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Abstract: [Objective] Optimizing nitrogen management of the farmland is critical to achieve the strategy of
reducing fertilizer input and improving efficiency, as well as advance the agricultural green development. This study
aims to explore the spatio-temporal variations of soil total nitrogen (TN) and nitrogen use efficiency (NUE) in typical
county of cinnamon soil region over the past four decades, which can provide the scientific basis for enhancing
farmland nitrogen management. [Method] Based on the farmland soil properties (soil nutrients, etc.) in Shouyang
County, Shanxi Province in 1983, 2010, and 2023, and the agricultural production statistical data (planting area,
crop yields, fertilizer types and application rates, livestock breeding quantity, etc.) from 1980 to 2023, classical
statistics and geostatistics were employed to analyze the spatiotemporal dynamics of TN. The farmland nitrogen
balance model was used to estimate nitrogen use efficiency (NUE) and nitrogen surplus. Random-forest analysis
was applied to identify the key factors that affected the variations of TN. [Result] From 1983 to 2023, the farmland
TN content in Shouyang County increased significantly, rising from 0.66 g-kg! to 1.02 g-kg™'. The most notable
increase in TN occurred in Pingtou Town, Yinlingzhi Town, and the eastern part of Chaoyang Town. Over the past
four decades, the NUE showed a pattern of first decreasing and then increasing, which declined from 48.63% in the
1980s to 33.08% in the 2000s and subsequently rose to 43.75% in the 2010s. Spatially, the farmland NUE value
ranged from 30.66% to 50.99% among various regions during the 1980s to 2000s, which showed no significant
difference. While in the 2010s, the NUE in the northern region (45.52%) was significantly higher than that in the
central (36.84%) and southern regions (36.80%). The Random-forest analysis identified that soil organic carbon and
nitrogen fertilizer amount were the key influencing factors to the changes of TN, with the relative importance of
33.95% and 10.57%, respectively. Currently, the farmland NUE and nitrogen surplus in Shouyang County were
45.78% and 97.2 kg-hm?, respectively, which were still outside the optimal nitrogen management level. The
northern region exhibited a relatively high NUE but a substantial nitrogen surplus, while Jingshang Town and Xiluo
Town in the southern region recorded extremely low NUE and high nitrogen surplus. [Conclusion] Overall,
although the farmland nitrogen management in Shouyang County has been improved over the past four decades, it
still falls short of the optimal level. It is recommended that the entire Shouyang County, especially the Jiechou Town
in the northern region, the Chaoyang Town in the central region, and the Jingshang Town and Xiluo Town in the
southern region should prioritize rational nitrogen fertilizer amount to enhance farmland NUE, reduce nitrogen
surplus, and ultimately achieve the optimal nitrogen management level.
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Fig. 1 Distribution of sampling points at Shouyang County in 1983, 2010 and 2023
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Table 1 Parameters related to nitrogen calculation in organic fertilizer

HEIME R 2L Excretion
EEREE . . BRE \
i ) coefficient/(kg-ind™ H . Return rate/%
K Feeding cycle/d L) Nitrogen content/%
Source
; SR EC N
1980s 1990s 2000s 2010s Z£ Fecal ) ) 1980s 1990s 2000s 2010s
Urinary ~ Fecal = Urinary
A Person 0.36 1.38 1.16 0.53 55 45 33 33
4
365 358 252 196 24.87 11.70 0.38 0.51 55 45 30 30
Cattle
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W

P 192 180 151 152 2.71 3.86 0.55 0.18 55 45 65 65
1g
£
365 345 241 195 2.09 0.64 1.01 0.70 55 45 33 33
Sheep

E: 1980s 48 1980—1989 4, 1990s #i§ 1990—1999 £F, 2000s & 2000—2009 4, 2010s $§ 2010—2023 4. R [d. Note: The

1980s is 1980 to1989, the 1990s is 1990 to 1999, the 2000s is 2000 to 2009, and the 2010s is 2010 to 2023. The same below.
FEFF RN (N g AT (6) 5
Nyg =Y, xR XN xR, (6)
A, Y RRAFEIRE S =& (kg'hm?) , SRIET 1980—2023 SEHEHE G iHFELE £
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Table 2 Ratio of grass to grain, nitrogen content of straw and return rate of straw for the main crops in Shouyang County

pp— %%PH:. %ﬁ@ﬁ% FFFIE H 2
Crop type Grass-grain Nitrogen content Straw return rate/%
ratio of straw/% 1980s 1990s  2000s 2010s
FK Corn 1.23 0.89 26.80 4199 3430  77.29
AT Millet 1.45 0.58 1852 9.87 3575 5826
14 Sorghum 1.85 1.20 18.52 4593 3575 5826
K& Soybean 1.53 0.89 18.52 4593 3575 5826
L% Potato 0.50 2.35 1852 4593 3575 5826
HAM Flax 225 1.13 1852 4593 3575 5826
HAtHEMEY) Other oil crops 2.16 0.81 1852 4593 3575 5826
A EE (N a0 7T (7D 5
th#mmﬂ=7AiXE;ijﬂ D
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B HESHEYIBA A SRS R REIEL AR RE, BT E N RER
X, FrLME R AR A %, 2R EBUEN 15.00 kg-hm2-a 'l 4 RRED S HFEF
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BRI E (N ewm) ATHI (8) 15, DABAALHFANT &R R R

Ny =AXR (8)
X, A RREY SR (hm?) 5 R RRBEAIAREIEE (kghm?) , JET Gao &5
(16]f) 1980—2013 £ [F R PTFFEHESE, 8L ArcGIS 10.8 115 77 BH B4 B4 AR R DTBE
&, T A A I A AT R B AR R 2 2023 4.
132 KHFEG M E RERGECHHE (Vg BFEEDBGER I Z 5 A Z30 K5
HEEsy, ATH (9 A

N, = Niggiea + N (9
H, fEIGRERE (N e ATHEA (100 H&:
N{/,_%qg(ﬁ:YiXANiXIOZ (10

b, ViR EY T E (kghm?) 3 ANGRREMSG - B A& (kg'100kg?) , FoK,
BT WR. KRG, GRE. SR IAmEEY 7358 2.03. 2.66. 2.45. 7.56. 0.51.
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Fehrite, FFRHERH AR EEH LI RERIZ =GR, N LA, 1983 4
73 P EAR H 3 S0 AR AR B, AEET SR P 2 A AR X R R A R
B, B (kR 2 BRAeREEANEAR (B12) . 1983—2010 4, JLE-Y
FF 2. PEEEETEUNEINEL. MR M 2 R H SRR S BN R . 2010—2023 £
3P EARH R RS BRI R 2, Ho P S R IR AR AR R
R INEON Y &
3 31983, 2010 %0 2023 FHFABEKHTIRERFIHHE
Table 3 Statistical analysis of the soil total nitrogen (TN) at Shouyang County in 1983, 2010 and 2023

A FEAHL HfE b2 5 2 R/ME wRE
Year Sample Mean value/ Standard Coefficient of Minimum/ Maximum/
number (g'kg" deviation variation/% (g'kg") (g'kg")
1983 485 0.66 ¢ 0.14 20.36 0.30 1.08
2010 513 0.74b 0.22 29.44 0.06 1.49
2023 109 1.02a 0.23 22.16 0.52 1.58

i AFR/NG FRERRA R TSR S EAEREZER (P<0.05) . Note: Different lowercase letters indicate significant

differences in soil total nitrogen (TN) at different periods at 0.05 level.
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Fig. 2 Spatial distribution of soil total nitrogen (TN) at Shouyang County in 1983, 2010 and 2023
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1980—2023 -7 FHE K A AR 25 F A EFRIKE S (B 3a) o 1980 4/ 109.1
kg-hm?-a” 3§ % 2013 1) 366.0kg-hm?-a!, FHEREE; 2013 FFf5, HHEKHERANE
B FEC, 2023 R A 308.2 kg-hm?-a!, AHELT 2013 FFFEMK 1 15.79%. 40 24K, L2
RS NAEA AN 1) BN R 3, B 1980 4E[1) 42.44%38 % 2013 £ 71.80%:
2013 g, H GRS EREE EAT TR, (EVRFFE 62.45%~65.78% 18, b2
NEAT &A% L ZS N 2R . 2009 B f5, REFFAMMA R TEIN, H 1980—2009 F (1)
3.5~16.6 kg-hm?2-a" 36 2 2010—2023 4EH 46.0~58.8 kg-hm2-al,
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RN, FPHE R A H & B 1980 421 49.4 kg-hm2-a! $E %2 2013 4
ff) 241.6 kg-hm?a!, ZJEHEFEMK (B 3b) « EMRREE R KR EH DK EERA,
HEEEA 44.91%~83.11%.

1980—2023 FAFHE R HA R BT ERRE (B 3b) , 40 ZHFRRHEAHRER
Mo bt BT PR AR RS, B 1980 1 59.7 kg'hm?a! EFFZE 1999 4E[) 133.6
kghm?a'l; ZJ5 (2000—2023 %) , /T 81.4~126.7 kg-hm2-a™! Z [A]. 2023 4, FFPHEAK
A& TN 97.2 kg-hm?2-a!, #1980 FEE T+ T 62.81%.
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Fig. 3 Changes of nitrogen input (a), nitrogen output and nitrogen surplus (b) of the farmland in Shouyang County from 1980 to
2023

1980—2023 4F77 FH ELAN [ DX 3R U A\ S AP EASOR BB AR AL 02 4 Pz o 1980s
73 B AR H I U\ S EYIBGREE 705108 139.7 1 68.0 kg-hm?-a's X — LA
N, (EAEPBGRE R X IR TG 525 75 7 . 1990s H AT g A ) Ui A\ 4L 1980s £
WG, EXERET R Z R M EBERE R 1980s Jo iR 221E. 2000s ALK %
NESEYIMCGRE R N . 2010s [FIFERACE K Z M & SEYGRRES vk, o
A 374.0 1 169.7 kg-hm?-a'!,

3% 4 1980—2023 FHHENRIXERBRMARIER A ENEL

Table 4 Changes of nitrogen input and crop removal nitrogen in different regions of Shouyang County from 1980 to 2023

YEIIER A & Crop removal nitrogen/(kg-hm?-a”
%3 Nitrogen input/(kg-hm?-a™!)

X33 Region "
1980s 1990s 2000s 2010s 1980s 1990s 2000s 2010s
6B North 158.2Ac 191.7Ac  292.1Ab  374.0Aa  77.4Ac 66.9Ac 98.4Ab 169.7Aa
¥ Central 137.7ABd  206.0Ac  251.8Bb  363.9Aa  69.9Ab 81.8Ab 88.1ABb 131.0Ba
R i South 125.0Bd 184.1Ac  2419Bb  307.1Ba  59.1Ab 64.8Ab 75.2Bb 122.1Ba
7P £L Shouyang County 139.7d 198.9¢ 264.0b 309.4a 68.0c 71.5¢ 88.1b 134.2a

Y« RS R ) — B )R X B0 2.5+ AR/ 5 5 R % ) — X R [ e [ 2 57 (P<0.05) » [ Note: Different
capital letters indicate the difference between different regions at the same time; Different lowercase letters indicate the time difference in
the same area (P<0.05). The same below.
23 REBZFARNTK

1980s—2010s Z#FHE & H NUE 23 KE T &S (B 4) , H 1980s (1) 48.63%
F% 45 2000s 11 33.08%, 2010s X _ETFE 43.75%. [6—HXAERAE, J6# 1980s ) NUE
Bid, N 48.59%, BT 1990s Al 2000s, 115 2010s Z AR ; 1980s FF i AEE S
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NUE 73718 50.99%F1 47.31%, 33 & T HAM =/ 0. Fl—B AR XEE, 1980s—
2000s =/MXIK[E] A H NUE 835 2 5% 2010s BFHA, JE#BAH NUE &, B3 m T
5 (P<0.05) , 1H S EHEK NUE LR 2 57

[ 1980s [ 1990s [ 2000s _]2010s

90
: . .
i I i
%0 i | i
! ! !
70 ! ] ]
x® ! i Aa ! :
4 i A | i 42
2 gof A2 i Ab i i
D Ab 5 : .
e T Aa | | Ab | Ab
5 i i i Aa
=3 50 : Bb ! !
W 2 ! ' !
L Ab [ i Ab[] i Bb |
= : | !
b TRLT erg TR
z i ! i
30 ! ! !
! ' :
i I i
m i | i
! . :
10 1 | 1
— = R - = o W - = o - = 2
o o o = o o 2 = = L 2 = o = =
o D o — =73 o o — == o = o0 oo —
(=1 o o = = o o = = = = = o =
w e 1z 12 w 1 1z v o w 171 o 12 w v 2
AL North 1 Central i South 45 County

W BORLERPE, ORISR TIME. Note: The black lines represent the median value, and the red lines represent the
mean value.
Kl 4 1980s—2010s 73 BH BAF X 80 HE R A Z (NUE) 1221k

Fig. 4 Changes of nitrogen use efficiency of the farmland in different regions of Shouyang County from 1980s to 2010s
24 DRLFSETUHNFMER

R 50N 1983—2023 R (FEEL SEFKE)  WIBRER Gl B |
TIEUERT AP AR EBERA pH) DUEIEEIE OERE) 51 ea S8 Imm
Spearman AHICHE TS R HIRFIH, KH AR EES LRANIR. A0 ER S
. FROKE R EEINEF LKA, 5 pH. S TR 2 IR 7O %

(P<0.01) &

K P BEHUAR MRS - 3 4 AR AT 25 S A K DR R AT D B By (BT 5) o 4
REIR, AP RS R AR RO, AR B EAE Y 33.95%; AR pH.
A S TR A R AR AR E AT GON 16.63%. 15.68%A1 3.29%. “ARIAT (4F
PPRURAERKED W B3RS BRI EEMEY 19.16%, o FEKE KA HE
MR 11.20%, FXSIRAHN EEMER 7.96%. i Z st 584 508 2R b A 5 2
PEN 10.57%:;  $5BE T IR 4 50 B AR A B RR, 8 0.72%.

x5 ERERALRERSTIRMER. SERFHURFERZER Spearman 18X 14 247

Table 5 Spearman correlation analysis of soil total nitrogen (TN) with soil properties, climatic condition and fertilization in

Shouyang County
fibs g ahlR  AREE R FYRIE FROKE &R WE AR N
Index N SOC AP AK P MAT MAP DEM  Slope fertilizer amount
4% TN 1
AHEE SOC  0.63* 1
ARWEAP 032%F  0.23%* 1

MR AK 0.30%* 0.21%* 0.11%* 1
pH -0.18%*  -0.06 0.14%%  0.16%* 1

EHSIE MAT - -0.09%%  -0.09%* 0.02 -0.01 001 1
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ERFKE MAP  0.32%* 0.39%* 0.11%* 0.40**  0.03  -0.26%* 1

EFEDEM  0.05 0.04 -0.05 0.03 0.01  -0.92%%  0.28%x 1
BiBE Slope  -0.11%*  -0.17%* 0.06%*  -0.08** -0.02 0.06 -0.20%%* -0.01 1
i N
0.25%%  0.38%* 0.11%*%  0.34* 003 0.0l 0.79%* 0.03 -0.22%* 1

fertilizer amount

W SRR EFEMHK (P<0.05) , *=*FIRWEEMIL (P<0.01) . Note: * indicates the significant relationship (P<0.05), and * *

indicates the very significant relationship (P<0.01).

b |
SOC
et |
AK

33.95%*

‘ 16.63%*

pH 15.68%*

H

R

MAP

AR |

N fertilizer amount
EHR

MAT

ot |

AP

e |

Slope

11.20%*

I

10.57%*

7.96%*

]

3.20%%

[ ]

0.72%%* R?=0.60

20 30 40
X FE (%)

Relative Importance(%)

P 5 1983—2023 & [K 14 75 FH B A% B 4= 338 4 05 f AR AL S0 A AR X 2

Fig. 5 Relative importance of the influencing factors to the change of farmland soil total nitrogen(TN) in Shouyang County from

o
)

1983 to 2023

2.5 KERREEKEHTMN

AR R T RN AR R R BRI R, 2023 EABHERHERE
HKF IR 6. 2023 HE5FH EEMCGREE . R H NUE ME&ERED 5N 141.1 kg-hnr
2, 45.78%F1 97.2 kg-hm?, Rk B HAERFEHATF. WAE EF, 2023 474 B E AR XI5
BIRIEBRAE R EHKT, R ILE NUE A 53.48%, AbTicfliul, EEE KT
ST, N 93.1kg-hm?; R EL NUE 5, A 35.94%, HEEREKR, N 124.0kg-hm?,
MAFE ZHEKE, LIRS . B DL B R0 5% i 2 5 753 AR AR H NUE A
BUR H BB AR, 2514 37.74%F1 143.0 kg-hm2. 35.32%A1 152.8 kg-hm2. 22.17%F1 147.6
kg-hm? LA J% 28.65%7#1 167.7 kg-hm2.

% 62023 FEMETRRE (248 RAGSFAXREES

Table 6 Nitrogen use efficiency and nitrogen surplus of the farmland in different regions of Shouyang County in 2023

ZIN gl TEMGRA BER
X4 Region Nitrogen input/  Nitrogen output/ Crop removal NUE/% Nitrogen surplus/
(kg-hm?) (kg-hm?) nitrogen/(kg-hm) (kg-hm?)
iR % Jiechou Town 351.5 208.5 132.7 37.74 143.0
“F&7 % Pingshu Town 300.4 2352 179.9 59.88 65.2
“F3L4H Pingtou Town 369.1 285.7 215.2 58.32 83.4
IR % £ £ Wenjiazhuang Town 269.2 171.3 117.0 43.46 97.9
24 Zongai Town 4259 301.5 2149 50.45 124.4
1t North 3453 2522 184.7 53.48 93.1
H]FH%E Chaoyang Town 356.5 203.8 125.9 35.32 152.8
575 % Mashou Town 278.8 208.6 155.7 55.84 70.2
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R4 Nanyanzhu Town 283.4 207.4 153.2 54.08 76.0
Ft R 244 Yinlingzhi Town 258.7 195.1 147.7 57.11 63.5
H % Central 299.8 205.2 145.5 48.54 94.7
23k E £ Yangtouya Town 336.5 212.1 140.4 41.73 124.4
5% Jingshang Town 268.4 120.9 59.5 22.17 147.6
Fi# % Shanghu Town 320.2 206.1 138.8 4335 114.1
FAYE#H Songta Town 195.7 117.7 80.4 41.10 77.9
FE7%4 Xiluo Town 346.2 178.4 99.2 28.65 167.7
i # South 291.4 167.4 104.8 35.94 124.0
7#BAE: Shouyang County 308.2 211.0 141.1 4578 97.2
3%

3.0 RETELASENTHUREZNEE

TEREARRHE LIEE N EERR . —, HEENE AU T TS At AR/,
W ReFE N LIRS /KRN AEA = 7125, AW 45 R, 1983—2023 473 FHH Ak H 118
ERGTEEMINEA . 40 FREHERE HIEERN B SEREZVIME, WEFLEW
BEIEHEKRR (F5) . KWL R ER, 1983—2023 4, A FHEA H ) Z AL & 46.3
kg'hm? #2742 201.9 kg-hm? (& 3a) , #4407 3.36 f5. Pk, ZFAEMEH &R N2 s
TEBAR SR, T2 AIRY, MERE R MPGE R R, IR E AT
BERN, BEESE TR RS R ne, Ak, SR R InE R T e E
Yir= g UL KR, TR B BUR K T R BGR 51 S R, iR S 82 i
AN (B 3a) , WA R TR HE SRS BRI AR,

Spearman FHSCHESHT RIBENLARARZE SRR B, T EAE WU 2 [MAELEAR 2 3 1 IEA]
KKFR (K5, AU 2R GBI KA EEZM N 33.95% (B 5) « X2l T+
BAERSANIXREY), HFBWZ AN S =M, —J5m, G iEyie
eI, MITTIRS) & A WL, @i 2 ARSI VE H 17 H 3 i B O WL 53— 7 T
BN AT AR T, KM se Shed 284 G AR R, MR H 5B R
AR, Jhah, AR g B LB, P EA N EEAR SR SENSEETMRRR,
MEEFKEREMEXKR (5, RERTFREPIKHALR K. XTREFE NEY
AR R R X R R AR YT s, (AR R R AT A s, S ECE LA IR LR A
Jil, HR T4 S ECR FA A ZURE RN, AR F LA RN RO MR RKEE
EHX, TR AR, TR S, TR I I R R A E A R A,
SERE KR I INA RT3 m KA AR 2R, ISR M 3 A & &0,

3.2 RERGARFIRAENTK

AR H R AP AT AL E I il R A A & i, R PP R R B AR R NUE, 21T
WA 22 G0 8 2 BK PR I (]38 (b ) LB, 1980—2023 473 fH B A& H I & &
B2 LR TR, H, MEN BRI CKRIERAAEETE 2013 48 B AE fo il T %
(Bl 3a) , 3575 [ -E St A0 BE R0t 364 280B0SR 2 UIAE 0% i SCHEAE0 2000 L 8 4 4 FH ALK AR
TNER AT TR TT, A RERMH, (LA R HALAERALE 1985—2013 4F 234 s,
2013 AEIRENEME, ZJEA T M. ZBOEGS, FFBHE A HAGIEEU I\ S BRI H 2R
A

NUE 2 fi7 & 4% H & & /K 1) B LR FRPO. 1980s—2010s ZEPHE A H NUE 256k
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RETHmE s (B4, XEZR R MK T 1980s, 2000s 7 FHEA& H N 255
88.97%, TMEDIR A RANIE R T 29.56%, MM FE A7 FHE A H NUE F#{K T 15.55%; 2010s
F5BH ELAR FH 1 B N B 2000s #2750 T 17.20%, MAEYIBGR R EIR S T 52.33%, SEGZN
WA NUE %% 2000s 3542 5. AR T, 7 FHE R HAR) NUE 35T Liu SFPERKIT
PR R 5 R . X — RIS He SIS HML AR 1984—2014 FEIRE I HLX
4% Fl NUE #4A& 26 5T m ke s, BAEIbHX H) NUE & RIS IX . b4k, 2010s
F#PHE AL NUE 22 @ TR g i, X EERE A S, 3 A 5
BIHINET LT 2.70%F0 17.89%, TAEPIWCEREE N 5K T 22.80%F1 28.05%. [AlUtL,
M TRMANE, (EVICRAEIFRIEEE R, Wi FEH AR NUE K T6H.

T, ARG X WARRK £ . L X RSB R L IX (R 2 S T IS AR R
H NUE A0 B H AR R, X EERFANS 4 E-FHK-FA L, 2023 @R 2 . Bk
S TR ER FHEENE DB T 14.05%. 15.67% 12.33%, E/EYREREEN 5K T
5.95%- 10.77%F129.70%, SEOIXLL ZH NUE KT 2B F¥HE; MR 2EmANeEsS
VEMISR R B A B K4 BIRAR T 12.91%F1 57.83%, 1T /EYIUSCGR & & 1 PR IR
RN, RULE 2 1A H NUE FIFERIR. thoh, 54 B PEKTPHL, Miks .
FARHER S PIS B BN A BTl n, EaG R E S IR T 1.18%. 3.41%H1 15.45%,
FHOXLE 25 HH LB AR R AR, 15 i 2 0 H 2 RIS (42.70%) 2w T4
ANEMFFRIEE (1291%) , FEHSEZ S ENRBEAREER K.

g5 b, 7B B A HH 3 A U U R R R 78 S AL AR AN DL BRI 55 A O 2
it B DIAE G o R PH B A R G AR RS 2« Hp ) m H AR LR e 350 1 5% v 2 R
B, SRR R RSB — 5 T AT I R AR 45 A o it U 2 AREVE TR
R &, WD TURBEN; B — T, B IE A HLAE, R OGRS R 24 it
DASCEEAE T AR AERE 77, BRAR DR it o S e A T 3 B R R I R XU, AT S IX kR FH 23R 1
KA 5 3R 3R T X H A

4 45

1983—2023 7 fH EL R H TR A H & E A 2B, 1 0.66 g kg 152 1.02 g-kg
L B ERRT R =S NEEEE, 40 F£RFFHE S FR ZHEAEHHE R IR
MRS ERRE . T AREARE L5 R IR EN S TR EERER, =&
X AR FH 398 4 G B B AR A M) PR R X B B 53 1R 33.95% 1 10.57% . 40 42K, Z5FHE 4R H
NUE #4k 20T m&ss. ur, 7R AL 2 A R E AT, H
B, JREHE X ) NUE AT SR B E S R s e mr, Sl X 1) 20 3R Ze ik B2
B AR . AR B At R AL AR AR £ | H s i) 5 BH B DA B T 0 1 5 1) 2 T
B, NEFEESEEHE, HRAANICEA. BilEinsE s, 3 amamR& R H R A
BAR, DURIE R R R E KT
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