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Abstract: Applying nitrogen (N) fertilizer at irrational rates and basal topdressing ratios typically
leads to high resource wastage and serious environmental pollution and is a global problem. A pot
experiment was conducted between 2020 and 2021 to investigate the effects of different N application
rates and basal topdressing ratios on the growth, yield, quality, and water- and N- use efficiencies of
forage maize. Four N treatments were used, with the following levels: 0 kg/ha (Ny), 70 kg/ha (Nyp),
140 kg/ha (N149), and 210 kg/ha (N319); and two basal topdressing ratios of N fertilizer were tested,
namely: 2:8 and 4:6. An increased N application rate, from 0 to 200 kg/ha, increased whole fresh and
dry yields. N fertilization increased the crude protein (CP) content of different plant parts (stems,
leaves, and ears), as well as at the whole plant level, but decreased neutral and acid detergent fiber
content. The dry matter water use efficiency (WUEp)s) increased, while the partial-factor productivity
of applied N decreased with an increasing N application rate. Compared with Ny, the 2-year average
dry matter yield under Nyg, N149, and Ny increased by 21.8%, 27.6%, and 38.2%, respectively, while
WUEp) increased by 19.1%, 28.7%, and 45.0%, respectively. At the 2:8 basal topdressing ratio, the
dry matter yield, CP content, and N recovery efficiency under all N application rates were higher at
harvest compared to the 4:6 ratio during normal rainfall years, while dry matter yield and WUEpy
were both lower compared to the 4:6 ratio during dry years. In conclusion, during a normal rainfall
year, a N application rate of 210 kg/ha, with a basal topdressing ratio of 2:8 between the sowing and
jointing stages, is considered the optimal N fertilizer application strategy to improve forage maize
production in the semi-arid areas of the Chinese Loess Plateau.

Keywords: forage maize; N application rate; basal topdressing ratio; yield and quality; water- and
N-use efficiencies

1. Introduction

Forage maize (Zea mays L.) has a high energy content, is rich in protein, and has
good ensiling characteristics, and is therefore commonly used as animal feed throughout
the world [1]. Forage maize is commonly harvested before physiological maturity and
therefore requires less water compared to other grains [2]. It also requires less labor and
machinery input than other forage crops at harvest [3]. Therefore, forage maize cultivation
has significantly increased in many parts of the world over the past few decades and
has become a major component in dairy cow feed under most dietary regimes [1]. In
the context of the ‘grain for forage’ program proposed in China, the vigorous production
of forage maize has become important for guaranteeing a safe forage supply, as well as
the high-quality development of the herbivorous livestock industry. Exploring effective
measures to ensure the productivity and sustainability of cropping systems is thus urgent.
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Nitrogen (N) is an important component of protein, nucleic acids, hormones, chloro-
phyll, and other important plant substances [4], which are all essential for plant life and
profoundly affect the various physiological and biochemical processes of plant growth and
development. N is therefore essential for crop growth and yield development [5], and its use
is often considered essential for meeting food demands and for increasing grain yield [6].
However, farmers often misinterpret the relationship between crop yield and N fertilization
and thus overestimate yield benefits. This results in excessive N fertilizer application in
agricultural production [7]. About 10% of the world’s total amount of arable land is in China,
but it consumes about 40% of the total amount of global N fertilizer, resulting in relatively
low crop yield increases and the largest N loss [8]. In the semi-arid Loess Plateau region,
organic matter and N sources are scarce due to excessive land reclamation and depletion of
natural fertility, and supplementing N fertilizer is therefore important for improving crop
yield. However, excessive N fertilizer application, as well as once-off applications, both
lead to high levels of residual inorganic N in the soil and increased N loss during land
reclamation, resulting in low N fertilizer utilization and a large wastage of resources.

N deficiency can cause slow crop growth and development, and early leaf senescence,
which subsequently decreases crop productivity and quality [9]. Reasonable N application
significantly promotes growth and photosynthetic product formation [4] by increasing
crop chlorophyll content and photosynthetic rates and improves crop yield and quality,
while simultaneously enhancing water use efficiency via an increased sensitivity to water
stress [10]. Qiang et al. (2019) indicated that maize can achieve high crop yield and
WUE with an N application rate of 172 kg/ha, indicating no significant difference with
an N application rate of 258 kg /ha [11]. However, excessive N fertilizer application can
exceed crop N requirements and inhibits crop root growth [12]. Thus, N can be reduced
and N use efficiency (NUE) increased without compromising yield [13]. Additionally,
research suggests that applying N as basal fertilizer, or only as topdressing, once off for
high-yielding maize production causes an uncoordinated N supply due to the large N
demand required by later growth stages (after silking) [14]. Guo et al. (2010) reported that
the N application rate of 300 kg/ha with a low ratio (40%) of basal fertilization performs
best in achieving high yield and high N efficiency [14]. A topdressing N application can
ensure an adequate N supply in later growth stages and prolong the functional period of
green leaves, thus increasing the accumulation of photosynthetic products and improving
yield and N-use efficiency [15,16]. An appropriate increase in the topdressing N ratio
can improve N transport efficiency in post-flowering nutrient organs and increase their
protein content [17]. Meanwhile, increasing the topdressing ratio of N fertilizer promotes
favorable crop water use efficiency; however, topdressing N beyond the optimal ratio leads
to decreases [18].

Northwest China is an important area for crop and livestock animal husbandry pro-
duction in China. However, the characteristics of infertile soils and water shortages in
the region greatly limit forage resource production. Forage maize is widely planted in
the region with its excellent quality and high yield. Many studies have pointed out the
appropriate N fertilizer rates to maximize crop yield and nutritional quality for forage
maize in specific areas. However, determining a reasonable amount of N fertilizer, as
well as synchronizing crop N demand and soil N supply, is key to promoting efficient N
resource use and forage maize production. Currently, few studies have addressed optimal
N application rates and basal topdressing ratios for forage maize production in this area.
Therefore, this study investigated the effects of different N rates and split N application
ratios on agronomic parameters (plant height, stem diameter, fresh and dry matter yield,
and forage quality), water consumption, and water- and N-use efficiency (dry matter
water-use efficiency, N recovery efficiency, and partial-factor productivity of applied N) of
forage maize. The aim was to provide theoretical support for optimal N application and
management for forage maize production in the specific study region.



Agronomy 2023, 13,181

30f18

350

(7%
=
(=]

Precipitation (mm)

2. Materials and Methods
2.1. Experimental Site

A two-year experiment was conducted between 2020 and 2021 at the National Field
Scientific Observation and Research Station of Grassland Agroecosystems in Qingyang,
Gansu Province, China (35°39’ N, 107°51' E; altitude: 1297 m above sea level). This site is
a typical semi-arid agricultural area with a continental monsoon climate. The multi-year
average precipitation and temperature in the area were 544.9 mm and 9.8 °C, respectively,
between 1972 and 2021, while the humidity was 61.6% and wind speed was 2.2 m/s.
Compared with the long-term averages, the precipitation in 2020 was more concentrated in
August and the precipitation in 2021 was more concentrated in September and October,
respectively. In 2020 and 2021, the monthly precipitation distribution during the forage
maize growing period was 398.2 and 192.8 mm (Figure 1), respectively.
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Figure 1. Monthly average temperature and precipitation in 2020, 2021, and multi-year (1972-2021).

2.2. Experimental Design and Management

The experiment was conducted using cylindrical PPS pots with a diameter of 0.4 m
and a height of 0.8 m (Figure 2). Soil moisture and temperature sensors (Acclima ACC-TDR-
315H, Meridian, ID, USA) were installed at 10 cm, 30 cm, 50 cm, and 70 cm soil depths in the
cylinders, and the sensors were connected to a data acquisition device to achieve dynamic
soil temperature and moisture monitoring under the different treatments. The tested soil
was collected from the cultivated layer (0-20 cm) of local agricultural fields. The local soil is
Heilu, an entisol according to the classification of the Food and Agriculture Organization of
the United Nations. The soil is a silty loam containing 70% silt, 23% clay, and 7% sand, and
represents the typical cropping soil texture of this area well (see Table 1 for basic features of
the tested soil). The soil was air-dried and passed through a 5 mm sieve, and then filled into
the pots (leaving 10 cm free from the soil surface to the top of each pot) to achieve a bulk
density of 1.25 g/cm3 and a final dry soil mass of about 109.9 kg per pot.

Table 1. Basic features of the soil used in the experiment.

Bulk
Density
(g/cm?)

Organic
Matter
(g/kg)

Total N Nitrate N Ammonium N  Available P Available K Field Capacity

(gkg)  (mg/kg) (mg/kg) (mg/kg) (mg/kg) % pH

1.25

14.5

0.8 19.6 0.7 5.7 141.0 259 8.2
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Figure 2. Sketch (a) and photos (b) of the forage maize pot experiment.

The experiment was conducted between 2020 and 2021 in a randomized complete
block design with two factors: N application rate and basal topdressing ratio. The N rates
were: 0 kg/ha (Np), 70 kg/ha (Nyp), 140 kg/ha (N149), and 210 kg/ha (N219). The basal
topdressing ratios were 2:8 (R1), and 4:6 (Rp), indicating that 20%(R1)/40%(R;) of the N
dose was applied on the sowing day as basal fertilizer and the remaining 80%(R1)/60%(R7)
was topdressed at the jointing stage. A total of seven treatments were used since the basal
topdressing ratio cannot be set for a zero N application rate (Ng). Due to the limited number
of PPS cylinder pots (22), four replicates were performed for Ny and three replicates for the
remaining six treatments. In 2020, the maize seeds were sown at 34 cm on 10 May and
harvested on 10 September. The pot experiment was conducted outdoors, and the maize
can access natural rainfalls and other meteorological resources. In 2021, the maize seeds
were sown on 29 April and harvested on 27 August. Due to a low level of precipitation
in July and August 2021, each treatment was irrigated with a total of 95.5 mm during the
reproductive period to ensure normal plant growth, and the irrigation time and amounts
were strictly consistent for each treatment. Urea (N, 46%) was applied in two separate stages
(i.e., as basal fertilizer on sowing day and topdressing fertilizer during the jointing stage).
A total of 120 kg/ha P,O5 and 150 kg/ha K,O were applied on the sowing day as basal
fertilizer using superphosphate (P05, 16%) and potassium sulfate (KO, 51%), respectively.
All fertilizers were applied into the soil at a depth of 5 cm and then covered by soil.

2.3. Sampling, Measurements, and Calculations
2.3.1. Collection and Crop Sample Measurements

Plant heights and stem diameters were measured using a straightedge and vernier
caliper. The forage maize was harvested at the late milky stage, and each sampled plant
was subdivided into stems, leaves, and ears immediately after harvesting. The different
plant parts were dried at 105 °C for 30 min, and then at 75 °C until reaching a constant dry
weight [19]. Dried samples were crushed, whereafter N concentration, neutral detergent
fiber (NDF), and acid detergent fiber (ADF) were determined using the Kjeldahl [20] and
Van Soest’s [21] (sequential detergent analysis) methods, respectively. Crude protein (CP)
was calculated by multiplying the N concentration by 6.25 [22]. Additionally, the nutrient
contents of the above-ground plant were obtained by measuring the nutrient contents of
the different plant parts and their respective dry weight ratios.

Quality indices for animal feed, including dry matter intake (DMI), dry matter di-
gestibility (DMD), and relative feed value (RFV), were calculated using the following
formulas [23]:

DMI (%) = 120/NDF, 1)
DMD (%) = 88.9 — 0.779 x ADF, @)
RFV (%) = DMD x DMI/1.29, )
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2.3.2. Soil Moisture and Crop Water Consumption

Soil volumetric water content (SWC) was automatically monitored by soil moisture
sensors (resolution of 0.1%, measurement period of 30 min). The equation for the total soil
water storage (SWS) in the 0-80 c¢m soil layer was calculated as follows:

SWS =) D;jx SWC; x 10 (4)

where i refers to the soil layer; D; refers to the thickness (cm) of the ith soil layer; SWC; refers to
the volumetric soil water content (cm3/cm?) of the ith soil layer; and 10 is a conversion factor.

Water consumption during the entire growth period (ET) was estimated by the water
balance method:

ET=P+1+CR — (SWS; — SWS;;;) — R — D, (5)

where P refers to precipitation (mm); I refers to irrigation (mm); CR refers to upward
groundwater recharge (mm); SWS; refers to soil water storage in the 0-80 cm soil layer
before sowing (mm); SWS;, refers to soil water storage in the 0-80 cm soil layer after
harvest (mm); R refers to surface runoff (mm); and D refers to deep seepage (mm). Since a
controlled pot experiment was conducted, CR, R, and D were all 0. Therefore, the above
equation for ET can be simplified as follows:

ET=P +1— SWS; + SWS;,1, (6)

2.3.3. Water- and N-use Efficiencies

Based on dry matter yield and ET determination, the dry matter water-use efficiency
(WUEppm) was calculated as follows:

WUEpy = Y/ET, (7)

where Y refers to dry matter yield at the harvesting period (g), and ET refers to water
consumption during the monitoring period (kg).

In this study, N recovery efficiency (RE) and partial-factor productivity of applied N
(PFP) were used to evaluate NUE; these indicators were calculated as follows [24]:

RE (%) = (UN_U0> x 100% 8)
PFP (kgkg ') = % )

where Uy is forage maize N uptake (kg/ha) with N fertilizer, Uy is N uptake (kg/ha)
without N fertilizer, N is N fertilizer input (kg/ha), and Y is dry matter yield (kg/ha) with
N fertilizer.

2.4. Statistical Analysis

All data were compiled and analyzed in Excel 2010. The significance of differences in
plant height, stem diameter, fresh and dry matter yield, CP, NDF, ADF, WUE, PFPy;, and
REN among the different N rates were tested by ANOVA (SPSS Inc., Chicago, IL, USA),
and the means of N rates were compared by Duncan’s tests at p < 0.05. The means of
the two basal topdressing ratios were compared by T test at p < 0.05. Under each basal
topdressing ratio, the regression analysis was performed to explore the relations between the
above-mentioned indicators and the N rate. Origin Pro 2021 was used to generate graphs.

3. Results
3.1. Plant Height and Stem Diameter at Harvest

In 2020, the N fertilizer basal topdressing ratio significantly affected plant height at
harvest. Specifically, the plant height at harvest under the basal topdressing ratio of 2:8 was
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significantly higher by 4.1% compared to the 4:6 ratio. In 2021, both the N application rate
and basal topdressing ratio did not significantly affect height (Table 2).

Table 2. Effects of different fertilization rates and basal topdressing ratios on plant height and stem
diameter in 2020 and 2021.

2020 2021
Treatment
Plant Height (cm) Stem Diameter (mm) Plant Height (cm) Stem Diameter (mm)
N rate
No 254.42 32.4P 179.2 2 26.7 2
Ny 25332 33.6° 187.22 27.12
N140 25042 3742 19294 26.82
Naig 25342 34.3b 183.62 2582
N ratio
2:8 257472 34.2b 18744 26.74
4:6 247.3b 36.14 188.42 2652
N rate p>0.05 p <0.01 p>0.05 p>0.05
N ratio p<0.01 p <0.05 p>0.05 p>0.05
Rate x Ratio p>0.05 p>0.05 p>0.05 p>0.05

Means followed by the same lowercase letter within each column were not significantly different (p > 0.05), while
different lowercase letters indicate significant differences (p < 0.05).

In 2020, both the N application rate and basal topdressing ratio significantly affected
stem diameter at harvest. The stem diameter at harvest significantly increased by 15.4% at
Ny40 compared to Ny. When the basal topdressing ratio was 4:6, stem diameter significantly
increased by 5.6% compared to the 2:8 ratio. The stem diameter increased quadratically
with an increasing N rate in 2020 (Figure 3). In 2021, neither the N application rate nor
basal topdressing ratio significantly affected stem diameter (Table 2).
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Figure 3. Plant height and stem diameter under different treatments in 2020 and 2021.

3.2. Fresh and Dry Matter Yield at Harvest

In 2020, the N application rate significantly affected the fresh weight of leaves, stems,
ears, and whole aboveground plant matter at harvest, while the basal topdressing ratio
only significantly affected the fresh weight of ears and aboveground whole plant matter
(Table 3). The fresh weights of leaves, ears, and aboveground whole plant matter were
highest at Npj, while the fresh weight of stems was highest at N149. Additionally, the fresh
weight of ears and aboveground whole plant matter under the 2:8 basal topdressing ratio
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was higher than the 4:6 ratio. The fresh weight of aboveground whole plant matter under
the 2:8 basal topdressing ratio increased quadratically with increasing N rate. However, the
aboveground whole plant matter under the 4:6 basal topdressing ratio increased linearly
with the N rate (Figure 4). The N application rate significantly affected the dry weight of
ears and aboveground whole plant matter, and its interaction with the basal topdressing
ratio significantly affected the dry weight of stems and ears (Table 3). The dry weight
of aboveground whole plant matter under 2:8 and 4:6 basal topdressing ratios increased
linearly with the N rate (Figure 5).

Table 3. Effects of different fertilization rates and basal topdressing ratios on fresh and dry weights
in 2020 and 2021.

Year Treatment

Aboveground Fresh Weight (g/Plant)

Aboveground Dry Weight (g/Plant)

Leaf Stem Ear Whole Plant Leaf Stem Ear Whole Plant
N rate
No 99.44d 5449 ¢ 364.3b 1008.6 € 495D 152.2b 84.6¢ 286.3 ¢
Nyo 112.5¢ 588.4 b 451.72 1152.6 50.7 ab 18243  110.1b 343.2b
N4 124.0° 631.82 511.02 1266.8 2 50.9 ab 184.82b 13542 371.22b
Naio 136.92 604.7 ab 523.72 126532 5842 20122 147.42 407.02
2020 N ratio
2:8 12352 609.12 536.6 2 1269.2 2 51.22 187.22 13152 369.9 2
4:6 12542 607.52 454.4° 1187.3P 55.52 191.72 130.52 377.72
N rate p<0.01 p<0.01 p<0.01 p<0.01 p>0.05 p>005 p<001 p<0.01
N ratio p>005 p>005 p<0.05 p<0.05 p>005 p>005 p>0.05 p>0.05
Rate x Ratio  p>0.05 p>0.05 p>0.05 p>0.05 p>0.05 p<0.05 p<0.05 p>0.05
N rate
No 88.3¢ 3483 ¢ 172.04 608.6 4 59.4 ¢ 110.3b 475¢ 217.2¢
Nyo 114.9° 4446° 2835°¢ 843.0¢ 67.0b 134.02 58.8 be 259.8b
Nigo 133.2P 486.4 b 354.4b 974.0b 69.3 2b 130.52 71.3 2 271.1 2P
Naio 167.02 581.72 39522 1144.02 7494 138.02 75.82 288.72
2021 N ratio
2:8 146.7 2 501.82 360.22 1008.7 2 72,02 128.32 66.6 2 266.9P
4:6 130.1° 506.7 2 32860 965.3 b 68.82 140.02 70.7 2 27952
N rate p<0.01 p<0.01 p<0.01 p<0.01 p<0.01 p<0.05 p<0.01 p<0.01
N ratio p<005 p>005 p<0.05 p <0.05 p>005 p>005 p>005 p<0.05
Rate x Ratio  p>0.05 p>0.05 p>0.05 p>0.05 p>0.05 p<005 p>0.05 p>0.05

Means followed by the same lowercase letter within each column were not significantly different (p > 0.05), while
different lowercase letters indicate significant differences (p < 0.05).

In 2021, the N application rate significantly affected the fresh weight of leaves, stems,
ears, and aboveground whole plant matter at harvest, while the basal topdressing ratio
significantly affected the fresh weight of leaves, ears, and aboveground whole plant matter
(Table 3). The fresh weight of leaves, stems, ears, and whole plant matter increased linearly
or quadratically with increasing N application. The fresh weight of aboveground whole
plant matter at the 2:8 ratio was higher compared to the 4:6 ratio. The N application rate
significantly affected the dry weight of leaves, stems ears, and aboveground whole plant
matter, while the basal topdressing ratio only significantly affected the whole aboveground
plant dry weight (Table 3). The aboveground whole plant fresh and dry weight increased
linearly with increasing N application (Figures 4 and 5). Aboveground whole plant dry
weight at the 4:6 ratio was higher compared to the 2:8 ratio.
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Figure 4. Fresh weights of forage maize plants at harvest under different treatments in 2020 and 2021.

3.3.CP

In 2020, the N application rate significantly affected the CP content of leaves, ears, and
aboveground whole plant, and basal topdressing ratio significantly affected the CP content
of ears, stems, and aboveground whole plant matter at harvest, while the interactions of
the two factors significantly affected the CP content of aboveground whole plant (Table 4).
When the basal topdressing ratio was 2:8, the CP content of stems, ears, and the above-
ground whole plant matter was significantly higher than the 4:6 ratio. The CP content of
the aboveground whole plant under 2:8 and 4:6 basal topdressing ratios increased linearly
with increasing N application (Figure 6).
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Figure 5. Dry weights of forage maize plants at harvest under different treatments in 2020 and 2021.

Table 4. Effects of different fertilization rates and basal topdressing ratios on CP content in 2020 and 2021.

CP Content (%) in 2020

CP Content (%) in 2021

Treatment
Leaf Stem Ear Whole Plant Leaf Stem Ear Whole Plant
N rate
Ny 8.7b 1.32 10.3b 52¢ 6.0P 12¢ 84b 41¢
Ny 9.82 122 105" 5.4 be 852 1.9b 9.1Pb 52b
N0 1092 142 109° 6.22b 962 24Pb 1092 652
Na1o 1042 132 1242 6.72 982 3.02 1172 7.02
N ratio
2:8 10.82 142 1212 6.52 992 272 11.02 6.72
4:6 9.82 12°b 10.4° 5.7b 87b 22Pb 1020 58P
N rate p <0.05 p>0.05 p <0.05 p <0.05 p<0.01 p <0.01 p<0.01 p<0.01
N ratio p>0.05 p <0.05 p <0.01 p<0.01 p<0.05 p <0.01 p<0.05 p<0.05
Rate x Ratio p>0.05 p >0.05 p >0.05 p <0.05 p<0.01 p <0.05 p >0.05 p>0.05

Means followed by the same lowercase letter within each column were not significantly different (p > 0.05), while
different lowercase letters indicate significant differences (p < 0.05).
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Figure 6. CP content of forage maize at harvest under different treatments in 2020 and 2021.

In 2021, the N application rate and basal topdressing ratio significantly affected the
CP contents of leaves, stems, ears, and aboveground whole plant matter at harvest, and
their interactions significantly affected the CP content of leaves and stems. The CP content
of leaves, stems, ears, and aboveground whole plant matter generally increased in linear or
quadratic equations with increasing N rate under both basal topdressing ratios. When the
basal topdressing ratio was 2:8, the CP content of leaves, stems, ears, and the aboveground
whole plant matter was significantly higher than 4:6.

3.4. NDF

In 2020, the N application rate significantly affected the NDF of leaves, stems, and
aboveground whole plant at harvest, while the basal topdressing ratio only significantly
affected the NDF of leaves (Table 5). The NDF of different parts, as well as aboveground
whole plant matter, at harvest decreased linearly with increasing N application under both
basal topdressing ratios (2:8 and 4:6) (Figure 7).
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Table 5. Effects of different fertilization rates and basal topdressing ratios on NDF and ADF in
2020 and 2021.

NDF (%) ADF (%)
Year Treatment
Leaf Stem Ear Whole Plant Leaf Stem Ear Whole Plant
N rate
No 62.22 4822 62.82 5492 29.12 2322 712 1942
Ny 60.8 ab 4642 56.2 ab 51.9 ab 27.8 ab 2352 16b 17.0°
Nia0 58.7 bc 41.7b 524D 48.0 be 27.3b 20.7b 11b 145¢
No1o 58.2¢ 41.0b 47.2b 458¢ 26.8P 21.0° 04¢ 14.3¢
2020 N ratio
2:8 59.24 4282 5232 4852 27.22 21.0P 112 14.8P
4:6 59.32 4332 51.62 4862 2742 2242 092 15.72
N rate p<0.01 p<0.01 p <0.05 p<0.01 p>0.05 p<0.01 p<0.01 p<0.01
N ratio p>005 p>005 p>005 p>0.05 p>005 p<001 p>0.05 p<0.05
Rate x Ratio  p <0.05 p >0.05 p >0.05 p >0.05 p <0.05 p>0.05 p>0.05 p>0.05
N rate
No 62.02 4592 51.9 ab 51.72 2273 18.02 1142 1792
Ny 58.1 ab 4252b 54.02 4912 20.2 ab 163" 8.1b 15.5b
Nigo 51.3¢ 33.0¢ 48.3 be 41.7 b 19.0b 15.2 be 55¢ 13.6°¢
N0 55.1 bc 37.9 be 458°¢ 446" 19.8P 145¢ 3.84d 13.1¢
2021 N ratio
2:8 5392 3532 4942 439P 19.72 1552 592 14.24
4:6 55.82 4032 4932 4642 19.6 2 15.12 572 1392
N rate p>0.05 p<0.01 p<0.01 p<0.01 p>0.05 p<0.01 p<0.01 p<0.01
N ratio p>005 p>005 p>005 p <0.05 p>005 p>005 p>005 p>0.05
Rate x Ratio  p>0.05 p >0.05 p >0.05 p>0.05 p>0.05 p >0.05 p >0.05 p>0.05

Means followed by the same lowercase letter within each column were not significantly different (p > 0.05), while
different lowercase letters indicate significant differences (p < 0.05).

In 2021, the N application rate significantly affected the NDF of leaves, stems, ears,
and aboveground whole plant at harvest, and the basal topdressing ratio significantly
affected the NDF content of aboveground whole plant. The NDF of leaves, stems, ears, and
aboveground whole plant matter generally decreased in linear equations with increasing N
rate. Moreover, aboveground whole plant NDF was higher in 4:6 compared to 2:8.

3.5. ADF

In 2020, the N application rate significantly affected the ADF of stems, ears, and
aboveground whole plant at harvest, while the basal topdressing ratio significantly affected
the ADF of stems and aboveground whole plant matter (Table 5). The ADF of aboveground
whole plant matter decreased linearly with increasing N application rate at both ratios
(2:8 and 4:6) (Figure 8). The ADF of stems and aboveground whole plant matter was higher
under the 4:6 ratio compared to the 2:8 ratio.

In 2021, the N application rate significantly affected the ADF of stems, ears, and
aboveground whole plant matter at harvest. The ADF of stems, ears, and aboveground
whole plant matter decreased linearly with increasing N application rate under both basal
topdressing ratios (2:8 and 4:6).



Agronomy 2023, 13,181

12 0f 18

100 2020 2021 °R, °*R,
S Ear R, R,| [Ear R, R,
5 804
= ¢ ¢ R
g 601 ° . . ° B hd
) ° L\l\'\: .\.\_‘
2 40 e * 3 . s 2| .
Q
=
£ 20{y=-0.07x+62.14 y=-0.08x + 62.53 v =—0.03x + 53.49 y=-0.03x + 53.0
§ 0 R’=0.37 p < 0.05 R’=0.51 p < 0.05 R’=031 p < 0.05 R’=021 p > 0.05

100 0 70 140 210 0 70 140 210 0 70 140 210 0 70 140 210
g Stem R, R, Stem R, R,
5 801
=
g 60
& .
5 | ."\—l_\.\_' .-\!\.\. . .
g 40 ® ® A ' s [ ] Y .
£ 201y=-004x+4847 y=—0.03x + 48.06 ¥ =—0.07x +45.07 y=—0.03x +45.03
g 0 R°=0.85 p < 0.05 R’=047 p > 0.05 R>=047 p < 0.05 R°=0.13 p < 0.05

0 70 140 210 0 70 140 210 0 70 140 210 0 70 140 210

S 100 car R, R,| [Leaf R, R,
éi 801
FR e e e I et 3 I Y 1 | D S
50 . .
5 g :
5 404
=
£ 20{y=-0.02x+61.58 y=-0.03x + 62.61 v =—0.04x + 60.13 y=-0.04x + 61.84
E 0 R’=0.40 p < 0.05 R’=0.65 p < 0.05 R’=028 p < 0.05 R’=023 p < 0.05

100 0 70 140 210 0 70 140 210 0 70 140 210 0 70 140 210
S |Aboveground R, R,| [|Aboveground R, R,
5 80
e
=
2 401 *
us)
£ 204y=—0.04x + 54.67 y=-0.05x + 55.09 v =—0.05x + 51.03 y=-0.03x +51.36
g 0 R’=067 p < 0.05 R?=0.53 p < 0.05 R>=0.57 p < 0.05 R?=028 p < 0.05

0 70 140 210

0 70 140 210

N rate (kg/ha)

0 70 140

210 0 70

140 210

N rate (kg/ha)

Figure 7. NDF of forage maize at harvest under different treatments in 2020 and 2021.

3.6. RFV

In 2020, the N application rate significantly affected the dry matter intake (DMI),
digestible dry matter (DDM), and relative forage value (RFV) of aboveground whole plant
matter at harvest, while the basal topdressing ratio only significantly affected DDM. DMI,
DDM, and RFV increased with increasing N application rate and peaked at Npjg. DDM
was lower in the 4:6 ratio compared to the 2:8 ratio.

In 2021, the N application rate significantly affected DMI, DDM, and RFV of above-
ground whole plant matter at harvest. Moreover, DMI and RFV peaked at N4, while
DDM peaked at Ny, respectively (Table 6).
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Figure 8. ADF of forage maize at harvest under different treatments in 2020 and 2021.
Table 6. Dry matter intake (DMI), digestible dry matter (DDM), and relative feeding value (RFV) of
forage maize under different treatments.
2020 2021
Treatment
DMI (%) DDM (%) RFV (%) DMI (%) DDM (%) RFV (%)
N rate
Np 23¢ 73.8¢ 132.6 P 23b 75.0 € 1359
No 2.4 bc 75.7° 142.5° 25P 76.9° 1459°
Ni40 2.6ab 77.62 158.6 2 292 7832 174.62
Nj10 282 7782 16742 2742 78.72 164.8 @
N ratio
2:8 262 77.32 156.52 272 7782 165.7 2
4:6 262 76.7P 15594 262 78.12 157.82
N rate p<0.01 p<0.01 p<0.01 p<0.01 p<0.01 p<0.01
N ratio p>0.05 p <0.05 p>0.05 p>0.05 p>0.05 p>0.05
Rate x Ratio p>0.05 p>0.05 p>0.05 p>0.05 p>0.05 p>0.05

Means followed by the same lowercase letter within each column were not significantly different (p > 0.05), while
different lowercase letters indicate significant differences (p < 0.05).
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3.7. Dynamics of Soil Water Storage

Soil water storage in the 0-80 cm soil layer of forage maize changed over time under
all treatments in 2020 and 2021 (Figure 9). Soil water storage was higher under the 4:6 ratio
compared to the 2:8 ratio during the entire reproductive period. By comparing the peaks on
the soil water storage curves with rainfall events, it is clear that a peak occurred soon after
each rainfall event, or that it was continuous on cloudy days, followed by a gradual decrease
in soil water content in each soil layer, as well as soil water storage, until the next rainfall
event. This exact situation repeated itself. Additionally, the decreased rate of soil water
storage in the 0-80 cm soil layer gradually increased as the reproductive period progressed,
indicating that the rate of water consumption by forage maize gradually increased.

— N, RN, RN, — RNy R,N,; — R,N;,, — R,N,;, EH Precipitation Irrigation

500 2020 0 400 2021 0
é 400 | £ 3F &
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Figure 9. Dynamics of soil water storage in the 0-80 cm soil layer under different treatments in
2020 and 2021.

3.8. Water- and N-use Efficiency

In 2020, the N application rate and its interaction with the basal topdressing ratio
significantly affected WUEpy (Table 7). WUEpy increased with increasing N application
and peaked at Npjg. In 2021, the N application rate, basal topdressing ratio, and their inter-
action significantly affected WUEp)y;. The WUEp)y in the Nyg, N149, and N1 treatments
were significantly higher compared to Ny. When the basal topdressing ratio was 4:6, the
WUEp)p was higher than the 2:8 ratio.

Table 7. Effects of different fertilization rates and basal topdressing ratios on WUE, RE, and PFP in
2020 and 2021.

2020 2021
Treatment
WUE (g/kg) RE (%) PFP (kg/kg) WUE (g/kg) RE (%) PFP (kg/kg)
N rate
No 43¢ 54¢
Nyo 51Pb 2442 179.52 6.5b 31.72 135.92
Ni40 5.6P 2712 97.1b 6.9P 2932 709
Naig 6.62 26.82 70.9 752 2562 50.3 €
N ratio
2:8 5.62 3042 116.7 2 6.8 32.82 84.12
4:6 592 21.8P 115.02 712 249b 87.32
N rate p<0.01 p >0.05 p<0.01 p <0.01 p>0.05 p <0.01
N ratio p>0.05 p<0.05 p>0.05 p <0.05 p<0.01 p>0.05
Rate x Ratio p <0.05 p>0.05 p>0.05 p<0.05 p>0.05 p>0.05

Means followed by the same lowercase letter within each column were not significantly different (p > 0.05), while
different lowercase letters indicate significant differences (p < 0.05).
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In 2020 and 2021, the N application rate significantly affected PFPy;, while the basal
topdressing ratio significantly affected REyN. When the basal topdressing ratio was 2:8, REn
was higher compared to 4:6. PFPy decreased with increasing N application.

4. Discussion
4.1. Effect on Maize Growth and Dry Matter Accumulation

N application is one of the key measures that promote forage maize growth and yield.
Carpici et al. (2010) reported that plant height increased with increasing N application,
and it peaked at an N rate of 400 kg/ha. Stem diameter increased up to an N rate of
300 kg/ha, whereafter it stabilized [25]. In our study, the stem diameter of forage maize
increased quadratically with increasing N application, and the predicted optimum N
rate was 131.2 kg/ha for the 2:8 basal topdressing ratio and 138.5 kg/ha for the 4:6 ratio.
Qiu et al. (2014) found that increasing N application beyond the optimal rate will only lead
to a small increase, or even a decrease, in forage maize aboveground biomass, and optimal
rate differences observed between years and experimental sites were primarily caused by
variability in rainfall and soil characteristics [26]. In our study, the aboveground whole
plant fresh and dry weight under the 2:8 basal topdressing ratio increased quadratically
with the N rate. The predicted optimum N rate was 165.8 kg/ha for maximizing the fresh
weight and 171.0 kg/ha for maximizing the dry weight in 2020. The fresh and dry weights
of aboveground parts in 2021 increased with increasing N application under both basal
topdressing ratios and reached a maximum of 210 kg/ha. This shows that the application
of N fertilizer within a reasonable interval is beneficial to forage maize growth and dry
matter accumulation.

Excessive basal N fertilizer causes increased N leaching and leads to an insufficient
supply of N in the late growth stages of maize, resulting in early leaf senescence. Topdress-
ing N fertilization that occurs at the jointing and trumpet stages can ensure a sufficient N
supply in the late growth stage, thus promoting a high yield [27,28]. In our study, forage
maize yield increased significantly under the basal topdressing ratio of 2:8 compared to
4:6. In 2020, forage maize fresh and dry matter yields were significantly higher under
the 2:8 basal topdressing ratio than the 4:6 ratio. However, the opposite was observed in
2021. This is possibly because precipitation during the late growth stage was significantly
lower in 2021 compared to 2020. An increased N topdressing ratio at the jointing stage
(i.e., 2:8 vs. 4:6 of the basal topdressing ratio) under drought conditions (the case in 2020)
decreases soil water potential and inhibits root growth, resulting in hindered water and
nutrient absorption [12]. Additionally, this study found that dry matter yield during 2021
was 23.1% lower compared to 2020. The sum of precipitation and irrigation during the
growth period of 2021 was 43.8% lower than the precipitation in 2020, thus leading to
reduced yield. Relevant research has shown that effective precipitation during the forage
maize reproductive period enhances yield formation [26,29,30].

4.2. Effect on Forage Quality

Crude protein (CP) is the sum of nitrogenous substances in forage and directly deter-
mines forage nutritional value [31]. ADF and NDF content affects livestock forage intake
and consumption rates. Higher ADF values lead to lower feeding rates, and the higher
the NDF value, the lower the digestibility [32]. Our study showed that the CP content of
forage maize increased linearly or quadratically with increasing N application. Similar
effects of N fertilization were reported by Sheaffer et al. (2006) [33] and Patricio Soto et al.
(2004) [34] in forage maize. Our study found that the CP content of stems and ears was
higher compared to leaves. Singh et al. (2006) found that the N content and uptake of
grain and straw were the highest [35] in all maize parts. In our study, an increased N rate
decreased NDF and ADF concentration (as evidenced by the observed significant negative
linear regression relations between NDF and ADF and the N rate in Figures 6 and 7), thus
effectively improving forage maize nutritional value and feeding quality; these results
agree well with previous studies [36-38]. Additionally, forage quality is closely related to
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material translocation and metabolism, and increasing the topdressing ratio of N fertilizer
at later growth stages can improve N translocation and use efficiency, resulting in higher
physiological activity in the late reproductive stage, which is conducive to improved dry
matter yield formation and forage quality [15,16]. In our study, at the 2:8 basal topdressing
ratio, the CP content of ears, as well as aboveground whole plant matter, was higher in all
N applications compared to the 4:6 ratio. At a certain total N application, an appropriate
increase in the topdressing ratio of N fertilizer can significantly improve the efficiency of
N transport in post-flowering nutrient organs, thus increasing their CP content [17,39].
However, the basal topdressing ratio of N fertilizer did not significantly affect NDF and
ADF content, and the related mechanism needs further exploration.

4.3. Effect on Water- and N-use Efficiency

Proper N application can significantly promote root growth and expand the space for
soil water and nutrient uptake by roots while increasing leaf area to improve transpiration
efficiency and reduce inefficient soil water evaporation. This can result in the efficient use
of limited soil water resources in semi-arid areas. Meanwhile, increasing the topdressing
ratio of N fertilizer promotes favorable crop water use efficiency, but exceeding the optimal
ratio leads to decreases [18]. In our study, forage maize WUEp) increased with increasing N
application in both years and reached a maximum of Ny1g. In 2021, the basal topdressing ratio
significantly affected WUEp);. Moreover, WUEp)s was higher at N149 and Nj1g rates under
the basal topdressing ratio of 4:6 compared to 2:8. This was because the dry matter yield of the
forage maize was higher at the 4:6 basal topdressing ratio compared to the 2:8 ratio in 2021,
but the difference in water consumption between both ratios was not significant. Meanwhile,
crop water consumption was slow in the early stage, but then gradually increased, and
then decreased again in the late stage. This is similar to Ge et al. (2012), who reported that
the transpiration rate of maize was higher at the seventeenth leaf stages compared to the
reproductive stages [40]. The variation in soil water storage in this study can provide a basis
for optimal water management for forage maize at each growth stage.

Studies have shown ammonia volatilization is significantly increased with the N
application rate, and a high basal N application ratio significantly increases N loss [41]. A
greater amount of N is required in the later growth stage (after silking) for high-yielding
maize production, and the highest crop N uptake occurs in the period from flowering to
harvest. Changing the allocation of N from basal to topdressing can reduce the apparent N
surplus [14,42]. A proper N rate, together with a split application, can promote N uptake
during the entire reproductive period, and thus improve N fertilizer utilization. Our study
showed that PFPy was lower with increased N application. The REy of forage maize at the
2:8 basal topdressing ratio was higher compared to the 4:6 ratio under all N rates, while the
basal topdressing ratio had no significant effect on PFPy. Optimizing the basal topdressing
ratio of N fertilizer can significantly improve N utilization efficiency. This shows that
decreasing the total N application rate while increasing the ratio of topdressing, can be a
feasible and effective strategy for N fertilizer management to improve N-use efficiency in
maize cultivation.

5. Conclusions

An optimized N application rate and basal topdressing ratio promote a high forage
maize yield and quality with efficient water and N resource use. With increasing N
application rate, the dry matter yield, forage quality, and dry matter water-use efficiency
of forage maize significantly increased, while N-use efficiency (indicated by N recovery
efficiency and the partial-factor productivity of applied N) clearly decreased. In normal
rainfall years, the dry matter yield, crude protein content, and partial-factor productivity
of applied N at harvest were all significantly higher under an N rate of 210 kg/ha and an
optimal basal topdressing ratio of 2:8. In dry years; however, the effects of the N application
rate and basal topdressing ratio on forage maize production were significantly different.
The N application rate and basal topdressing ratio should be optimized further for different
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rainfall regimes with the help of crop growth models to achieve productive and high-quality
cultivation of forage maize with efficient water and N resource use.
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