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Abstract: [ Objectives ] This study aimed to investigate the effects of localized application of controlled-release
urea on the three-dimensional spatial distribution of maize root systems and nitrogen uptake and utilization.
Specifically, it sought to clarify the advantages of slow-release urea over traditional uniform fertilization
and localized quick-release fertilization in maintaining a sustained nutrient supply and matching with root
growth, thereby providing a theoretical basis for the efficient utilization of slow-release nitrogen fertilizers.

[ Methods ] A soil column experiment was conducted using maize and nitrogen fertilizer as the experimental
subjects. Four treatments were established: no nitrogen application (CK), uniform urea application (UU), localized
urea application (LU), and localized slow-release urea application (SU). X-ray computed tomography (X-ray CT)
was employed for in situ scanning and three-dimensional reconstruction of root systems. Measurements of plant

biomass, nitrogen uptake, and soil nitrogen content were integrated to analyze the relationships among root
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morphological traits, spatial distribution pattern, and nutrient uptake under different fertilization regimes.
[ Results ] Compared with UU and LU, SU increased above-ground nitrogen uptake by 43.8% and 36.9%,
respectively, thereby significantly enhancing total maize nitrogen uptake. The SU treatment also substantially
increased soil nitrate nitrogen content. Within the localized fertilization zone (2—6 cm soil layer), nitrate nitrogen
concentrations in SU treatment were significantly higher than those in the CK, UU, and LU treatments by 200%,
80%, and 103%, respectively. The three-dimensional reconstruction based on X-ray CT revealed that the SU
treatment significantly promoted root growth. Particularly in the localized fertilization zone (2—6 cm soil layer),
root length density reached 7.3 cm/cm’, representing increases of 182% and 101% relative to the UU and LU
treatments, respectively. Moreover, within the fertilization microzone (a 50 cm’ volume surrounding the fertilizer
granules), root length under the SU treatment was 3.3 times of that under the LU treatment. Furthermore,
correlation analysis indicated that root morphological parameters (root length, root surface area, and root length
density) were significantly and positively correlated with soil nitrate nitrogen content and above-ground nitrogen
uptake, whereas mean distance exhibited a significant negative correlation with nitrogen uptake. [ Conclusions ]
Localized application of slow-release urea promotes sustained root proliferation in fertilized zones by providing a
continuous supply of nitrogen, enhances the spatial coupling between roots and nutrients, and significantly
improves maize nitrogen nutrition. X-ray CT technology effectively reveals the spatial characteristics of root-

fertilizer interactions and provides crucial technical support for studying root-fertilizer interactions.
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Different lowercase letters above the bars indicate significant difference among treatments at the 0.05 level.
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Different lowercase letters beside the bars indicate significant difference among treatments in the same soil layer at the 0.05 level.
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Fig. 4 Three-dimensional reconstructed architecture of
maize root systems under different nitrogen application
treatments based on X-ray CT technology
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Note: CK—No nitrogen application; UU—Uniform urea application;
LU—Localized urea application; SU—Localized slow-release urea
application. The red sphere in the LU treatment represents the urea
fertilizer granule, and the green sphere in the SU treatment represents
the slow-release urea fertilizer granule. The soil columns dimension are
10 cm in diameter and 20 cm in height.
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Table 1 Maize root morphology parameters measured by X-ray CT scanning

QbER BRE (m) R (cm?)
Treatment Total root length Root surface area
CK 28.71+£3.07 ¢ 250.65+43.69 ¢
uu 54.11£3.52 b 531.96+34.55 b
LU 58.15£7.38 b 576.91£78.99 b
SuU 99.1249.55 a 949.684+90.91 a

AR (cm?) TR EAE (mm) SEHIREES (mm)
Root volume Mean root diameter Mean distance
2.30+0.41 ¢ 0.17+£0.02 b 21.13+1.16 a
5.81+0.67 b 0.24+0.03 a 19.31+0.55 b
6.25+0.90 b 0.22+0.04 a 20.79+0.25 a
9.68+0.78 a 0.17+0.03 b 17.21£0.73 ¢

IE: CK— A% UU—SHERE; LU—REREIRE; SU—RSIEZRIRE . BRI FRIELARER, n=d. RFIBIRE AR/NE 76/

FORA IR FE0.05 /K- 2257 3

Note: CK—No nitrogen application; UU—Uniform urea application; LU—Localized urea application; SU—Localized slow-release urea application.

Values are shown as means + SD (n =4). Different lowercase letters above the bars indicate significant difference among treatments at the 0.05 level.
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Note: CK—No nitrogen application; UU—Uniform urea application; LU—Localized urea application; SU—Localized slow-release urea application.

Different lowercase letters beside the bars indicate significant difference among treatments in the same soil layer at the 0.05 level.
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Fig. 6 Three-dimensional architecture of maize root
system within the region of interest (ROI)
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Note: The figure illustrates the three-dimensional reconstruction of the
region of interest (ROI)—a 614 x 614 x 614 voxel (50 cm3) volume
centered on the fertilizer granule. CK—No nitrogen application;
UU—Uniform urea application; LU—Localized urea application;
SU—Localized slow-release urea application. REP represents biological
replicates, with four replicates per treatment.

MR ,  BARAEAY) A KT I RE 8 A 13 PO
FRorEEX, fEHEEY IR, (A5 3R

BRI TR, RRES BAR R AR KRR 40 A 1Y
ANUCRE, JoE oA bR A T R I AUE R, AR
o, R PR AL BE (LU) K Hh b 3B A0 A
W S RN SR (UU) AbBRC 3525 5, R
WM 2R (K 1, K 2), XYL T REF
EIE R EMN AL . JRT R IR E AR s 5218 B
Fear, SNSRI RS E Y AW IC T, Hrsk
VR AR T R R TR, A, Rl
Jiti FH 9% B8 IR 28 A 08 v T AR s A A
(0 3), AT I 25 4 v 1 T 0 0 e N R i
(&2, & 7).

32 ZIERERERHAIRRRFEK

Jey it FH 2 B PR R RERS 2 HERR RAE TR 7> B A IX
M o SR SR i R A T 2 ) i PR A
KIAE RS )5, e B B3R w AR IX, RAR
TEFR B AR KEZ RS, MR EA K, SR
R AR AFR 23 [ 04 g BEDLRC . AP, SRt
Jiti FH PR 2 AL BE (LU) 5 2500 HI R R AL B (UU) A
o, R THEBRKARER AR ZE R A RE R,
{H LU AL PR e TARRAES R B AR A K (14 4,
K5, El6, %2). Sk, WH5RY, BEHEFREE
DR SEZ W N RE, AR RIRER, HTIF
AR, HBURRE R RIS, WA MAR

23 [B) 3 AU BUAR DL IS, AH T A2 Ml, RARX
FIRGERR A “FEARK” 2, iR IRR



51 BAESH, 5. XS4k CT /R EE BRI E T TR R =4k == (0] A b 1001

F2 BBRE 2—6 cm) BRABXHRAEATLTSESH

Table 2 Root morphology parameters in the local region of interest (ROI) within the fertilizer layer (2—6 cm)

AbER R (m) ARFEF (cm?) AT (cm?) SR EAE (mm) SRR ES (mm)
Treatment Root length Root surface area Root volume Mean root diameter Mean distance
CK 3.85+0.90 ¢ 72.35+£15.76 ¢ 1.24+0.28 ¢ 0.56+0.08 ab 46.88+7.70 a
uu 3.75£0.53 ¢ 75.96+3.90 ¢ 1.66+0.24 ¢ 0.94+0.31 a 44.71+£3.81 a
LU 10.24+2.74 b 184.45+48.49 b 3.40+0.88 b 0.67+0.22 ab 25.16+4.70 b
SU 33.70+4.17 a 545.97+61.99 a 9.08+0.91 a 0.46+0.06 b 12.38+1.17 ¢

{E: CK— A VUSSR R LU—JREfitIR R s SU—JRifiigBIR R . B0 FI(HARifERE, n=d. RISIEEE ARG 74
FORALFRA]7E0.05 K- 225 W

Note: CK—No nitrogen application; UU—Uniform urea application; LU—Localized urea application; SU—Localized slow-release urea application.
Values are shown as means + SD (n=4). Different lowercase letters after data in a column indicate significant difference among treatments at the
0.05 level.
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Fig. 7 Correlation analysis

. SDM—h E#F 5 ; N-con—Hi LB ; N uptake—ZRICEE; NH, —HERZE 2—6 cm) BB REIKE; NO, —HEKEZE (2—6 cm) fil§
BHEMKEE; TRL—EMRK; RLD-layer2—HERHNZ 2—6 cm) K% E; RV—EMRAT; RSA—HMREME; RD—IRER; MD—FiE
B *—P<0.05; **—P<0.01; ***—P<0.001.

Note: SDM—Shoot dry mass; N-con—Aboveground nitrogen concentration; N uptake—Nitrogen uptake; NH,'—Ammonium nitrogen concentration
in the fertilizer layer (2—6 cm); NO, —Nitrate nitrogen concentration in the fertilizer layer (2—6 cm); TRL—Total root length; RLD-layer2—Root
length density in the fertilizer layer (2—6 cm); RV—Total root volume; RSA—Total root surface area; RD-Root diameter; MD—Mean distance.
*—P<0.05; **—P<0.01; ***—P<0.001.
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