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Abstract: By collecting data from statistical yearbooks and literature, the NUFER model was employed to analyze the nitrogen flow

characteristics in the cropland-livestock systems of Shandong Province for three typical years : 2007 (the amount of nitrogen fertilizer had
reached its peak ), 2015 (the usage rate of nitrogen fertilizer was slow ), and 2022 (the amount of nitrogen fertilizer was decreasing rapidly ).
We quantified the nitrogen utilization rate of the system and the environmental loss rate and evaluated the application effect of fertilizer
reduction and efficiency increase policy, and further clarified the potential of fertilizer reduction and efficiency increase in the crop—
livestock systems in Shandong Province through setting three scenario analyses of reducing soil surplus (S1), increasing the proportion of
livestock and poultry manure returned to the field (S2), and optimizing the structure of animal feed (S3). In 2007, 2015 and 2022, the total
nitrogen inputs of crop—livestock systems in Shandong Province were 3.716 million tons, 3.648 million tons and 2.994 million tons
respectively, showing a downward trend. Chemical fertilizers accounted for the highest proportion, which were 69.9%, 61.9% and 55.6%
respectively, and the usage of chemical fertilizers gradually decreased. In the three—year period, the nitrogen use efficiency in the cropping
system (NUEc) was 36.3%, 42.5% and 54.7% respectively. The nitrogen use efficiency in the livestock system (NUEa) was 27.9%, 19.0%
and 22.8% respectively. The nitrogen use efficiency in the crop—livestock systems (NUEc+a) was 31.7%, 33.4% and 44.6% respectively,
gradually rising and reaching 44.6% in 2022. In 2022, the nitrogen accumulation in soil reached 0.257 million tons, accounting for 8.6% of
the total input, while the total amount of nitrogen environmental loss was as high as 1.270 million tons, accounting for 42.4% of the total
input. Among environmental loss, ammonia volatilization (including ammonia volatilization from crop and livestock manure) and the
discharge and stacking of livestock manure in water bodies were the two loss pathways with the largest proportions. In the three years, the
proportions of ammonia volatilization in the total environmental emissions were 45.8%, 49.0%, and 54.5% respectively, and the proportions
of the discharge and stacking of livestock manure into water bodies were 16.8%, 21.5%, and 25.6% respectively. By reducing the nitrogen
accumulation in the soil, this region has the potential to reduce the application of nitrogen fertilizer by 29.0%. At this time, the total
nitrogen input in the crop-livestock systems was 2.511 million tons, the NUEc+a increased from 44.6% to 53.1%, the nitrogen cost of food
decreased from 2.2 kg - kg™ to 1.9 kg - kg™, and the environmental loss decreased from 1.270 million tons to 1.044 million tons. Further
increasing the proportion of livestock manure returned to the fields could reduce the usage of chemical fertilizers by 8.6%, increase the
NUEc+a by 2.3 percentage points, and reduce environmental loss by 9.8%. Continuing to optimize management and adjust the structure of
animal feed, there would be a 34.3% potential for reducing nitrogen fertilizer application in this region. Meanwhile, the total nitrogen input
in the crop—livestock systems reduced to 2.263 million tons. The NUEc+a could increase to 58.9%. The nitrogen cost and environmental
loss were 1.7 kg-kg™ and 0.796 million tons respectively, with a decrease of 22.7% and 37.3% compared with 2022. From 2007 to 2022,
the chemical fertilizers application rate in Shandong Province showed a downward trend. The overall nitrogen input in the crop-livestock
systems also gradually decreased. The NUEc+a showed an upward trend, while the environmental loss showed a downward trend. It has
achieved remarkable results in fertilizer reduction and efficiency increase in Shandong Province, providing important support for the green
development of regional agriculture. In addition, we highlights that the maximization of the potential for chemical fertilizer reduction can be
realized across the province throughout the layout of different regions, policy guidance and technical support, as well as the coordinated
advancement of the S1, S2 and S3 technical paths.

Keywords: crop-livestock systems; NUFER model; fertilizer reduction and efficiency increase; nitrogen use efficiencys; fertilizer reduction
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Figure 1 Schematic diagram of nitrogen flow in the “crop—livestock” systems in Shandong Province
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Table 1 Nitrogen input and output in the cropping system of

Shandong Province

T H Ttem 2007 2015 2022
ZUH AN input
AL Fertilizer/10* t 259.9 225.7 166.6
% B 24 Manure/10° t 32.1 449 39.5
IR HFEFF Returned straw/10° t 18.2 28.8 323
VLR Deposition/10* t 37.6 41.6 41.1
= ¥y [ & Biological N fixation/10* t 13.9 16.6 16.2
At Total/10° t 361.7 357.6 295.7
HUH N output
KR Grain/10* t 131.2 151.8 161.6
FEHF Straw/10° t 38.8 46.4 48.3
4% K NH; volatilization/10* t 47.0 45.1 34.8
AL A HEL N2O emission/10° t 49 4.4 33
% Leaching/10* t 24.2 18.6 7.3
P20 5120k Runoff and erosion/10°t  10.9 10.7 8.9
SLAEAE Denitrification/10* t 19.3 14.9 5.8
138 2 Accumulation in soil/10°t  85.4 65.7 25.7
A Total/10° t 361.7 357.6 295.7

RH ARG HEFIHENUES% 36.3 425 54.7

R2 LWEAEEHRGEAZANSHL
Table 2 Nitrogen input and output in the livestock system of
Shandong Province

T H Item 2007 2015 2022

ZAi AN input
AP Grain/10%t 48.4 59.2 62.2
FEAF Straw/10% t 17.2 13.5 11.7
TSN A Feed import/10°t 60.2 80.9 75.5
A1t Total/10%t 1258 1536 1494

R N output
W7 i Animal products/10° t 35.1 29.2 34.0
HABFRSY Other parts/10* t 6.1 8.4 9.0
F B8 2 Total manure/10* t 84.6 1160 1064
G445 NH; volatilization/10* t 25.8 35.6 34.4
IRAUAHE I 2 26.7 35.5 325

Water discharge and manure stacking/10* t

i H Returning to field/10* t 32.1 44.9 39.5
A1t Total/10* t 1258 1536 1494
FHERBA RN HZENUE/% 27.9 19.0 22.8

2007 4F 1) 16.2% 1 % 25.2% ., BIREG HE RS AR 4
SRR 13 B A S5 & SR 2022 4R 15 5
P o s Il o H b A FH 28 45 e 1 5 W ik 26.0% (LA
2007 4E B UE) | AL R HEO A 32.7% . RS HE
IR R R 3 S B ok i, 2022 4F 3K 44.6% , ¢

2007 AEEETF 1291 H 4 . AR TR TEA TR %
PRFFAS R, 1S a JE 0 PN U Sl R AN 1A 0
2022 AR YERETE 54.0% . BWAEAU WL, 2022 4
BN IR 2007 4E A 31.3%

R3 WFEERURZEAZBASHE
Table 3 Nitrogen input and output in the crop—livestock systems

of Shandong Province

5 H Item 2007 2015 2022
R AN input
ALHE Fertilizer/10* t 259.9 2257 166.6
VLR Deposition/10* t 37.6 416 411
H= ¥y [ % Biological N fixation/10* t 139 166 162
T oMb A Feed import/10° t 60.2 809 755
At Total/10* t 371.6  364.8 299.4
FU N output
FEH 7 b Plant products/10* t 82.8 926 99.4
N7 i Animal products/10* t 351 292 340
-3 B Accumulation in soil/10* t 854 657 257
A& %4 4% % NHs~farmland/10° t 470 451 348
A% H A AL & N.O—farmland/10° t 4.9 4.4 3.3
4 k¥ Leaching—farmland/10° t 242 186 73
A AR R 109 107 89

Runoff and erosion—farmland/10* t
4% H S i1k Denitrification—farmland/10* t 19.3 149 58
F B2 E 4 K% NHs-livestock manure/10*t  25.8 35.6 344

IKAAHE TS 2 o 267 355 325
Into water and stack—livestock manure/10* t
HAth 43 Other parts/10* t 9.5 125 133
£ 1T Total/10* t 371.6  364.8 299.4
KRR G A EFIHZ NUEC+a/% 31.7 334 446
REFDIGHFAFHE NRR/% 547 537 540
YR Nef/ (kg-kg™) 32 3.0 22

AT A i X A 2 8 0 55 HlE IO A0 0 b (36
4) AL, 2007 4 2015 4 2022 45 1 85 HE il 4351 ik
F T 158.8 51 .164.8 1 . 127.0 H 1. 1642 HEM %
o J R (B S ERESE R PR R RR,
2007 4 . 2015 4 | 2022 4E H 5 H 4 B 8 45.8% .
49.0% .54.5% . R K KRHE S 28 HEE 3 4R
b FE 239 h 16.8% .21.5% . 25.6%
23 WRERH ARG RILREILI ST

S5 PR, 5 S0CHHT) A, STCREAR - &
40) AT FEARAL B BEA 29.0% , i, + 38 & B
MG 25.7 el E . BE LR A R BRI, A
WRAG AR SR WEIL, KM ARG A R AR
44.6% ¥4 M #] 53.1% , TYWRACM 2.2 kg kg ' R E
1.9 kg-ke ™', SR HERCE HH 127.0 77 (22 104.4 77t
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Table 4 Nitrogen environmental emissions of crop—

livestock systems

i H Ttem 2007 2015 2022
& H Farmland
4% NH; volatilization/10* t 47.0 45.1 34.8
FALTEHERL N2O emission/10* t 49 44 33
I Leaching/10° t 24.2 18.6 73
12 AR Runoff and erosion/10°t — 10.9 10.7 8.9
JZ AL Denitrification/10* t 19.3 14.9 5.8
M Livestock
Z%E &% NH; volatilization/10* t 25.8 35.6 34.4
o 4
O I I SR
£1T Total/10* t 158.8 164.8 127.0

FE ST HER b, S2 (325 & & 28 54 1 Eb 7)) mT
Yk 2Ly AR IR A, B 1183 J7 18 &= 108.1 J7 v, A4
ZGREHA ST H251.1 7 R % 2409 7, KR E
S AW R TR0 2 55.4%. W A& A FIER RS HE
Tl BT REAR L 23 ) 1 1.9 kg - kg & % 1.8 kg - kg,
104.4T7 thZE 942 7t

FES2 LAt 1, S3 (U Ak 3h W il w} 25 44 ) mT 4k 2
B INAR R G A R R E AR AT it Pt A 38 o
1 108.1 J7 t 34 %) 109.4 J7 t, 5 SO A Ho Ak AE A U
343% B, AR H AR RHENE, [FBF AR HTR
LR R A B AT 1 S2 Y 240.9 T7 t 4k LR = 226.3
Tt BMRRARFN ARG 2 255%, RUA R AR
FIHEH 55.4% M%) 58.9% ., &AM FFREEHE
A5 M 1.7 kg - kg™ F179.6 J7 t, 43 51 48 SO K& T
22.7% M37.3%.

150

100 1

SO S1 S2 S3
5t Scenarios
O AAHER 5248 HEE Into water and stack=livestock

O 4% Sl Denitrification—farmland
O 4 % Leaching—farmland

WEEH1 25 Environmental loss/10% t
Wi
o

o

x5 LFREARBAGRZRIBERIN
Table 5 Scenario analysis of nitrogen flow of crop-livestock

systems in Shandong Province

T H Ttem S0 S1 S2 S3
ALHE Fertilizer/10° t 166.6 1183 108.1 109.4
% B8 Manure/10° t 395 395 510 495

TRl % A Feed import/10* t 755 755 755 596
KA RGP Total input/10°t 299.4  251.1 2409 226.3
+ 48 ZF1 Soil accumulation/10* t 25.7 0 0 0
K H ARG ARZFHAHENUES% 547 653 650 650
FUAGAZFI A NUEa/% 22.8 228 228 255
KRR G A FI A NUEC+a/% 446 531 554 589
RETEEAFHFI I NRR/% 540 540 614 674

EWERA NCI/ (kg kg™) 22 19 18 17
FRESHERT N emission/10* t 127.0 1044 942 796
PRESHERL T #A B L ] 424 416 39.1 352

Percentage of N emission/%

WA, Fh 45 R85 HE s A2 HE i B A B (1R 3) T
1, B IE B A, 25 i AR W R HE = il 2 B AR, S3
5 SO, AR s o B A £ (13.9 10,
WM AR HE I 5 2600 38 B (12.0 07 1), BRI 4 1) 5
H B A HE R 1 40.5% F137.0% , 5 PR HETL A
) 17.5% F115.1%

3 g

31 WHRELKIEAE

L1438 AR HE FF 2 2000—2022 4F [i1] 52 B H3 26 T
Jei B Sh A5 R AIE , 55 4 [ B 1T 8 41 - 2007 4 1k #1] 6
™, X —IR AW R E AT 045 h 2 R RN &
TR« — 5 1T i 7= S 1) (8 4l A 7= 85 2 s AL e

100 1

801

60

40+

201

PRI L
Percentage of N emissio/%

JEELQ .
[ 5% Scenarios

W F P & NHa-livestock
W A% A2 51210 Runoff and erosion—farmland
I A% HH AL N2O—farmland

O 4% M &#% % NH;—farmland

E3 ARBEETRURGINEHR S L5

Figure 3 Nitrogen emission rate and proportion of crop=livestock systems under different scenarios
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BEAFRLEI N, Horb w2 BR A B A ARk 31
AR IR A 345 LB 2z A HUIE R AR % 43t
ZEAN R R ETE B PR s 55— 7 1T, L ARy
PRI RFI 25 B O A 7= B T AR AN R
AR PN B O 8 2o B 8 T R R A A A BB
AR AR it P, 008 L AR 48 A0 I8 e e 4 A e R e 7
2007 4F ik B W . B 4T A 0 B AE 2007—2015 4
(2007 45 4= [ - e 7 it A T Ay 48 )2 Hi I S it
X5 A ERACAEAN AR 1) 2k CRUIE 25k 50% , B AT BRI A
TR AT 4 2009 ) T 1l XU EE 24 o, s Ak AT - kA
BB 20154 )5, TR IE R K AT h fl & & 385
TR A R BOR (58 S T L ILAR A R Gt
“HHUEEA” TR, 2 A g RS AP -+ 2R AR +
T 5 it AT e A SRR 3R TC 5 AR 25 U BUR ™,
T LSBT AR R A R R
32 RURZREZFMASHIERE

2007 4E 2 2022 FF INAR B A H R G AR A G 2
RSt 361.7 Tt [% 2957 Jit, RHAGA R
FI 3G K, 12007 45 19 36.3% 3 in = 2022 4 1Y
54.7%. EWRGAREATLHGI, h 125.8 77 13
TR 153.6 71, R X E 149411, B ARG AR
FIFHZSE0U5 3, LA 2007 405 5 (27.9%) . KRR S
REWALSEE TG H371.6 7T thFEE 299477
t, AR G R R R A Wik i, B 2007 4F (R
FHAERIRIE) 1 31.7% 8K 2 2015 4 (CRUIE B 2218 %
1i%) 19 33.4%, 7§ 51| 2022 4= (ZAE 5P AR ) (1)
44.6% AR T T [ HE AR iR R R 2 (419%)14,
RIEF R A R R B = 44 — 5, ALt
R, I S PR R 5 R B, 7E B S SR AT, XA
VSR TR AE A 3 AR AE B HL 3 8 250 ) R 3R IR
X T BT AR R G AR A F A AIOK
T R, X5 AR N AT SR R K TR
AR KARKIER . LAY IRt AR AR S50CR,
TR T 2007 4 2015 4F 2022 4R R IR HEIE N
158.8 77 . 164.8 17 \127.0 J7 t, 70 ) (5 A R A BB 1)
42.7% 45.2% 42.4% , Y5768 1 WK 30% B HE PR S

RPR R RA R, e AR i R
BB IR AR HE S HE R R S TR AR AR
AW BN, R EERE R RARMARIBRZ I
BEMKR, AR AR RBR GIEEEH Z R
LR B E PR O R, R R L A R B
Sy SIS 43 e ORI LA B i/ 858 5 e 1) b B i
AT I FH i A S o T R 0 SR R R

K I R R AR, EAEUR A S E S L
T, R IE R A G, S A R ) 29.0% i, +
19 FAR AR, I A AR B8 AR R R R R Y
44.6% B F 53.1%  $Em T 8.5 A S o FEAR I
Pl AL T4 B RS B R A A B R HL
T TG B, R B 2 R A R I, HHE
ATKAE . AT & B 2B T IR N, ZEfrh
M2 RO B 2 AR PR e 4eit, 2000
AR RS SR R A TR &5 1 60%~
78% , JLH LV AL IR 5 3 R T, TERRAIR T IR A R
B i e b 38 3 el /D K A HE R R A R IR
7, it — LR E B B AR R S TR R
gig S RFFIN KA R R ARGERA R RS
55.4%. TERW RGN IREE A Sk, Wk 3E 55 Ak E 4K
B TIHEZ I ERAT . LA X Ry i), oy
AR AR [RTATL T A T3 43 PR ARG 17 Ry A2 0, 28 3l A
FR G B P 2 TR LR BIMS, TE B DX 5%
BB o LASEE ], 36 E 5K 80% & & 267518
o Ik R G A AUIE R, SEBLA R R IR AR
IR 60% DL 1o AHET &, & EAR L R GA 74
WEMRFSERNSE . B ER, XEELERZES
FEME IR R 50 5 T 50%, 5 2 T2 R B ) HE G
T [ 7 8 2 8 FH R AN 2 309%™, KIEAT HLEE IR
IR 2R BB A A H T3 AR, 51 & KA KRS T G
[ RE AT DL, 2R TR A PR S A MO HE B Fh SR 45
G A BT HRIH R R FHALGE iR PR

Tk AR Ak A 11 2 T ] SR AR G I I 1

() B30, IR [ B2 5 5048 )22 (UN Comtrade Da—tabase)
2011—2020 4 B4 FalRF 2k 1 B0 Hs e e & M, 3% 1 Fa) Rk
R E 1R S 2 K, A2 3R DR Y a2 11 4% )R
RGN FORAE A R EORUER , Hk K+
A7, FLIE TR S B0 B B 3 RS e, B A S B
R, 2020 AR R G HE PR SAE 144w, 1 B OAHE 1 i
AR T 1129 7 1, T KRG HUGHE I T F KRB
(LRI SRS eSS i R i U NISR | B 5 W Nt 1 11 2
PEARDIFT, 26 [ A0 fRDR L R AR 3R rh 4 Je o 22 0 E 2
B TMIESR ™, B SR A R e DR R
PR I i S O, — ST | BB 209%0~50%
PR R AT 4 S SR R 18 DA ROE S HE S A
Ab 3l R IR DIIRER 14 IR o 4 e sk op
e A ALy AR DR R AR B 3 M AT AT
WEHUR R U ARG ARZFHE FRAEAR
WA LR WA G AR A E 0 — 28w, Jf B
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A T iR ORI A5 () B, ARG, 7E S2
FSERT b, (DR A8 8 L LAk sh iR R 25 4, RILR 5
I AT 3G 14.3 A E 4 a5, 0 5 HE ik BRI
37.3%, BLISE , Ak 24 RE o] Wit 34.3% , 1 9 & AR AN B
1% 22.7% , BAE T A B R 4K SE FEAR , (H AR R i 4
R K- R
33 BRESERE

AHIFFE A BIASS RUASEADL T B, 3 F G5t X AR 4
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WRE F ROk O, B b3 F ) S 80 R 5
S 25 S0k 2 b Y AEBUE X B SOk B
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Vb AT BE i R R 25 B A M 22 L 38 T E— 25 Ak .
BEAR 340 10 AR 45 780 45 T X 3l A sy, ZE AR 1S B 7= IX
/(00152 TR E D ) 1 o LTy 1 0 [ NS o S 2 Y
WEIEB A BRI IR B R i B B R X
(NN @22 iU 46 ) e 2875 Bl Ak + A HLIE B
£, 3 B B 2SR H R AR IR FE AL 77
B HE A TR U A+ SRR PR Ak B T ek
SER REARAL AR G B i . sl ad 43 Xt R IR 5 | A
FeAR 8, Up R E ST .82 S3H AR B4R, A SL P4
A AR B it 7 1 fe KA

ABEIEMBEAL R 4 B B S 2R H
i Ao sh ik g b =5 Ak 1 1 AR U kit
RO J1 % DA N €8, J ke 31 Hi B S A
FA IR AT AR K W Wit 3 RO HE RS 1. fian, ¢
AT IR e ERE T X, RIERA
R A AR 50% , A58 HE ik b 2035 & (G384 H I
BEARME AR AT T E & KR HE
S HE L SO AR T AR B R B IR IR
v, Y G & Tl EUE R R E T 2 45% L I
RAARG BA7 TR FRIEORH AR 109%~15%'*", 11 45 kb T 71
di 4 [ 6% A AT (R AR & T BN R E TR B ED
FrERRENT, R R AR R
FARAR FH A R, SCEARAG Bl e Ak el s 5 28 4k 34
HA B ESRMEEAHE L, WlMRSGE B4
TE LA B, DAREAR S Rk o

4 it
(1)2007 4 ,2015 4F 2022 4E I AR B KR G
WREBAEZW N, RRAFERAZFIHERE BT

P 1%) WHARTY

A B B R R o 2007 45 11 AR
BARMHERBES, LR AREREZHRA LSRN
371.6 J7t, ShAE Y 7= S B 117.9 5 o, RIAR SR
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31.7%; 2015 44 F U FH o 2218 BEAR B Bt , FLA 4
RY A F MR 2007 980 T 1.8%, shit
A K 3.3% , A R IR HEUR 1S K 3.8% , A4k
REREF RIS 1.7 A 5305202248 WA EH
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