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Abstract

The Northeast Plain is the largest maize production area in China, and drip irrigation has recently been proposed to cope
with the effects of frequent droughts and to improve water use efficiency (WUE). In order to develop an efficient and
environmentally friendly irrigation system, drip irrigation experiments were conducted in 2016—2018 incorporating different soil
water conservation measures as follows: (1) drip irrigation under plastic film mulch (PI), (2) drip irrigation under biodegradable
film mulch (BI), (3) drip irrigation incorporating straw returning (Sl), and (4) drip irrigation with the tape buried at a shallow
soil depth (Ol); with furrow irrigation (FI) used as the control. The results showed that Pl and Bl gave the highest maize
yield, as well as the highest WUE and nitrogen use efficiency (NUE) because of the higher root length density (RLD) and
better heat conditions during the vegetative stage. But compared with Bl, Pl consumed more soil water in the 20-60 and
60-100 cm soil layers, and accelerated the progress of root and leaf senescence due to a larger root system in the top 0-20 cm
soil layer and a higher soil temperature during the reproductive stage. Sl was effective in improving soil water and nitrate
contents, and promoted RLD in deeper soil layers, thereby maintaining higher physiological activity during the reproductive
stage. Fl resulted in higher nitrate levels in the deep 60—100 cm soil layer, which increased the risk of nitrogen losses by
leaching compared with the drip irrigation treatments. RLD in the 0—20 cm soil layer was highly positively correlated with
yield, WUE and NUE (P<0.001), but it was negatively correlated with root nitrogen use efficiency (NRE) (P<0.05), and the
correlation was weaker in deeper soil layers. We concluded that Bl had advantages in water—nitrogen utilization and yield
stability response to drought stress, and thus is recommended for environmentally friendly and sustainable maize production
in Northeast China.
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agricultural production (Kang et al. 2016). The issue of global
warming has been known since the 1980s, and the water
crisis is increasingly acute and accompanied by frequent
droughts, economic and demographic growth. Agricultural
production consumes the largest amount of fresh water; i.e.,
69% in the world, and over 90% in the countries with scarce
water resources (FAO 2014). Therefore, improving crop
production with reduced irrigation through the development
of water-saving agricultural strategies is critically important
to prevent and relieve future water shortages.

The effective management of irrigation includes
reasonable irrigation scheduling and efficient irrigation
patterns. Irrigation scheduling, which includes irrigation
amount, irrigation time and irrigation frequency, varies widely
and is related to climatic conditions, crop species and soil
properties. Thus, irrigation scheduling is a major concern
and has been studied broadly for different crops and regions
(Soltani et al. 2001; Patané et al. 2011). Surface irrigation
has the longest history and is still the most widely used
type of irrigation worldwide. In China, furrow irrigation and
border irrigation are associated with lower costs, inaccuracy,
and low irrigation water use efficiency (IWUE), and account
for 97% of the total area under irrigation. In contrast, new
irrigation patterns such as drip irrigation, sprinkle irrigation
and infiltrating irrigation can achieve higher IWUE and
significantly reduce water use by 30-100% compared to
traditional surface irrigation (Albaji et al. 2010; Liu et al.
2014). In northern China, drip irrigation has been vigorously
promoted to conserve scarce water resources. Most notably,
drip irrigation under plastic film mulch (PI) was developed
and has been used in Northwest China for cotton since the
late 1990s, and it has been promoted in Northeast China
for maize since 2012 (Xue et al. 2017).

Pl represents the effective incorporation of “water
conservation technology” and “water-saving irrigation
technology”, and has significant advantages in reducing
wasteful evaporation, promoting crop growth and increasing
yields and water use efficiency (WUE) in either arid (Mai
etal. 2012; Li XY et al. 2017; Zhou et al. 2018), semi-arid
(Jayakumar et al. 2017) or semi-humid areas (Liu et al. 2018).
PI changes the soil water infiltration and distribution features,
and it especially improves irrigation uniformity and soil water
stability in the top and middle soil layers (Wang et al. 2014;
Zhou et al. 2018). Moreover, Pl has been recognized as an
effective irrigation method to promote nitrogen absorption
and utilization, and it can maintain a high soil nitrate content
and minimize seasonal nitrate leaching (Wang et al. 2014;
Sui et al. 2018). PI has been shown to improve the soll
water content and soil temperature in the top soil layer (Li X
Y etal. 2017; Sui et al. 2018). However, increased soil water
content and temperatures in the top soil layer obstructs root
elongation into the deeper soil layers, i.e., 90% of the roots

are in the 0—40 cm soil layer for plants grown under the PI
system, which further influences the physiological function
of root absorption (Jha et al. 2017). Many studies have
also reported that Pl advances the growth and development
of plants, which influences leaf photosynthesis, nitrogen
accumulation and yield during the reproductive growth stage
(Mai and Tian 2012; Karandish and Shahnazari 2016). It
has been demonstrated that Pl has significant effects on
“soil-root—plant” interactions. However, plant senescence,
the spatio—temporal distributions of soil water, soil nitrate,
and root systems, and their relationships with yield, WUE,
and nitrogen use efficiency (NUE) are unclear at present.

There are some challenges for implementation, however,
as the increasing application of Pl has brought not only
economic benefits, but also the serious problem of plastic
film pollution in recent years (Yan et al. 2014; Wu et al.
2017). Thus, drip irrigation combined with environmental
soil water conservation measures, such as biodegradable
film mulching (Wang et al. 2019), straw returning (Zhou
et al. 2019), as well as buried drip irrigation/subsurface drip
irrigation (Mo et al. 2017) have received increasing attention,
and were proven to be beneficial for improving crop yields
and WUE. However, there is still a lack of comparative study
on water—nitrogen utilization between PI and the different
soil pollution—-reducing drip irrigation measures thus far.

The Northeast Plain is the most important grain
production area in China, accounting for 34% of total
maize production. In this study, a 3-year field experiment
consisting of five treatments was conducted in this area: (1)
drip irrigation under plastic film mulch (PI); (2) drip irrigation
under biodegradable film mulch (BIl); (3) drip irrigation
incorporating straw returning (Sl); (4) drip irrigation with
the tape buried at a shallow soil depth (Ol); and (5) furrow
irrigation (FI). The main objectives were to quantify (1) soil
“water—nitrate—root” interactions in different growth zones,
(2) root and leaf senescence processes, (3) soil water
and nitrate utilization, and (4) maize yield and economic
benefits. We anticipate that the results of this study will
help to stabilize maize production by providing an efficient
and environmentally friendly irrigation management system
for semi-arid areas.

2. Materials and methods
2.1. Site description

The experiment was conducted from 2016—2018 at the farm
research station of Jilin Academy of Agricultural Sciences
located in Taonan City, Jilin Province, China (45°33'N,
122°78°E, 156.8 m a.s.l.). Over the past 35 years, the
annual mean sunshine duration was 2817.2 h, the annual
mean pan evaporation was 1928 mm, the frost-free season
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was 140 days, the annual mean temperature was 6.0°C, and
the annual mean precipitation was 419.7 mm. Because of
the low amount of rainfall, a crop yield cannot be guaranteed
without irrigation in this area. The precipitation and air
temperature distributions during the experimental period
are shown in Fig. 1. The soil was heavy clay and details of
the soil properties are described in Table 1.

2.2. Experimental design

Four drip irrigation treatments that incorporate water
conservation measures were set as follows: (1) drip
irrigation under plastic film mulch (PI), (2) drip irrigation
under biodegradable film mulch (BI), (3) drip irrigation
incorporating straw returning (Sl), and (4) drip irrigation with
the tape buried at a shallow soil depth (OI). In addition,
traditional furrow irrigation (FI) was used as the control.
The experiment employed a completely randomized design
with three replicates, and each plot area measured 170 m?
(8.5 mx20 m). Plastic film (polyethylene clear film, 0.9 m
widex0.008 mm thick; produced by Jilin Difu Agricultural
Technology Co., Ltd., Jilin, China) and biodegradable film
(polylactic clear film, 0.9 m widex0.008 mm thick; produced
by Jilin Difu Agricultural Technology Co., Ltd., Jilin, China)
were used to cover the surfaces of the planting ridges.
Varying levels of damage to the biodegradable film were
observed in August, and the film was completely degraded
after crop harvest. For the Sl treatment, maize straw
produced in the identical plot areas was cut to lengths of
~10 cm and then returned to the soil at a depth of 20 cm
using a deep soil tillage machine (produced by Jilin Province
Kangda Agricultural Machinery Co., Ltd., Jilin, China). In the
Ol and Sl treatments, the drip tape was buried at a shallow
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soil depth of 5—10 cm to prevent evaporation of the irrigation
water. The maize cultivar Fumin 985 (dent type) was sown
at a rate of 77 000 plants ha™!, and an alternating planting
of broad and narrow rows was used in this experiment (a
popular planting strategy in Northeast China, which favors
the utilization of light energy). A planting schematic diagram
for the different treatments is shown in Fig. 2. Fertilizer
consisting of 210 kg ha' nitrogen, 105 kg ha~! phosphorus
pentoxide, and 90 kg ha™' potassium oxide was applied one
time before sowing. The irrigation regime used depended on
the regional climate and production conditions, and included
55 mm water before sowing, and 40, 30 and 20 mm at the
jointing, tasseling and filling stages, respectively. The drip
irrigation tape was 16 mm in width with an emitter spacing
of 30 cm, and the flow rate of the emitter was 3 L h~" at
a working pressure of 0.1 MPa. The irrigation rate was
recorded using a precise water meter. The fertilization and
irrigation management practices were the same for each
treatment. The maize seeds were sown on May 4, May 1
and May 6 in the 2016, 2017 and 2018 planting seasons,
respectively. The relative maturity for the Pl treatment was
1-3 and 7-10 days advanced compared with Bl and the
other non-mulched treatments, respectively. All crops were
harvested on October 30, October 28 and October 30 in
2016, 2017 and 2018, respectively.

2.3. Sampling and measurement

Soil water and nitrate contents At the tasseling and
maturity stages, the soil was sampled to a depth of 100 cm.
The details of the sampling method are shown in Fig. 2.
The terms “l-zone”, “R-zone” and “N-zone” are defined

as 0-20, 20-30 and 30-65 cm horizontal distance away

40

Average air temperature (°C)
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Month

Fig. 1 Precipitation and air temperature distribution for the 2016—-2018 growing seasons at the experimental site, Taonan City,

Jilin Province, China.
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Table 1 Soil properties at the Taonan Experimental Site of Jilin Province, China at 0—100 cm depths

Soil layer 0-20 cm 20-40 cm 40-60 cm 60-100 cm
Mechanical composition (%)
2-0.02 mm (clay loam) 34.96 23.13 18.57 18.83
0.02-0.002 mm (clay) 37.93 31.98 34.30 35.38
<0.002 mm (clay) 27.10 44.71 4717 45.79
Physical and chemical properties
Available N (mg kg™) 69.50 51.40 44.40 36.40
Available P (mg kg™) 30.90 22.80 15.40 10.90
Available K (mg kg™) 139.30 85.10 72.10 65.30
Organic matter (g kg™) 13.14 10.38 6.58 5.05
Bulk density (g cm=®) 1.40 1.50 1.58 1.68
Field capacity (weight %) 20.44 22.04 23.70 25.05
Wilting point (weight %) 10.0 10.90 12.70 14.15

from the drip irrigation tape/irrigation furrow, according to
the morphological features of the roots in practice. The
soil samples were obtained using a 100/50 mm-diameter
steel core-sampling drill at three locations for each plot. A
portion of each sample was used to measure soil water
content, and the remaining soil was used to measure soll
nitrate content. Soil water was measured by drying the soil
to a constant weight at 105°C and weighing. The fresh soll
samples used for analyzing soil nitrate were extracted by
shaking in a 2-mol L-' KCI solution (Li et al. 2016), and the
soil nitrate content was measured using an AA3 continuous
flow analyzer (SEAL Analytical Ltd., Germany).

Soil water storage was calculated using eq. (1):

SW=3 "hxpxbx10/100 (1)
where SW (mm) is the soil water storage, h, (cm) is the soil
layer depth, p, (g cm™) is the soil bulk density in the different
soil layers, b, is the percentage of soil moisture by weight,
n is the number of soil layers, and i=10, 20, 40, ..., 100.

The field evapotranspiration rate was calculated using
the soil water balance eq. (2):

ET=P+ASW+/+C-D-R (2)
where ET (mm) is the total evapotranspiration, P (mm) is the
precipitation during a specific growth period, ASW (mm) s the
difference in soil water storage between two specific growth
periods, and the soil water storage here used the average
value from the different sampling locations in the 100 cm soil
layer, I (mm) is the irrigation amount during the growth period,
C is the upward flow into the root zone, D is the downward
drainage out of the root zone, and R is the surface runoff. At
the experimental site, the groundwater table was located at a
depth of about 120 m below the surface, so the upward flow
into the root zone was negligible. Runoff was never observed
because the experimental field was flat and drainage was
assumed to be insignificant over a depth of 100 cm.

Water use efficiency (WUE) was calculated as the ratio
of the grain yield relative to the ET rate during the entire
growth period. The irrigation water use efficiency (IWUE)

was the grain yield divided by the total irrigation amount
(Jha et al. 2017).

Soil temperature The soil temperature was measured
using an EasyLog USB data logger (Lascar Electronics Ltd.,
V7.2). For each plot, one logger was installed in the soil
between planting rows at a depth of 10 cm. The temperature
data were automatically recorded every hour during the
entire growing period. The daily mean soil temperature
(DT) was calculated as the average of 12 intra-day readings.
The sum of the DT above the base temperature for maize
(10°C) was identified as the accumulated soil temperature
(AST) during specific stages of growth.

Root traits and nitrogen utilization Three maize plantsin
each plot were sampled to measure biomass, plant nitrogen
uptake and root length at both tasseling and maturity stages.
The root sampling method was the same for soil water
and soil nitrate contents. The root samples were carefully
washed and the non-root contaminants were carefully
removed. The fresh roots were scanned with an Epson
Perfection V700 scanner and the root lengths were analyzed
with WinRHIZO (Regent Instruments Inc., Canada) (Liu et al.
2017). The maize plant samples (roots and aboveground
parts) were then dried to constant weights in an oven at 65°C
to calculate the dry weights. Root length density (RLD) was
calculated by dividing the root length by the sampling core
volume in the different soil layers. After weighing, the dry
samples were ground to pass through a 1-mm sieve and
the nitrogen concentration was measured using the micro-
Kjeldahl method (CN61M/KDY-9820; Beijing, China) (Li G
H et al. 2017). Plant nitrogen uptake was calculated as
the product of plant nitrogen concentration and dry matter
weight. The nitrogen use efficiency (NUE) was calculated
as the ratio of yield relative to nitrogen uptake in the whole
plant at maturity. The root nitrogen use efficiency (NRE)
was calculated from the nitrogen uptake of the whole plant
divided by the root mass at maturity (Fu et al. 2017).
Physiological parameters Three plants were harvested
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Fig. 2 Schematic diagram of the field layout and the sampling method.

from each plot at the tasseling, milk (about 25 days from
tasseling), and dent (about 55 days from tasseling) stages.
The ear-leaf and roots in the 0-20, 20—40 and 40-60 cm
soil layers were used for measurements. At a given stage,
samples were collected for all treatments on the same day.
The activities of superoxide dismutase (SOD), catalase
(CAT), peroxidase (POD), and nitrate reductase (NR)
and the concentration of malondialdehyde (MDA) were
determined using an enzyme-linked immunosorbent assay
(ELISA) kit (Beijin Solarbio Technology Ltd., China) following
the manufacturer’s instructions. The SOD activity was
measured by monitoring the inhibition of the photochemical
reduction of nitroblue tetrazolium (NBT) at 560 nm. CAT and
POD activities were measured by monitoring the changes in
absorbance at 240 and 470 nm, respectively. CAT activity
was expressed as a decrease in the OD,,, of 0.1 per minute,
while the POD activity was expressed as an increase in
the OD,,, of 0.1 per minute. The MDA concentration was

measured at 532 nm and corrected by subtracting the
absorbance at 600 nm. NR activity was calculated as the
reduction of 1 ug NO,~ per hour (Chen et al. 2004; Tang
et al. 2010). Plant nitrate content was determined by the
colorimetric analysis of nitrosalicylic acid as described by
Gao et al. (2006).

Yield Four representative, undamaged lines were selected
from each plot, and 15 random plants in each line were
harvested. The numbers of seeds per ear and the seed
weight (14% standard water content) were determined to
calculate the yield.

2.4. Statistical analyses

Data were subjected to analysis of variance (ANOVA) using
SPSS 18.0. Multiple comparisons were conducted using
the least significant difference (LSD) method. Pearson
correlation coefficients were also calculated using SPSS.
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3. Results
3.1. Yield

The Pl treatment resulted in a significant yield improvement
compared with SI, Ol and FI (P<0.05), especially during the
2017 drought year. In the three years of the experiment
(2016—2018), Pl increased the yield by 5.40-7.95%, 21.91—
29.53%, 30.17—40.80%, and 33.04—43.10% compared with
BI, SI, Ol, and FI, respectively (Table 2). There was also
no significant difference between Pl and Bl for yield in the
different years (P>0.05).

3.2. Soil water

The soil water content was higher closer to the I-zone,
whereas the soil water content in the R-zone was the
lowest due to crop consumption for growth (Fig. 3). Less
rainfall occurred from June to July of 2017 (89.7 mm lower
than the 35-year average), which obviously lowered the
soil water content at the tasseling stage. Sl had a positive
effect on conserving soil water, while Pl extracted more
soil water, especially from the 20-60 and 60—100 cm soll
layers. No significant differences were found between PI
and Bl for soil water in the 0—60 cm soil layer (P<0.05), but
Pl reduced the soil water content in the 60—100 cm soil
layer by 8.34—10.65% and 6.70-9.03% compared to Bl at
the tasseling and maturity stages, respectively.

3.3. Soil temperature

Both Pl and Bl increased soil temperature compared with S,
Ol and FI, and the warming effects mainly occurred during the
maize vegetative stage. The accumulated soil temperature
for the Pl treatment was 6.56—7.41%, 14.49-17.57%, 13.63—
16.38%, and 14.07-17.17% higher, respectively, than those
for BI, Sl, Ol, and FI during the vegetative stage. Due to the
degradation of the biodegradable film, Bl had no significant
influence on soil temperature during the reproductive stage.
In contrast, Pl increased the accumulated soil temperature
by 8.12-10.07%, 10.68—-12.89%, 9.64—11.81%, and 10.42—
11.51% compared with the BI, SI, Ol, and FI treatments,
respectively, during the reproductive stage (Fig. 4).

3.4. Soil nitrate

Much of the soil nitrate was absorbed by the roots in the
R-zone and 0-20 cm soil layer (Fig. 5). The soil nitrate
content in the 60—100 cm soil layer was increased due to
the frequent rainfall from the tasseling to maturity stages.
Pl and Bl decreased the soil nitrate content in the 0-100 cm

soil layer, while Sl improved the soil nitrate content in the
0-60 cm soil layer at the tasseling and maturity stages. PI
and Bl significantly reduced nitrate residues in the deep soll
layer. Compared with SI, Ol and FI, the soil nitrate content
in the 60—-100 cm soil layer was decreased by 20.74—
25.12%, 16.77-22.99% and 22.17-28.87%, respectively
in the PI treatment (P>0.05), and these same values for
Bl were 13.77-19.94%, 9.45—-17.66% and 15.33-23.94%,
respectively (P>0.05), at maturity.

3.5. Root length density (RLD)

RLD in the different zones was rated as follows: R-zone>I-
zone>N-zone (Fig. 6). The PI treatment mainly increased
the RLD in the 0—-20 cm soil layer, and it was 33.31-45.76%,
76.06-79.72%, 120.78-147.50%, and 116.90-137.79%
higher at tasseling, and 25.48-39.16%, 51.48-56.24%,
94.59-118.11%, and 87.43-112.14% higher at maturity,
compared with Bl, SI, Ol, and FI, respectively. Bl and SI
increased RLD in the 20-60 and 60—-100 cm soil layers.
The RLD in the 20—100 cm layer for the Bl treatment was
increased by 23.47-26.76%, 43.72—47.75% and 24.53—
30.64% at tasseling and by 28.89-32.67%, 40.00-43.71%
and 21.13-24.46% at maturity, compared with PI, Ol and Fl,
respectively, and the same values for Sl were 20.74—28.96%,
41.38-50.11% and 23.59-30.06%, and 32.47-40.95%,
43.74-53.09% and 23.83-32.46%, respectively. There was
no significant difference between FI and Ol for RLD in the
0—20 cm soil layer, but RLD in the 20—100 cm layer for Fl was
increased by 12.71-15.41% and 15.47-16.08% compared
with Ol at the tasseling and maturity stages, respectively.

3.6. Plant senescence

Maize plants enter into senescence progress from the
tasseling stage. The differences in leaf and root protective
enzyme activities and MDA contents among different
treatments were more obvious over time (Fig. 7). PI
significantly reduced the protective enzyme activities
(SOD, CAT and POD) and increased the MDA content,
especially in leaves and roots, for the deeper 40-60 cm
soil layer (P<0.05) compared with the other treatments.
Both Pl and Bl accelerated the rate of senescence in roots
and leaves, whereas plants in the S| treatment maintained
higher physiological activity during the reproductive stage.
No significant difference was found between Ol and Fl with
respect to the rate of plant senescence (P>0.05).

3.7. ET and WUE

Higher soil water consumption in the PI treatment led to
higher ET (Fig. 8). In particular, Pl accelerated growth
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Table 2 Grain yield, soil water use efficiency, and nitrogen use efficiency for the different irrigation treatments®
Year Treatment? Yield (t ha™") WUE (kg mm~2) IWUE (kg mm~3) NUE (g g™) NRE (mg g™)
2016 Pl 12.65+0.57 a 3.17+0.14 a 8.7310.39 a 31.93+1.44 a 164.82+8.53 b
Bl 11.86+0.59 a 3.10+0.15 a 8.18+0.40 a 31.04+1.53 ab 170.17+9.80 ab
Sl 10.27+0.58 b 2.84+0.16 b 7.09+0.41 b 28.44+1.63 bc 176.95+9.74 ab
Ol 9.49+0.41 bc 2.55+0.11 ¢ 6.54+0.29 bc 28.58+1.25 bc 182.04+8.01 a
Fl 9.23+0.48 ¢ 2.46+0.13 ¢ 6.36+0.33 ¢ 27.80+1.45¢c 172.80+7.08 ab
2017 Pl 12.42+0.59 a 3.81+0.18 a 8.57+0.41 a 37.03t1.77 a 158.8127.50 b
Bl 11.51+0.53 a 3.73+0.17 a 7.94+0.36 a 36.57+1.67 a 166.368.36 ab
Sl 9.59+0.49 b 3.3620.17 b 6.61+£0.34 b 32.05+£1.63 b 174.45+9.50 ab
Ol 8.82+0.35 bc 2.98+0.13 ¢ 6.08+0.24 bc 32.32£1.30 b 178.7419.09 a
Fl 8.68+0.34 ¢ 2.90+0.12 ¢ 5.99+0.24 ¢ 31.59+1.25b 169.43+10.06 ab
2018 Pl 13.64+0.64 a 3.1520.15a 9.41+0.59 a 31.83t1.49a 172.3616.83 b
Bl 12.95+0.77 a 3.09+0.18 ab 8.93+0.59 a 31.10+£1.85 ab 177.75+7.54 ab
Sl 11.1920.51 b 2.83+0.13 bc 7.72+0.59 b 29.63+1.36 ab 180.37+8.24 ab
Ol 10.48+0.58 bc 2.58+0.14 cd 7.23+0.59 bc 29.38+1.62 b 188.72+9.79 a
Fl 10.26+0.48 ¢ 2.50+0.12 d 7.07+£0.59 ¢ 28.95+1.34 b 179.98+7.85 ab

' WUE, soil water use efficiency; IWUE, irrigation water use efficiency; NUE, nitrogen use efficiency; NRE, root nitrogen use efficiency.

2P| and BI, drip irrigation under plastic film mulch and biodegradable film mulch, respectively; Sl, drip irrigation incorporating straw
returning; Ol, drip irrigation with the tape buried at a shallow soil depth; FI, furrow irrigation.

Values are given as the meantstandard deviation (n=3). Different lowercase letters indicate significant differences at P<0.05.
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Fig. 3 Soil water content at the tasseling and maturity stages. A, B and C represent the 2016, 2017 and 2018 seasons, respectively.
Pl and Bl represent drip irrigation under plastic film mulch and biodegradable film mulch, respectively; Sl, drip irrigation incorporating
straw returning; Ol, drip irrigation with the tape buried to a shallow soil depth; Fl, furrow irrigation.

in maize from sowing to tasseling, and the ET during the
vegetative stage was 6.94—10.60%, 15.93—24.38%, 11.80—
19.83%, and 9.60—16.00% higher for Pl compared with BI, S,
Ol, and FI, respectively. However, Pl decreased ET during
the reproductive stage, which contributed to the relatively
advanced maturity. The order of increasing WUE for the five
different treatments was as follows: PI>BI>SI>OI>FIl. The
WUE for Pl was increased by 1.83-2.18%, 11.34—13.34%,
22.17-27.96%, and 26.00-31.29% compared with the B,

SI, Ol, and FI treatments, respectively. We also found no
significant differences between Pl and BI, or Ol and FI for
WUE (P>0.05) (Table 2).

3.8. Plant NR activity, nitrate content and NUE
The Sl treatment showed the highest NR activities and

nitrate contents in both the roots and leaves during the
reproductive stage. In contrast, Pl significantly reduced
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Fig. 5 Soil nitrate content at the tasseling and maturity stages. A, B and C represent 2016, 2017 and 2018, respectively. Pl and
Bl, drip irrigation under plastic film mulch and biodegradable film mulch, respectively; Sl, drip irrigation incorporating straw returning;
Ol, drip irrigation with the tape buried to a shallow soil depth; Fl, furrow irrigation.

NR activity and nitrate content compared with the other
treatments (P<0.05) (Fig. 9). The order of increasing
nitrogen uptake for the above ground plant parts was as
follows: PI>BI>SI>OI>FI, and the order was PI>BI>SI>FI>Ol
for the roots (Fig. 10). Pl increased NUE by 1.26-2.35%,
7.41-15.54%, 8.34-14.59%, and 9.96-17.21% compared
with BI, SI, Ol, and Fl, respectively, whereas PI| decreased
NRE by 3.04—4.54%, 4.44—-8.97%, 8.67—11.15%, and 4.23—

6.27%, respectively. We found no significant differences
between Pl and BI, or Ol and Fl, for either N uptake amount,
NUE or NRE (P>0.05) (Table 2).

3.9. Relationships between RLD and soil water—
nitrogen utilization

In the |- and R-zones, RLD showed significantly negative
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Fig. 6 Root length density (RLD) at the tasseling and maturity stages. A, B and C represent 2016, 2017 and 2018, respectively.
Pl and B, drip irrigation under plastic film mulch and biodegradable film mulch, respectively; Sl, drip irrigation incorporating straw
returning; Ol, drip irrigation with the tape buried at a shallow soil depth; Fl, furrow irrigation.

correlations with soil water and soil nitrate contents in the
0-20 and 0—100 cm soil layers (P<0.05), and the soil water
content was highly positively correlated with soil nitrate
content in the 60—100 and 0—100 cm soil layers (P<0.001).
Fewer roots were distributed in the N-zone, and thus the
correlations between RLD, soil water content and soil nitrate
content were weaker compared with the |- and R-zones
(Fig. 11). The RLD in the 0-20 cm soil layer was highly
positively correlated with yield, WUE and NUE (P<0.001), but
the correlations were weaker in the 20-60 and 60—100 cm
soil layers. In the |- and R-zones, the RLD was significantly
negatively correlated with NRE (P<0.05), which was mainly
reflected in the 0—20 cm soil layer (Fig. 12).

4. Discussion

4.1. Soil water and temperature

Plastic film mulch can promote crop vegetative growth
and increase production due to a better hydrothermal
environment in the top soil layer in northern China. However,
increased water consumption in the deep soil layers under
the plastic film mulch could cause an imbalance, resulting
in unsustainable utilization of soil water for crop production
(Zhang et al. 2011; Zhao et al. 2012). Accordingly, plants in
the Pl treatment consumed more soil water, especially in the
20-60 and 60—100 cm soil layers, which led to significantly
higher ET during the vegetative growth stage in this study.
In particular, less rainfall occurred during the tasseling stage
in 2017, and the soil water content in the 0—-100 soil layer

for the PI treatment in the R-zone was 59.4-64.6% of the
field water capacity, compared to 57.9-71.4%, 67.0-76.9%,
65.2-74.8%, and 63.6-73.4% for the BI, SI, Ol, and FlI
treatments, respectively, at the tasseling stage. Although
the soil water in the PI treatment was restored at maturity
and contributed to reduced water consumption, even with
supplemental irrigation and rainfall during the reproductive
stage there is still a concern that the lower water availability
of PI could increase the risk of yield failure during a critical
drought year without irrigation. Because plants in the Pl
treatment showed a weak resistance to drought, we also
agreed that Pl needs sufficient water storage in the deeper
soil layers to promote the downward growth of maize roots
and sustain a high yield (Luo et al. 2012). Both Pl and Bl
achieved the highest WUE and IWUE due to the high yield,
and there were no significant differences between Pl and Bl
for water use efficiency. Returning crop straw to the field has
been advocated in northern China in recent years because
it has a positive effect on retaining soil water by improving
soil physical and chemical properties (Wang X J et al. 2018;
Zhang et al. 2018). The results of the present study show
that Sl improved soil water content and reduced ET during
the maize growth stage, and also effectively increased WUE
compared with Ol and FI.

In the study area, the average temperature during the
maize growth period is 20.3°C, and thus the heat is also
an issue in maize production (Wang et al. 2015). Similar
to the results of Wang et al. (2011), Wu et al. (2017) and
Zhou et al. (2016), we found that both plastic film and
biodegradable film can increase soil temperature, and
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both Pl and Bl mainly increased soil temperature during
the maize vegetative stage. While the positive effects of Bl
on soil temperature as well as yield were less pronounced
compared with PI, Sl and Ol had no significant effects on soil
temperature compared with Fl, which limited the effects of
yield improvement compared with the film mulch treatments.

4.2. Nitrogen utilization

In spite of the management of nitrogen fertilizer, different
irrigation methods can significantly affect soil nitrate
distribution and crop nitrogen use efficiency. The plant
nitrate content is closely related to nitrogen uptake and

utilization, and increasing the external nitrate concentration
can increase nitrate uptake. NR is considered to be a
limiting factor for nitrate assimilation and has a large impact
on nitrate accumulation in plants, but NR is not necessarily
correlated with nitrogen uptake (Chen et al. 2004; Taghavi
and Babalar 2007). In the present study, although PI and
Bl decreased the NR activities and nitrate contents in the
roots and leaves during the reproductive stage due to the
advanced senescence, these two treatments significantly
increased nitrogen uptake in the above-ground parts and
roots. The NUE was also increased compared with Sl, Ol
and FI due to higher yield, and these results are similar to
those reported by Sui et al. (2018), Wang et al. (2014) and
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Zhou et al. (2016). Root nitrogen use efficiency (NRE)
describes the root contribution to nitrogen accumulation
by the shoot (Fu et al. 2017). Pl and Bl decreased
NRE in view of the larger root biomass, but the complex
physiological mechanisms behind this result should be

further investigated. Drip irrigation improved irrigation
uniformity, which in turn decreased nitrate leaching during
the growth seasons (Wang et al. 2014). We found that
soil water content was positively correlated with soil nitrate
content. Plants in the Pl and Bl treatments extracted more
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nitrate and water from the |- and R-zones for maize growth, was enhanced by returning crop straw to the field, which
which reduced nitrate residue in the 60—100 cm soil layer at increased the risk of nitrate leaching. In our study, the SI
maturity. Gai et al. (2018) reported that soil nitrogen surplus treatment improved the soil nitrate content considerably
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in the 0—60 cm soil layer in the |- and R-zones, where the
straw and root biomass of maize are concentrated. But
considering the higher RLD that is distributed in the deep
soil in the S| treatment, the nitrate content in the 60—-100 cm
soil layer was not obviously increased compared to Ol. Also,
reduced nitrogen application is suggested for Sl in case of
nitrogen surplus and nitrate leaching out of the measurement
range. In contrast to drip irrigation, increased irrigation
water accompanied with nitrate under furrow irrigation (FI)
percolated to the deep soil layers (Hassanli et al. 2009;
Wang et al. 2010) and Fl increased the soil nitrate content
in the 60—100 cm soil layer by 1.84—7.82 and 6.94-8.26%
compared with Sl and Ol at maturity, respectively, which
increased the risk of nitrogen losses.

4.3. Root and plant senescence progression

RLD is strongly associated with crop growth and yield, and
it affects water-nitrogen distribution and use efficiency (Jha
etal 2017; Li XY et al. 2017). Drip irrigation is a localized
irrigation system, and root growth under drip irrigation tends
to concentrate water and fertilizer, which restricts the roots
to a shallow soil depth (Sampathkumar et al. 2012). In the
present study, the roots were mainly concentrated in the
0-20 cm soil layers for the |- and R-zones, where the RLD
was significantly negatively correlated with soil water and
soil nitrate contents (P<0.05). Our results agree with those
of a previous study, showing that drip irrigation accompanied
with film mulching promotes root growth (Wang J W et al.

2018). Both PI and BI significantly improved RLD in the
0-20 cm soil layer compared with SI, Ol and FI, while plants
in the BI treatment had higher RLD in the 20—100 cm soil
layer compared with PI. Returning crop straw to the soil is
beneficial to soil structure, the water—nitrogen environment
and root growth (Zhang et al. 2017; An et al. 2018), and
our results showed that Sl significantly increased RLD in
the 20—100 cm soil layer compared with Ol and FI. Annual
crops show gradual senescence after anthesis, during
which higher activities of protective antioxidative enzymes,
referring to SOD, POD and CAT, are beneficial for alleviating
membrane lipid peroxidation with the end product of MDA,
and provides the physiological basis for yield formation. Pl
significantly accelerated maize root and leaf senescence
due to the higher soil temperature during the reproductive
stage (Mai and Tian 2012). Furthermore, larger root system
in the upper 0-20 cm soil layer and vigorous vegetative
growth in the Pl treatment may also lead to imbalanced
development in maize, which decreases plant physiological
activity and the leaf and root nitrate contents during the
reproductive stage (Fig. 13) (Karandish and Shahnazari
2016; Yang et al. 2016). Also, Sl increased protective
enzyme activities and decreased the MDA content during
the reproductive stage, which significantly delayed
senescence in contrast to PI.

Reasonable water—nitrogen application to increase crop
production by enhancing root growth in deep soil layers has
been proposed recently for drip irrigation systems (Luo et al.
2012; Chilundo et al. 2017). However, the soil at our study
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site was heavy clay, and the RLD in the 0-60 cm soil layer
accounted for more than 95% of the RLD in the different
irrigation treatments; furthermore, we found that the RLD
in the 0—20 cm soil layer was highly positively correlated
with yield, WUE and NUE (P<0.001). RLD in the top soil
layer was negatively correlated with NRE (P<0.05), and the
correlations were weaker in the 20-60 and 60—100 cm soil
layers. Thus, we conclude that RLD in the top soil layer
(0—20 cm) is highly important to maize yield and resource
use efficiency in the Northeast China Plain in drip irrigation
systems. Also, we found that larger root systems were
not necessarily better for the improvement of nitrogen use
efficiency in roots. The Bl treatment promoted root growth
in the middle and deep soil layers (20-60 and 60—100 cm),
which had an advantage in terms of resistance to
senescence, drought and lodging for sustaining maize
production compared with Pl (Yu et al. 2015; Bian et al.
2016). Thus, future studies should focus on ways to improve
root activity in the top soil layer and the ability of drip irrigation
systems that employ plastic/biodegradable film mulches
(P1/BI) to prevent early senescence.

5. Conclusion

In Northeast China, root length density in the 0—20 cm soil
layer was highly positively correlated with maize yield and

Increased ET and soil
water consumption in
deep soil layer

Increased soil
temperature during
reproductive stage

Increased RLD in top
soil layer

Increased soil water
D .
and nitrate content

Increased NRE owing to the
smaller root system

water and nitrogen use efficiency, while the positive effects
were weaker in the 20-60 and 60—100 cm soil layers for the
drip irrigation systems. Drip irrigation incorporating either
plastic film or biodegradable film mulch had positive effects
on increasing soil temperature, promoting root development
and improving the utilization efficiency of soil water—nitrogen,
which gave the highest maize yield benefits when compared
with drip irrigation incorporating straw returning or tradition
furrow irrigation. A drip irrigation system incorporating
biodegradable film mulch benefited yield stability by reducing
soil water consumption and slowing the progression of maize
leaf and root senescence, and it was more environmentally
friendly in comparison to a drip irrigation system that used
plastic film mulch.
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