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Abstract: [ Objective ] The Northeast of China is one of the most important grain production base for China.

In recent years, unreasonable use of cultivated land in this region has caused a decline in soil fertility, posing
a severe threat to the nation’s food security. To ensure sustainable agricultural practices, it is important to
develop a rapid and reliable method for monitoring variations in soil physicochemical properties. [ Method ]

This study focused on the Youyi Farm in the Sanjiang Plain as the research area, aiming to evaluate the
feasibility of Sentinel-2 multi-temporal remote sensing imagery in predicting key soil fertility properties. A
total of 103 surface soil samples in cropland were collected, and Sentinel-2 images acquired during the
potential bare-soil periods (April, May, and June) from 2019 to 2023 were selected to build a Random Forest
regression model for predicting soil organic matter, total nitrogen, total phosphorus, and total potassium. To
investigate the temporal effects of images on the prediction performance and to identify optimal temporal
combinations for high-precision prediction of these soil fertility properties, the images were organized along
two temporal axes. First, the images were divided into seven-year groups (five single-year groups: 2019, 2020,
2021, 2022, and 2023, and two multi-year groups: 2020—2022 and 2019—2023). Then, within each year-
group, the images were further divided into four month-groups (three single-month-groups: April, May, and
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June, and one multi-month-group: April—June). Finally, the combination of the seven year-groups and four
month-groups produced 28 distinct year—month temporal groupings. For each grouping, all available Sentinel-
2 images were synthesized by median compositing to produce 28 synthetic images that served as inputs to the
Random Forest model. [ Result] The results indicate that soil organic matter was predicted with the highest

accuracy among the four fertility properties, with an R? of 0.62 and an RMSE of 6.58 g kg*. The prediction
accuracy of soil total nitrogen was similar to that of organic matter, with an R? of 0.58 and an RMSE of 0.34
g kg L. Total phosphorus predictions were not sufficiently accurate for practical applications, with the highest
accuracy of an R? 0f 0.13 and RMSE of 0.01 g -kg™*. The total potassium achieved a relatively high prediction
accuracy of an R2 of 0.53 and RMSE of 1.55 g kg%. [ Conclusion ] The results in different year-groups and

month-groups indicated that (1) multi-year synthetic images outperformed single-year synthetic images in
prediction accuracy, and (2) the synthetic images from May showed the highest prediction accuracy among the
monthly groupings. These findings demonstrate that careful temporal selection and multi-temporal synthesis
of Sentinel-2 imagery can improve the prediction accuracy of soil organic matter, total nitrogen, and total
potassium in the cultivated land of Northeast China. In contrast, Sentinel-2 spectral bands alone are difficult
to effectively predict total phosphorus content. Integrating auxiliary environmental variables (such as
topography, climate, or cultivation management) or employing alternative remote sensing data may be
necessary to achieve higher accuracy. Overall, this study provides methodological guidance and technical
support for regional-scale soil fertility monitoring and mapping in the Sanjiang Plain.

Key words: Remote sensing of soil; Multi-temporal image; Soil fertility; Sentinel-2; Black land in Northeast
China
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Table 1 Statistics of soil fertility properties

L eAE ) @ R/AME RRMHE FHE anti® A5 R R
Soil fertility properties Minimum Maximum Mean Standard deviation CV /%
HHLE Soil organic matter/ (g -kg?) 22.69 68.45 41.77 10.75 25.72
A& Total nitrogen/ (g-kgH) 1.16 3.45 2.03 0.52 25.68
4= Total phosphorus/ (g -kg) 0.39 0.88 0.65 0.11 16.33
4% Total potassium/ (g-kgH) 19.50 30.84 23.90 2.25 9.41
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Table 2 Correlation between soil fertility attributes and composite image spectra

Ty R HHLR Eoed B K
Soil fertility properties Soil organic matter Total nitrogen Total phosphorus Total potassium
B2 -0.71 -0.67 -0.35 0.63
B3 -0.76 -0.73 -0.34 0.67
B4 -0.75 -0.74 -0.32 0.67
B5 -0.78 -0.77 -0.31 0.67
B6 -0.76 -0.75 -0.27 0.65
B7 -0.76 -0.75 -0.26 0.66
B8 -0.75 -0.74 -0.26 0.67
B8A -0.73 -0.73 -0.24 0.66
B11 -0.58 -0.6 -0.21 0.59
B12 -0.57 -0.59 -0.22 0.6
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Fig. 2 Prediction of soil fertility properties based on synthetic images with different acquisition dates
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Fig. 4 Spectral importance ranking of soil fertility properties by random forest

2.5 I3EAESZEEFUH
HFHIEEIR . S5 SRR 480 B TN AR AL R 47 25 6] 0 A T, &5 S an i
AFTR. BHLR . &R MBS LR IEAHIRIR R, 78 LTy 3 10 78 SR o 38 X 35k &

BRAK, PUKEDYE R ZRER X0 B m, SR D AT RERE K VBB T AU R A A+ +
BAPLG . R RN, eGR4 R N i 2 8] b 2R S ) 2 T

“ﬁi%umf@%ﬁ¢%$ﬂﬁ£mEﬁ R, AR 2R AR K H O A X R

FRERE T R ORZ) B0%MIARAEAE TR R L 2], SOKHAREL, FIbERE D,
i%%%%ﬂﬁmﬁﬁhﬁ,i%*%é%m%hmmoﬁﬁhﬁmE,E?é%ﬁm
B ARE EE AR, SRR . SRR, S 18 T 25 R R Z A XHBOK .



131°30°E 131°40E 131°50'E 132°0'E 132°10E 131°30'E 131°40°E 131°50'E 132°0'E 132°10E
! L N L L L L I i L

z z
= =4
e4 N £4 N
¥ = il
1 Z
< <
2 3
2 o
A <
z Z
F- 2
g %
AHL/ (e k) A5/ (zke!)
Soil organic matter Soil total nitrogen
I 31.15-32.67 B 1.39~161
[ 32.67~37.22 [ 161~193
z [137.22~42.16 z [1193~220
£ 42.16~46.15 29 [220~2.42
20 5 10} — 210 5 10km
< km B 46.15-48.43 ~ \ ) Bl 2.42-2.63
131°30E I131°40E 131°50'R 132°0'E 132°10°F 13130E 131740 131950'E 132°0'F 132°10°F.
Z 1 1 1 5 1 Z 1 1 1 1 1
= =
: R ; }N\
£ z
£ 24
¢ ¢
&‘A
z z
< =1
o I
4 2
d AR/ (gke) &9 /(gke")
Soil total phosphorus Soil total potassium
I os5~061 I 22.78-23.09
5 @%5 [Josi~064 [ 23.09-23.92
z LR 5 8 [ Joss~069 z [123.92~25.07
E- ;@; @% [oeo~073 il [ 25.07~26.11
Z % 0
elo s 10kmE o 75~07 2o 5 10km B 26 11-26.53
5 Hrith TIEAEHE M= E UL
Fig. 5 Spatial prediction of cultivated soil fertility attributes
A) \/\
300 @

3.1 AELIERABMIERTUNEESD

AHI R 2 B #H G B Sentinel -2 38 K FE G0 T IEA NI . 2% SR 4 F 4
HEAE A7 @ M AT T, S5 SRR AFE LI SRR TG A B R, Hp g
B HLJT E)FRINAS B B v, B A R2=0.62, RMSE =6.58 g-kg!, XK NHHLHE )
% Fh e B8 B AT WO - 20 ARG X (350—2500nm)  ELAT B 5 10 451 5 3 A5 SRR 1F
Xof 398 I Bt R KN 50 B R AR AT B A . Krishnan 52713 - 52 A I - 398 3 (1 1
REH, BEHESEKRT 20 gkg' i, HESERELERNSESERESEH. &
WER I R AHUR S B8R, FHEESR 41.77 g-kg!, F Sentienl-2 A% AEMS i i
ANFEE U & IR 22 5 XM EEBIYERI A Landsat TM 545 Tl 4= 386 HLTE 1)
Wi, £ T EEAHUR SRS Landsat TM 545 5% i BSOS 18] A e ME e i, Al
RABUR A 14-0.71. Meng 2502815 T Landsat TM A1 OLI 52484155 45 Jb M X 4 345 WAk
FAJ R 1 B8 ML AR MROBE TR T 45 SR 5 AR 7280, RN 0.58. [k, BB EE AR ARAL 2 3
T IEA PR R A B T A

AR TR BE S A WL AL, S TASFE R> = 0.58, RMSE =0.34 g-kg!o [ [H
BT EHEARFEUANENEGAET AR, 8% DEAE IR 52%
Z ) B B AR S ROV, i, AR ORI F AN [R] b ) FH R0 4 38 O 0] 2R R
FIRE M R, BESESE PR E AR R NS R, b, MARSUOE R
P X A LR A S R BT T R R I, Sentinel-2 R8OG0T LA LT RN
S B AR B R 2B . TR RS BURI ] Sentinel-2 R0 2% AL KA T R AL BB 4 98 4 AU

9



B IS TR AR, R2N 0.58, S5ARWFFRARM MR EMHE. ik, B
ARG 2 A A S T RE R

53 MU 4 B LG, AR AE T I 0T 40 A i B B B G AR AE 2], IX 5
Wi 7 A Tl P TINRG FBE o P U S D34S SR lp v 4 i — YT B IX B AR 37 i 355 4y, FI A
& NI I G T A5 SRR, AR BRI A UR A AR, RMY
019, FEATFFEH, A0 10 UK B BAIG, Ams TONRS B 4 R?=0.13, RMSE =0.01
g-kgle (HARATRBEERYFR]H MODIS 5245 X0 T B A 30 338 2 il (0 Tl 25 SRR B, R21]
PLIAF] 0.57, X 7] f8 -5 1200 57 X A BRI A AL TR B0 4 202 (A TR AE D6 M 48 s B 9%« Wangeci
SOV A Tl 1R TINS5 H At B A B R ISR AR ) IR B M 2 RS R . AT
o, RS ENUR A REANN 0.37, DRI B 1) 4 1 00 A A RS i il . AT T
FUF B, R R BE A% 38 Ik 52 ) - 35 S5 R R B AR Ak B B T R s T 1 T B A
JIB63T R, AE AR R B RO A S b, n] DUSE R G N IR B S R BRI AR
AR, DAIOGE @B .

SEA R B = TRRE B R? = 0.53, RMSE = 1.55 g-kg!, KT 384G WL A4 & 75
FERE, BT A 0 TOIRG B o v 38 S B4 o0 B o 0T Jis 30 O B T 1) 38 e il i e IR
A B P AE AR VR B B AR AE 1070~1 100 nm AT 1550~1 600 nm JEE K . 1Z6i% X
[f] 5 Sentinel-2 IR AN EE (BI1, 1565~1655nm) F5, FFIFH Sentinel-2 §
BT LS B A TN oAb, SR AR SERSIZE R ML S mob g R OEiEIEHE . 380~1
050 nm) TR =JTh X 332 0 i R B, A4 5 545 0% B 1) A AH S PEAR T ML AN 45
. WL, SMH0TNEERTEIRMESR, X5AFRME R 5. Hit, B
AR 7R b 2 b A B B A A — i .

32 AEAHEEGTIERABRETNES

5 A AR AR B, 22 I AR A RS 0 5 v T P R B B 25 AR A . BN, Geng
ZEDOF ] Landsat-9 S48 AR A6 2 XA 380 WLBR PRI ATE 7T, 45 B3 0H 2 i A 5 ik
GO HIEEE U IR T Z RN A AR S T 20%. ABFFFIA 2019—2023 4 4
H. 5 AR e HiEEHR ARG, BRSNS HORAAHLASAERT 28 FA K
MGG, JErMET AN 2% 2SI ok,
ANFEEEAT S A A AR AR R — L3RRy B T h AR R . O BT
3R 7B TR TS R B, AR RE . e  TDHURS B R R T 5 R 0 5 kT A
B B Lm0, St k, Jiang 25145 A TR SGIS G & LR T B AR, Bt
% T[] VA R0 4 AR e 28 P 288 RS R0 6 - 06 i R AT RS IE , BRI T 38 /K o0 R0 - 3R ks
FeiG Fem, R T OAE AR A HLB I TS B, (HZ 07 R TR R A s o) & 1
Boulk, IREMXE A, MECUE R R EFF AR deah, 3835 A R B AH 18 R 5B
HEAT 07 1 A g o 3 33 R MR A TNKS 2 . Dou 2503176 A Fl MODIS 22 Isf AH 38 B 5 A% T
TUFA T 5 3 MR W 70 R B, BAR L3RRS AE 2014 SER4E, {HiT 2002 £+
HER RS AT 05 P B H 3K A s /N, 2002 4E 1) MODIS 8415 TR B2 R 1R
FEAEM IS8 . ABFE T, 2022 4FE5 2023 B4 A5 & L3300 77 & P e i 0 S
&R AR T AR AR, P RER RO AN AR 52 B T R K gy R
R R AR, 58 —F40 &G MLE, 20202022 L) K 2019—2023 4
2 EE A O AG 0 TR FE BH BB 5 5 o Luo Z5317E F| ] Landsat-8 52 1% Tl 13845 AL ) #F
FUH R I 2 R K PR A5 RT DA T 45 S . X T RE AR RN 2 AR K P A AR RE
PG AR R S (A R R s, Bk K A . KRS R S TR R R (15
M)

AW, 5H AR 86 EE TIEAR D R e TN 45 AR, 5 R & B ARNT t15E
BT A A4 B TS FE % 5 . Wang 5 M4I7E R H Sentinel-2 5244 Pl — V1 °F Jii &
HA LA NRN RIS AR EE . RE 4 . 5 AR 6 A& KiE
R e LI TR I, (H T R . BEE SR P S AN R AR A 2
SECH 0 18] IR B BN [FSY, A 5T X 3 AE 4 3 T R RE S AR L S B
TR RO S, TS A i RS RN, B TR R 5 e - SR T RS AT
B, {5 6 HArE ] fesz 2R EEY B e . Bk, ABFFET 5 A Mgt %+
R 7 e T R TRRG B de i o 4—6 A A G2 AR T REFRAR 4 H A1 6 A 545 13K 7 2%

10



TR Z R TGO sem, DI FRS b, R T 2 A0 & AR R A B
fihy L 3 7 TN g

4 4B

AWt e A F 5 0 AR S AR T AN RN A S AR, AR =P R AGH
R LIBANT . 2R SR 4 BRI JEVERN I, 3R
(D LAV G ERR PR Ew, EWRTNR R, X 3 MR IR
TR TNAE — e R B b T DL 2 LB DN . (H i T kA A8 BRO6E RSURRAE
SR IR TIUINRS P2 A0, e LAY 2 SE B I 75 5K . (20 5 i & BUR AR A [F] 38 12 ) Jes 1k
TRMAS B2y v+ HoA iy H A WS RUE R, EiEa T R e vk B B S 1. ik
b, Z G BGOSR L T JE Pk TR B X TR SR A R, b 2019—
2023 £F TLEE A B A5 B TR JE2 fie e o DRLGAE 3 T R RO AR 1 3 I 0 S A it o, 2
KM ZEGREE, MARRTREERIPZE. REBREGOCE RN FI, B, <
{5 AR AR PR D o0 AT A TN o R R . R, AR RS SR AR S R]
A5 R 18 IR 5 2 T P4 B0 4 B A8 B A 45 5 BEAT L IRAE N, Bk b iR ek e
b = S 7 Jo A B RIS o AT 7T Dy 1 R R R I 0 2 A AR ) AR A TR
SCHE, ORI L IRIE ) R AR TR AR T 2%

2% 3CHR (References)

[1] Liu X B, Lee Burras C, Kravchenko Y S, et al. Overview of Mollisols in the world: Distribution, land use
and management[J]. Canadian Journal of Soil Science, 2012, 92(3): 383-402.

[2] Liu B Y, Zhang G L, Xie Y, et al. Delineating the black soil region and typical black soil region of
northeastern China[J]. Chinese Science Bulletin, 2021, 66(1): 96-106. [XI %75, H &, ¥ =, 2%, KIL®B
T IX AR R - X YE S RIS I]. BEdEH, 2021, 66(1): 96-106.]

[3] Zhang J B, Sun B, Zhu J J, et al. Black soil protection and utilization based on harmonization of mountain-
river-forest-farmland-lake-grassland-sandy land ecosystems and strategic construction of ecological barrier[J].
Bulletin of Chinese Academy of Sciences, 2021, 36(10): 1155-1164. [FKtE5, M, REH, &, BHHE
PR 5l KR R D 2R G B B R R AR A B R LA (D], b B RE S B B R, 2021, 36(10): 1155-
1164.]

[4] Han X Z, Li N. Research progress of black soil in Northeast China[J]. Scientia Geographica Sinica, 2018,
38(7): 1032-1041. [Hhled, 248, hE R B LT 7 R 5 RET]. BRI, 2018, 38(7): 1032-
1041.]

[5] Han X Z, Zou W X. Research perspectives and footprint of utilization and protection of black soil in
Northeast China[J]. Acta Pedologica Sinica, 2021, 58(6): 1341-1358. [EhEIG, 455075, AL+ Hifd )
FTF R R SR R R[], T3, 2021, 58(6): 1341-1358.]

[6] Zhang G L, Shi Z, Zhu A X, et al. Progress and perspective of studies on soils in space and time[J]. Acta
Pedologica Sinica, 2020, 57(5): 1060-1070. [FK H ¥, S Ak, AKFIX%, &, LR S e 5 Rk
[J]. £3E2£4R, 2020, 57(5): 1060-1070.]

[7] Zhang G L, Shi Z, Wang Q B, et al. Development of soil geography in the New Era and its future[J]. Acta
Pedologica Sinica, 2023, 60(5): 1264-1276. [k H 3k, HA, FKLE, &, QL 2k RIVIR S
FAT). LA, 2023, 60(5): 1264-1276.]

[8] Liu H J, Zhao C J, Wang J H, et al. Soil organic matter predicting with remote sensing image in typical
blacksoil area of Northeast China[J]. Transactions of the Chinese Society of Agricultural Engineering, 2011,
27(8): 211-215. [XMe ZE, BRI, Ttk, 5. BB X 1 H0F YRS & E D], ROl TR 53R, 2011,
27(8): 211-215.]

[9] Zhang Y, Sui B, Shen H O, et al. Mapping stocks of soil total nitrogen using remote sensing data: A
comparison of random forest models with different predictors[J]. Computers and Electronics in Agriculture,
2019, 160: 23-30.

[10] Zheng M, Wang X, Li S J, et al. Remote sensing inversion of soil organic matter and total nitrogen in
black soil region[J]. Scientia Geographica Sinica, 2022, 42(8): 1336-1347. [X#%, T, ZH4E, & 2+
X A LT AN A E S BB R AT FL[J]. HhER R, 2022, 42(8): 1336-1347.]

[11] Diek S, Schaepman M E, De Jong R. Creating multi-temporal composites of airborne imaging
spectroscopy data in support of digital soil mapping[J]. Remote Sensing, 2016, 8(11): 906.

[12] Silvero N E Q, Dematté J AM, Amorim M T A, et al. Soil variability and quantification based on Sentinel -
2 and Landsat-8 bare soil images: A comparison[J]. Remote Sensing of Environment, 2021, 252: 112117.
[13] Dou X, Wang X, Liu H J, et al. Prediction of soil organic matter using multi-temporal satellite images in
the Songnen Plain, China[J]. Geoderma, 2019, 356: 113896.

[14] Xu Y D, Pei J B, Li S Y, et al. Main characteristics and utilization countermeasures for black soils in
different regions of Northeast China[J]. Chinese Journal of Soil Science, 2023, 54(2): 495-504. [{RoEfE, &

11



AED, X, 5. b B A [ Y X J2 BURRAE B CR PP R N SR [0]. I IE R, 2023, 54(2): 495-
504.]

[15] Luo C, Zhang W Q, Zhang X L, et al. Mapping the soil organic matter content in a typical black-soil area
using optical data, radar data and environmental covariates[J]. Soil and Tillage Research, 2024, 235: 105912.
[16] Clark M L. Comparison of multi-seasonal Landsat 8, Sentinel-2 and hyperspectral images for mapping
forest alliances in Northern California[J]. ISPRS Journal of Photogrammetry and Remote Sensing, 2020, 159:
26-40.

[17] Dematté J A M, Fongaro C T, Rizzo R, et al. Geospatial Soil Sensing System (GEOS3): A powerful data
mining procedure to retrieve soil spectral reflectance from satellite images[J]. Remote Sensing of Environment,
2018, 212: 161-175.

[18] Skelsey P. Landscape-scale patterns and predictors of potato viruses in Scotland[J]. Plant Pathology, 2024,
73(6): 1553-1572.

[19] Zhou W, Wang W J, Zhang B, et al. Soil fertility evaluation for urban forests and green spaces in
Changchun City[J]. Acta Ecologica Sinica, 2017, 37(4): 1211-1220. [ 15, £, kik, 2. KEWRT &
PRk L TP [J]. AEFS 23R, 2017, 37(4): 1211-1220.]

[20] Wilding L P. Spatial variability: Its documentation, accommodation and implication to soil surveys[M].
Netherlands: Centre for Agricultural Publishing and Documentation, 1985.

[21] Kuang B, Mouazen A M. Calibration of visible and near infrared spectroscopy for soil analysis at the field
scale on three European farms[J]. European Journal of Soil Science, 2011, 62(4): 629-636.

[22] Wei L, Ge T D, Zhu Z K, et al. Comparing carbon and nitrogen stocks in paddy and upland soils:
Accumulation, stabilization mechanisms, and environmental drivers[J]. Geoderma, 2021, 398: 115121.

[23] Wang J, Zhuang S Y, Zhu Z L. Fractions of soil organic nitrogen in paddy and upland soils relative to
cropping history[J]. Acta Pedologica Sinica, 2014, 51(2): 286-294. [ £, H#%38, KIKR. ANFEFHEER
KSR AN A EA[T]. L322, 2014, 51(2): 286-294.]

[24] Yang C F, Zhang L, Chen B L, et al. The availability and leaching risk of phosphorous after paddy field
conversion to upland in hilly red soil area of south Hunan Province[J]. Journal of Plant Nutrition and Fertilizers,
2024, 30(1): 199-208. (B B &, Ik, FREOR, 5. W g XK H o0 5 33 9 10 A R0 Atk 2k X
Kr[0]. S 75 Rk 224k, 2024, 30(1): 199-208.]

[25] Mobasheri M R, Amani M, Fathi-Almas R, et al. Developing a model for soil potassium estimation using
spectrometry data[J]. Communications in Soil Science and Plant Analysis, 2020, 51(6): 794-803.

[26] Liu S X, Zhao L P, Li N, et al. Relationship between composition of K-bearing minerals and potassium
status of cultivated soils in Jilin Province[J]. Journal of Plant Nutrition and Fertilizers, 2002, 8(1): 70-76. [X|]
W, R ZEM, A, S AR EEOIME L S A R S A RS S R[] EYE SR
5 ek 23R, 2002, 8(1): 70-76.]

[27] Krishnan P, Alexander J D, Butler B J, et al. Reflectance technique for predicting soil organic matter[J].
Soil Science Society of America Journal, 1980, 44(6): 1282-1285.

[28] Meng X T, Bao Y L, Luo C, et al. SOC content of global Mollisols at a 30 m spatial resolution from 1984
to 2021 generated by the novel ML-CNN prediction model[J]. Remote Sensing of Environment, 2024, 300:
113911.

[29] Zhang C H, Wang Z M, Ju W M, et al. Spatial and temporal variability of soil C/N ratio in Songnen Plain
maize belt[J]. Environmental Science, 2011, 32(5): 1407-1414. [KFH, 5=, BAIR, &, RECFEE
Kty BRI 23 A8 AR R[], FREERLE, 2011, 32(5): 1407-1414.]

[30] Hou XY, Han X Z, Wang S Q, et al. Different land uses and management effects on soil fertilities in black
soil[J]. Journal of Soil and Water Conservation, 2008, 22(6): 99-103. [{£E %, g, FHiE, & KH
= ) AR EE O 26t B AR s [T]. K R FR2E IR, 2008, 22(6): 99-103.]

[31] Zhang X Y, Li S J, Wang X, et al. Quantitative inversion of soil total nitrogen in Suihua City of
Heilongjiang in China using Sentinel-2 remote sensing images[J]. Transactions of the Chinese Society of
Agricultural Engineering, 2023, 39(15): 144-151. [3k#3 )8, 4284, £, 5. 2T Sentinel-2 FEZ KM
I AT IR A RUE BRI [T]. R TR 2K, 2023, 39(15): 144-151.]

[32] Li X L, Li D C, Zheng G H, et al. Comparative study on prediction of soil nutrients by visible-near
infrared and mid-infrared spectroscopy[J]. Acta Pedologica Sinica, 2024, 61(3): 687-698. [ZE2% 2%, ZEfl kY,
FRIENE, 5. W L-IT L0405 R A0S G TN R A I LR T ()], R HEEEH, 2024, 61(3): 687-698.]
[33] Tao PF, Wang J H, Li Z Z, et al. Research of soil nutrient content inversion model based on hyperspectral
data[J]. Geology and Resources, 2020, 29(1): 68-75, 84. [Fk50¢, Tade, ZEM, & T Eobitm g
IR G R CEAR T L [I]. MR 5 B, 2020, 29(1): 68-75, 84.]

[34] Qiao L, Chen L X, Dong C M. Estimates of soil N, P, K concentration by using hyperspectral remote
sensing technology[J]. Forest Engineering, 2018, 34(6): 25-31, 71. [F¥%%, MR, =W, T mobigiE
TR AN LB AL B[], ARMR AR, 2018, 34(6): 25-31, 71.]

[35] Wangeci A, Adén D, Nikolajsen T, et al. Comparing laser-induced breakdown spectroscopy and visible
near-infrared spectroscopy for predicting soil properties: A pan-European study[J]. Geoderma, 2024, 444:
116865.

[36] Delmas M, Saby N, Arrouays D, et al. Explaining and mapping total phosphorus content in French
topsoils[J]. Soil Use and Management, 2015, 31(2): 259-269.

[37]1 Li C J, Zhang Y Y, Fang H Y, et al. Changes of total phosphorus in topsoil and the correlations with

12



agricultural land-use change across the Chengdu Plain during the past 40 years[J]. Chinese Journal of Soil
Science, 2022, 53(1): 187-194. [F 2%, Kok, 4, 5. AP JRIT 40 4ERK 2 L3R BRI I
Ho 5 R 5 SR (55 R [T, R HEE R, 2022, 53(1): 187-194.]

[38] Zhang D H, Zhao Y J, Qin K. A new model for predicting black soil nutrient content by spectral
parameters[J]. Spectroscopy and Spectral Analysis, 2018, 38(9): 2932-2936. [FK = #%, #AHER, FPl. —Fb
OGS E T IR S E AL T]. St 5 J6E AT, 2018, 38(9): 2932-2936.]

[39] Geng J, Tan Q Y, Lii J W, et al. Assessing spatial variations in soil organic carbon and C: N ratio in
Northeast China’s black soil region: Insights from Landsat-9 satellite and crop growth information[J]. Soil and
Tillage Research, 2024, 235: 105897.

[40] Liu Q, Luo C, Meng X T, et al. Time window and influencing factors analysis of tillage soil texture remote
sensing in the typical black soil region[J]. Transactions of the Chinese Society of Agricultural Engineering,
2022, 38(18): 122-129. [XIFH, T b, dkEds, 5. S0 3 DO - 39 5 Hb i R (] 8 0 2 52 IR % 4y
B[O, Aok TR 24k, 2022, 38(18): 122-129.]

[41] Wang X Y, Wang C K, Ma HY, et al. Estimation of soil organic matter content based on dual-temporal
satellite remote-sensing spectral index[J]. Soils, 2023, 55(5): 1106-1113. [E k14, EE R, BiEZ, 2. it
TR A TR R O T f B A N A 2], 3, 2023, 55(5): 1106-1113.]

[42] Jiang R Z, Sui Y Y, Zhang X, et al. Estimation of soil organic carbon by combining hyperspectral and
radar remote sensing to reduce coupling effects of soil surface moisture and roughness[J]. Geoderma, 2024,
444: 116874.

[43] Luo C, Zhang X L, Meng X T, et al. Regional mapping of soil organic matter content using multitemporal
synthetic Landsat 8 images in Google Earth Engine[J]. Catena, 2022, 209: 105842.

[44] Wang Y A, Luo C, Zhang W Q, et al. Remote sensing prediction model of cultivated land soil organic
matter considering the best time window[J]. Sustainability, 2023, 15(1): 469.

[45] Zhang X L, Dou X, Xie Y H, et al. Remote sensing inversion model of soil organic matter in farmland by
introducing temporal information[J]. Transactions of the Chinese Society of Agricultural Engineering, 2018,
34(4): 143-150. [FKH7T/R, K, PR, 5. SINERE S AP b - 590G ML 5T RE &R SOsAR  [T]. ARk T
FE2EIR, 2018, 34(4): 143-150.]

(RIEHRE: BHHD

13



