202644 f &k LAk 2= i o557 % 4 8

doi;10.6041/]. issn. 1000-1298. 2026. 08. 033

ETA@BNSEINEHXH R . BHaE
iE B fh i

kA TH4 RET O£ F dEE Ba4

(1. Al R BHIR S 3R BT 2 e, I 4300705 2. ity CTTfealk & Ji rply , #7% 435400)

FE: W &GS R AW AE Y i B 35 00 & i, QAR TE TN 35 40 e Z U D KRG . DLAE IR R e Ok
RS 5 % 40 & (A A AR SC Tk, 20 T BB B 5 9% 43 ik 18 TR 3¢ B AR Ak [B] B 06 FR DN S B00 B 3 R 00 A% R PR
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% (Shapley additive explanations, SHAP) i 17 U 32 M i ik , ff 25 A W g e o B 4 b otk 55 3 B 78 fb AR
S5, LA 36 X 4 38 2 0 Bl R A 0k 2 SRR A S AR AR I R R 0 a2 A o' 5 AR AR A DU 9 S i Bl VB i, AT
BGUIE Dk B0 A st . WFSR A R AR, B I SHAP fE i, R HZ E SR Z i oG4 R T AL R MW b
EWRZ IS X 3 A>3 B 400 ~ 720 nm F1 1 140 ~2 250 nm [8] 43 A>3 BT T4 &k A & & 2 (Leaf
nitrogen concentration, LNC) . X Tt Z ,SHAP Higm AT R Bk B E R, HREHAOTAM G E, XTT“J_
£ T 400 ~810 nm L K 1140 ~2 250 nm [8] 50 4~ Bt F T4k 3 0F B % & & ( Leaf phosphorus concentration, LPC)

A A S F X A i = e AR ) Y 4 2R AR A K JEL BE ) SHAP i g, Bk B S = VI S Y 450 ~
810 nm £l 1 140 ~2 480 nm [&] 32 ik Befili 88 M A 4 2 1& ( Leaf potassium concentration, LKC) , 4l 7 14 ¢ I BX #)
BE ML AR ARBLTL AL I LNC LPC I LKC, BRI FE B0 4E 4R [ S0 8 7% LNC \LPC F1 LKC P o A4 50, Ho b LNC fl 508G i
B (BE RB(R’) 4 0.86, ¥ 7 IR 22 (RMSE) 4 0.37% , 4 — 4L ¥ J7 iR 1% 22 (NRMSE) 25 0. 11) , H: ¥ 2 LPC
(R*=0.83, RMSE 3} 0.04% , NRMSE 3 0.10) ,ifij LKC 4 B A % 8 {% (R* =0.79, RMSE 3 0.35% , NRMSE %
0.12) , WEFEEER BRI T HUBOC IS BB BEE T A 2 0 S AN B E M, IR T X S i B 5 4L 0k
Jilp 380 R SR BRRAE [ B R
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Linking Leaf Phenotypes to Spectral Characteristics for Remote Estimation of
Leaf Nitrogen, Phosphorous, and Potassium Concentration in Winter Oilseed
Rape ( Brassica napus L. )

ZHU Gege' WANG Qinghua' WU Haiya® REN Tao' LIU Shishi' LU Jianwei'
(1. School of Resources and Environment, Huazhong Agricultural University, Wuhan 430070, China
2. Wuxue Agricultural Development Centre, Wuxue 435400, China)

Abstract; The estimation of crop leaf nutrient content through hyperspectral remote sensing necessitates
the identification of wavelength bands sensitive to nutrient deficiencies. Previous studies focused on
correlating spectral data with nutrient content, neglecting the relationship between sensitive bands and
phenotypic changes under nutrient stress, leading to less explainable band selection. Here, a spectral
feature selection method was proposed, integrating a radiative transfer model with a post-explanation
algorithm, specifically using the extreme gradient boosting model combined with Shapley additive
explanations (SHAP) to enhance the interpretability of sensitive phenotypic selection. By linking leaf
spectra with phenotypic changes, spectral features sensitive to nitrogen (N ), phosphorus (P), and

potassium ( K) deficiencies in winter oilseed rape ( Brassica napus L. ) were identified. These selected
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spectral features were subsequently used to estimate leaf nitrogen concentration ( LNC) , leaf phosphorus
concentration (LPC) , and leaf potassium concentration ( LKC) , thereby validating the effectiveness of
the band selection process. The results revealed that protein, with the highest SHAP value, was the key
phenotypic indicator for N deficiency, followed by anthocyanin and carotenoid, therefore, prompting the
selection of 43 bands between 400 ~ 720 nm and 1 140 ~2 250 nm for estimating LNC. For P deficiency,
anthocyanin, with the highest SHAP value, was the most critical phenotype, followed by protein and
chlorophyll, resulting in the selection of 50 bands between 400 ~ 810 nm and 1 140 ~ 2 250 nm for
estimating LPC. Furthermore, carotenoid was identified as the most sensitive phenotype to K deficiency,
with chlorophyll and equivalent water thickness also showing high SHAP values, leading to the selection
of 32 bands between 450 ~ 810 nm and 1 140 ~2 480 nm for estimating LKC. The selected bands were
used to construct random forest models to estimate LNC, LPC, and LKC. These models demonstrated
high accuracy on the validation dataset. The highest performance for LNC, with a coefficient of
determination (R*) of 0. 86, a root mean square error (RMSE) of 0.37% , and a normalized root mean
square error ( NRMSE) of 0. 11, followed by LPC (R* of 0.83, RMSE of 0.04% , and NRMSE of
0.10), and LKC (R® of 0.79, RMSE of 0.35% , and NRMSE of 0.12). Results underscored the
significance of selecting sensitive wavelength bands for estimating leaf nutrient content and illuminated
their relationship with phenotypes under N, P, and K deficiencies.

Key words: winter oilseed rape; leaf phenotype; leaf nutrient content; hyperspectral remote sensing;

radiative transfer function
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7 T M i & & 8 (Leaf nitrogen concentration ,
LNC) ™" oAb, A5 F 9 s 3 A 07 T 4 0k 21 4
DXk 11 B 11 5 AR FIF A B LNCYT {ELLL 1450,
1940 nm >y rvCs (4 58 7K 53 W W ip B i) 1 4 7% 07
WA s PR PE . b 3E LNC BF g b, LE A
IS [8] NOJE i KPR B g B S R
5 LNC, R Z FO6 35 3 4 77 224l 1 LNC I U4
R . M Z TR, A SR A SR 23 A i B A 0 T 5
AR5/, e H S A M SR AE W) b B AH SC B 58 56 A7
FR . OSBORNE %5 &3 F|FH 41 4 730 930 nm J%
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Wb 2x B & A KBy Be i 2 A A R T
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400 ~2 500 nm 4= 63 45 G Bl o7 ) B LPC it
B #1& & ( Leaf potassium concentration, LKC) £l H
i 3550 S B AT AN A A 4 3 R AT 3R
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1.1 RIi&it

F 20212023 4, 4 1 A6 44 & 7T Y T R
R #LE 3 ANMER BT 4 W H EHR 5, 45
58 AR FH 4 A LA B/ XA B RS O A 1 T
N o EFH TS AR B AR 4% 9 5 Tl SRR
BHBANF T, A aEMEN, 11 A
H LB A 112 500 k/hm® [ ) 45 B 56 2 A e
B IR — e IR b ) A% e B0k

X T4
N IEZIREEIREEE
A ..... [ No | [ N22s | | niso |
o] o] [0 ]
[ N75 | [ ~75 ] [ naas |
S ] (o] [0 ]
o] o] o]
[~vaas | [ 75 ] [ vos ]
[ N5 | [ nso | [ nNo |
T [ no | [~ ][ w5 ]
o 50 w0 130 =iin 0] =] [30]

g1 2 3

‘%ﬂ N270 | [~aso | [ o | [N |gl£| a5 | [P0 | [P35 | [ o |g§| Ko | [[Ki20] [K1e0 | [Kis0 |
H%‘l Noo | [ 270 | [ No ||N180|§$| po | [p13s | | P90||P145|H%|1§180||1\'120||l(()()l‘ Ko |
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BT e R DL B g /N X 43 A

Fig. 1

F1A4 NG R K 1 AR
IR R, A 4 A F N3, il & 5 5
0(NO) .90( N90) 180 ( N180) .270 ( N270 ) kg/hm?,
Horfr NO Sy 8 B e (0 Ab 3, N180 i By jif 8 Ak 3
(CK) , BAAb 23 E L, AL X A HED], 4 12 4>
NI, RS 2k T B R B RR R, H ) B

Locations of field experiments and distribution of experimental plots

T JH 43 3 0 (PO) (45 (P45) 90 (P90) 135
(P135) kg/hm®, H v PO Sy 5 J3 Bl b 3, P90y i
FUMEAE AL FE (CK) | A~ 4 30 3 R A, B AL IX 28 4
B2 12 AN BRI 3 kB0 IR B P B R I
FH ) 35 A5 4l 490 JE 86 18 , i 43 3 k7 0 (KO) (60
(K60) .120(K120) 180 ( K180) kg/hm’, H: vt KO

F1 4/ HERKEFHRER

Tab.1 Detailed information on four field experiments
. /NI T R/ Jiti AE 4k 24 o
W75 5 Ay b - T - T - 2 FEA B
m AL/ (kg-hm ™% BEAEJTH/ (kg-hm ™) FPJEFT 4/ (kg-hm ™)

1 20 2021—2023 TR 0.90.,180,270 90 120 36

2 15 2021—2023 7T 180 0,45 .90 .135 120 36

3 20 2021—2023 7 180 90 0.60.,120,180 36

4 20 2023 B 0.75.150 225 90 120 30
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o R B b, K120 Ay B i A A 38 (CK) |, B4~ 4b
L3 WES LA AR, 3L 12 /NI, w5 4
2 N B TR R R, Lt P RN 6 B AN TR it
B9k 0(NO) .75 (N75) 150 (N150) | 225

(N225)kg/hm* , Hrbr NO &b 3% & 12 AT, N75 .,
N150 F1 N225 gb¥R i 6 A~ d 4, LI 4 HE 51, 2t
A 30 AKX, FEFTA R, A N IRER (%
N 46% ) , AL R ik BEFR 25 (&% PO 12% ) , B AL
SALH (7 K,0 60% ) , b % AR BE e} &1 H Ath AR A6k it FH
A A
1.2 HIERE
L.2.1 oy R R AR 5065 I

7F 2021—2023 4 4 A A K 2, T8 & )X i
5 1~ R0 3 0 S AT B R AR i 4 i S AR
R FEANAE 2023 AR A WIHEAT o BB R AR B, MK
YRR AS /N DXHEAT I 5, A4 1 36 A B 85040 3l oy
36.36 .36 #1130,

MR Gi% SR A PSR + 3500 78 5 45 =X 1l 4 O 1%
{% (Spectral Evolution, Haverhill, MA, & [E) gEf7
o ISl R 350 ~ 2 500 nm, S o B R R
1nm, 755035 F , £ AR HE AR #E 17 8 TE DL
AR 25 IE R T R AT b 2t SRR R o I
S ke TR K B DR i R B e w i e
Pt E BN AL E 6 Fr 58 4 JE it 7
B, I 25 SR BOCF S AR R %/ X OGS B S R
T I 5t 45 PR R O I SR AR RO VK TP el
S AT R AR &

1.2.2  nf R AR E
1.2.2.1 mpE@aEsE

55 FH B AR Bl (B4R 0. 8 em ) skt T I Jik i A0
S RO BRI g i R
T AL BY A sk G 80 % VY IR E AT S . H 4
3% B 1 ( Model UV2550, Shimadzu Corporation,
Tokyo, H4A)7EYE K 470 646. 8 663. 2 nm Akl &
2B WL B . 2 B8 LICHTENTHALER' g J5
BB Mg £ 5 & ( Chlorophyll, Cab,
pg/cm’) F 25 8 N £ & & ( Carotenoid, Car,
we/em?) FFEER Y

c,=C,+C, (1)
(1 0004,,, - 1.82C, -85.02C,)V
C = 2
o 1988 (2)
Hr c (12.25A45,, —=2.7T944,55) V
= I (3)
C, - (21. 504, ¢ ;5. 10A,,,)V (4)

o Apy A s A ,—— I KK 470 .646. 8 ,663.2 nm
AW E
V—RR WA, mL
S——0F# BRI, em’
C,—— &% a &, pg/em’
C,—M&z=xb &, p,g/cm2
C,— KM PRI E, pg/em’
C,—M&Ea5b MEE, pg/em’
FAMEFE 0.5 g WAk, ] UV — VIS 53060t &
i1 (Ocean Optics, 5[ ) 2 DRANCA 25" 5y oy i
MELTZES = ( Anthocyanin, Anth, pﬂg/cm2 ), &
E2W)
4 s =0 25;1;76); WDV
X Ay Ags,— U1 530,657 nm 4b g fiE
D,— kN1
Am/,'ﬂ’:%s%/ﬁi,ug/cmz
1.2.2.2 B pi AR o 0 A5 AROK 5 R
FEAS /NS A B I S R B T AR B
(Leaf mass per area, LMA, g/cm’®) Fl 48 & /K J&
(Equivalent water thickness, EWT, g/cm”) . fifi H 4%
B R 00 - 45 T B S 7R 65°C TR AR P T R
72 h ZEAEE R, FR ORI DL T B R, 3
W)

L, =D,/A, (6)
E,,=(F,-D,)/A, (7)
X Fy—8E U g
D,— T hit,g
A ——5 A0 AT AL, em?
Ly~ A {37 T AU 2, g/ em’
E\y——5 80K LB g/ em’®
1.2.2.3 i 5 8 15T AR 70
MG SCEk [19] AR it i & B i & &
( Protein, Prot, g/cm®) . fi% % i 4> ( Carbon based
constituent, CBC, g/cm’) W gy LMA FIH- Fy 8 715 &
I, AU
P, =(L,/100) x4.43L,, (8)
Cop =Ly - P, (9)
X Ly—MHASE,%
P, ——MHREAFES &, g/cm’
Cpe— BRI RS &5 i, g/ cm’
1.2.2.4 LNC.LPC #1 LKC
T A W A i TR AR TR A O AT
R A, ] H,S0,— H, 0, % H i 4L, LNC A1
LPC % FH 7 sh 13 5 $r{ (AA3 %Y | Seal Analytical,
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Inc. , Southampton, #&[¥) PEA7l & , LKC W58 4 -k
G REE T (M — 410 B, Cole — Parmer, Chicago, IL,
Fe) T AT E
L3 FORZTH R RESFMEIRS

U SR A W0 R B i SURGR A 8 A S
T 42 TH 3 1% ( Extreme gradient boosting, XGBoost)
XA ZZ W ki 5 NP R K SR 4 i an v R 54T 43
Z¢. XGBoost 5% — Flt 5 T P SR A B8 3%, e 4 A 22
T4 R R v T D) R e b v
R SRR IR AT AL B, BE AR R WA H 4 4 b Pl gk
TUNZRAHE R, KT, 5 R Z Bl de 2y~ AR
XGBoost T fif B ML BAR , M LA S B FRAE & SC LA K R
R X BERL A Tk LR ) LUNDBERG 45 42
H 19 SHAP ( Shapley additive explanations) J5 ¥ fif gt
X — R, SHAP & — Fi 5k T 19 2518 A AL 4% 27 ~J 45
AU R Ty vk 38 2ok B8R R X AR B % 321 B T R
fif R SRAE T B BE 0T AN 42 JR 2 T, e n) DL R
PR AT A R . AR SE IO 2R S, 1 SHAP A5
XF XGBoost 5 AU iy H HE AT it e, P H A A [R] 5% O
30 T AR A R 3 B RAUARAE . R AR IR S
BJ7E Python 3.6 5T, W1 AN [A) 42 49 14 £ 4 2=
SRR A o3 2RI X R BB HEAT T AL B £
(B 7 22 3 — A0 i A7 32 B Re ik K 40 e S 3 4 — RO
45 AN A B 30 1) B o 1 MR
1.4 3 NP 0 K 7= 47 B8 8 B B SE i 45 4E
1.4.1 F:F PROSPECT — PRO (1 %8 5% 126 A5 U

ABIE ST & LR 45 SR 40 B aE R R BURRAE YU 4
TMSRTETR 73 W38 T S U OIS BB . RIS
Al SEME, i ] PROSPECT — PRO A5 U A4 4 1 43 1% it
Jr RAVHDOGIE S A 806 )% . PROSPECT S — Fil ]
FHAH R A8 /0 1% 38R0 A= Al B A 2 B0 00 e A
400 ~2 500 nm {5 Fl 9 Sz 565 F 038 06 3 1 1 BEAE AL
PROSPECT — PRO J&7E PROSPECT #5 # fit) JE fitf | 4
RAE R (BT ) 5 H A R R il o3 (45 27 4 3%
AREUR R4 R TRy AU ) 438, Ol i 2 AU
TR IS 158 e A B0 0 A R A 1 O R Al R i o 14 B A
JCTE L, IR T BT AT 2 B B S T, R A
HEENT R DL R R AT R R g — e
AR B B) AT BEAEAE AR SC IR, 1 S VA AR
Jeik, 2 B WOCHER 457 (1) Jy 1 465 4 11 1] 552 9 4
i 5T 28053 A (A1 5E S — SR BR S , DA A 45 A B i 3R
RIS HCRE S S UF A7 & SC DN S 50y A= 3 A L 2
% 2y PROSPECT — PRO #5# J1] T~ 4= BUE 3 P2 1Y)
NS ORI G B, BT A 7S i A6 e o A
JEAALL 5 000 4% M 7O, BE R AL B LR O
5 S A F) 10 nm

%2 PROSPECT - PRO #E B F A HIEEN
WARBNBETE
Tab.2 Input variables and value ranges used in

PROSPECT — PRO model to generate database
S8 BAE

HEEFE A R (Cab) /(pgrem 7?) 30 ~80
K Y hF AR (Car, pg/em’) KT Cab
HFHZE A (Anth) /(pgrem ~?) 0.5~6.5
SO LB (Cw/EWT) /(g-em ™2) 0.03 ~0.07
F Y & B (Cm/LMA) /(g-em ™) 0.0050 ~0.0125
% 4 % A i (Prot, g/cm?) K4 F Cab

B 5L B 4% 2 (CBC L, g/cm?) Lys— P,

1.4.2  Gad k[ N E A G i

o4 A IS N O AL S % ( Competitive
adapative reweighted sampling, CARS) J&— % ¥ i¢) A8
RPN L WO Uk 5 R B/ Z 9 i ( Pantial
least squares, PLS) [a] 5 AH 24 4 , 38 &2 #5547 1k /R S
il v AR A R SR A R R A R op R 4R
% 3 Yok PR 4X ( Exponentially decreasing function, EDP)
F0H IE OB AY K BE B R ( Adaptive reweighted
sampling,, ARS) 2553 fin 5% /> — 3¢ [ 5 455 784 vp [m] ) 2%
B RHE AL B0/ 28 o, D0 HY [ I AR R R
PR KA, 75 N KRGS 5] N A7 &
AR MR HE 22 T UE A2 5 UE 34 5 A 158 25 (Root
mean square error of cross validation, RMSECV ) &% /N
AR A i A AL B AR B A e G R AR D
KARHAE,

FIHI CARS ##%F PROSPECT — PRO #5 4 % 43
R DI T Bl T AT 0 128 L2 3R AN (] 2 R A1 X 17 14
G BL . CARS Jr k4@ Uy e RIA 78 5 R %
AESCH R SE , 28 Y I K8 B SR S 4T PLS 52 X
BOUE £ B, CARS B4k R B E ikt 50, & I
RMSECV fg/Ni— A B R M i . CARS B3k 1
Matlab [} R2017b it 52 1% .
L5 ETHIILAKRENHRASREME

FEHL#E AR ( Random forest, RF) & —Fh4E fi=2 >
B A R 22 A D SR O 25 5 LA I 4 2R 4R
AR A P R A R AL R PR R A A A
T O R L A g A B Y 5 R Y BE T, W] I R
A B BT A PERE , B I BT iz T RO
2G5 B G o B o FEALAR AR B3 5 2 i i 1
SR N A4 2R LNC (LPC il LKC, A7
ZHAAL R IS 1 R BRI S8 45 A
1 (n_estimators, Bt 10 ~ 120 ) | # & K% E ( max _
depth , Jt None % 10 ~20) | 73 &1 55 55 J7 it e /Mg A
% (min_samples_split, Bt 2 ~ 10) L K M35 & f 75 &%
/NEEAREL (min_samples_leaf , B 1 ~4) . i 1 32 X 56
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R € ZHURAEH &, T R4 B 52 e M Az AL RE
I3 1) 52 B fe A0V o Bt AL AR ARASE 2L 4 Ul 5 5 30 I 7
Python 3. 6 BR3% 56 i, BEALAI 70% #£AAE il 2%
B4R A REAAE S0 i R Hie 4
1.6 FEERWIE

Xf T XGBoost 73 & #5 BY, W& A E B K
(Accuracy ) 1E R PF-Ar 8 A , HE B 58 38 75 155 84 00 4 53
RAEAK G SFEAR B L], A 5w , 1 AR A
FPERE LS

Xof T Bl AL AR A [0 )9 485 80,k PSRN e o R BR
( Coefficient of determination, R*) .75 #31% 2% ( Root
mean square error, RMSE ) £l IH — 4k ¥ F iR i% &
(Normalized root mean square error, NRMSE ) {E 7 H|
SOASE TR At 0 B P A DA AR U . R BB 1, ROR
BRI AU 28R B4 s RMSE /)N, 158 B S TR RS 2
15 s NRMSE B /) , 3 BIAR A Al I 14 R 4

2 HREHH

2.1 FHMREZTHARE FHEEFRIEHFA

4 it N Ab BRI R RURRAE FSR 43 O i g it o
Praf S ansk 3 pios, vl LG A AN ) 3% 43 B 3a T o
JrRAVRISR G & iR A T R, 5 CK A
AL, NO &b B Cab  Prot \LNC 1 % K& (%, M Anth
Fhim, XATRBE A N Bz m TSR R F
A=A W/ 1S 8 Ol A VR AR A S 3R R
%, 107 N SR AR YR N 2 SR A, N 2
il 2 1 5T e R AR, PO b BRXT L CK Ak B
)2 Anth i 3 F+ 55, A B LPC & 302> Xy dil
SAE B P B A R K P Bk K AL P AR 32 BEL, AR 43 )
B RALE F it iz e, st 5 7 KO
Ab P LKC & 35 BEAG , (H LA 3R 7 5 CK 4L AR HAH
AR

F3 20212023 FHEHHEH A RBEMFIREL T (0 =66)
Tab.3 Statistical analysis of leaf phenotype and nutrient content of oilseed rape during overwintering period from
2021 to 2023 (n =66)

28 hib 3 - {E T o 2 S8 Ak ¥ T H s 22
NO 34.84 8.85 NO 0. 000 82 0.000 17
PO 44.55 13.93 PO 0.001 38 0. 000 32
Cab/(pug+cm %) Prot/(g+cm %)
KO 48. 31 12. 06 KO 0.001 44 0. 000 22
CK 46. 24 14. 58 CK 0.001 45 0. 000 32
NO 10. 06 2.83 NO 0. 005 42 0.001 48
PO 13.06 4.00 PO 0. 00597 0.001 53
Car/(pg-cm’z) CBC/(g-em™?)
KO 12. 47 1.54 KO 0. 005 07 0.001 22
CK 12. 66 3.82 CK 0.004 84 0. 000 97
NO 2.72 1. 00 NO 3.11 0.82
PO 3.68 1.27 PO 4.32 0.76
Amh/(p,g~cm’2) LNC/ %
KO 2.21 0.85 KO 5.08 0. 60
CK 2.18 0.83 CK 5.20 0.54
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Sensitive bands for different leaf phenotypic traits
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