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Abstract: [ Objective ] Iron(Fe)is an essential micronutrient for plant growth. Accurate monitoring of different forms of iron
(Total Fe, Available Fe, Free Fe) is essential for soil health management and agricultural production optimization. Total iron and
free iron are also necessary indicators to identify certain soil types. Compared with traditional soil determination methods,
spectral technology is rapid, cost-effective, and environmentally friendly, and is gradually becoming an alternative for soil Fe
determination in recent years. However, there are few reports on the systematic inversion of different forms of iron by spectral
technology. [ Method ] Based on the color parameter (CP), visible near infrared (VNIR), mid infrared (MIR), and fusion spectrum
(SF) were used to obtain data of 501 typical farmland tillage layer(0~20 cm)soil samples in Guizhou Province. The spectrum
was smoothed by Savitzky-Golay (SG) denoising, and then the baseline was corrected by the standard normalization (SNV)
method. Partial least squares regression (PLSR) and support vector machine(SVM)were used for modeling, respectively. The
system compared the predictive performance of single spectra and fused spectra for the three types of iron fractions. Moreover,
the relationship between accuracy and cost of different prediction strategies was quantified using two indicators: Cost-Efficiency
Ratio(CER) and Efficiency Index(EI). [ Result ] The results show that: (1) in the single spectral model, VNIR spectrum performed
best in the prediction of total iron(determination coefficient R*= 0.85, relative analysis deviation RPD = 2.59, root mean square
error RMSE = 5.48 g'kg "), while MIR spectrum had the highest accuracy in the prediction of free iron (R*= 0.80, RPD = 2.23,
RMSE = 4.15 g'kg™!). Also, the decision level fusion (SF3) spectrum further improved the prediction accuracy of the three forms
of iron, among which the effective iron increased the most, but it was still difficult to achieve effective prediction (RPD = 1.37).
Thus, using spectral technology to predict soil available iron is not recommended. (2) The cost accuracy analysis showed that the
spectral technology can significantly reduce the cost(by 40%~85%)of soil iron characterization. VNIR and MIR technologies
had high accuracy and were cost-effective in the prediction of total iron and free iron, and were suitable for scenarios requiring
comprehensive consideration of accuracy and cost. However, the accuracy improvement of fused spectrum (SF) was limited, and
the cost increased more, which is suitable for scenarios requiring higher accuracy. [ Conclusion ] This study shows that spectral
technology can significantly reduce the cost of soil iron content measurement on the basis of ensuring a certain prediction
accuracy, and can replace the traditional methods to achieve efficient monitoring of total iron and free iron, so as to provide
effective technical support for the implementation of precision agriculture.

Key words: Soil iron; Spectral technology; Cost analysis; Precision agriculture
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Fig. 1 Spatial distribution of sampled farmland fields in Guizhou Province
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Table 1 Descriptive statistical characteristics of soil iron contents in different forms

BIEZS BRME f/ME A brifE 22 5 5 R A
Forms of iron Max Min Mean Std CV/%
424k Total Fe/ (gkg ") 92.9 8.78 43.37 14.17 32.68
FREK Available Fe/ (mgkg™) 230.2 0.09 39.49 38.64 97.84
W7 BS54k Free Fe/ (gkg™") 59.32 5.15 26.98 9.23 34.21
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Table 2 Accuracy of optimal prediction model for different forms of iron
Yo 2B R HIr iR 1R 2%: RMSE HEXE 534 fii 22 RPD
SR MG EERISS EEEISTR B34k Free AR
ek 48k Total =TS
Strategies and models Available Available Fe/ Fe/ Available
Total Fe Free Fe Fe/ (gkg!) Total Fe Free Fe
Fe (mgkg!) (gkg") Fe
i 24 CP-SMLR 0.43 0.17 0.62 11.09 36.39 5.91 1.28 1.06 1.56
A LIRS 0.85 0.37 0.78 5.48 30.62 4.33 2.59 1.26 2.13
VNIR -SVM
SR/ 0.85 0.37 0.80 5.52 30.65 4.15 2.57 1.26 2.23
MIR -SVM
& R SF1-SVM 0.81 0.24 0.76 6.21 33.66 4.48 2.28 1.15 2.06
SF2-CARS-PLSR/ 0.86 0.47 0.82 5.36 28.23 3.91 2.65 1.37 2.36
LASSO-SVM
SF3-GRA-PLSR 0.87 0.47 0.83 5.16 28.18 3.83 2.75 1.37 2.41

TE: W TREG AN, FURIR T =R G 45 ZOml 5K BE dn s R AR BESS R I TR AR T 50 R [F)JE A5 Bk 1) B L T A 7
TERA S SF2 R AL T i, X T 8k AA Rk 14 IR AR T AR R 6 ] CARS $53%: /5 (¥ PLSR ML, % T 8 B A i ] LASSO ik
JE Y SVM BERL, il SR SF3 AT b, 3 FiJE A5 8k i) S AL TR ALY 1) GRA 55355 19 PLSR #6%4. Note: For the fusion
strategy, only the model accuracy results with the best fusion accuracy of each level in the three-level fusion are displayed; bold font shows
the optimal prediction model for different forms of iron. In the best prediction of fusion strategy SF2, the best prediction model for total iron
and available iron is the PLSR model after using the CARS algorithm, and for free iron is the SVM model after using the LASSO algorithm.
In the best prediction of fusion strategy SF3, the best prediction models for three forms of iron are the PLSR model after using the GRA

algorithm.
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& 2

BETHESE (a), ATI-ELAh (b), Hsh (o), @G (d) JGIERY 3 FIES S 4 2R_ I

Fig.2 Comparison of the best prediction results of three forms of soil iron based on CP (a), VNIR (b), MIR (c¢), and SF (d) spectra

i , AN ] 5 W 1) F00I00KS 2 HE /¥ 8 - SF> MIR = VNIR >
CP.

221 BOSHER B TEHOSHNZuds
BIERERY =Rk TS BEHE - Wi ik
( RPD=1.56 ) > 4 4% ( RPD=1.28 ) > H % &%
( RPD=1.06 ). H v, i &5 2k 09 9 0 &% 2R &
(R*=0.62, RMSE=5.91 gkg '), (HA:HMA RN
TG B & A% (R 425104 0.43 1 0.17 ), X —
HEFP 220, i Bk 1) o't o oy A O B Sl el B (0 2
BERAE, nTRESHXT LR @R Y (InaReks . &
B ) MESERMG. SR, S5aRXEPYRT
Munsell i 2 5 48 09 0 75 45 JE A H ( R7=0.94 ,
RPD=4.37 ), AHRY ) TR B2 A7 76 8 % 251 . X
P2 SO RRIR TP 5 1H . Hi—, Munsell B8 R 410

AR AR AL I, RESORS B M R AE Ak A 1
Y Re e s 2, SR ARG M S R 1 i 1S
(SVR) B, M# T AW % A £ ou g w15
( SMLR ), HEREHHHE 20 (0 S 500 5 U B R ) 1) &2 22
Fo MABFEHEPE SMLR #5581 ) 3 225 F J& SMLR
(AR A2 2% 32 e P 5 T i) PRk G 0 ) 75 R o Ik b
Pk IR PR T B (0 2 JOR I S B T - g 4 Ak
FFRIER, AARAT T I B8 OKG B2 = T 2 oG 2 19 45
Ho R H AR FIREEE TR maAretE, (HHE
PEP B (VNIR fil MIR ) A4 3K 24k 2F R sh (5
B (4 Fe-O. Fe-OH ), i Zi 4 20N S e ] WO ik
B e A I S i i DY

2.2.2 0] WL-3T 2 AR AT AR g AR o
TERIR] (VNIR. MIR ) 754 BRFH7 25 2k 0l v 2R 9
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PR, (XA RO Y TIOIAS BE 5 0R , X T 424k, VNIR
F1 MIR #E AL RPD 435k 2.59 1 2.57, RMSE 73
B 5.48 Fi 5.52 gkg ', BB BRI R 22
B 50%LL I 454 PLSR Fll SVM BBk Al A5 R Bk
TYER, RiETHEEP RS, W TAE
Bk, VNIR fl MIR %4/ RPD 4 1.26 (RMSE=
30.6 mgkg '), BB SEAERA T (RP
0.17 342 0.37), (BHAFREATIIRME LU /& A2 77 52k
A RRAE e E W TR L . A LR R
R Rim, I BOIR A, X R IR B 2
EHIES T Fe-O A LT A1 X I A R AIE 4R Bl i BT

RAE LR &G R FEE, (AR HER M
PEALE B W IE XAETE, RRRE AT RIS A )
ELRE ORI A P v P A AR X AR DS R,

AR ERAL, LIS, BH PN 5
W TS, RARMA AT RGN,

R O A 04 D61 i 7 AR R ) 0000 g o
PE o EAERMNE, ARUFRAE SR BN L RS
Baumann 'S ( RMSE=0.5 mgkg ') fE7E &
25, WRE S ARG G, SN A Rk A
AR S R E 97.84% , H S W i 43 A 3 il 0.09~
230.2 mg-kg ', YA 39.49 mg-kg '), A PG SRR
ARG ZBEAR (CV=38% ), &/ TH (JEFE
1.0~6.7 mg'kg ', ¥MEH 2.9 mgkg" ). ¥ TUFEsk,
VNIR F1 MIR #i#If#) RPD 435k 2.13 F1 2.23
(RMSE=4.33 fl 4.15g'kg "), HHI(OSHPAR2E
FEAK 30%~40%, #F—5HET VNIR #l MIR J6i%
o S 2 Ak 1) v A I e

223 fGOGIEERT  EA IS AN EHET R
SF3~ SF2>SF1, H:¥1 SF3 Mk B ms = T SF2, H
SF3. SF2 SKMs¥ T SF1. AHAS T Bl ffi Fl VNIR
FT MIR Y% A, SF3 I SF2 SRIETE 3 P EKM
T 2 SR R TR O, A PR TR AT
B T SF1 SRMEAE BEAE 3 Fh A4k 0 vh 4K 1 2
—IGIERIA ORI EZE T ZE R . UL SF3 SR
e, XAk, SF3 BLAIR) RPD 2 A% 2.75
(RMSE=5.16 gkg'), BH—EiFREW D 6%~
7%, FEFEET VNIR (95650 B (RE R AT
DG X AR LLAMX 145 B ) 5 MIR Bk sk s
BUEA (U0 Fe-O #ERLMIRZ) ) P00, X FHwkkk,
SF3 #iAIfY) RPD M 1.26 &7+ % 1.37 (RMSE=28.18
mgkg! ), RPIEEE 047, (HAJRIKS SRR HE

K (RPD=1.5), Hdliml & B30 T 1055 15 5 $
AEJT, AR AR & 7 5w R B B
X T gk, SF3 MAIR) RPD ik 2.41 ( RMSE=
3.83 gkg ), WREE N —IIEFEML 7%~ 12%, Ff—
HiEH ARG 2 P E 2y (AP . kR R
) BT, PTREME RS OCHE (S B Mg Al A
WG 2P AR B AR L, WA IR R B TR,
P TR ER M. Hoh SF3 SRmH OPA il GRA
B BRI AR (40 -3 R A7 AE
2 P o AR LM R, PR DS ), 3%
SRR, BT R RS
00 A5 NP RG B 2R PR A 5. SF2 RIS Y CARS
Fl LASSO Bk L34 b 25 MR IR A i, 48 A AU 2 %
S AR, & T EEE S KA 2 kst
(- HEAPLE T I BRARE I B ) 13z, X B F AR
e - HEAK 0 T e B O AR B . s R
5 Bao WL LR G 6T AE kAL B0 o A R
PRI —E

BT, BRI, B i R
W BIRER T FE TN AR SETI TR
AR, ARG S BEA TIN50k 1 TR
B, EL TGS SR FH ] Fof 70000 556 M 357 0 LA o B T 00
2.3 FEIFASERIM R BE AR A3 b

R 3 A, LGSl )y ik ( NHF-AAS
DTPA-AAS. DCB-AAS) 1EME 48k . ARk .
Ui B R AR HE v, A AR 556 B 400k (150
JC-#£ ' . RMSE=2.17 gkg' ). (100 7T-#£ .
RMSE=1.97 mgkg' ) . ( 100 o - £ ' |
RMSE=2.70 g'kg '), /AR MR, EHEE
B S AR B 52 2% )45 VR A B A 1 7 R MASE - e ek
Wi e g R Y R, AR SRR R R A ORS E
A, SR E AR . SR (H
BEIE BUAS . 428k 150 o0, ARk 100 o6, BiFE
B 100 7T ) AHEG, G A i — Ui & 7] 25 3R
ZIBHE R, DERRIR T RIEAME A (CP.
VNIR. MIR. SF #5530 504 15, 25, 35, 60 J-JE
B, AR L 40%~85%, X FhZ B IETE R
BRI e . LLVNIR 3R MG, 5% 1000
MREARMAT RIS E , ek 35 Ao, i
VNIR EEARANT 7.5 5T, AT 78.6%, [FlHT ik
Ha Ak 2710 ) T IR S R VR SR R, i — 2
P IREE A HAR
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Table 3 Optimal model accuracy of traditional methods and spectral technology for predicting different forms of iron content

IR i 22 RMSE

J71% Method 424k Total Fe/ B R Available Fe/ UiE 254k Free Fe/ T 3% Market price/Yuan
(gkg") (mgkg!) (gkg!)

NHF-AAS(1) 2.17 - - 150
DTPA-AAS - 1.97 - 100
DCB-AAS - - 2.70 100
CP 11.09 36.39 5.91 15
VNIR 5.48 30.62 433 25
MIR 5.52 30.65 4.15 35
SF 5.16 28.18 3.83 60

[E: NHF-AAS (f2- i R -2 SR I A — 5 FRBOE %L ). DTPA-AAS ( DTPA B2 —JFF IR IOE L ). DCB-AAS ( DCB
P I OBIE ) A I 2Bk . ARk . WEBS R BARIE T %, SF BRI =R A A oS B SR USRI . T IR Note:
NHF-AAS ( Nitric acid-perchloric acid-hydrofluoric acid digestion-atomic absorption spectrometry ), DTPA-AAS ( DTPA leaching-atomic
absorption spectrometry ), and DCB-AAS ( DCB extraction-atomic absorption spectrometry ) are the standard methods for determination of

total iron, available iron, and free iron, respectively. The SF strategy delivers the highest precision among the three-tier fusion strategies. The

same below.

231 SERMERASKEEXL  CHREIHELE
BRI EO T, AR UGS I I, W
S IS AR - UL BE DA A R (A48 AR . CER
FIRCRIEEL EL), X 4 FOGIEH AR I e ST oy
B, RGPS OGIEE AR 2k . ARk ek
T 2B

S5 5286 )7 ( NHF-AAS ) #HIG, CP K
ARPEML 90% (15 Jo-FEdh"), {H RMSE 3T
8.92 gkg '(+411%, BALG LN T 411% X £ 4),
HABCE L (CER=0.066 ) S530HRIE% ( EI=4.57)

T, A AR R R K. MIELZ T, VNIR
i BAR AR 83%( 25 JT-FEAh ' ),RMSE 4y 5.48 gkg !
(+152% ), CER=0.026, EI=1.83, AL 1 Tk
1%AS, 1R228401 0.026 gkg ' 5% 1.83%, 1EMA S5k
J3E B SR AT, MIR 6% AR A 77% (35 It
i), RMSE A 5.52 g-kg '(+154% ), H: EI=2 5 VNIR
PR AAN . SFGHE AR 60% (60 JCHER ),
RMSE H 5.16 gkg™ (+2.99 gkg™', +138% ), HHKGE
Fe, A CRE=0.033, EI=2.3 i m i i THs
REF A5

R4 ARLEEHKITN R B ANE L 5 EEE

Table 4 Cost efficiency ratio and efficiency index of different soil total iron prediction strategies

g %4 Market J7 iR %% RMSE/ AR FEARR Cost RMSE #Jl1% Rate  WMUAMCRE SR
Strategies price/Yuan (gkg") reduction rate/% of increase/% CER El
NHF-AAS 150 2.17 - -
CP 15 11.09 90 411 0.066 4.57
VNIR 25 5.48 83 152 0.026 1.83
MIR 35 5.52 77 154 0.029 2
SF 60 5.16 60 138 0.033 23

TE: BRAL A AR AR RMSE 05, J2 IE 48 7 ik AR RMSE ki, 58t 5 KRR i )7 ik A 5 RMSE #47 He AT
#4535, T, Based on the traditional method’s RMSE and cost, the cost of the traditional method, different spectral method and RMSE

were compared, and the cost reduction rate and RMSE increase rate of the traditional method were obtained. The same below.
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LRAORE , fEER T, VNIR ( CER=0.026,
EI=1.83 ) TEMASTT LG BER G RIS AT P4, AR
T CP (CER=0.066, EI=4.57) il SF ( CER= 0.033,
EI=2.3 ), 7E-TIEARRHIN D, SER ol Fh o w5 i o 2
PRR TR IE o (1) JESREARSA HIEZ IR
CP 1 CREEERMIR, AR ). (2) FBUREEE 5 AR &
FUNH]: VNIR 5lE (FERE R4, BiAS. CER Hl EI %
i%) MietERns, MIR SHIRIESRIG . (3) dBKikmky
JE H AR ZERR ] . SF Sems ORSRE I =i . BRI o
2.3.2 AR AR SR BE X L e v
7 ( DTPA-AAS) Ml tt, CP & miA K 85%, RMSE
% 36.39 mgkg ! (+34.42 mgkg ', +1747% ) (£ 5),
CER=0.405, E1=20.6, & W HAREAK 1 J08 1%4,
TREHENN 0.405 mg-kg ' B 20.6%, 1™ i HAE BE BRI
X T VNIR D6, MAREMK 75%, RMSE h
30.62 mgkg ' ( +28.65 mgkg' , +1454% ),
CER=0.382, EI=19.4, U EILT CP, {HIRZEIG IR
B . MIR G A BE K 65% , RMSE h
30.65 mgkg ' ( +28.68 mgkg', +1456% ), H

CER=0.441,E1=22.4 RHIH L3S T VNIR OGi.
SF G A FE % 40%, RMSE Jy 28.18 mgkg
(+26.21 mgkg ', +1330% ). HEKGEMA T, 2
CER=0.655, EI=33.3, FWHAEmMA THEERF
AR, U —2 TR

AR 2.2.2 5041, VNIR Fil MIR G304 %50k
TR BE %5 2% , Khajehzadeh 25548 A s 4 8 1
ek N 7 45 A LIBS 8% XRF Fn R Fr AR,
Rt A5 FH A i R o e i B A 48y 1k
FHTA B E o X TA R b & AR (AHE
FEHEH S A Y 0.1% ) BTG 2 22 A0 1
i, CER 1 El 8 bR R WDGIE B AR BAG S H AR AER
T ERS 2% (40 VNIR ) CER=0.382, EI=19.4,
FHIRFEAIK 10 JT 10%404% , RMSE 1411 3.82 mgkg ™'
B 194% ). JREGIBHARMAML (BAL S I kK
40%~85% ), HHNEEBHIRLE K (RMSE #m=#K
1330%~1 747%, RPD<1.5), JC¥Eifi /e S2prisR,
IEHfE ) CER Al EL f84r1HE “HBOLHEME” C LR
S, ARG T AN R B

£S5 ARLEEYKITNKBEAMAYR L SHREY

Table 5 Cost efficiency ratio and efficiency index of different soil available iron prediction strategies

S o 175 i 12 2% RMSE/ AR B R Cost RMSE /158 Rate of  BUAELER  SURIEE
Strategies Market (mgkg™) reduction rate/% increase/% It CER ElI
price/Yuan
DTPA-AAS 100 1.97
CP 15 36.39 85 1747 0.405 20.6
VNIR 25 30.62 75 1454 0.382 19.4
MIR 35 30.65 65 1456 0.441 22.4
SF 60 28.18 40 1330 0.655 333

2.3.3  UiFESER I AR SORE XS L Sikg 5 )y
% (DCB-AAS) #lt, RZMIEH AT, VNIR
TR AIE CER (0.022) (3 6) FlRAR EI (0.8) i
SR A A2 B R 2 B g ( RMSE=4.33 g'kg ™' ),

BERRAR 1 JCER 1%A0A, 80 0.022 g'kg ' 5% 0.8%i%
2, BRARE LT, XF MIR Y63, mARE
ik 65%, RMSE & 4.15 g'kg ' (+1.45 g'kg ™', +54% ),
H: CER=0.022, EI=0.83 5 VNIR LG4 G,
B S A B =5 o 1 SF O3l BOKS B2 8%, RMSE=
3.83gkg! (+1.13 gkg', +42% ), 1H 2 ¥k

( CER=0.028, EI=1.05) fitF* VNIR il MIR, {H1H
RS, CP % (RMSE=5.91 gkg ', CER=0.038)
TERS EE P2 AN K (RMSE=5.91 g'kg™') HZFMEM
AR GLF ( CER=0.038, EI=1.39), HARALMA
(15 Je-#67") 6 A T HOE T A g 5, e e 4 Je B
) NI A 45 R, 5 Vodyanitskii A1 Shoba 2142
Y B SRR A A P A i SE T
FAHAT

TE W ES BRI, VNIR I MIR 56 0% Y CER FI
EI fHE# $23 HAL CP Al SF R BSAIK, RUTEA 4T
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A B AR BB T 40 e B R A A BE R O B/ LRI kR

CP W% i) CER M EI 1485 F VNIR #1 MIR, {HH
AR AR (15 7T ) FlA] HE52 BYHRS BE 451 2% ( RPD=1.56,
TR AT ) AR E TR B R E . R
AR AR 1 PR3 0 Ay 3 5% o 7 - MU S Ak 0 o
T HE AR T DA B AR PR 7 e 1) v s 00 2 1

(1) WA ARG AT . CP 2 ORFEE M, &
AR Do (2) AWK BE 5 B 9% BN - VNIR
(CER. EI &A%, W RIF) IR, MIR
WL . (3) ks BT oK« SF RmE RS e
BRI Do

F6 AE LI E KN KM ANE L SHEEY
Table 6 Cost efficiency ratio and efficiency index of different soil free iron prediction strategies
” it . ‘ \ ‘ MK
e Br Rz JRA LR Cost RMSE #J1% Rate of ~ HUAALRIL ]
Market EIER A
Strategies RMSE/ (gkg") reduction rate/% increase/% CER
price/Yuan EI
DCB-AAS 100 2.70 - - -
CP 15 591 85 118 0.038 1.39
VNIR 25 433 75 60 0.022 0.80
MIR 35 4.15 65 54 0.022 0.83
SF 60 3.83 40 42 0.028 1.05
" S &30 Hk ( References )
3 45w

ACEET 5N 501 IR HBHEZ (0~
20cm ) HIERESL, RGEVEAL TORIEHIAR (CP.
VNIR. MIR. @&t ) 76 B3k . A 20k
i 5 Ak T F A A B LA R A b S s P T LA, I
Wt 5 A AR L (CER) MIZLHRIEE (EI)
HAKE S AR Z RS R, SREH, b
WEH AR T AL Gefbsi o b 7 ik B 3 B AR T A
( FEBRIE 40%~85% ), HL7F 440 F i g 4 3 il v
RO, BJCH TS WA &%k Tk,
VNIR 1% Ay s LA, DU AR 52 30 A 24Tl
T, TR A I, MIR 6% R kAR 3
W XFFA R, DGR E AR MU AT SRR
PR ASHE AR A F OGRS H R 5 X il 4%, VNIR 6
WEOREEE . MIR JGiEhkiE, AR ES
S, R, AXHFEUTAR: —ZIFRE
BT o4 501 A~ MRl BAE G B ds , S5 18 7E L
by X385 A R 3 AT T B E 5 R R R R RE
FEAVN AT | Ol B AR AT AN Ay A =
J& CER Ml EI ANAFAEE 30 A 46 X (8, “fefl” 3R
W 11 32 5 45 A B 1y N 5
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