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Abstract

Unreasonable fertilization practices are widespread in the high-yield summer
maize region of the Hebei Piedmont Plain, resulting in serious agricultural non-
point source pollution. Investigating the optimal nitrogen fertilizer manage-
ment for summer maize under integrated water-fertilizer conditions in the North
China Piedmont Plain can provide a basis for optimized nitrogen application
technology and improved nitrogen use efficiency in this region. This study, us-
ing the “Zhengdan 958 maize variety as experimental material, established four
nitrogen application levels under drip irrigation conditions during two maize
growing seasons in 2014-2015 (NO: no nitrogen; N1: 120 kg - hm-2; N2: 240 kg -
hm-2; N3: 360 kg - hm-2) to investigate the effects of nitrogen application rate
on nitrogen absorption and utilization in maize and soil nitrate nitrogen content
under integrated drip irrigation water and fertilizer management. The results
showed that the dry matter weight and yield of maize under NO treatment were
significantly lower than those of other treatments, while no significant differences
were observed among N1-N3 treatments. The nitrogen content and nitrogen ac-
cumulation of maize under N1 treatment were significantly increased compared
with NO treatment. Within the N1-N3 nitrogen application range, there were
certain differences in maize plant nitrogen content and nitrogen accumulation
between different years, showing an overall trend of increasing with nitrogen
application rate; however, the increase magnitude of plant nitrogen content and
nitrogen accumulation gradually decreased with increasing nitrogen application
rate. N2 treatment had the highest nitrogen harvest index. With increasing
nitrogen application rate, nitrogen recovery efficiency, nitrogen agronomic ef-
ficiency, nitrogen production efficiency, and nitrogen use efficiency decreased
significantly. In 2014, nitrate nitrogen content gradually decreased within the
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0-100 cm soil profile under the same nitrogen application rate. In 2015, soil
nitrate nitrogen at nitrogen application rates of 240 kg - hm-2 and 360 kg - hm-2
reached an accumulation peak at the 100 cm soil depth. After two years of
cultivation, when nitrogen application rate exceeded 240 kg - hm-2, soil nitrate
nitrogen leaching intensified, being leached to the 100 cm soil layer. Using a
quadratic equation to fit the relationship between yield and nitrogen application
rate, the nitrogen application rate for maximum maize yield was determined to
be 199-209 kg-hm-2, and the economic nitrogen application rate was 174-187 kg-
hm-2. Considering both economic and ecological benefits comprehensively, the
economic nitrogen application rate is recommended for drip irrigation nitrogen
application in summer maize under these conditions.
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Abstract: Improper fertilization management is widespread in the high-yield
summer maize production region of the Hebei piedmont plain, resulting in se-
rious agricultural non-point source pollution. This study investigated optimal
nitrogen management for summer maize under water-fertilizer integration con-
ditions in the North China piedmont plain, providing a basis for optimizing
nitrogen application technology and improving nitrogen use efficiency. Using
the “Zhengdan 958 maize variety as test material, four nitrogen application
rates (NO: 0 kg« hm 2; N1: 120 kg - hm 2; N2: 240 kg - hm 2; N3: 360 kg« hm ?)
were established under drip irrigation during two summer maize growing seasons
(2014-2015) to examine the effects of nitrogen rate on nitrogen uptake, utiliza-
tion, and soil nitrate-N content. The results showed that dry matter weight and
grain yield under NO were significantly lower than under other treatments, with
no significant differences observed among N1-N3 treatments. Nitrogen content
and accumulation under N1 were significantly higher than under NO. Within the
N1-N3 range, plant nitrogen content and accumulation showed some variation
between years, but generally increased with nitrogen application rate, though
the rate of increase gradually declined. The nitrogen harvest index was highest
under N2 treatment. Nitrogen recovery efficiency, agronomic efficiency, pro-
ductive efficiency, and use efficiency all decreased significantly with increasing
nitrogen application rate. In 2014, soil nitrate-N content decreased gradually
with soil depth (0-100 cm) at the same nitrogen rate. In 2015, nitrate-N accumu-
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lated at the 100 cm depth under N2 and N3 rates. After two years of cultivation,
nitrate-N leaching was intensified when nitrogen application exceeded 240 kg *
hm 2, with nitrate being leached to the 100 cm soil layer. Using a quadratic
equation to fit the relationship between yield and nitrogen rate, the nitrogen
application rates for maximum yield were determined to be 199-209 kg - hm 2,
while the economically optimal rates were 174-187 kg - hm 2. Considering both
economic benefits and ecological impacts, the economically optimal nitrogen
application rate is recommended for summer maize under drip fertigation con-
ditions.

Keywords: Drip fertigation; Summer maize; Nitrogen application rate; Nitro-
gen uptake and utilization; Soil nitrate-N content

Chinese Classification Code: S143.3
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Maize is a crucial grain crop in North China and across the nation, and ensuring
stable high yields is vital for national economic development. However, this re-
gion suffers from drought and low rainfall, with severe water shortages. Agricul-
tural water consumption accounts for 78.82% of total groundwater extraction[1],
making rational water resource development and utilization a critical strategic
priority for North China. Drip fertigation delivers fertilizers directly to plant
root zones through irrigation systems, enabling precise control of water and
fertilizer application. This technology allows accurate regulation of water and
nutrient quantities and ratios based on soil conditions and crop growth stages,
maximizing water-fertilizer coupling effects, improving use efficiency, and reduc-
ing nutrient losses. By providing optimal water and nutrient conditions, drip
fertigation improves soil microenvironments and substantially increases crop
yields. Research indicates that compared with conventional irrigation, drip irri-
gation saves 40% water and 30% compared with sprinkler irrigation[2-3], while
nitrogen use efficiency under fertigation reaches 75%-80% versus only 40% with
conventional fertilization[4]. Drip fertigation has been widely adopted in agricul-
turally developed countries such as Israel, the United States, and Australia[5-7].
In China, however, drip fertigation for field crops has only been partially im-
plemented in the arid northwest regions. In Xinjiang, drip-fertigated maize has
achieved super-high yields with nitrogen partial productivity and use efficiency
increasing to 122 kg(N) - hm 2 and 45%, respectively[8]. The application of in-
tegrated drip fertigation technology remains limited in North China’ s maize
production. Investigating optimal nitrogen rates under drip fertigation can re-
duce environmental pollution, conserve valuable water resources, and effectively
alleviate excessive exploitation of deep groundwater in this region.

Nitrogen is the most critical nutrient element affecting maize yield and quality,
playing an essential role in crop growth and development. Appropriate and
timely nitrogen supply not only improves yield and quality but also minimizes
nitrogen leaching losses, which is significant for environmental protection. To
date, numerous scholars have investigated nitrogen accumulation, distribution,
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utilization efficiency, and leaching in maize in relation to genotype[9], nitro-
gen type[10], application rate[11], timing and frequency[12-14], and cultivation
methods. For example, in Jilin Province, Northeast China, reasonable nitrogen
rates should be controlled at 180-240 kg-hm 2 based on grain yield, nitrogen use
efficiency, and soil nitrate accumulation[15]. In the central Heilonggang River
Basin of the North China Plain, a nitrogen rate of 180 kg - hm 2 satisfies nitro-
gen requirements for various organs and achieves high yield and efficiency|[16].
In Xinjiang’ s Ulan region, drip fertigation studies have shown maize yields of
17,109-17,138 kg - hm 2 with economically optimal nitrogen rates of 427.9-467.7
kg - hm 2[8]. However, previous research on nitrogen effects on maize nitrogen
utilization and environmental impacts in North China has primarily focused on
surface flood irrigation with single basal and topdressing applications. Although
drip fertigation is partially adopted in Northwest China, significant differences
exist in light, temperature, vapor, and heat conditions compared with North
China. Therefore, the responses of nitrogen uptake, utilization, and soil nitrate
content to nitrogen application rates under drip fertigation in the piedmont plain
of North China require urgent clarification. This two-year field study investi-
gated the effects of different nitrogen rates on maize dry matter accumulation,
grain yield, nitrogen uptake and use efficiency, and soil nitrate-N content under
drip irrigation conditions, aiming to establish optimized fertilization techniques
for integrated drip fertigation of maize in the Hebei piedmont plain and provide
technical support for synergistic high yield, water resource conservation, and
efficient nitrogen utilization in this region.

1.1 Experimental Site Description

This experiment was conducted in 2014 and 2015 at the Liiquan Agricultural
Environment Field Observation Station of the Ministry of Agriculture (38°12 N,
114°38 E). The cropping system followed a winter wheat-summer maize rotation.
Rainfall during the maize seasons was 246 mm in 2014 and 329 mm in 2015. The
region belongs to the piedmont plain of the North China Plain, with calcareous
cinnamon soil of clay-loam texture derived from flood alluvium. The baseline
soil properties in the 0-20 cm layer were: nitrate-N 11.28 mg - kg !, available
phosphorus 14.6 mg - kg !, and available potassium 85.0 mg - kg !. The maize
variety tested in both 2014 and 2015 was ‘Zhengdan 958 .

1.2 Experimental Design

The experiment consisted of four nitrogen treatments: 0, 120, 240, and 360 kg *
hm 2, designated as NO, N1, N2, and N3, respectively. A randomized complete
block design was employed with three replications, and each plot area was 64 m?2.
Phosphorus and potassium fertilizer rates were consistent across all treatments
at 105 kg P O - hm 2 and 270 kg K O - hm 2. For basal application, 40% of ni-
trogen and potassium fertilizers and 80% of phosphorus fertilizer were applied.
The remaining nitrogen, phosphorus, and potassium were formulated as water-
soluble solid fertilizers and applied through drip fertigation at three growth
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stages: jointing, silking, and grain filling, with each topdressing accounting
for one-third of the total topdressed amount. Basal nitrogen fertilizer was urea,
phosphorus fertilizer was diammonium phosphate (single superphosphate for NO
treatment), and potassium fertilizer was potassium chloride. Topdressing fertil-
izers for drip fertigation consisted of urea for nitrogen, monoammonium phos-
phate for phosphorus, and potassium chloride for potassium. Summer maize
was irrigated four times during the entire growth period. Irrigation amounts
were determined based on crop growth stage and soil moisture conditions: 450
m3 » hm 2 at sowing, and 150-180 m? « hm 2 for each fertigation event.

1.3.1 Plant Dry Matter Weight

Five representative plants with uniform growth were sampled from each plot at
the jointing, silking, grain filling, and maturity stages of summer maize. Samples
were killed at 105 °C for 30 minutes and then dried at 75 °C to constant weight
to calculate dry matter weight per unit area.

1.3.2 Plant Nitrogen Content

The five plants used for dry weight determination at each growth stage were
separated into different organs, killed at 105 °C for 30 minutes, dried at 75
°C to constant weight, and ground. Total nitrogen content in various plant
organs was determined by the Kjeldahl method after digestion with concentrated
sulfuric acid. Plant nitrogen content was calculated using the weighted average
method. Formulas for nitrogen uptake and utilization calculations|7,8,10,13]
were as follows:

Nitrogen accumulation = Nitrogen content (%) x Dry matter weight (1)
Nitrogen harvest index (%) = Grain nitrogen uptake / Aboveground nitrogen
accumulation (2)

Nitrogen recovery efficiency (%) = (Total aboveground nitrogen uptake in N-
fertilized plots at harvest -Total aboveground nitrogen uptake in NO plots at
harvest) / Nitrogen application rate x 100 (3)

Nitrogen agronomic efficiency (kg - kg!) = (Grain yield in N-fertilized plots -
Grain yield in NO plots) / Nitrogen application rate (4)

Nitrogen productive efficiency (kg - kg ') = Grain yield / Nitrogen application

rate (5)
Nitrogen use efficiency (kg + kg ') = Grain yield / Aboveground nitrogen accu-
mulation (6)

Economically optimal nitrogen rate (kg hm ?) = -(b -Px/Py) / 2a (7)

Where: a is the linear coefficient and b is the quadratic coefficient from the
quadratic equation fitting yield and nitrogen rate; Px is nitrogen fertilizer price
(4.96 yuan - kg '); Py is maize price (2.0 yuan - kg ')[17].
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1.3.3 Soil Nitrate-IN Content Determination

At summer maize maturity, soil samples were collected from the 0-100 cm profile
using a soil auger at 20 cm intervals. Samples were immediately placed in
sealed bags and stored at -20 °C. For analysis, soil samples were thawed, mixed
thoroughly, and passed through a 2 mm sieve. A 12 g subsample was extracted
with 50 mL of 1 mol + L ' KCl solution for 1 hour, and nitrate-N concentration
in the extract was determined by UV spectrophotometry. Soil water content
was measured simultaneously to calculate nitrate-N content on a dry soil basis.

1.3.4 Grain Yield

At maturity, two 2 m? areas were harvested in each plot. Grain was threshed
using a small thresher, air-dried, and grain moisture content was measured.
Yield was then converted to a standard moisture content of 13%.

1.4 Data Processing

Data processing and statistical analysis were performed using Microsoft Excel
2007 and SPSS 19.0 software for statistical analysis and significance testing.

2.1 Effects of Nitrogen Rate on Maize Dry Matter Accu-
mulation under Drip Fertigation

The response of maize dry matter accumulation to nitrogen application rate is
shown in Figure 1 [Figure 1: see original paper]. In 2014, dry matter accu-
mulation under NO at the jointing stage was significantly lower than under N1
and N2, but not significantly different from N3. At the grain filling stage, NO
dry matter accumulation was significantly lower than N1, N2, and N3, with
no significant differences among the latter three treatments. At maturity, dry
matter accumulation showed similar trends to those at jointing. In 2015, the
effects of nitrogen treatments on dry matter accumulation showed that at joint-
ing, N2 and N3 were significantly higher than NO. At grain filling and harvest,
N1, N2, and N3 were significantly higher than NO, but showed no significant
differences among themselves. These results indicate that under drip fertigation
conditions, maize dry weight increased linearly with nitrogen rate in the 0-120
kg - hm ? range, but showed no significant response to nitrogen rates between
120 and 360 kg - hm 2.

2.2 Effects of Drip Fertigation Nitrogen Rate on Plant Ni-
trogen Content and Accumulation

The response of maize plant nitrogen content and accumulation at different
growth stages to nitrogen application rate under drip fertigation is presented
in Table 1 . In 2014, plant nitrogen content at all growth stages under NO
was significantly lower than under N1, N2, and N3. Among N1-N3 treatments,
no significant differences in plant nitrogen content were observed at jointing,
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while at silking, grain filling, and maturity, N3 was significantly higher than
N1 but not significantly different from N2. In 2015, nitrogen-fertilized treat-
ments showed significantly higher plant nitrogen content than NO at all growth
stages. Comparisons among N1, N2, and N3 revealed no significant differences
at jointing, grain filling, and maturity, but at silking, nitrogen content followed
the order N1 < N2 < N3 with significant differences. Despite some inter-annual
variation, plant nitrogen content generally increased with nitrogen application
rate.

In 2014, nitrogen accumulation at all growth stages under NO was significantly
lower than under fertilized treatments. Among fertilized treatments (Table 1),
no significant differences were observed among N1, N2, and N3 at jointing,
while at silking, grain filling, and maturity, N3 was significantly higher than N1,
though N2 and N3 showed no significant differences. In 2015, nitrogen accumu-
lation under NO was significantly lower than under fertilized treatments at all
stages. Comparisons among N1, N2, and N3 showed no significant differences at
jointing and grain filling. At silking, N1 was significantly lower than N3, while
at maturity, N3 showed the highest nitrogen accumulation, significantly differ-
ent from N1 and N2. In summary, nitrogen accumulation in maize at different
growth stages in both 2014 and 2015 generally increased with nitrogen applica-
tion rate, but the incremental effect diminished when nitrogen rates exceeded
120 kg - hm 2.

2.3 Effects of Drip Fertigation Nitrogen Rate on Grain
Yield and Nitrogen Use Efficiency

In 2014, maize grain yield under NO was significantly lower than under N1
and N2 (Table 2 ). Nitrogen harvest index under NO and N1 was significantly
higher than under N2 and N3, with no significant difference between N2 and N3.
Nitrogen recovery efficiency and agronomic efficiency under N2 and N3 were sig-
nificantly lower than under N1, though N2 and N3 did not differ significantly.
Nitrogen productive efficiency was highest under N1, significantly higher than
N2 and N3. Nitrogen use efficiency showed a decreasing trend with increasing
nitrogen rate, with N3 significantly lower than NO and N1 but not significantly
different from N2. In 2015, grain yield was highest under N1, significantly higher
than NO but not significantly different from N2 and N3. Nitrogen harvest index
under NO and N1 was significantly higher than under N2 and N3. Nitrogen re-
covery efficiency, agronomic efficiency, and productive efficiency showed similar
trends to 2014, while nitrogen use efficiency decreased with increasing nitro-
gen rate. These results indicate that over two consecutive years, grain yield
and nitrogen harvest index within the 120-360 kg + hm 2 nitrogen range showed
a parabolic trend, initially increasing then decreasing with nitrogen rate. Ni-
trogen recovery efficiency, agronomic efficiency, productive efficiency, and use
efficiency all decreased gradually with increasing nitrogen application.
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2.4 Effects of Drip Fertigation Nitrogen Rate on Soil
Nitrate-N Content

The response of soil nitrate-N content in the 0-100 cm profile to nitrogen ap-
plication rate at harvest is shown in Figure 3 [Figure 3: see original paper]. In
the 2014 maize harvest season, nitrate-N content in the 0-20 cm layer under
N2 and N3 was significantly higher than under NO and N1, with no significant
difference between N2 and N3. In soil layers below 40 cm, nitrate-N content
across treatments showed an increasing trend with nitrogen application rate. At
the same nitrogen rate, nitrate-N content decreased gradually with soil depth.
In 2015, the trend of nitrate-N content among treatments at the same soil depth
was similar to 2014, with higher nitrogen rates resulting in higher soil nitrate-N
content. Variations in nitrate-N content across soil layers at the same nitrogen
rate showed that under NO, nitrate-N decreased gradually with depth. Under N1
and N2, nitrate-N decreased in the 0-60 cm layer but increased in the 60-100 cm
layer. Under N3, nitrate-N content increased with soil depth, with significant
increases in the 60-100 cm layer.

In summary, in 2014, nitrate-N content decreased gradually with depth (0-100
cm) at the same nitrogen rate. In 2015, nitrate-N accumulated at the 100 cm
depth under nitrogen rates of 240 and 360 kg-hm 2. This indicates that after two
years of cultivation, nitrate-N was leached to the 100 cm soil layer at nitrogen
rates of 240 and 360 kg « hm 2.

2.5 Economically Optimal Nitrogen Rate for Drip-
Fertigated Summer Maize

Rational nitrogen application is critical for increasing maize yield. A quadratic
equation was used to analyze the relationship between grain yield and nitrogen
rate, and to calculate the nitrogen rates for maximum yield and economic opti-
mum (Figure 3 [Figure 3: see original paper]). In 2014, the fitted equation had
a coefficient of determination (R?) of 0.886 and a correlation coefficient of 0.94;
in 2015, R? was 0.748 and the correlation coefficient was 0.86. These results
demonstrate that the quadratic equation adequately described the relationship
between maize yield and nitrogen rate under drip fertigation. The fitted equa-
tions indicated that nitrogen rates for maximum yield were 208.7 and 199.8
kg +-hm 2 in 2014 and 2015, respectively, while economically optimal nitrogen
rates were 186.4 and 174.2 kg - hm 2, respectively. In summary, under the soil
fertility conditions of this experiment, the nitrogen rate for maximum yield of
drip-fertigated maize in the piedmont plain was 199-209 kg - hm 2. Consider-
ing both economic benefits and ecological impacts, the economically optimal
nitrogen rate was 174-187 kg « hm 2.

2.6 Correlation Analysis of Various Indices

Correlation analysis among maize yield, nitrogen application rate, and nitro-
gen use efficiency parameters under drip fertigation is presented in Table 3 .
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Nitrogen application rate showed highly significant negative correlations with
nitrogen recovery efficiency, agronomic efficiency, and productive efficiency, a
significant negative correlation with nitrogen use efficiency, and a highly signifi-
cant positive correlation with nitrogen uptake. Grain yield showed no significant
correlations with nitrogen rate or nitrogen use efficiency parameters. Nitrogen
harvest index was highly significantly positively correlated with nitrogen pro-
ductive efficiency and use efficiency, and significantly correlated with nitrogen
agronomic efficiency. Nitrogen recovery efficiency was highly significantly posi-
tively correlated with nitrogen agronomic efficiency and significantly positively
correlated with nitrogen productive efficiency. Nitrogen agronomic efficiency
was highly significantly positively correlated with nitrogen productive efficiency
and negatively correlated with nitrogen uptake. Nitrogen productive efficiency
was significantly positively correlated with nitrogen use efficiency and highly
significantly negatively correlated with nitrogen uptake. Nitrogen use efficiency
was significantly negatively correlated with nitrogen uptake. These results in-
dicate that while nitrogen application rate has a significant positive correlation
with plant nitrogen uptake, it negatively correlates with nitrogen recovery effi-
ciency, agronomic efficiency, productive efficiency, and use efficiency, and shows
no significant correlation with grain yield.

Discussion

Compared with conventional irrigation, drip fertigation represents a shift from
field-scale to plant-scale watering, from soil fertilization to plant fertilization,
from separate water and fertilizer application to synchronized application, from
single management approaches to integrated management, and from traditional
to modern agriculture. Therefore, developing integrated water-fertilizer tech-
nology is a major modern agricultural technique for achieving high yield and
quality, efficient water and fertilizer use, and ecological safety[4]. With scarce
water resources in North China, traditional flood irrigation can no longer meet
production demands. It is necessary to adopt drip fertigation for summer maize
to maximize the value of limited water resources in this region.

Numerous domestic and international production practices have confirmed that
increasing nitrogen, phosphorus, and potassium application enhances photosyn-
thetic products in summer maize, with nitrogen being particularly crucial for
improving crop photosynthesis[18-19]. Many studies have reported on the ef-
fects of nitrogen rate on maize dry matter accumulation and nitrogen accumula-
tion[15,20]. Research in Jiangsu showed that dry matter accumulation followed
a unimodal curve within the 0-540 kg - hm 2 nitrogen range, peaking at 450 kg -
hm 2[21]. Spring maize in Jilin, Northeast China, showed no significant differ-
ences in dry matter and nitrogen accumulation when nitrogen rates exceeded 240
kg - hm 2, though nitrogen application significantly promoted aboveground ni-
trogen absorption compared with NO[15]. These results were all obtained under
flood irrigation and conventional fertilization conditions. Our study found that
in the Hebei piedmont plain under drip fertigation, maize dry weight increased
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linearly with nitrogen rate in the 0-120 kg - hm 2 range, with no significant dif-
ferences in dry matter accumulation at rates above 120 kg -hm 2. Plant nitrogen
accumulation increased gradually across the 0-360 kg « hm 2 range, with partic-
ularly strong effects in the 0-120 kg - hm 2 range. At rates above 120 kg - hm 2
up to 360 kg - hm 2, the regulatory effect of increasing nitrogen rate on plant
nitrogen accumulation gradually decreased, showing similar trends across years.
These results differ somewhat from previous studies, possibly due to differences
in fertilization methods, irrigation systems, and regional conditions.

Zhang et al. reported that a nitrogen rate of 180 kg-hm 2 in the low plain region
of North China could achieve both high yield and high efficiency[16]. In Quzhou,
Hebei, Xu et al. used ' N isotopic tracing to explore relationships among fertilizer
nitrogen, soil nitrogen, and crop nitrogen, finding that an optimized nitrogen
rate of N kg « hm 2 for summer maize achieved high yield with high nitrogen use
efficiency[22]. Our study showed that grain yield and nitrogen harvest index fol-
lowed a unimodal curve, while nitrogen recovery efficiency, agronomic efficiency,
productive efficiency, and use efficiency decreased with increasing nitrogen rate.
Correlation analysis of nitrogen use parameters revealed positive correlations
between nitrogen rate and nitrogen uptake, but negative correlations between
nitrogen rate and uptake with agronomic efficiency, productive efficiency, and
use efficiency. This indicates that as nitrogen application rate and total plant
nitrogen uptake increase, plant nitrogen demand gradually decreases. Exces-
sive nitrogen exceeds plant capacity for nitrogen translocation and utilization,
leading to luxury consumption and reduced nitrogen use efficiency.

A quadratic equation was used to analyze the relationship between nitrogen
rate and grain yield over two years. Based on the principle of marginal revenue
equaling marginal cost, economically optimal nitrogen rates were determined
to be 174 kg+-hm 2 in 2014 and 187 kg+hm 2 in 2015. Based on yield and
nitrogen harvest index results, combined with the economically optimal rates
derived from equation fitting, the appropriate nitrogen rate for this region is 174~
187 kg - hm ? when considering both economic benefits and ecological impacts.
Although these results are generally consistent with those of Zhang et al. and Xu
et al.[16,22], our experimental site had lower baseline soil fertility while achieving
higher grain yields than previous studies, indicating relatively improved nitrogen
use efficiency under drip fertigation conditions.

Excessive nitrogen application leads to substantial nitrate accumulation in soil,
increasing leaching risks. Previous studies have shown that soil nitrate content
in various layers generally increases with nitrogen rate in maize production[25].
Under rainfed conditions in the North China Plain, strong soil nitrogen mineral-
ization and nitrification result in large amounts of surplus nitrogen accumulating
primarily as NO -N. This becomes a major nitrogen loss pathway when leached
out of the root zone during concentrated rainfall or irrigation events[24-25]. Xu
et al., using ' N labeling, found that soil nitrate content at 250 kg - hm 2 nitrogen
was significantly higher than at 180 kg - hm 2, with significantly increased deep
soil nitrate indicating downward leaching trends[22]. Our study showed that
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under drip fertigation in 2014, nitrate content at the same soil depth increased
with nitrogen rate, with the highest content in the 0-20 cm layer and decreas-
ing nitrate content with depth across all treatments. In 2015, nitrate content
among treatments at the same depth showed similar trends to 2014, but verti-
cal distribution varied by nitrogen rate. At 0-120 kg - hm 2, changes among soil
layers were minor, but at 240-360 kg - hm 2, nitrate content in the 60-100 cm
layer increased substantially with depth. In summary, excessive nitrogen appli-
cation in the first year of drip-fertigated summer maize did not cause nitrate
leaching under seasonal rainfall of 249 mm, but in the second year, excessive
nitrogen caused obvious downward leaching under seasonal rainfall of 329 mm.
Therefore, appropriate nitrogen rates reduce nitrate leaching under rainfall in-
fluence, achieving fertilizer savings, efficiency improvements, and environmental
protection goals.

Due to inter-annual variations in rainfall, light, and temperature during different
maize growth stages, nitrogen use efficiency and nitrate leaching are affected.
Therefore, further research is needed on the effects of nitrogen rate on nitrate
movement below 100 cm depth across different years in this region.

4 Conclusion

Based on two years of experimental results, under the soil fertility conditions of
this study, nitrogen accumulation at different growth stages generally increased
with nitrogen application rate under integrated water-fertilizer management,
but the incremental effect diminished when nitrogen rates exceeded 120 kg -
hm 2. Post-harvest soil NO -N accumulation increased with nitrogen rate, with
accumulation observed at the 1 m depth when nitrogen application exceeded 240
kg N - hm 2. Considering grain yield, nitrogen use efficiency, and soil nitrate-N
content comprehensively, the economically optimal nitrogen rate for summer
maize under drip fertigation in the piedmont plain of North China is 174-187
kg + hm 2.
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