen, 1986). The soil
cores were first saturated from the bottom and then submerged
in water for 24 h. After weighing, the saturated soil samples were
dried at 105°C to constant mass, and their mass-based saturated
soil water content was determined. Values of 0  were determined
by multiplying the saturated mass-based soil water content by the
bulk density. Root depth was measured by digging a soil profile at
different maize growing stages, and crop height and leaf area index

(LAT) were measured at the same time.

Description of the HYDRUS-1D Model
Soil Water Flow

One-dimensional uniform (equilibrium) water movementina
partially saturated rigid porous medium is described by a modified
form of the Richards equation using the assumptions that the air
phase plays an insignificant role in the liquid flow process and that
water flow due to thermal gradients can be neglected:

K[?—l—cosa]

X

00 0

== .y 1
ot Ox 1]

where 4 is the water pressure head (cm), 0 is the volumetric water
content (cm> cm™3), 7is the length of the period (d), x is the spatial
coordinate (cm, positive upward), S is a sink term (cm3 ecm™3 d 1),
o is the angle between the flow direction and the vertical axis (i.c.,
a = 0° for vertical flow, 90 ° for horizontal flow, and 0° < o < 90°
for inclined flow), and K'is the unsaturated hydraulic conductivity
function (cm d7!) given by

K(hx)=K,(x)K,(hx) (2]

where K is the relative hydraulic conductivity (dimensionless) and
K_ is the saturated hydraulic conductivity (cm d 7).

Evapotranspiration
Potential evapotranspiration is calculated in HYDRUS-1D
using the FAO recommended Penman—Monteith combination

equation for evapotranspiration:

_ 1| AR, -G) pep (0 —ea)/m 3
To=3 A—i—w(l—O—rc/ra)—'_A-i-’Y(l“'Vc/’u) 2

where ET, is reference evapotranspiration, including evaporation
and transpiration (mm d~1), which is regarded as potential
evapotranspiration (ETP) in HYDRUS according to Allen (2011);
\is the latent heat of vaporization (M]J kg™); R , is net radiation (M]J
m~2d™); Gis the soil heat flux (MJ m=2d™!) [G = cd(T, - T,)/At,
where 7', is the temperature at the end of the period considered (°C),
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T, is the temperature at the beginning of the period considered (°C),
¢, is the soil heat capacity (1.007 MJ m™3 °C™! for the gray calcareous

soil on the Chinese Loess Plateau), and 4, s the estimated effective

soil depth]; p is atmospheric density (kg mfa); % is the specific

heat of moist soil (i.c., 1.013 k] kg™! °C™1); ¢ is the saturated

vapor pressure at temperature 7' (kPa); e is the actual water vapor

pressure (kPa); 7_ is the crop canopy resistance, i.c., the “bulk”
surface resistance describing the resistance of vapor flow through the

transpiring crop and evaporating soil surface (s m™!) (Kelliher et al.,
1993); 7o is aerodynamic resistance, the impedance when the water

vapor from the evaporation mixes with the air above the canopy
(s m™1) (Shuttleworth, 1989); A is the slope of the vapor pressure

curve (kPa °C™1) [A =4098e /(T + 237.3)%, where T'is the average

air temperature ( °C)J;  is the psychometric constant (kPa °C™1)

(y=0.00163P/X, where P is the atmospheric pressure [kPa], and X
is the latent heat [M]J kg™1]).

Potential evaporation and transpiration fluxes can also be cal-
culated from potential evapotranspiration using Beer’s law that
partitions the solar radiation component of the energy budget via
interception by the canopy (Ritchie 1972) as

T, =ET, [1—exp(—kLAI)|=ET,SCF (4]

E,=ET, exp(—kLAI)=ET, (1-SCF) (5]

where T_and E_ are potential transpiration and evaporation fluxes
(mm d7"), respectively; LAT is the leaf area index; SCF is the soil
cover fraction, given as 1 — exp(—4LAI), and # is a constant gov-
erning the radiation extinction by the canopy as a function of the
sun angle, the distribution of plants, and the arrangement of leaves

(default value: 0.463).

Root Water Uptake
The sink term, S, is defined as the volume of water removed
from a unit volume of soil per unit time due to root water uptake

and can be calculated according to (Simtinek and Hopmans, 2009)

S(h,x, t):u(h,x,t)SP (x,2) (6]
where
Sy (x2)=b(x,0)T, (¢) (7]

and au(h,x,¢) is a prescribed dimensionless water stress coefficient
of root water uptake (0 < o < 1), which can calculated based on
the soil water pressure head (Feddes et al., 1978); T is the potential
transpiration rate (cm d™1); &(x,?) is the normalized root distri-
bution [the integration of &(x,2) over the root zone is 1], which
regulates the Tp allocation along the soil profile:

1.667 x>L—0.2L,
Ll‘
2.0833[1—(L—x)/L
b(x, t)= { L( <)L ] xe(L-L:L-02L) (8]
0 x<L—L,

where L _is the maximum root depth at # (cm), and L is the x coor-
dinate from the soil surface.
The actual transpiration rate, T (cm d_l), is obtained by inte-

grating S over thC root zone Lr:

T,= [ S(hxr)de=T, [ a(hxe)b(x.r)de (9]

Boundary Conditions

The upper boundary condition was set as the atmospheric
boundary condition with surface runoff, which allowed surface
runoff when precipitation exceeded infiltration capacity. Soil
evaporation at the surface was controlled by the pressure head at
the soil surface:

Eaz—K[%—ﬁ—cosu] (hgba) [10]
Ox

E,=E, (h>h,) [11]

where 4, can be calculated from the air humidity, /,, as

b =L n(m,) [12]
Mg

where M is the molecular weight of water (M mol™!) (= 0.018015

kg mol™1), g is gravitational acceleration [L T-2], (= 9.81 m s72),

and R is the gas constant (J mol™ K1) (= 8.314 ] mol™! K™1).
The lower boundary condition was set as free drainage. The

rate g(n) at which the bottom node 7 decreases is determined by

the program as

o(n)=—K(h) [13]

where 4 is the local value of the pressure head at the bottom of the
profile, and K(b) is the hydraulic conductivity corresponding to
this pressure head.

Model Setting

The initial hydraulic parameters required in the model were
measured or estimated from soil texture, bulk density, and hydrau-
lic conductivity (Table 1) using the RETC software (Schaap et
al.,, 2001). A higher K, value was observed in the 80- to 120-cm
layer, which was the tillage layer before the new loess soil layer was
deposited, and there were some macropores in this layer.

Model Calibration and Validation

The HYDRUS-1D model was calibrated using site-specific
boundary conditions, initial parameters, and measured water con-
tents. The inverse solutions were used to optimize soil hydraulic
parameters (0, 0, o, 7) simultancously using the observed data,
initial conditions, initial estimates, and boundary conditions of
2013. The calibrated parameters are given in Table 1. Validation
was performed using the observed data of 2014 without changing
the calibrated parameters. The agreement between the predicted
and observed data was evaluated by the root mean square error



(RMSE), coefficient of determination (R2), and Nash—Sutcliffe
modeling efficiency (NSE) (Nash and Sutcliffe, 1970).

Calculation of Water Balance

Precipitation (P) was considered as the only source of input
water in this study. The input is balanced out either through
runoff (R) or through the net change in soil water storage (ASWS).
According to water balance models for the Loess Plateau (Zhao et
al., 2004), changes in soil water storage (ASWS) are controlled by
precipitation, evaporation from the soil surface (£ S), and transpira-
tion from the crop (7). Runoff was not considered in this study
(the study plots were surrounded by a S-mm ridge). The soil water
balance in the root zone (2 m) is given as

ASWS=P—E, T, [14]

Results

Simulation of Soil Water Contents
in Different Soil Layers

Simulated and measured soil water contents for the different soil
layers during the calibration and validation periods are presented in
Fig. 2. There was good agreement between simulated and measured
soil water contents, as indicated by the small RMSE (0.025 for 2013
and 0.002 for 2014), high R? values (70.6% for 2013 and 77.0% for
2014) and NSE (0.64 for 2013 and 0.80 for 2014). HYDRUS-1D
simulated the topsoil layers better than the deeper soil layers, soil
water content was underestimated in the 80- to 200-cm soil layer
during both the calibration and validation periods (Fig. 2i, 2¢, and 2;).
There was also a time lag in the model simulation in the deepest soil
layer for the soil water peak during a period of high rainfall (Fig, 2¢).

Temporal Analysis of Soil Water Storage
for Different Soil Layers

Climatic factors, soil water uptake by roots, and the anteced-
ent soil moisture before sowing (initial SWS) were the main factors

Table 1. Soil physical properties and calibrated parameters in this study

Parametert 0-20 cm 20-40 cm
Texture silty clay loam silty clay loam
Clay, % 30.50 28.94

Silt, % 64.83 61.70

Sand, % 4.67 9.06

Bulk density, g cm™3 1.266 1.625
K,cmd™! 40 20

8, cm? cm3 0.0903 0.0826

0, cm3 cm™3 0.5192 0.4332

o, em™! 8.8532 x 1073 7.5392 x 1073
n 1.9105 1.4043

1 0.5 0.5

influencing the change in SWS in different layers during 2013
and 2014. The SWS in 2013 was higher than that in 2014 for
deeper soil layers (40-200 cm) during the late stage of the maize
growing season because of the higher rainfall. The soil water con-
sumption was much higher during the early stage of the maize
growing season in 2014 than in 2013 due to the higher initial SWS
(higher by about 167 mm) in 2014 (Table 2).

Water supply and water consumption during the maize grow-
ing season in 2013 and 2014 are given in Table 2. The water supply
in 2013 was mainly from the 0- to 80-cm soil layers, and the layers
deeper than 80 cm maintained a balance across the whole growing
season. In 2014, however, water consumption during the maize
growing season occurred from the 20- to 200-cm soil layers, while
the deeper soil layers (80-200 cm) showed larger water loss than in
2013. The difference in SWS for the deeper soil layers (120-200
cm) between 2013 and 2014 was significant during the period from
June to harvest, which was probably because of the deep infiltra-
tion during the large rainfall event and less deeper soil evaporation
during the dry period in 2013.

Evapotranspiration, Root Water Uptake,
and Crop Growth

The variation in ET was mainly controlled by the variation
in E_ at the beginning of the maize growing season and by T,
when the canopy cover increased (Table 3). In 2013, ET was 583
mm, with £ and 7' accounting for 21 and 79%, respectively—
lower than that in 2014 (631 mm) due to the larger £ in 2014
(Table 3). The maximum ET was about 7.5 and 8.8 mm d-1
and the maximum TP was 6.8 and 7.5 mm d~! during 2013 and
2014, respectively.

Monthly infiltration was approximately equal to precipitation
(Table 3). Rainfall during the maize growing season was much
greater in 2013 than in 2014, with the largest amount occurring in
July and September during 2013 and in August during 2014. The
7;3 during July and August accounted for 54 and 58% of that for
the whole growing season in 2013 and 2014, respectively.

40-80 cm 80-120 cm 120-200 cm
silty clay loam silty clay loam silt loam
30.41 34.25 21.44

63.02 63.25 57.56

6.57 251 2.10

1.504 1.244 1.445

61 261 70

0.0834 0.0898 0.0904
0.4455 0.4923 0.488
6.0475 x 1073 2.7063 x 1072 8.2668 x 1073
1.813 1.599 1.7506

0.5 0.5 0.5

1 The particle size limits were 0.05 to 1 mm for sand, 0.05 to 0.002 mm for silt, and <0.002 mm for clay; K, saturated hydraulic conductivity; 0, residual water con-
tent; 0, saturated water content; a, reciprocal value of air-entry pressure; 7, the smoothness of pore size distribution; /, pore connectivity parameter.
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Table 2. Changes in monthly soil water storage (ASWS) for different soil layers during the maize growing seasons.

ASWS

Period 0-20 cm 20-40 cm 40-80 cm
2013

1 May (sowing)-31 May  3.59 7.12 —2.31
1-30 June —4.46 -11.24 -3.18
1-31 July 8.05 29.62 38.97
1-31 Aug. -493 —27.58 —37.35
1-30 Sept. (harvest) 5.92 21.50 28.47
Total 8.17 19.42 24.60
30 Apr. (sowing)-31 May —4.09 -10.42 -10.71
1-30 June 0.03 -10.06 =127
1-31 July -1.84 —-10.54 -19.92
1-31 Aug. 8.17 2.68 6.06
1-21 Sept. (harvest) 2.75 15.26 9.81
Total 5.02 —-13.08 -25.98

80-120 cm 120-200 cm 0-200 cm
—4.16 —-10.62 —6.38
1.32 —0.42 -17.98
42.00 0.60 119.24
-33.32 18.36 —84.82
—5.64 =792 42.33
0.20 0.00 52.39
-15.16 —9.48 —49.86
—9.68 —4.56 —35.49
—-19.48 -10.50 —62.28
=R —7.44 6.95
-3.88 -3.90 20.04
-50.72 —35.88 —120.64

Root uptake (RT) during 2013 and 2014 was 335 and 306
mm, respectively, with the maximum daily RT occurring at the
jointing stage (5 and 19 August, respectively). The physical proper-
ties of the maize showed that the maximum crop height in 2014
was higher than that in 2013, with crop height being greater in
2014 throughout the growing season. The maximum LAT values
were 4.7 and 3.3 in 2013 and 2014, respectively, and the crop
roots grew to depth faster in 2014, being approximately 20 cm
longer than in 2013 during the early stage of the maize growing
scason (Fig. 3). Temporal variability in crop height, LAL, and root
depth were significantly different (p < 0.001, paired-sample #test)
between the 2 yr. The RT was greatest in August for both years
(Table 3) and was greater during the early growing season (May-
July) in 2014 than in 2013, despite the low precipitation in July
2014. However, RT/Tp in July was greater in 2013 (0.64 and 0.48
for 2013 and 2014, respectively) because of the low precipitation
and high TP in 2014 (Table 3). The RT was positively correlated
with SWS in 2013 but negatively correlated in 2014. There was
a negative correlation between soil evaporation and SWS in 2013

but a positive correlation in 2014 (Supplemental Table S1).

Soil Water Balance during
the Maize Growing Season

The soil water balance during the maize growing season is
shown in Fig. 4. We separated the maize growing season into
drought (carly growing season) and wet (later growing season) peri-
ods according to the precipitation. The high initial SWS provided
enough soil water for maize growth during the drought period,
with greater soil water consumption for each layer in 2014 than in
2013 (Fig. 4a and 4c). The root uptake during the drought period
was also lower in 2013 than in 2014 (Fig. 4a and 4c). During the
wet period, the whole soil profile gained water in 2013 due to the

high rainfall, while only the top 0- to 60-cm soil layer gained water
in 2014 (Fig. 4b and 4d).

Water Stress for Maize Growth

We calculated the root zone water stress coefficient, a, for
the soil profile during the carly stage of the maize growing season
(May-July). For each month, we chose 1 or 2 d as an example
(Fig. 5). During May, the crop root was short and the water stress
occurred in the surface soil layer in 2013. The water stress coeffi-
cient was low at 0 to 20 cm and then at 0 to 40 cm at the beginning
and end of June 2013, respectively, indicating that serious water

Table 3. Monthly precipitation (P), infiltration (In), soil evaporation
(E), crop transpiration (TP)’ and root uptake (RT) during the maize

growing seasons.

Period P In I8 7;, RT
mm
2013
1 May (sowing)-31 May ~ 60.80  57.89  46.24 4673  31.88
1-30 June 42.40 4191 39.06 97.71 S1.13
1-31 July 237.00 236.83 14.49 100.69  64.03
1-31 Aug. 38.40 38.87 15.28 150.80  145.78
1-30 Sept. (harvest) 116.80 119.12  11.01 72.54 42.42
Total 495.40 494.62 126.09 468.47 335.24
2014
30 Apr. (sowing)-31 May 29.20  27.17 54.28  52.87  37.46
1-30 June 56.00 54.95 42.65 93.58 61.19
1-31 July 21.80 21.71 33.57 155.32  74.47
1-31 Aug. 142.60 141.61  20.31 12153  94.97
1-21 Sept. (harvest) 84.08  84.08  8.23 4996 3756
Total 333.68 32952 159.04 473.26  305.65
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stress occurred. Although the water stress coefficient was low at 10
to 30 cm in June 2014, there was no water stress because root water
uptake occurred from the 30- to 60-cm and surface layers. In addi-
tion, the root growth was faster in 2014 than in 2013, suggesting
there was no significant water stress in June 2014. This difference
may be related to the lower initial SWS before sowing (323 mm) in
2013 and higher initial SWS (490 mm) in 2014. Low rainfall (21.8
mm) caused water stress at 0 to 60 mm during July 2014, while
heavy rainfall in July 2013 replenished the 0- to 100-cm soil layer,
which alleviated the maize water stress.

The soil water retention curve for the 20- to 40-cm soil layer
was lower than for other layers (Supplemental Fig. S1). This layer
had the largest bulk density value (Table 1), implying that this layer
was the plow pan and was sensitive to drought. We surveyed the
study plot and found that the plow pan was 5 to 30 cm thick. To
investigate how the plow pan layer affects soil water infiltration
during rainfall, we selected the first rainfall event (>30 mm) after
the drought period in both years to simulate soil water redistri-
bution in the soil profile (Fig. 6). The soil water contents in the
plow pan layer were very low (close to the permanent wilting point,
Supplemental Fig. S1) before rainfall, suggesting serious water
stress. A rapid increase in soil water contents was observed in the
layer above the plow pan during rainfall. However, infiltration to
the plow pan layer was very slow. Even the higher rainfall in 2013
(39 mm) could not get through this plow pan layer, indicating that
the plow pan layer effectively blocked the soil water movement
vertically and reduced the infiltration rate.

Discussion
Evaluation of HYDRUS-1D Model Simulation

In this study, there was a good agreement between simulated
and measured soil water contents in the different soil layers, con-
firming that the HYDRUS-1D model is an appropriate tool for
simulating soil water changes on the Loess Plateau. There are

several case studies where HYDRUS-1D has previously been used
on the Loess Plateau. Wu and Huang (2011) used HYDRUS-1D
to simulate water uptake by maize roots across three types of
Loess soil. Fan et al. (2008) reported good comparison between
estimated evapotranspiration using HYDRUS-1D and other ET
estimation methods. Zhai et al. (2014) showed that HYDRUS-1D
was capable of simulating soil water content dynamics and applied
it to assess soil water and heat processes between different mulch-
ing methods for winter wheat on the Loess Platecau. However,
they showed better simulation of soil moisture in deep soil than
in the surface soil layer and attributed this to the inability of
HYDRUS-1D to represent the effect of alternate freezing and
thawing and also to the neutron probe giving more precise mea-
surement of soil moisture in deeper soil layers than for topsoil. In
our study, the match between simulated and measured data was
poorer for the deeper soil layers (80-200 cm; Fig. 2i, 2¢, and 2j),
which might be partially attributed to local flow caused by mac-
ropores and cracks (Li et al., 2015), the sensitivity of the ECH,O
system, and poor simulation of the time lag for the deeper soil
water peak during high rainfall due to the plow pan. The soil water
dynamics in the deeper layers is affected by water transport in the
upper layers, so, from this standpoint, deep soil water simulation

is more difficult than that in the surface layers.

Factors Influencing Soil Water Storage
during the Maize Growing Season

Although the soil structure and its ability to retain water
were more variable in the surface soil layer (Korsunskaya et al.,
1995), low SWS in the 0- to 20-cm layer in the Loess Plateau is
mainly caused by climatic factors (Gao and Shao, 2012). Our
result showed that precipitation and infiltration mainly had a
positive effect on SWS in the upper soil layer, while evapotrans-
piration showed negative effects (Supplemental Table S1), similar
to the observations of Tromp-van Meerveld and McDonnell
(2006) and Seneviratne et al. (2010). In the upper soil layers,
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Fig. 4. Soil water balance for the different soil layers during the drought and wet periods of the maize growing season.
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fall may have much more influence on SWS than
root uptake (Yangetal., 2012a). The SWS tended
to be more stable in deeper soil layers (120-200
cm) due to less influence of evapotranspiration,
precipitation, infiltration, and root uptake (Lin
2006; Guber et al., 2008; Hu et al., 2010; Gao
and Shao, 2012; Jia et al., 2013). However, greater
root uptake and less deeper infiltration may cause
increased deep soil water consumption (Hupet
and Vanclooster, 2002; Zhou et al., 2007; Zhao et
al., 2010). Comparing SWS in the deep soil layers
(120-200 c¢m) between 2013 and 2014 (Table 2)
showed that SWS tended to be more stable for

deeper soil layers when high rainfall occurred

during the maize growing season.
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What Is the Sensitive Soil Layer for
Water Stress during Maize Production?

0.0051.0 During the dry period of 2013, the soil water

T content in the 20- to 40-cm layer was close to the

permanent wilting point (Fig. 2a; Supplemental
Fig. S1), and the water stress coefficient was very
low (Fig. 5), indicating the formation of a tem-
porary dry layer. The temporary dry layer could
be caused by low infiltration from rainwater but
large evaporation and root uptake (Yang et al.,
2012a). In our study, most of the maize roots were
distributed within the 0- to 60-cm depth during
the drought period in 2013. Similar to our study,
Wang et al. (2008) also found that a dry soil layer
was formed in the 30- to 35-cm layer after many
years of tillage, and Yang et al. (2012b) observed a
dry soil layer at a depth of 20 to 25 cm. We found
that the temporary dry layer was likely to reduce

J——523 |

o

630 |

I 723 water consumption (Fig. 4a) and soil evaporation
(Supplemental Table S1, no correlation between £
and soil water content during the drought period)

from the layers below the plow pan layer. The plow

60% of total precipitation can be consumed by evapotranspira-
tion in semiarid areas (Oki and Kanae, 2006). Wangetal. (2011)
found that evapotranspiration could consume 90% of the total
precipitation on the Loess Plateau of China. However, in our
study, evapotranspiration accounted for 140% of precipitation
during the maize growing scason (Fig. 4), indicating that soil
water was also a supply for water consumption. The SWS in the
80- to 120-cm soil layer is affected by plant root systems (Cong
et al., 1990; February and Higgins, 2010), and we found that
root uptake had a negative effect on SWS in 2014 (Supplemental
Table S1). However, a positive correlation between SWS and root

pan effectively blocks the rainwater infiltration
capacity and results in a sharp decrease in the
infiltration rate of precipitation into the deeper soil layers (Fig.
6) (Chen et al., 2008). In addition, the formation of the tempo-
rary dry layer may block deeper soil water movement to upper
layers and limit maize growth, resulting in lower production
(]iang etal., 2016; Martinez et al., 2013). Therefore, avoidance
of the formation of a temporary dry soil layer during the maize
growing season, through management of the sensitive plow pan
layer, should be a major concern. Management practices that
may influence the soil water conditions in the plow pan layer
include deep plowing or plastic film mulching during the maize

growing season.
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on production has been shown in other studies (Jiang
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Fig. 6. Simulated water distribution in the soil profile for the first rainfall event (>30 mm)
after the drought period: (a) rain event that occurred on 7 to 9 July 2013; (b) rain event
that occurred on 3 to 4 Aug. 2014.

etal.,, 2018; Zhangetal., 2014). In 2014, we observed
deeper rooting and increased crop height, especially
in the early stage of the maize growing season, probably because the
high initial SWS could meet the water requirement of the crop and
the roots rapidly grew to the deeper soil layer. Although water stress
in the plow pan layer occurred in June and July (Fig. 5), the RT in
2014 was higher than that in 2013 (Table 3) and maize production
was much higher in 2014 (Jiang et al., 2018), indicating that the ini-
tial SWS before sowing could alleviate subsequent crop water stress
effectively via deep roots. This was also proved by the consumption

of soil water, of which 148 and 121 mm occurred during May to

July and the whole growing season in 2014, respectively (Table 2).
Our results suggest that drought during pre-seeding and the early
stage of the maize growing season is likely to cause water stress in the
plow pan layer, affecting root growth and limiting root water uptake
from deeper soil layers and thus reducing the maize yield. However,
high initial SWS can avoid water stress during the early stage of the
maize growing season because of the development of deeper roots.
Therefore, conservation treatments to improve pre-seeding SWS

during the fallow period are required to increase maize production
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in this area due to the common incidence of drought during the early
stage of the maize growing season.

Conclusion

In this study, soil water contents in the different layers of
the 0- to 200-cm soil profile were simulated using HYDRUS-1D.
HYDRUS-1D was shown to be an effective tool for evaluating
water processes related to SWS root uptake, soil evaporation, and
crop transpiration response to rainfall during the maize growing
season on the Loess Plateau of China. Precipitation, soil evapora-
tion, and crop transpiration led to variation in SWS in the upper
soil layers. Root uptake had an important effect on the consump-
tion of stored soil water, especially in the 80- to 120-cm layer. Deep
water consumption occurred during the drought period due to
limited precipitation and low soil water storage. High SWS before
sowing (initial SWS) reduced the risk of water stress during the
drought period. Large soil evaporation and root uptake but low
precipitation result in a temporary dry layer at a soil depth of 20
to 40 cm (the plow pan), especially during the early stage of the
maize growing season. The plow pan layer was highlighted as the
sensitive layer for water stress during the maize growing season.
This temporary dry layer may cause a deficit in water availability
for the crop by blocking the vertical movement of deeper soil water,
limiting maize root uptake of soil water from the deeper soil layers
and resulting in low maize production. Therefore, to alleviate the
impacts of water stress on maize production in the rainfed agri-
cultural region of the Loess Plateau, effective management such
as deep plowing, plastic film mulching during the maize growing
season, or water conservation treatments during the fallow season
should be used to avoid the formation of a temporary dry soil layer

during the drought period.
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