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CROP ECONOMICS, PRODUCTION,AND MANAGEMENT

Maize Yield Response to Nitrogen
Rate and Plant Density under Film Mulching

Ting Li, Jianliang Liu, Shaojie Wang, Yue Zhang, Ai Zhan,* and Shiqing Li*

ABSTRACT

Film mulching has significantly improved crop productivity in
semiarid areas. We hypothesized that plants grown under the
film-mulched system (FM) require higher N rates and higher
plant densities than the non-mulched system (NM) to optimize
grain yield and water use efficiency (WUE). A 2-yr field experi-
ment was conducted at the Changwu experimental station to
evaluate the effects of N supply and plant density on grain yield,
yield components, evapotranspiration, and WUE in spring
maize (Zea mays L.) with and without film mulching. Results
showed that FM improved topsoil water content. Mulch prac-
tice X N rate and mulch practice x plant density interactions
existed for yield and WUE in both years. Regression analysis
showed that yield and WUE increased with increasing N rate
and plant density for FM. The predicted maximum yield (14.3
and 15.1 Mg ha™! in 2013 and 2014, respectively) and WUE
(31.3 and 38.4 kg ha™! mm™! in 2013 and 2014, respectively)
for FM were obtained at 280 kg N ha™! and 80,000 plants ha™1.
Lower N amounts and lower plant densities were required for
NM to obtain the maximum yield and WUE. However, field
experiments showed that the N amount of 225 kg ha™! in FM
increased N use efficiency while yielding >94% of the maxi-
mum. In conclusion, film mulching together with optimum N
application rates and plant densities can improve maize produc-
tion and WUE in semiarid regions.

Core ldeas

¢ Film mulching significantly improved soil moisture.

¢ Film mulching required a higher N rate and plant density for maxi-
mum maize productivity.

¢ Optimum management can improve maize production and water
use in semiarid regions.

Published in Agron. J. 110:996-1007 (2018)
doi:10.2134/agronj2017.09.0547

Copyright © 2018 by the American Society of Agronomy
5585 Guilford Road, Madison, WI153711 USA
All rights reserved

ATER STRESS is the main factor limiting crop pro-

N k / duction in dryland areas of the world (Zand-Parsa

etal.,, 2006; Li et al., 2009). On the Loess Plateau in
northwest China, more than 80% of arable land is dominated by
rain-fed cropping systems (Huang et al., 2011). Low crop produc-
tion in this region is closely associated with limited and unevenly
distributed precipitation, low water availability, and high evapo-
ration (Zhou et al,, 2009). This issue has become increasingly
serious due to climate change, which significantly threatens agri-
cultural sustainability in rain-fed arid and semiarid areas (Pan et
al., 2011; Tao and Zhang 201 1). Therefore, increasing water use
efficiency (WUE) through highly effective utilization of precipi-
tation is a key priority to improve agricultural production and
maintain food security in the Loess Plateau region.

The film mulching technique has proven to be an effective
measure to improve grain yield and WUE in semiarid and arid
farming arcas (Jia et al., 2006; Ramakrishna et al., 2006; Zhao
etal., 2012). Recently, a novel technique using double ridges and
furrows mulched with plastic film was found to be more efficient
for improving grain yield and WUE in spring maize compared
with the conventional practices (Zhou et al., 2009; Ye and Liu,
2012; Liu et al,, 2014a). This new planting pattern contributed to
better soil water conditions and higher topsoil temperature, espe-
cially during seedling development; it increased seed fertility and
in turn resulted in the final yield increase (Zhou et al., 2009).
This technique has been widely applied in dryland farming sys-
tems, particularly in areas characterized by lack of irrigation and
low spring temperatures (Zhang et al., 2005; Liu et al., 2009).
However, irrational N application regimes (Liu et al., 2014b;
Lietal., 2015) and low plant densities (Liu et al., 2014a) are the
key factors limiting the further improvement of crop yield and
resource use efficiency in this mulching system.

N fertilizer plays a significant role in improving grain yield
and WUE (Herndndez et al,, 2015; Li et al., 2015). Previous
research focusing on contrasts in water availability (i.c., rainfed

T.Li,J. Liu, Y. Zhang, A. Zhan, S. Li, State Key Lab. of Soil Erosion
and Dryland Farming on the Loess Plateau, Northwest A&F Univ.,
Yangling 712100, China; T. Li, Y. Zhang, College of Resources

and Environment, Northwest A&F Univ., Yangling 712100,
China; J. Liu, CAS Key Lab. of Mountain Ecological Restoration
and Bioresource Utilization, Chengdu Institute of Biology,

Chinese Academy of Sciences, Chengdu 610041, China; S. Wang,
Jilin Agricultural Univ., Changchun 130000, China. Received

20 Sept. 2017. Accepted 13 Jan. 2018. *Corresponding author
(zhanail221@126.com; sqli@ms.iswc.ac.cn).

Abbreviations: EN, ear number per square meter; ET,
evapotranspiration; FM, ridge-furrow mulched with plastic film; KN,
kernel numbers per ear; KW, 1000-kernel weight; NM, ridge-furrow
with no mulching; WUE, water use efficiency.

996

Agronomy Journal ¢ Volume 110, Issue 3 + 2018



vs. irrigated) showed that the response of grain yield and WUE
to N supply is dependent to a great extent on the amount of
available water during the growing season (Gonzalez-Dugo et
al,, 2010; Herndndez et al,, 2015). Given that film mulching
improved water availability (Zhou et al., 2009), the response of
grain yield and WUE to N supply may be different under film-
mulched and non-mulched growing conditions. A recent study
found that grain yield and WUE increased closely with N rate
up to 90 kg ha~!in both film-mulched and non-mulched treat-
ments, the former being 52 and 48% higher, respectively, than the
latter; however, the yield of film-mulched maize (~7.5 Mg ha_l)
remained low (Li et al., 2015). High yields of 14.0 Mg ha™! have
been obtained when maize was grown with film mulching com-
bined with successful N application (Bu et al., 2013). Presently,
knowledge about the optimum levels of N for high-yielding
maize under film mulched conditions is scarce, highlighting the
need to investigate how grain yield and WUE in high-yielding
maize respond to N supply under film mulching in dryland areas.
Plant density is another factor that plays an important role
in grain yield (Cox, 1996; Tokatlidis and Koutroubas, 2004).
Similar to N rate, the optimum plant density is affected by
moisture conditions (Sangoi et al., 2002; Kiniry et al., 2002).
The optimum plant density for maize hybrids grown under
drought-prone conditions (e.g., 35,900 to 46,600 plants ha™! in
a dry year) was much lower than for maize grown under favor-
able moisture conditions (e.g., 57,900 to 78,600 plants ha~!
in a wet year) (Tokatlidis et al., 2011). Plant density of spring
maize is usually <50,000 plants ha~!in smallholder fields in
the northwest Loess Plateau (Chen et al., 2009). However,
simulations through the Hybrid-Maize model indicated that
the optimum plant density varied from 65,000 to 85,000
plants ha™! for film-mulched maize in this region (Bu, 2013),
although there is a lack of field experiments. Therefore, it is
urgent to verify the applicability of the optimum plant density
for high-yielding maize under film mulching in dryland fields.
We hypothesized that the novel film-mulched tillage required
higher N rates and higher plant densities for optimizing grain
yield and WUE compared with non-mulched tillage. To test
this hypothesis, a 2-yr field study was conducted to evaluate the
effects of N rates and plant densities on maize grain yield, yield
components, dynamics and balance of soil water, evapotranspi-
ration (ET), and WUE under film-mulched and non-mulched
conditions. Results from this study will be helpful for optimizing
agricultural management practices in terms of both maize pro-
duction and WUE in rain-fed arid and semiarid areas.

MATERIALS AND METHODS

Site Description

Field research during the 2013 and 2014 growing seasons was
conducted at the Changwu Research Station of Agriculture and
Ecology on the Loess Plateau of China (35.28° N, 107.88° E;
~1200 m clevation). The station is located in a region with a typi-
cal semiarid climate, with a mean annual temperature of 10.1°C
and precipitation of 556 mm (1993-2012). Approximately 73%
of the precipitation occurs during the maize growing season
(May—September). Rain-fed cropping systems in which maize
or wheat (Triticum aestivum L.) is grown as a continuous mono-
crop are predominant at the study site. The soil is classified as

Cumuli-Ustic Isohumosols (sand, 4%; silt, 59%; clay, 37%)
according to the Chinese Soil Taxonomy (Gong et al., 2007).
The chemical properties of the soil (0-20 cm) before planting
in 2013 were as follows: pH of 8.4, bulk density of 1.3 g cm3,
organic matter of 13.92 gkg™!, total N of 0.97 gkg™!, Olsen-P
0f 10.95 mg kg_l, mineral N of 12.93 mg kg_l, field capac-

ity of 22.4% by weight (gg~1), and a wilting point at 9% by
weight (gg7)).

Experimental Design and Treatments

The study was arranged as a randomized complete block
design with three replications. The plot size was 30 m? (5 m by
6 m) each. Before planting, all plots were laid out with ridge-
furrow; that is, there were alternating large (60 cm) and small
(40 cm) ridges with ridge heights of 10 and 15 cm, respectively.
Adjacent ridges were separated by furrows, in which the maize
seeds were planted. The three treatment factors were mulch
practice, N application rate, and plant density. A total of 24
treatments were examined.

Two mulch practices were established each year: (i) ridge-
furrow mulched with plastic film (FM), which has been widely
adopted in the semiarid areas of northwest China (Eldoma et
al., 2016); and (i) ridge-furrow with no mulching (NM, con-
trol). In FM, both ridges and furrows were mulched with pieces
of transparent plastic film of 120 to 130 cm wide before plant-
ing. The midline of the large ridge was the joint between the
two pieces of film where the soil was placed on top of the film.
The plastic film was used throughout the entire maize growing
season. It was removed at harvest and the field was re-mulched
before seeding in the second year.

Four different N application rates were used in 2013: 0, 170,
200, and 230 kg N ha™! (hereafter referred to as N0, N170,
N200, and N230, respectively). Due to the fact that the N
levels applied in 2013 did not fully meet the N demand for film-
mulching maize in the high-density treatment, we adjusted the
four different N rates (to be used in 2014) to 0, 170, 225, and 280
kg N ha™! (N0, N170, N225, and N280, respectively). In both
years, planting rates were 50,000, 65,000, and 80,000 plants
ha~1, denoted PD1, PD2, and PD3, respectively, for the low,
medium, and high plant density treatments. The three density
levels were selected based on the common practice of local farmers
(~50,000 plants ha™!) and the simulation results of the Hybrid-
Maize model (optimal range of 65,000 to 80,000 plants ha™;
Bu, 2013).

AlIN fertilizer was applied as urea (N 46%) three times:
40% was applied before planting as a basal N fertilizer, the
remainder was applied at the jointing stage (30%) and at
the silking stage (30%) as a topdressing using a hole-sowing
machine. After ridging the treatment plots, the base fertilizer
consisted of basal N fertilizer, 40 kg P ha™! (calcium super-
phosphate, P,O5 12%) and 80 kg K ha™! (potassium sulfate,
K, 0 45%), which was manually spread over the soil surface
and then plowed into the subsurface before planting each plot.
All other agronomic practices were standard and uniform
for all the treatments. There was no irrigation during the
maize-growing season, and natural rainfall was the only water
resource for maize growth. Monthly weather data was provided
by the Changwu meteorological monitoring station situated at
approximately 50 m from the experimental field.
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Table |. Total precipitation, mean air temperature and total reference evapotranspiration in the period from 1993 to 2012 (20-yr average)

and for the months of May to September in 2013 and 2014.

Total precipitation

Mean air temperature

Total reference evapotranspiration

Month 20-yr avg. 2013 2014 20-yr avg. 2013 2014 20-yr avg. 2013 2014
mm °C mm

May 46 66 29 16 17 15 161 146 152

June 62 42 56 21 21 20 196 157 140

July 103 237 22 23 22 23 151 110 177

August 9l 38 136 21 23 20 118 147 123

September 89 17 188 16 16 I5 84 75 66

Maize was cropped (2012 season) without fertilization in
the study site preceding our experiment. The high-yielding
maize hybrid ‘Pioneer 335 (of ~1510 growing degree-days)
was planted using a hand-powered hole-drilling machine
on 23 Apr. 2013 and 28 Apr. 2014. The plots were har-
vested at ripeness from 18 to 23 Sept. 2013 and from 20 to
26 Sept. 2014.

Sampling and Analysis

At harvest, 8 m? (4 rows each 2 m long) in the center of each
plot were manually harvested to determine grain yield (on a 15.5%
moisture basis, Mg ha™!) and yield components (ear number per
square meter, kernel number per ear, and 1000-kernel weight).

Soil samples were collected 1 to 2 d before planting and at
physiological maturity. Core samples were taken from each plot
at 20-cm depth intervals down to 200 cm. The samples were
oven-dried at 105°C to a constant weight to determine soil
gravimetric water content (gravimetric soil moisture, kg kg™1).

The reference evapotranspiration was estimated using the FAO
Penman-Monteith equation (Allen et al., 1998) to assess the
evaporative demand of the atmosphere. The ET was calculated
as follows (Liu et al., 2014a): ET = DW + P, where DW is the
change in soil water over the growing season (i.c., water storage at
planting minus water storage at harvest at 200-cm depth) and P
is the precipitation (mm) during the growing season. The WUE
was calculated as grain yield (kg ha™') divided by ET (mm).

Data Analysis

The fixed effects of the treatments on the measured param-
eters were evaluated by the General Linear Model (GLM)
procedure in SPSS 16.0 Statistics (SPSS Inc., Chicago, IL).
Means separation between N rates and between planting densi-
ties were compared by Least Significant Difference (LSD) at
the 0.05 probability level.

The response of a dependent variable to N rate and plant
density under film-mulched and non-mulched conditions
was fit to a second-order polynomial equation (Han et al.,
2013). Data was subjected to establishment of a regression
model using SPSS 16.0. Statistics and regression analysis was
performed for maize grain yield and WUE during the two
growing seasons. The calculation of optimization was done in

Matlab 7.1 (MathWorks Inc., Natick, MA).

Table 2. Analysis of variance significance levels for the main fac-
tors, mulch practice, N rate, and plant density, the two-way
interactions with each other, and the three-way interaction for
grain yield, ear numbers per square meter (EN), kernel number
per ear (KN), 1000-kernel weight (KW), crop evapotranspiration
(ET), and water use efficiency (WUE) in 2013 and 2014.

Sources of variation Grainyield EN KN Kw ET WUE
2013
Mulch practice (MP) ik I
Fertilizer rate (N) Holek ns Rk okl ke bk
Plant density (PD) * L - *
N x PD ns'[- ns ns ns ok *
N x MP sHoiek ns sk ckkk ok ok
PD x MP wohok * ns * ns ek
N x PD x MP ok ns ns # ek g
2014
MP bk sk ek ok Wk kwk
N Fork ns sk ekl skkk kel
PD ok wk ek * E T =
N x PD * ns * sk ok *
N x MP Stk ns etk Kk ns sk
PD x MP * ¥k ps ons ¥ *

N x PD x MP ns ns ok ok ok ns

* Significant at P < 0.05.

** Significant at P < 0.01.

**#* Significant at P < 0.001.

T ns, not significant at P < 0.05.

RESULTS

Weather Conditions
and Growing Periods of Spring Maize

Monthly meteorological data during the two experimental
seasons in 2013 and 2014 are presented in Table 1. Total precipi-
tation during the growing seasons was 411 and 375 mm in 2013
and 2014, respectively. Both 2013 and 2014 were wet years, but
the distribution of precipitation varied greatly. The majority of
the precipitation occurred in July and September and, notably, a
heavy rain occurred on 22 July (121 mm, nearly the silking stage)
in 2013. In 2014, the majority of the precipitation fell in August
and September (milk stage and physiological maturity).

The mean air temperature over the growing season was 20°C
in 2013, which was 1°C higher than the mean of 19°C in 2014.
The cumulative reference evapotranspiration over the whole
growing season was 595 mm in 2013 and 639 mm in 2014. The
maize-growing periods lasted 145 to 151 and 144 to 153 d in
the two years, respectively.

Grain Yield and Yield Components

In both 2013 and 2014, the fixed effects of mulch practice,
N rate, plant density, mulch practice x N rate, and mulch
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Table 3. Grain yield, ear number, kernel number per ear, and
1000-kernel weight for different treatments in 2013.

Table 4. Grain yield, ear number, kernel number per ear, and
1000-kernel weight for different treatments in 2014.

FM+ NM FM+ NM
Treatmentf PDI§ PD2 PD3 Mean PDI PD2 PD3 Mean Treatmentf PDI§ PD2 PD3 Mean PDI PD2 PD3 Mean
Grain yield Grain yield
Mg ha~! Mg ha~!
NO 83 90 93 89 51 52 42 48c NO 46 50 55 50c 44 32 34 37d
NI170 1.7 126 128 123b 88 84 79 83a NI170 1.6 123 132 124b 85 92 97 O9.la
N200 119 13.0 137 1292 83 78 77 79 N225 3.1 139 146 1392 87 88 87 87b
N230 119 13.1 140 130a 80 72 60 7.b N280 137 142 149 1432 74 82 80 79%
Mean 10.9c 11.9b 12.5a 75 7.1b 6.5¢c Mean 108c 11.3b I2a 72a 73a 74a
Ear number Ear number
No.m™2 No.m™2
NO 55 65 80 66a 49 63 74 62 NO 75 86 97 86a 58 75 94 76a
NI170 54 65 78 66a 51 65 76 64a NI170 75 84 99 86a 60 75 96 77a
N200 58 64 79 672 52 66 75 64a N225 77 85 99 87a 58 77 95 77a
N230 57 65 79 672 50 65 77 64a N280 76 86 97 87a 60 76 93 76a
Mean 56c 65b 7.9a 50c 6.5b 7.6a Mean 7.6c 85b 9.8a 59¢ 7.6b 9.4a
Kernel number Kernel number
No. ear™! No. ear™!
NO 473 433 434 447c¢ 349 332 314 332 NO 287 180 173 213b 200 197 161 186c
NI170 488 462 446 465b 418 405 386 403a NI170 529 503 441 49la 475 455 404 444a
N200 507 498 465 490a 413 392 361 389ab N225 499 501 480 493a 433 414 367 404b
N230 512 495 474 494a 399 388 352 380b N280 520 508 456 495a 441 381 342 388b
Mean 495a 472b 455c 395a 379a 353b Mean 459a 423b 387c 387a 362b 318c
Kernel weight Kernel weight
— 5 1000-kernel”! —— — ¢ 1000-kernel”! —— M8 —
NO 326 287 269 294c 202 206 183 197c NO 238 237 254 243c 226 193 201 206b
NI170 358 313 311 327b 254 251 234 246a NI170 310 290 285 295b 296 274 246 272a
N200 361 332 329 34la 240 237 215 23Ib N225 323 311 298 310a 273 262 247 26la
N230 349 329 325 335a 238 229 209 225b N280 337 312 309 319a 262 255 248 255a
Mean 3492 315b 309b 234a 23la 210b Mean 302a 287ab 286b 264a 246ab 236b

T FM is the ridge-furrow mulched with plastic film; NM is the ridge-
furrow without mulching.

3 NO, N170, N200, and N230 denote N rates of 0, 170, 200, and 230 kg
N ha™!, respectively.

§ PDI, PD2, and PD3 denote planting rates of 50,000, 65,000, and
80,000 plants ha™!, respectively.

9] Values within a column followed by the same letters do not differ
significantly at p < 0.05.

practice x plant density were significant for grain yield. The N
rate X plant density interaction was significant (P < 0.05) only
in 2014. The N rate x plant density x mulch practice interac-
tion was significant (P < 0.01) only in 2013 (Table 2).

The average grain yield in FM was 11.8 and 11.4 Mg ha™!
in 2013 and 2014, respectively, a significant increase of 67
and 55%, compared with NM (Tables 3 and 4). For the dif-
ferent plant densities, grain yield was significantly higher in
the N-fertilized treatments than in the NO treatments. The
yield increases were 40 to 51% and 140 to 197% in FM for
2013 and 2014, respectively, and 40 to 88% and 69 to 186%
in NM for 2013 and 2014, respectively. The response of grain
yield to N supply varied greatly under the two mulch practices.
For FM, averaged across plant densities, grain yield increased
with N rate increase in both years, but no significant differ-
ence was observed when the N rate was increased from 200 to
230 kg N ha™!in 2013 and from 225 to 280 kg N ha! in 2014.
For NM, application of >170 kg N ha™! consistently failed to
further improve grain yield in both years (Tables 3 and 4).

T FM is the ridge-furrow mulched with plastic film; NM is the ridge-
furrow without mulching.

3 NO, NI170, N225, and N280 denote N rates of 0, 170, 225, and 280 kg
N ha™!, respectively.

§ PDI, PD2, and PD3 denote planting rates of 50,000, 65,000, and
80,000 plants ha™!, respectively.

9 Values within a column followed by the same letters do not differ
significantly at p < 0.05.

The response of grain yield to plant density also varied signifi-
cantly under the two mulch practices. For FM, averaged across N
rates, grain yield increased with increasing plant density in both
years. The yield increases were 9 and 5% for PD2 versus PD1 in
2013 and 2014, respectively, and 15 and 11% for PD3 versus PD1
in 2013 and 2014, respectively. For NM, grain yield in PD2 and
PD3 were 5 and 13% lower than in PD1 in 2013, respectively,
but no significant (P > 0.05) differences were observed among
the three plant densities in 2014 (Tables 3 and 4).

Similar to the response of grain yield, FM significantly
increased the average kernel number per ear (KN) by 26% in
2013 and 19% in 2014 and 1000-kernel weight (KW) by 44%
in 2013 and 17% in 2014, as compared with NM (Tables 3 and
4). The N rate and mulch practice * N rate interaction had a
significant effect on KN and KW in both years (Table 2). Both
KN and KW were significantly higher in the N-fertilized treat-
ments than in the NO treatments under the two mulch practices
regardless of plant density. It is noteworthy that both KN and
KW increased as N rate increased in FM; however, in NM, the
application of >170 kg N ha™! resulted in a reduction in KN and
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Fig. 1. Soil water content in 2013 in the top 200 cm of the soil profile before planting (PT, a) and at harvest (R6, b-e) under two mulch
practices (FM, the ridge-furrow mulched with plastic film; NM, the ridge-furrow without mulching), four N rates (b, 0 kg N ha=!; ¢, 170
kg N ha=!; d, 200 kg N ha=!: e, 230 kg N ha"), and three plant densities (PDI, 50,000 plants ha~!; PD2, 65,000 plants ha~!; PD3, 80,000

plants ha™'). Bars are one standard deviation of the mean (n = 3).

KW. Plant density had a significant effect on the yield compo-
nents KN, KW, and EN (ear number m=2) in both years, while
the mulch practice x plant density interaction was significant

for EN in the two years and for KW (P < 0.05) only in 2013
(Table 2). Across all N rates, values for KN and KW decreased as
plant density increased under both mulch practices. In contrast,
increased plant density was accompanied by higher values of EN.

Dynamics and Balance of Soil Moisture

Soil water content in the top 200 c¢m profile measured before
planting and at harvest in the two years is shown in Figs. 1 and
2.1n 2013 at harvest, soil water content markedly increased at
0- to 40-cm soil depth for FM and at 180- to 200-cm soil depth
for NM, compared with the levels at planting (Fig. 1a—c). Soil
water content in FM was significantly higher at 0- to 60-cm
soil depth than it was in NM. The opposite situation was found
at 80- to 200-cm soil depth, regardless of N rate and plant
density (Fig. 1c—e). The response of soil water content to N sup-
ply varied greatly under the two mulch practices. For FM, the

average soil water content across all plant densities in NO was
significantly higher than in the N-fertilized treatments at 0- to
180-cm soil depth, and no significant differences were found
among N-fertilized treatments. In NM, the average soil water
content was significantly higher in NO than in the N-fertilized
treatments at 80- to 120-cm soil depth. Averaged across all
plant densities, soil water storage in the 0- to 200-cm profile at
harvest for film-mulched maize increased by 1 mm in NO but
decreased by 35 to 39 mm in the N-fertilized treatments, com-
pared with the levels before planting. The corresponding values
for non-mulched maize decreased by 11 to 26 mm in NO and
by 14 to 41 mm in the N-fertilized treatments (Table 5).

In 2014 at planting, soil water content in FM was significantly
higher than in NM at 0- to 140-cm soil depth, regardless of N rate
and plant density factors (Fig. 2a—d). At harvest, soil water content
at 160- to 200-cm soil depth was significantly higher in NM than
in FM, excepted for the NO treatment. In both FM and NM,
across all plant densities, soil water content in NO was significantly
higher than in the N-fertilized treatments at 100- to 200-cm soil
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Fig. 2. Soil water content in 2014 in the top 200 cm of the soil profile before planting (PT, a-d) and at harvest (R6, e-h) under two mulch
practices (FM, the ridge-furrow mulched with plastic film; NM, the ridge-furrow without mulching), four N rates (a and e, 0 kg N ha™!;

bandf, 170 kg N ha=!; c and g, 225 kg N ha=!; d and h, 280 kg N ha"), and three plant densities (PDI, 50,000 plants ha=!; PD2, 65,000
plants ha~!; PD3, 80,000 plants ha~'). Bars are one standard deviation of the mean (n = 3).

depth (Fig. 2e-h). Across all N rates, soil water content in PD2
was significantly higher than in PD1 and PD3 at 160- to 200-cm
soil depth, but only for NM. Overall, for FM, soil water storage in
0- to 200-cm profile at harvest, averaged across all plant densities,
increased by 52 mm in NO but decreased by 6 to 21 mm in the
N-fertilized treatments, as compared with the levels before plant-
ing. The corresponding values for NM increased by 84 mm in NO
and by 23 to 34 mm in the N-fertilized treatments (Table 6).

Evapotranspiration and Water Use Efficiency

The total ET over the whole maize growing season varied in
the range of 406 to 466 and 284 to 404 mm in 2013 and 2014,
respectively. The ET did not respond to mulch practice in 2013;
however, in 2014 ET in FM was significantly (P < 0.01) higher
than in NM for each N rate and plant density. The N rate, and
interactions with mulch practice and plant density, were signifi-
cant in both 2013 and 2014 for ET (Table 2). In both FM and
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Table 5. Soil water storage before planting (PT) and at harvest
(R6), evapotranspiration, and water-use efficiency for different
treatments in 2013.

Table 6. Soil water storage before planting (PT) and at harvest
(R6), evapotranspiration, and water use efficiency for different
treatments in 2014.

FM+ NM
Treatmentf PDI§ PD2 PD3 Mean PDI PD2 PD3 Mean

FM+ NM
Treatmentf PDI§ PD2 PD3 Mean PDI PD2 PD3 Mean

Soil water storage at PT

mm
NO 481 481 481 48laf 481 481 481 48la
N170 48] 481 481 48la 481 48] 481 48la
N200 48] 481 481 48la 481 48] 481 48la
N230 481 481 481 48la 481 48] 481 48la
Mean 48la 48la 48la 48la 48la 48la
Soil water storage at R6
mm
NO 472 487 487 482a 455 462 470 462a
N170 443 440 455 446b 443 447 456 44%
N200 436 449 453 446b 440 448 451 446b
N230 462 436 427 442b 450 457 467 458ab
Mean 453a 4532 456a 447b 453ab 46la
Evapotranspiration
mm
NO 421 406 406 411b 438 431 423 43la
NI170 450 453 437 4472 450 446 436 444a
N200 457 443 439 447a 453 445 442 447a
N230 431 457 466 45la 443 436 426 435
Mean 4402 4402 437a 446a 439a 432a
Water use efficiency
— kgha ' mm™!
NO 197 222 228 2l.6c 115 120 99 Il.Id
N170 259 278 292 276b 195 188 181 188a
N200 26.1 293 313 289a 183 176 174 17.7b
N230 277 287 301 288a 181 166 142 16.3c
Mean 24.8c 27.0b 284a 16.9a 16.2b 14.9c

Soil water storage at PT

mm
NO 529 540 536 535af 506 496 497 500a
N170 523 528 535 5282 496 491 496 4%4a
N225 533 534 531 533a 489 498 500 496a
N280 535 535 528 533a 492 502 500 498a
Mean 530a 534a 532a 496a 497a 498a

Soil water storage at R6

mm
NO 581 592 587 587a 580 587 585 584a
N170 523 524 520 522b 526 537 520 528b
N225 519 523 526 523b 518 530 527 525b
N280 506 516 513 5I2b 517 538 509 521b
Mean 532a 539a 537a 535b 548a 535b

Evapotranspiration

mm
NO 323 323 324 323c 302 284 287 291b
NI170 376 379 390 38lb 345 329 352 342a
N225 390 387 380 386b 346 343 348 346a
N280 404 395 390 397a 350 340 366 352a
Mean 373a 37la 37la 336a 324b 338a

Water use efficiency
—  kghatlmm! — 40848

NO 143 155 170 I56c 146 113 118 12.6d
N170 310 324 339 324b 246 279 275 267a
N225 336 359 384 360a 251 256 25.1 253b
N280 340 359 381 360a 212 241 217 223c

Mean 28.2c 299b 31.9a 2l4a 22.2a 2l.5a

T FMis the ridge-furrow mulched with plastic film; NM is the ridge-
furrow without mulching.

3 NO, N170, N200, and N230 denote N rates of 0, 170, 200, and 230 kg
N ha~!, respectively.

§ PDI, PD2, and PD3 denote planting rates of 50,000, 65,000, and
80,000 plants ha™!, respectively.

9 Values within a column followed by the same letters do not differ
significantly at p < 0.05.

NM, averaged across all plant densities ET in the N-fertilized
treatments was significantly higher than in NO, except for NM in
2013. Averaged across N rates ET in PD2 was lower than in the
PD1 and PD3 treatments under non-mulched conditions in 2014.

Response of WUE
was similar to grain yield

The fixed effects of mulch practice, N rate, plant density,
and two-way interactions with each other on WUE were sig-
nificant in both 2013 and 2014 (Table 2). The average WUE
in FM was 26.7 and 30.0 kgha™! mm~! in 2013 and 2014,
respectively, which was a significant increase of 67 and 38%,
respectively, compared with NM. Averaged across all plant
densities, the WUE in FM almost consistently increased with
N rate increase in each year. Specifically, the WUE values in
the N170, N200, and N230 treatments in 2013 were 28, 34,
and 34% higher than in NO, respectively, and the WUE values
in N170, N225, and N280 in 2014 were 108, 131, and 131%
higher than NO, respectively. For NM, the WUE first increased

T FMis the ridge-furrow mulched with plastic film; NM is the ridge-
furrow without mulching.

3 NO, N170, N225, and N280 denote N rates of 0, 170, 225, and 280 kg
N ha~!, respectively.

§ PDI, PD2, and PD3 denote planting rates of 50,000, 65,000, and
80,000 plants ha™!, respectively.

9l Values within a column followed by the same letters do not differ
significantly at p < 0.05.

and then decreased as N rate increased, and the highest

W UE for maize was in the N170 treatment (Tables 5 and 6).
Averaged across all N rates, the WUE in FM increased mark-
edly with the increase in plant density in each year; the WUE
in PD2 and PD3 were 9 and 15% higher in 2013 and 6 and 13%
higher in 2014, respectively, as compared with PD1. For NM,
the WUE decreased significantly as plant density increased in
2013. Specifically, the WUE in PD2 and PD3 were 4 and 12%
lower than PDI in 2013, respectively (Tables 5 and 6).

Regression Analysis
for Grain Yield and Water Use

To determine the optimum N fertilizer level and the ideal
plant density under film-mulched conditions, a regression
analysis was performed for maize grain yield and WUE during
the two growing scasons (Fig. 3 and 4; Table 7). The response
surfaces showed that the combined effect of N supply and plant
density on grain yield and WUE differed between FM and
NM (Fig. 3a-d and 4a-d).
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Fig. 3. Response surfaces showing the effect of N rate and plant density on grain yield (Mg ha™") (a, FM, the ridge-furrow mulched with
plastic film; b, NM, the ridge-furrow without mulching) and water use efficiency (WUE, kg ha~' mm~') (c, FM; d, NM) when maize was

grown under two mulching practices in 2013.

For FM, grain yield increased with increasing N rate and plant
density (Fig. 3a and 4a). In both years, grain yield was lowest
in the 0 N kgha™! and 50,000 plants ha™! treatment combina-
tions. The predicted maximum grain yield was 14.3 and 15.1 Mg
ha™!in 2013 and 2014 (280 N kg ha~! and 80,000 plants
ha_l), respectively. For NM, grain yield increased, reached a
maximum, and then decreased with increasing N rate and plant
density (Fig. 3b and 4b). The lowest grain yield was obtained
in the 0 N kgha™! and 80,000 plants ha™! treatment combi-
nations. The predicted maximum yield for NM was 9.0 Mg
ha™! (144 N kgha™! and 50,000 plants ha™!) and 9.3 Mg ha™!
(198 N kgha~! and 80,000 plants ha™!), which was 37 and 38%
lower than that for FM in 2013 and 2014, respectively (Table 8).
Variation in WUE followed a trend similar to that for
grain yield in both FM and NM (Fig. 3¢-d and 4¢-d). When
the predicted yield was highest, WUE in FM was 31.3 and
38.4kg ha ! mm™"in 2013 and 2014, respectively, which were
increases of 58 and 46% compared with NM (Table 8).

DISCUSSION

Field management practices affect soil moisture and thermal
status, which play an important role in crop yield and WUE in

dryland farming (Zhang etal., 2011). In the present study, grain
yield in the film-mulched (FM) treatments was significantly
higher than it was in the non-mulched (NM) treatments. The
better temperature-water conditions under film mulching,
especially at the early growth stage, may have promoted seedling
emergence and crop development (Anikwe et al,, 2007; Zhou
etal,, 2009), leading to reproductive success and final yield
increases (Gan et al.,, 2013). In 2013 at harvest, the average soil
water content in FM was significantly higher at 0- to 60-cm soil
depth compared with NM; the opposite situation was observed
at 80- to 200-cm soil depth. This can be explained by the favor-
able temperature-water conditions under the film mulching
that supported vigorous plant growth, allowing them to exploit
more soil water in deep layers than in NM (Zhou et al., 2009; Li
et al,, 2015). In 2014, the soil water content at 160- to 200-cm
soil depth was higher in NM than in FM. This may be associ-
ated with a few high-intensity rain events that occurred around
mid-September (approximately physiological maturity), which
led to more rainwater infiltration in the bare ridges (Lietal.,
2008). Together, higher temperatures and increased water con-
tent under film mulching significantly promoted plant growth
and development (Bu et al., 2013; Liu et al., 2014b), markedly
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Fig. 4. Response surfaces showing the effect of N rate and plant density on grain yield (Mg ha™') (a, FM, the ridge-furrow mulched with plastic film; b, NM, the
ridge-furrow without mulching) and water use efficiency (WUE, kg ha~! mm~') (c, FM; d, NM) when maize was grown under two mulching practices in

2014.

increased yield components (KN and KW), and thus led to the
final increases in grain yield.

Higher grain yields under film mulching are always associ-
ated with higher WUE (Zhou et al., 2009; Liu et al., 2014a).
In the present study, the ET was almost identical between
FM and NM in 2013. The reason may be that film mulch-
ing reduces water loss by evaporation, while it increases water
use by transpiration (Lascano et al., 1994; Li et al., 2015). In
2014, FM had a remarkably higher ET than NM due to higher
soil water storage prior to planting. However, the WUE in
FM was significantly higher than it was in NM in both years.
Under film mulching, increases in precipitation use efficiency
and reduction in soil evaporation would increase the amount
of water passing through the crop via transpiration (Gan et
al., 2013; Willis et al., 1963), leading to higher WUE. Our
results showed that, over the two growing seasons, the aver-
age grain yield ranged from 11.4 to 11.8 Mg ha™!, and WUE
ranged from 26.7 to 30.0 kg ha™! mm™! for FM maize. These
results are generally higher than the average grain yield of 8.5
t0 9.1 Mgha™! and WUE of 18.7 to 23.4 kgha™! mm™ for
irrigated maize (Kim et al., 2008), reinforcing the effective use
of FM tillage in dryland farming areas.

The N-fertilized treatments had significantly increased grain
yield compared with NO in both FM and NM, indicating that N
fertilizer application is effective to increase grain yield under film-
mulched and non-mulched conditions in the study region. An
adequate N supply in N deficient soils remarkably promoted plant
growth, increased leaf area and leaf area index, and thusled toa
significant increase in above-ground biomass (Li et al,, 2015). High
biomass production during the reproductive stage increased the
final KN and KW (Roth et al,, 2013). Consequently, the differ-
ences in grain yield can be attributed to different yield components
(KN and KW) with four N rates under two mulch practices.

In addition, N fertilizer application reduced soil water stor-
age in the 0- to 200-cm profile after maize harvest, especially
in FM. One explanation for this observation is that N fertiliza-
tion improved root growth and increased shoot biomass, thus
reducing evaporation but increasing transpiration (Herndndez
etal., 2015; Li et al,, 2015). These effects are in agreement
with the higher ET observed in the N-fertilized treatments
compared with NO in this work. However, averaged across all
plant densities, application of >170 kg N ha™! did not consis-
tently increase ET, indicating that increase in WUE under
N-fertilized treatments was attributable to differences in yield.
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Table 7. Regression equations for the response variables of grain yield and water use efficiency (WUE) with N rates and plant densities

under film-mulched and non-mulched conditions in 2013 and 2014.

Mulch practicet Response variable Regression equation} R%§

2013

M Grain yield y = 2.868 + 0.02x, + (1.60x10~#)x, — (4.61x1074x,2 - (1.00%107%)x,2 + (1.36x107)x,x,  0.994%%*
WUE y =7271 +0.047x, + (3.39%10%)x, — (7.87x1075)x,2— (1.78%10)x,2 + (5.56x10¥)x x,  0.976***

NM Grain yield y = 3.753 + 0.057x, + (6.15%107%)x, — (1.85%107*)x,2 - (6.67x107'0)x,2 — (7.65x 10 B)xx, ~ 0.973*"*
WUE y =7.087 +0.118x, + (1.74x10~)x, — (3.75%1074)x, 2 (1.67%10%)x,2 ~(1.52%107)xx, ~ 0.972%**

2014

M Grain yield y = 3.676 + 0.057x, + (5.75%107%)x, — (9.64x1075)x,2 + (222x 1071 Ox,2 + (5.15% 10 ¥)x x,  0.999%**
WUE y = 12019 +0.131x, + (2.08%107%)x, — (2.53%1074x,2 + (5.00x 10~ %)x,2 + (2.08x |07)x x,  0.997%%*

NM Grain yield y =5211 +0.046x, — (2.36%1075)x, — (1.52x1074)x,2 + (6.35x 10 2%)x,2 + (1.79%107)x x, ~ 0.978%"*
WUE y = 2.644 + 0.128x, + (3.85%10%)x, — (4.29%10~)x,2 — (3.44%107%)x,% + (403X 107)x x,  0.965%%*

**#* Significant at the 0.001 probability level.

T FM is the ridge-furrow mulched with plastic film; NM is the ridge-furrow without mulching.
tyis grain yield (Mg ha™') or water use efficiency (WUE, kg ha™' mm™); x| is N rate; x, is plant density.

§ R2 is the coefficient of determination.

Table 8. Optimization of N application rate and plant density
based on maximum grain yield (Mg ha~') and water use efficiency
(WUE, kg ha~' mm~') under film-mulched and non-mulched con-
ditions in 2013 and 2014.

Mulch Response Plant

practicet variable Maximum N rate density
kg N ha~! plants ha~!

2013

™M Grainyield Mgha™') 143 280 80,000
WUE (kgha™!' mm~") 313 280 80,000

NM Grainyield Mgha™') 9.0 144 50,000
WUE (kgha=' mm=)  19.8 147 50,000

2014

™M Grainyield Mgha™')  15.1 280 80,000
WUE (kgha~' mm~!) 384 280 80,000

NM Grainyield Mgha™') 9.3 198 80,000
WUE (kgha~' mm~) 270 18l 66,537

T FM is the ridge-furrow mulched with plastic film; NM is the ridge-
furrow without mulching.
Previous research demonstrated that synergistic relationships
exist between water and N, with N addition improving WUE
and water addition improving N use efficiency (Kim etal.,
2008). Our study confirmed that grain yield and WUE are
influenced by an interaction between mulch practice and N
supply. Higher amounts of N fertilizer were required to maxi-
mize productivity in FM compared with NM. These findings
mean that adjusting the optimum amount of N is important to
improve grain yield and WUE when FM tillage is applied.
The response of maize grain yield to plant density has been
described as fitting a typical quadratic equation with an opti-
mum value (Tokatlidis and Koutroubas, 2004). In our study,
improved soil water storage during the seedling growth stage
in FM could support higher plant density (80,000 plants
ha™!) to increase grain yield. In NM, low rainfall early in the
growing season did not permit adequate water demand to sup-
port the higher plant density, and thus plant populations of
>50,000 plants ha™! failed to further improve grain yield in
cach growing season. Cox (1996) and Tokatlidis et al. (2011)
reported that maize hybrids did not tolerate density stress under
water stress conditions. The lack of a soil water storage response
in the 0- to 200-cm profile before planting and at harvest to
plant density was in agreement with the lack of ET response
to plant density. Consequently, the response of WUE to plant

density was consistent with that of grain yield in both FM and
NM. In our study, grain yield and WUE responses in both years
demonstrated significant interaction effects between mulch
practice and plant density. The optimum plant density for
populations grown under FM conditions was much higher than
when grown under NM conditions. The variation in optimum
plant density with grain yield and WUE under contrasting con-
ditions of water availability (i.c., rain-fed vs. irrigated) has been
documented by Kiniry et al. (2002) and Tokatlidis et al. (2011).
Furthermore, the response surfaces showed that predicted
maximum yield and WUE varied greatly between the two
years of study for both FM and NM. This is mostly related to
different weather conditions during the growing seasons. An
added crop stress in the 2013 growing season was a heavy rain
with strong winds that occurred on 22 July (121 mm, approxi-
mately silking stage), causing the plants to lodge, and thus
decreasing grain yield. Yield increases in modern maize hybrids
have largely been associated with the interaction between ideal
plant density and N availability (Tollenaar and Lee, 2002).
Highly productive maize hybrids displayed limited tolerance to
the simultaneous stresses of intense crowding and low fertilizer
N availability (Boomsma et al., 2009). This is especially true
for NM in the 0 N kg ha™! and 80,000 plants ha™! treatment
combinations in the present study. Boomsma et al. (2009)
reported 5.2 to 7.0 Mg ha™! yield responses to optimal and
supraoptimal plant densities (79,000 and 10,400 plants ha™T)
and a side-dress N rate of 165 kg N ha™!. In the present study,
the potential maximum grain yield (14.3 and 15.1 Mgha™!in
2013 and 2014, respectively) in FM was obtained with a combi-
nation of 280 kg N ha~! and 80,000 plants ha™!. Nevertheless,
this management combination may slightly vary with soil
moisture. A study demonstrated that FM maize in similar soils
reached its maximum yield value with the equivalent level of
N (Liu et al., 2010). However, in our study, there was no sig-
nificant difference in grain yield between the 280 and 225 kg
N ha™! treatments. This means that application of 225 kg N
ha~! met the N demand of FM maize. Overuse of N fertilizer
could cause nitrate (NO;™-N) accumulation in the soil profile
(Liu et al., 2014a) and decreased N use efficiency (Liu et al.,
2013). We recommend the use of mulching tillage with ridge-
furrow together with 225 kg N ha=! and 80,000 plants ha™!
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to improve maize grain yield and WUE in semiarid regions

(>94% of the potential maximum grain yield and WUE).

CONCLUSIONS

Compared with the NM system, the FM system for maize
cultivation improved soil water content. Mulch practice ' N
rate and mulch practice * plant density interactions existed
for yield and WUE. Notably, FM required a higher N rate
(280 kg N ha™!) and higher plant density (80,000 plants ha™!)
for maximum grain yield and WUE than the NM treatments.
Although the theoretical maximum yield was observed for
N280, the high N rate resulted in a low N use efficiency. In
comparison, a lower N rate (225 kg N ha™1) yielded 94% of the

maximum and greatly improved N use efficiency in maize.

ACKNOWLEDGMENTS

This research was financially supported by the National Key
Research and Development Plan (2017YFD0201807), the National
Natural Science Foundation of China (41601308, 41601310), the
Natural Science Foundation of State Key Laboratory of Soil Erosion
and Dryland Farming on the Loess Plateau (A314021402-1713,
A314021402-1606), the Technical Research and Development
Project (2015-HM01-00302-SF), and the Scientific Research
Allowance (2452017232).

REFERENCES

Allen, R.G., L.S. Pereira, D. Raes, and M. Smith. 1998. Crop evapotrans-
piration- Guidelines for computing crop water requirements. FAO
Irrigation Drainage Paper No. 56. FAO, Rome, Italy.

Anikwe, M.A.N., C.N. Mbah, P.I. Ezeaku, and V.N. Onyia. 2007. Tillage
and plastic mulch effects on soil properties and growth and yield of
cocoyam (Colocasia esculenta) on an ultisol in southeastern Nigeria.
Soil Tillage Res. 93:264-272. doi:10.1016/j.5til1.2006.04.007

Boomsma, C.R., ].B. Santini, M.V. Tollenaar, and J. Tony. 2009. Maize
morphophysi- ological responses to intense crowding and low nitro-
gen availability: An analysis and review. Agron. J. 101:1426-1452.
doi:10.2134/agron;j2009.0082

Bu, L.D. 2013. The cultivation system establishment and assessment con-
tribution to yield and efficiency improvement of dryland maize, and
regional simulation. (In Chinese.) Ph.D. diss. Northwest A&F Uni-
versity, China.

Bu, L.D,, J.L. Liu, L. Zhu, S.S. Luo, X.P. Chen, S.Q. Li, R. Lee Hill, and
Y. Zhao. 2013. The effects of mulching on maize growth, yield and
water use in a semi-arid region. Agric. Water Manage. 123:71-78.
doi:10.1016/j.agwat.2013.03.015

Chen, G.P., R.H. Wang, and J.R. Zhao. 2009. Analysis on yield structural
model and key factors of maize high-yield plots. (In Chinese with
English abstract.) J. Maize Sci. 17:89-93.

Cox, WJ. 1996. Whole—plant physiological and yield responses of maize
to plant density. Agron. J. 88:489-496. doi:10.2134/agronj1996.00
021962008800030022x

Eldoma, M., M. Li, F. Zhang, and EM. Li. 2016. Alternate or equal
ridge—furrow pattern: Which is better for maize production in the
rain-fed semi-arid Loess Plateau of China? Field Crops Res. 191:131-
138. doi:10.1016/j.£cr.2016.02.024

Gan, Y., KH.M. Siddique, N.C. Turner, X.G. Li, J.Y. Niu, C. Yang,
L.P. Liu, and Q. Chai. 2013. Ridge—furrow mulching systems—An
innovative technique for boosting crop productivity in semiarid
rain-fed environments. Adv. Agron. 118:429-476. doi:10.1016/
B978-0-12-405942-9.00007-4

Gong, Z.T., G.L. Zhang, and Z.C. Chen. 2007. Pedogenesis and soil tax-
onomy. (In Chinese.) Beijing Sci. Press Publ., Beijing.

Gonzalez-Dugo, V., J.L. Durand, and F. Gastal. 2010. Water deficit
and nitrogen nutrition of crops. A review. Agron. Sustain. Dev.

30:529-544.

Han, K., C. Zhou, N. Li, J.P. Schmidt, CJ. Dell, and L.Q. Wang. 2013.
Separating nitrogen fertilizer and irrigation water application in an
alternating furrow irrigation system for maize production. Nutr.
Cycling Agroecosyst. 96:107-122. doi:10.1007/s10705-013-9580-y

Herndndez, M., L. Echarte, A.D. Maggiora, M. Cambareri, P. Barbieri,
and D. Cerrudo. 2015. Maize water use efficiency and evapotranspi-
ration response to N supply under contrasting soil water availability.
Field Crops Res. 178:8-15. doi:10.1016/j.£c.2015.03.017

Huang, G., W. Chen, and F. Li. 2011. Rainfed farming systems in the
Loess Plateau of China. In: P. Tow, I. Cooper, L. Partridge, and C.
Birch, editors, Rainfed farming systems. Springer, the Netherlands.
p. 643-669. doi:10.1007/978-1-4020-9132-2_23

Jia, Y., EM. Li, X.L. Wang, and S.M. Yang. 2006. Soil water and alfalfa
yields as affected by alternating ridges and furrows in rainfall har-
vest in a semiarid environment. Field Crops Res. 97:167-175.
doi:10.1016/]'.{:(:1‘.2005.09.009

Kim, K.I, D.E. Clay, C.G. Catlson, S.A. Clay, and T. Trooien. 2008. Do
synergistic relationships between nitrogen and water influence the
ability of corn to use nitrogen derived from fertilizer and soil? Agron.
J.100:551-556. doi:10.2134/agronj2007.0064

Kiniry, J.R., Y. Xie, and TJ. Gerik. 2002. Similarity of maize seed num-
ber responses for a diverse set of sites. Agronomie 22:265-272.
doi:10.1051/agro:2002010

Lascano, RJ., R.L. Baumhardt, S.K. Hicks, and J.L. Heilman. 1994. Soil
and plant water evaporation from strip—tilled cotton—measurement
and simulation. Agron. J. 86:987-994. doi:10.2134/agronj1994.00
021962008600060011x

Li, $.X., Z.H. Wang, S.S. Malhi, S.Q. Li, YJ. Gao, and X.H. Tian. 2009.
Nutrient and water management effects on crop production, and
nutrient and water use efficiency in dryland areas of China. Adv.
Agron. 102:223-265. doi:10.1016/50065-2113(09)01007-4

Li, $.X., Z.H. Wang, $.Q. Li,and Y.J. Gao. 2015. Effect of nitrogen fertil-
ization under plastic mulched and non-plastic mulched conditions
on water use by maize plants in dryland areas of China. Agric. Water
Manage. 162:15-32. doi:10.1016/j.agwat.2015.08.004

Li, X.Y,, W.W. Zhao, Y.X. Song, W. Wang, and X.Y. Zhang. 2008. Rain-
fall harvesting on slopes using contour furrows with plastic—covered
transverse ridges for growing Caragana korshinskii, in the semiarid
region of China. Agric. Water Manage. 95:539-544. doi:10.1016/j.
agwat.2007.12.005

Liu, C.A., S.L.Jin, LM. Zhou, Y. Jia, EM. Li, Y.C. Xiong, and X.G. Li.
2009. Effects of plastic film mulch and tillage on maize productiv-
ity and soil parameters. Eur. J. Agron. 31:241-249. doi:10.1016/j.
€j2.2009.08.004

Liu, C.A.,L.M. Zhou, ] J. Jia, L.J. Wang, J.T. Si, X. Li, C.C. Pan, K H.M.
Siddique, and EM. Li. 2014a. Maize yield and water balance is
affected by nitrogen application in a film-mulching ridge—furrow
system in a semiarid region of China. Eur. J. Agron. 52:103-111.
doi:10.1016/j.¢ja.2013.10.001

Liu,J.L., L.D. Bu, L. Zhy, S.S. Luo, X.P. Chen, S.Q. Li, R.L. Hill, and Y.
Zhao. 2013. Nitrogen fertilization effects on nitrogen balance and
use efficiency for film—mulched maize in a semiarid region. Acta
Agric. Scand. 63:612-622.

Liu, J.L., L.D. By, L. Zhu, S.S. Luo, X.P. Chen, and S.Q. Li. 2014b.
Optimizing plant density and plastic film mulch to increase maize
productivity and water—use efficiency in semiarid areas. Agron. J.
106:1138-1146. doi:10.2134/agronj13.0582

Liu,Y.,S.J. Yang, S.Q. Li, X.P. Chen,and F. Chen. 2010. Growth and devel-
opment of maize (Zea mays L.) in response to different field water

management practices: Resource capture and use efficiency. Agric.
For. Meteorol. 150:606-613. doi:10.1016/j.agrformet.2010.02.003

1006 Agronomy Journal

Volume 110, Issue 3 ¢ 2018



Pan, G.X., M. Gao, G.H. Hu, Q.P. Wei, and X.G. Yang. 2011. Impacts of
climate change on agricultural production of China. J. Agro—. Envi-

ron. Sci. 4:37-75.
Ramakrishna, A., H.M. Tam, S.P. Wani, and T.D. Long. 2006. Effect

of mulch on soil temperature, moisture, weed infestation and yield
of groundnut in northern Vietnam. Field Crops Res. 95:115-125.
doi:10.1016/.£cr.2005.01.030

Roth, J.A., L.A. Ciampitti, and T.J. Vyn. 2013. Physiological evaluations
of recent drought—tolerant maize hybrids at varying stress levels.

Agron. J. 105:1129-1141. doi:10.2134/agronj2013.0066

Sangoi, L., M.A. Gracietti, C. Rampazzo, and P. Bianchetti. 2002.
Response of Brazilian maize hybrids from different eras to changes
in plant population. Field Crops Res. 79:39-51. doi:10.1016/
$0378-4290(02)00124-7

Tao, F., and Z. Zhang. 2011. Impacts of climate change as a function of
global mean temperature: Maize productivityand wateruse in China.
Clim. Change 105:409-432. doi:10.1007/s10584-010-9883-9

Tokatlidis, I.S., and S.D. Koutroubas. 2004. A review of maize hybrids’
dependence on high plant populations and its implications for
crop yield stability. Field Crops Res. 88:103-114. doi:10.1016/j.
£cr.2003.11.013

Tokatlidis, I.S., V. Has, V. Melidis, I. Hasb, I. Mylonasa, G. Evgenidisc, A.
Copandean, E. Ninouc, and V.A. Fasoulad. 2011. Maize hybrids less
dependent on high plant densities improve resource—use efficiency
in rainfed and irrigated conditions. Field Crops Res. 120:345-351.
doi:10.1016/j.£cr.2010.11.006

Tollenaar, M., and E.A. Lee. 2002. Yield potential, yield stability and
stress tolerance in maize. Field Crops Res. 75:161-169. doi:10.1016/
$0378-4290(02)00024-2

Willis, W.O., H.J. Haas, and J.S. Robins. 1963. Moisture conservation
by surface or subsurface barriers and soil configuration under semi-
arid conditions. Soil Sci. Soc. Am. Proc. 27:577-580. doi:10.2136/
$552j1963.03615995002700050031x

Ye,].S., and C.A. Liu. 2012. Suitability of mulch and ridge—furrow tech-
niques for maize across the precipitation gradient on the Chinese
Loess Plateau. J. Agric. Sci. 4:182-190.

Zand-Parsa, Sh., A.R. Sepaskhah,and A. Ronaghi.2006. Developmentand
evaluation of integrated water and nitrogen model for maize. Agric.
Water Manage. 81:227-256. doi:10.1016/j.agwat.2005.03.010

Zhang, D.Q., Y.C. Liao, and Z K. Jia. 2005. Rescarch advances and pros-
pects of film mulching in arid and semi-arid areas. (In Chinese with
English abstract.). Agric. Res. Arid Areas. 23:208-213.

Zhang, S.L., PR. Li, X.Y. Yang, Z.H. Wang, and X.P. Chen. 2011.
Effects of tillage and plastic mulch on soil water, growth and yield
of spring—sown maize. Soil Tillage Res. 112:92-97. doi:10.1016/j.
still.2010.11.006

Zhao, H., Y.C. Xiong, FM. Li, RY. Wang, S.C. Qiang, T.F. Yao, and F.
Mo. 2012. Plastic film mulch for half growing—season maximized
WUE and yield of potato via moisture—temperature improvement
in a semi-arid agroecosystem. Agric. Water Manage. 104:68-78.
doi:10.1016/j.agwat.2011.11.016

Zhou, L.M.,, EM. Li, S.L. Jin, and Y.J. Song. 2009. How two ridges and
the furrow mulched with plastic film affect soil water, soil tempera-

ture and yield of maize on the semiarid Loess Plateau of China. Field
Crops Res. 113:41-47. doi:10.1016/j.£cr.2009.04.005

Agronomy Journal <+ Volume 110, Issue 3 =+ 2018

1007



