Table S1 Effects of different nitrogen application rates on root length per plant of maize
	Planting density (×10⁴plants ha⁻¹)
	Soil layer depth（cm）
	Nitrogen application rate (kg ha-1)
	R1
	　
	R6

	
	
	
	2021
	2022
	　
	2020
	2021
	2022

	7.5
	0-20
	0
	87.02±4.7c
	111.6±8.19c
	　
	93.09±3.51d
	79.46±3.76c
	60.92±3.16d

	
	
	180
	96.25±12.66c
	141.57±10.1b
	
	104.36±5.93c
	92.47±7.54b
	72.71±2.92c

	
	
	270
	113.29±6.81b
	157.61±8.66a
	
	116.19±2.89b
	94.82±6.71b
	88.67±6.92b

	
	
	360
	112.35±11.46b
	154.49±4.57ab
	
	132.58±3.29a
	110.41±7.12a
	133.31±7.76a

	
	
	450
	126.93±4.53ab
	159.52±4.14a
	
	131.12±7.64a
	117.42±3.03a
	130.46±6.15a

	
	
	540
	133.04±2.12a
	156.23±8.88a
	
	130.57±0.98a
	112.38±6.47a
	134.17±7.79a

	
	20-40
	0
	13.93±4.33d
	21.23±3.42d
	　
	12.17±0.53d
	7.91±0.39c
	9.99±2.87b

	
	
	180
	27.44±3.86c
	35.91±4.09c
	
	13.33±0.59c
	10.56±1.37bc
	14.3±5.3ab

	
	
	270
	30.4±5.31bc
	46.33±5.72b
	
	13.86±0.49bc
	13.54±1.01ab
	16.98±3.89ab

	
	
	360
	37.91±3.11ab
	62.44±5.73a
	
	14.72±0.17ab
	15.1±2.97a
	22.14±4.47a

	
	
	450
	41.63±6.98a
	60.54±2.83a
	
	14.89±0.91a
	16.24±3.9a
	22.14±5.01a

	
	　
	540
	40.38±4.36a
	61.62±4.78a
	　
	15.35±0.04a
	14.93±1.84a
	22.14±3.59a

	
	40-60
	0
	11.65±0.99b
	14.41±3.49b
	
	6.98±1.06b
	5.34±0.58e
	3.56±0.47c

	
	
	180
	16.07±1.98b
	19.69±3.16ab
	
	7.65±0.39b
	7.18±1.05d
	4.79±0.34bc

	
	
	270
	15.85±5.82b
	23.66±4.55ab
	
	10.78±0.49a
	11.92±1.18c
	8.94±3.47ab

	
	
	360
	19.61±3.62b
	30.03±8.2a
	
	10.8±0.88a
	12.81±0.33bc
	12.49±2.9a

	
	
	450
	27.19±2.7a
	28.3±6.52a
	
	11.24±0.2a
	14.88±0.68a
	12.46±3.84a

	
	
	540
	28.55±6.74a
	28.59±4.66a
	
	10.48±0.06a
	13.86±0.39ab
	11.69±3.35a

	12.0
	0-20
	0
	49.15±5.53c
	69.21±3.04c
	
	38.39±0.44d
	43.15±6.16c
	39.13±6.22d

	
	
	180
	55.82±9.7bc
	80.25±5.89c
	
	42.24±3.92cd
	49.19±4.59bc
	52.13±3.18cd

	
	
	270
	67.81±5.83b
	103.01±8.41b
	
	45.35±4.31bc
	55.42±7.52abc
	59.46±8.5bc

	
	
	360
	81.39±5.56a
	115.5±7.21a
	
	47.88±0.63b
	61.58±6.55ab
	67.98±6.61ab

	
	
	450
	83.87±4.75a
	125.7±6.49a
	
	58.95±3.06a
	66±9.45a
	75.54±12.91a

	
	
	540
	84.89±7.83a
	125.19±4.93a
	
	58.61±3.03a
	62.21±8.81ab
	75.02±2.03a

	
	20-40
	0
	17.41±4.4c
	27.29±5.04b
	　
	4.27±0.35d
	8.74±0.97c
	13.42±2.61a

	
	
	180
	28.75±1.55b
	29.45±2.55ab
	
	7.16±0.06c
	10.61±0.95bc
	15.58±4.24a

	
	
	270
	33.27±5.62ab
	30.9±0.46ab
	
	9.84±0.71b
	12.18±3.5ab
	13.5±1.86a

	
	
	360
	39.9±1.91a
	33.18±8.09ab
	
	13.03±1.88a
	13.44±1.24ab
	13.97±5.32a

	
	
	450
	40.43±2.89a
	37.63±4.55a
	
	14.36±0.49a
	14.72±1.39a
	18.56±6.25a

	
	　
	540
	37.76±6.87a
	35.57±6.13ab
	　
	12.98±0.63a
	14.72±0.74a
	18.36±2.77a

	
	40-60
	0
	14.43±3.18a
	15.47±3.04a
	
	2.97±0.43d
	8.21±4.04a
	5.49±1.53b

	
	
	180
	18.37±1.35a
	16.01±0.61a
	
	4.83±0.45c
	8.87±0.51a
	7.47±0.35ab

	
	
	270
	19.73±7.43a
	18.16±3.27a
	
	5.45±0.04c
	8.8±1.94a
	9.17±2.35ab

	
	
	360
	21.85±5.4a
	21.7±8.07a
	
	7.08±0.39ab
	10.51±2.02a
	11.65±0.56a

	
	
	450
	22.71±1.16a
	21.74±7.53a
	
	6.49±0.62b
	11.88±1.99a
	11.69±3.47a

	　
	　
	540
	22.5±3.59a
	21.71±8.43a
	　
	7.27±0.29a
	10.23±2.08a
	12.27±5.17a


Note: Different letters indicate significant differences between different nitrogen application rates at the P < 0.05 level. R1 represents the silking stage; R6 represents the maturity stage (kernels have reached maximum dry weight).
Table S2 Effects of different nitrogen application rates on root surface area per plant of maize
	Planting density (×10⁴plants ha⁻¹)
	Soil layer depth（cm）
	Nitrogen application rate (kg ha-1)
	R1
	　
	R6

	
	
	
	2021
	2022
	　
	2020
	2021
	2022

	D7.5
	0-20
	0
	1934.93±62.49c
	2118.43±200.48c
	　
	1919.83±58.46d
	1899.4±14.52c
	1398.47±61.5d

	
	
	180
	2366.43±77.59c
	2396.99±107.55b
	
	2260.22±106.5c
	2221.83±86.56b
	1787.77±24.75c

	
	
	270
	2760.98±67.62b
	2595.97±189.85a
	
	2388.13±31.56b
	2469.98±113.49b
	2233.73±38.43b

	
	
	360
	2811.02±49.1b
	3087.59±57.94ab
	
	2569.01±50.42a
	2481.18±92.22a
	2236.54±89.22a

	
	
	450
	2813.49±19.87ab
	2976.67±103.84a
	
	2625.41±115.61a
	2440.38±89.27a
	2681.95±115.13a

	
	
	540
	3030.29±189.05a
	3105.66±125.28a
	
	2653.39±58.17a
	2446.71±99.14a
	2643.19±127.49a

	
	20-40
	0
	350.7±20.79d
	508.33±43.36d
	　
	233.75±9.14d
	199.43±39.63c
	250.51±27.05b

	
	
	180
	438.6±60.95c
	604.37±92.35c
	
	254.56±13.41c
	256.83±27.92bc
	262.65±14.4ab

	
	
	270
	599.42±57.47bc
	703.36±62.24b
	
	285.09±8.71bc
	297.45±47.85ab
	353.21±37.39ab

	
	
	360
	762.08±36.34ab
	843.89±79.75a
	
	319.94±16.89ab
	336.5±20.93a
	400.98±50.14a

	
	
	450
	834.7±60.92a
	821.42±55.23a
	
	365.56±29.51a
	383.92±34.53a
	426.11±21.72a

	
	　
	540
	794.2±44.3a
	812.79±51.91a
	　
	375.94±12.13a
	369.14±6.15a
	451.18±35.6a

	
	40-60
	0
	238.29±45.61b
	208.07±46.84b
	
	101.13±12.8b
	104.83±13.26e
	65.8±12.84c

	
	
	180
	283.26±61.81b
	319.29±40.32ab
	
	116.54±11.64b
	124.93±6.54d
	103.49±29.83bc

	
	
	270
	329.67±16.54b
	365.91±45.32ab
	
	172.91±8.64a
	200.92±19.69c
	120.28±15.67ab

	
	
	360
	363.09±22.78b
	494.97±53.18a
	
	204.02±7.72a
	249.28±2.56bc
	184.83±41.99a

	
	
	450
	432.45±68.41a
	468.5±56.28a
	
	338.46±18.12a
	239.41±10.86a
	174.33±9.63a

	
	
	540
	452.09±57.04a
	503.11±50.62a
	
	355.65±34.94a
	270.56±50.45ab
	190.44±48.09a

	D12.0
	0-20
	0
	1052.83±126.57c
	1027.01±76.98c
	　
	881.66±101.86d
	891.54±70.52c
	879.11±91.89d

	
	
	180
	1172.1±97.58bc
	1641.37±26.72c
	
	1070.88±75.64cd
	1042.97±93.98bc
	1334.63±69.47cd

	
	
	270
	1543.01±118.12b
	1847.92±87.5b
	
	1125.4±74.63bc
	1333.57±68.01abc
	1445.95±54.07bc

	
	
	360
	2013.21±67.1a
	2095.85±113.89a
	
	1154.67±23.03b
	1431.92±107.99ab
	1638.85±54.16ab

	
	
	450
	1905.57±73.55a
	2391.62±4.79a
	
	1381.4±100.76a
	1557.6±55.6a
	1602.84±56.48a

	
	
	540
	1881.33±94.91a
	2303.27±49.26a
	
	1511.37±32.54a
	1596.9±46.64ab
	1614.85±31.14a

	
	20-40
	0
	244.43±19.4c
	259.89±12.59b
	　
	112.38±15.28d
	137.13±13.56c
	212.89±8.11a

	
	
	180
	351.45±33.54b
	379.08±15ab
	
	155.69±0.52c
	190.04±30bc
	254.23±33.49a

	
	
	270
	462.37±10.05ab
	484.57±38.6ab
	
	220.66±23b
	257.39±6.53ab
	317.51±9.68a

	
	
	360
	543.77±28.15a
	530.4±19.62ab
	
	225.93±6.86a
	289.12±10.03ab
	409.71±42.7a

	
	
	450
	636.45±29.44a
	481.96±67.8a
	
	261.53±7.06a
	340.6±39.63a
	386.9±48.68a

	
	　
	540
	620.34±38.99a
	530.88±66.78ab
	　
	259.91±4.82a
	344.12±12.34a
	417.8±12.73a

	
	40-60
	0
	248.45±35.68a
	208.18±44.51a
	
	62.01±12.69d
	131.72±6.2a
	98.25±17.36b

	
	
	180
	299.67±18.48a
	260.69±21.12a
	
	92.44±4.24c
	155.24±11.72a
	149.18±26.93ab

	
	
	270
	346.34±36.18a
	286.25±6.18a
	
	119.87±6.77c
	165.49±4.08a
	165.13±52.87ab

	
	
	360
	370.23±14.43a
	341.75±17.95a
	
	126.93±16.1ab
	190.28±21.33a
	192.6±5.01a

	
	
	450
	370.51±35a
	383.98±12.86a
	
	139.88±4.69b
	189.61±14.27a
	197.25±15.31a

	　
	　
	540
	359.11±40.23a
	373.36±24.97a
	　
	141.05±6.77a
	185.12±5.42a
	194.27±14.75a


Note: Different letters indicate significant differences between different nitrogen application rates at the P < 0.05 level. R1 represents the silking stage; R6 represents the maturity stage (kernels have reached maximum dry weight).
Table S3 Effects of different nitrogen application rates on root volume per plant of maize
	Planting density (×10⁴plants ha⁻¹)
	Soil layer depth（cm）
	Nitrogen application rate (kg ha-1)
	R1
	　
	R6

	
	
	
	2021
	2022
	　
	2020
	2021
	2022

	D7.5
	0-20
	0
	51.14±7.09c
	36.96±2.95c
	　
	41.23±2.94d
	36.56±1.75c
	26.56±1.25d

	
	
	180
	60.78±3.11c
	48.09±0.8b
	
	47.21±8.69c
	51.63±6.17b
	31.37±3.28c

	
	
	270
	67.93±6.76b
	55.35±3.76a
	
	48.91±0.41b
	57.69±6.6b
	35.74±6.53b

	
	
	360
	72.61±2.09b
	61.34±6.15ab
	
	58.61±5.53a
	65.18±5.23a
	48.29±6.29a

	
	
	450
	77.1±4.77ab
	60.11±2.29a
	
	56.01±0.09a
	67.46±5.94a
	55.47±4.03a

	
	
	540
	75.63±2.64a
	60.27±3.59a
	
	58.5±3.62a
	67.17±4.19a
	57.66±1a

	
	20-40
	0
	4.84±0.62d
	6.65±0.45d
	　
	3.82±0.34d
	3.04±0.62c
	2.86±0.74b

	
	
	180
	5.38±0.71c
	7.86±0.6c
	
	4.14±0.5c
	3.87±0.23bc
	3.59±1.05ab

	
	
	270
	7.81±0.56bc
	9.7±0.94b
	
	5.04±0.27bc
	5.29±0.43ab
	5.23±0.52ab

	
	
	360
	9.14±0.68ab
	12.36±0.29a
	
	5.74±0.56ab
	7.09±0.51a
	6.29±0.67a

	
	
	450
	10.93±0.25a
	12.79±0.61a
	
	6.42±0.52a
	7.18±0.66a
	6.92±0.83a

	
	　
	540
	10.79±0.6a
	13.7±1.33a
	　
	6.11±0.15a
	6.96±0.53a
	6.74±0.4a

	
	40-60
	0
	3.54±0.76b
	3.89±0.56b
	
	1.2±0.12b
	1.77±0.23e
	0.98±0.26c

	
	
	180
	3.89±0.24b
	4.79±0.66ab
	
	1.4±0.12b
	2.13±0.66d
	1.24±0.59bc

	
	
	270
	4.18±0.03b
	6.13±0.29ab
	
	2.32±0.04a
	3.25±1.46c
	1.49±0.36ab

	
	
	360
	5.33±0.51b
	5.98±0.87a
	
	2.97±0.16a
	3.4±0.13bc
	2.27±0.39a

	
	
	450
	5.99±0.58a
	5.82±0.67a
	
	3.58±0.37a
	3.17±1.01a
	2.63±0.49a

	
	
	540
	6.05±0.24a
	6.04±0.12a
	
	3.64±0.29a
	3.48±0.63ab
	2.76±0.69a

	D12.0
	0-20
	0
	29.17±3.75c
	29.34±1.07c
	　
	21.26±1.95d
	18.26±2.62c
	11.52±0.39d

	
	
	180
	36.72±2.44bc
	33.7±3.17c
	
	26.81±0.55cd
	22.77±2.88bc
	18.15±2.34cd

	
	
	270
	40.28±4.11b
	38.95±4.29b
	
	30.7±1.92bc
	33.41±2.29abc
	26.78±2.17bc

	
	
	360
	48.3±5.43a
	44.75±3.24a
	
	32.74±0.95b
	44.07±3.26ab
	34.08±2.02ab

	
	
	450
	48.35±1.98a
	44.63±4.34a
	
	34.55±2.97a
	44.87±3.05a
	33.78±1.41a

	
	
	540
	47.12±5a
	45.08±2.44a
	
	37.92±0.25a
	44.8±2.51ab
	35.91±1.27a

	
	20-40
	0
	3.9±0.78c
	4.21±0.21b
	　
	2.38±0.42d
	2.83±0.92c
	3.83±0.52a

	
	
	180
	5.04±0.34b
	5.77±0.79ab
	
	2.73±0.01c
	3.64±0.38bc
	3.85±0.85a

	
	
	270
	6.71±0.17ab
	6.14±0.71ab
	
	3.97±0.54b
	4.7±0.32ab
	4.24±0.76a

	
	
	360
	7.39±0.4a
	7.49±0.18ab
	
	4.42±0.52a
	4.73±0.22ab
	5.49±0.22a

	
	
	450
	8.02±0.32a
	7.06±0.92a
	
	4.71±0.86a
	5.07±0.65a
	5.94±0.48a

	
	　
	540
	8.14±1.24a
	6.97±0.39ab
	　
	4.69±1.07a
	4.77±0.71a
	5.87±0.75a

	
	40-60
	0
	3.14±0.68a
	1.9±0.23a
	
	1.03±0.27d
	1.35±0.26a
	1.82±0.79b

	
	
	180
	3.63±0.78a
	2.68±0.29a
	
	1.43±0.01c
	1.7±0.35a
	2.08±0.38ab

	
	
	270
	4.67±0.68a
	3.26±0.78a
	
	1.51±0.31c
	1.99±0.08a
	2.11±0.47ab

	
	
	360
	5.71±0.7a
	3.7±0.53a
	
	2.02±0.12ab
	2.58±0.06a
	2.55±0.14a

	
	
	450
	5.66±0.88a
	4.14±0.23a
	
	1.99±0.23b
	2.4±0.27a
	2.68±0.39a

	　
	　
	540
	5.77±0.9a
	4.05±0.28a
	　
	1.91±0.06a
	2.53±0.41a
	2.64±0.55a


Note: Different letters indicate significant differences between different nitrogen application rates at the P < 0.05 level. R1 represents the silking stage; R6 represents the maturity stage (kernels have reached maximum dry weight).

