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R, FH TG R AR R BT TR R T
AT B HGS . 40 Galvao 255 R &= OBTR, %
P+ 3G HLERAE 550~700 nm 4b 23 Y BE 0% i 0
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DL 2309 nm 35 B Ak BAT B AR o AR T
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nm P B FHOGIE R RS LIRS R G R A B
fI5& % o Reeves Z5: 5T 3 W, AT £ 41 I 56 1% AT
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J7VECH R B IR X b AL [ R R, A T Ak £
20°54'~26°23", 7R 42 104°28'~112°4", b, [n] ) £k ke 5%
Horp, B RGA 23.76 07 km?, J& T3 # Z8 KUS A,
P AR, AR 16.3~22.8 C, AR [ E-N 1250~
1700 mm. J7 PG 5 ¥ b ARk A 42 X 70 S8 (T1), T
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H A3 AT TR Y 10.8%, T2 240 Ai AE L i B 21 KT i
B MRS AEPY S AT IR R AR T L
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DX AT AR R AR, B B A an 1B 1. BR
Fr i P B0 DX R M A 2R DA K TR K E AR, H
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Pl 1 BE 3 v B, 249 200 m® Ay X 3, SR FH g TR SR RE I
TEREFE ML R AE 6~8 A~ HE, JL3T 50 > HHEREA,
RFETRIE N 0~20 cm, FEARLE S = AR KT, &
JE B E, RBRORA . MR AE AR, 4k Sk it 40 H
i, AR S SRR 2 4y, 5T
438 TN A1 3 A o
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Fig. 1 Distribution of sampling points

Note: Base map was derived from the standard mapping service of Ministry of Natural Resources.
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¥ JH] FieldSpec 4 Hi-res ASD #b4) Y61 AU AE 52 56
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75 W K B AT IR, SEIRBERE A 60 cm, KT 15°,
PRI A 250, Bk i T LR B 15 om, &
YO AT AT F RS A, BRI 10 20615, AR
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Table I Measurement characteristics of soil total nitrogen
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k7843 FFH PLSR A5 U 1 GRNN 5 7 fry £ %,
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W 50 4> 1 AR AR i B TN<2 g/kg(level 1) |

2 glkg < TN<3 g/kg( level 2) . 3 glkg < TN<4 g/kg
(level 3) . TN=4 g/kg(level 4) 3, 4 2, SR *f F—
0 ) A HE A S S AN AR Y- 3, A5 A W) A g
TN & & F iy 6 R (K 2) . i 2 Fos,
4 S5 MR 0 A AL R AR — B, 9 A R Rl
£ 0.05~0.35 Z [A] . 7E 800~2500 nm =2 [a], i 5z 5t
RILARALFEE level 1 <level 3<level 2<level 4 N7F,
{B7E 400~800 nm =2 [a], 4 45 i £ A A1 H. A2 X | 4 2%
MG, R HHE TN & & 56 R R Z MR
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Fig. 2 Soil spectral reflectance for different TN contents
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i 5378 45 (SDR) | BIEO B e (1g(1/R)) | BT
B— B i 28 e ((1g(1/R)) ) LA R4, 2% 28 3= 4 75 e
(CR), 43 %5 TN 15040 & 43 Bt (Pearson 72 ) , 45
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ARG S AR 8 20 A 2 0 G U B o A A
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1900 nm LA & 2300 nm B 35 34545 B 0F AR G M . AH
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Fig. 3 Correlation coefficient between TN content and soil

spectral reflectance in different transformation forms

JEIEXS T4 TN A HE R ECH 1 AR, HBURL
P B AT a ), B AR AR B O T e S e+
BTN & & i A8 AR R AIE o A OC R B KB 0.75,
i (1g(1/R)) 78 #a fIr 45, /3 A AE 1914 nm P B, i
2R AR I SR T Fe T DL BR, 1g(1/R) A8 e J ) AH
ek R B 2 5 IR IR G Y it 2 JLF O R 43 i

2.3 PLSR RiEEEFEISHH

HEAH S o AT v S A 5 (P < 0.05) 1Y
TGRS H AR, 8 TNAE N H A &, i3
PLSR #3778 . A3 2 AJ A1, BEF PLSR J7ik
HAL A KT TN & i m G A A TN & A2 4k
HLA B4 B0 BE J1, B R A 1g(1/R) 4b, HoAth 4 Fh
TG AR J8te A N7 118 T e A5 Y A A R A ) R T AR,
LR A B IF 5 ) 0.01 B EE AR, Ho,
SDR 7 e 7 HEARAE Y P i R B (R?) 0.84, AR i
#(RMSE)0.55, K iE4E H R” 34 0.82, RMSE 1Y 0.64,
BN B e ey, H RO ECh 3, BRI S B PR

*F2 1ETNEZ PLSR &R
Table 2 PLSR model for soil TN content

S ‘ /\iﬁ‘ EEE HEEE (n=40) KHIF4E(n=10)

BB Wandhe R’ RMSE R’ RMSE p

R 1128 2 0.24 1.23 0.17 1.34 0.15
FDR 705 6 0.79 0.65 0.81 0.65 0.00%*
SDR 645 3 0.84 0.55 0.82 0.64 0.00%*

lg (1/R) 408 2 0.37 1.12 0.24 1.29 0.09
(Ig (1/R))’ 584 6 0.77 0.67 0.82 0.67 0.00%*
CR 559 4 0.63 0.86 0.57 1.03 0.00%*

s * FRILE) KT (P<0.05); ** FoRIkEI B 2K F-(P<0.01),

Note: * represents the significant level (P<0.05); ** represents the extremely significant level (P<0.01).

2.4 GRNN REEBEPNEILSHHT

L5 PLSR MEARYAH [R], 3564638 A AH 5G4 Bt i 3 1
K3 (P<0.05) BTG S 9 A B A, TN 1R
TRy A Sy SO, RRORS B AN 3 iR .
32 53 3 TR T & B, AR IAE T, GRNN 7
REEST BT, RS B LT8R PLSR Jr ik gar
F) R AR Horh ) FDR 48 AR 2 7 (A5 A0 R® 1 3 5k
) 0.91, i f. F PLSR J7 ¥k # 57 Y Sz 8 455 A (R’=
0.79), HFE K IFE4E h, JEF GRNN J7 2 2 37 il Ak Y
JEARHAE, 6 FPOGIE AR 25 R b, F i 1Y FDR 45 b5 5
HERSE R AN 0.78, %% PLSR A5 A [F] 15 A5 (1) 56

JIF R* 2% 0.03, RMSE K 0.1, fA7ET A4 .
2.5 PLSR_GRNN RiE#EBIHEST SN

GRNN Jy ik 8 37 9 S A 7Y, A Ao R B 5 v
(ELABE 0 6 SIF o A B KR T e, 3 AT BB PR TS 7R i
At 2, B AL B LA . DL PLSR 7 ik i
Y R AE T R4 VE S GRNIN AL 764 (4 iy A T A5 3580 o
ARt L& R B, W% 4 FF 7%, PLSR_GRNN #55#1
E B 1Y 45 4 PLSR 1 GRNN A5 5 it £ 34, 75 45
R, AR G AR 4 1Y S TEORG B2 4 L PLSR AR A &7,
HAE Bk 4 o, B RS e M GRNIN A2 78 1 7 4
KEIUE, i L4 A 2 A 2l . e DG
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Table 3 GRNN model for soil TN content
iR BB OTRET RAK ) L)

R RMSE R RMSE P

R 1128 2.1 0.48 1.10 0.15 1.49 0.27
FDR 705 1.6 091 0.70 0.78 0.75 0.00%*
SDR 645 3.5 0.92 0.62 0.59 1.03 0.01%%*

Ig(1/R) 408 2.6 0.62 0.88 0.26 1.32 0.13
(g(1/R)Y’ 584 5.6 0.75 0.74 0.59 1.02 0.01%*

CR 559 3.6 0.76 0.73 0.31 1.21 0.09

e * FORIAE B E KT (P<0.05); ** FoRiAFIN B /KF-(P<0.01),

Note: * represents the significant level (P<<0.05); ** represents the extremely significant level (P<<0.01).

A5 4 1 % e B, T SDR % 57 A PLSR._GRNN #4
AR A 5T OIS Y S A A AL, 0 R IA 2 IR IE,
R*#87] 35 0.90 K L) |-, H RMSE &/, MK 4
ATLVE , O e BRI R IR, AR IR
FEAE A1 2 1 AR, d B ASE AU 00 P BB AE,

HoAR e o o 3 A8 4 45 SR v, S AR i R
FDR > (Ig(1/R))' > CR > Ig(1/R) > R #17HF . A&
SC A O R AR A 2 5 o AR e L (B0 S
AP AL 2 4R R R AR X 3 2%, AR 4 A5 R BOR,
T 53728 40 1) RO LA T I A P

%4 13 TNE= PLSR_GRNN #&E!
Table4 PLSR_GRNN model for soil TN content

AR (n=40)

IOUEEE (n=10)

FHET

R’ RMSE R’ RMSE p

R 2 0.3 0.47 1.05 0.32 1.25 0.09
FDR 6 1.0 0.91 0.74 0.85 0.83 0.00%*
SDR 3 0.2 0.92 0.43 0.90 0.51 0.00%*
1g(1/R) 2 0.2 0.60 0.92 0.55 1.04 0.01%*
(1g(1/R)Y’ 6 0.8 0.86 0.62 0.75 0.80 0.01%*
CR 4 0.4 0.80 0.77 0.76 0.86 0.00%*

T * FORIKB P E KT (P<0.05); ** FIRBFI B EKT-(P<0.01),

Note: * represents the significant level (P<0.05); ** represents the extremely significant level (P<<0.01).

8.
7.
o 0]
@ 4 . *
‘? 39 . * ARUE
S e KA
1 — &M
0 1 2 3 4 5 6 71 8
A IAE/< 107
Bl 4 %E-F PLSR GRNN #&Ipy 118 TN S 23L01E
Sm{E tk % SDR)

Fig. 4 Comparison of measured and predicted values
of soil TN content with the PLSR_GRNN
model (SDR)
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3.1 ARIEIEHREER

TR e LI A AL B CA L Ak
B, Ko ORI FLBR B AR ) A EAE HT B4R, o
OG5 - 8 HRA M R ) A7 7 B R 2 D e R
b AN TR B AR P T3 22 1) 14 D' 1 IR A LA AR L
(¥ BL G, SO IS A 52 3G M s A5 I T R
B G AR AR TUAR IOL I B, ey ik
H e S — 4 0 R B T i G 3 B R R
(GBI . SBMEAE" A E FIAH &S BT E R %
B M 1 Y b TR R A U D B . AT
AR T R B A XA K AR SRS 20
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T U B B I AH SC A, AL 3 AT AL, 600 nm., 1 300
nm. 1 600 nm. 1 900 nm LA £ 2 300 nm [ff i 52 43 JK
+ 2 R AR B, X — &5 R 5 2 A S AR Bk
T ELBFE & BRAY 670~920 nm. 1 030 nm. 2 150 nm.
2 240 nm P} oA 4 48 4 R0 U B A5 A ML 2
fibs 5 5 W R 2 7 A A M T G I B 2T 1 4 R
WF5T & R AU B (634~688 nm, 872 nm., 873 nm.,
1 414 nm Al 1 415 nm) A7 — 2RI Z b, BT+
B AR, 4 98 000 BRI B B AR KA A7 X s
ARARL, (R 7E BRI B iR SR AP TE AR/ N 22 572, AR
WFE HH IC e S 1S M ] b AR, Sk 5 48 4 UM G
PE R B A RHE KT 0.5 (P BETE 550 nm Z A LT 1%
A, AR FEn X B A A 5 ) 2 AR
412~447 nm f77F HHER UL BE . ARBFST TR
A KRS EA N 334 x10°, 5EFE LY 78
PGSR AR AR A A R R (3.95 kg D
F AT, SFEE A (0.19 x10°) P, 21358 (1.09 x10°) Y,
A& M 4(0.63 x107) 9 K o [ 1 SR A Bk R 4 HE
(2.9 x10°)™ &5 & B A R B E 20, A K L5
TR B Sk g+ HER R RN 25 5 . L TEE
FH S GRS vE X A K 4 AT RO, A LB A
IR A 4 R ORI B A T ST i o o

3.2 ARENET R EEEE RN

BT AAIR 5 e B3 it Xof b 6 1A R R 3 22
e, BETH PRS2 B0 IR 22 A5 A MR P2 I, ] e — S 7
JE B4R TGS R i SO RE T, T A 52
S AL AR R L OGS — B O () RO
ot 3 M 2O SRR LA A S R T RO
B, A 3 AR I A e —E R L RE g
o RN R R ) ARG XX E R
A T S 4 S B ST AT ST I R B, RO AT —
WY o . s or AL 2R 2k 25 R A 4 24 g b 2 4R v
IS IR RS R A AT E— IR
X WL, TS A e . X RUE e LA R A0 L L B
AN AT R AR R B AT T g R A AR S
1072 83 0 RN i el V1 e o N 1 73 S SV € S
A, BERE S Y S AR AR
3.3 AREEFELR

AT 0 A R i R AR AR K, &
BRVEPR AR 1 B i ROORS P RNCR B 2P B
THOGIE AT 2L AN B A A EE TUAY, B

AR 2R /N R [ (PLSR) 5 i BAT
AR I B AR 2 [A] (14 22 T AH SR B RE R Y
WM T e, IRZ2EHE NN &R, FEREPT LT Z
TCI% A0 2 11 U3 43 B i S5 /s — 3Fe [l 05 43 A7 7 %,
I A HE 4 S R RO T, e e/ 3 [l
G3 ML B AR E R FNTROINRG B S0 T 22 03 A ek [l
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Hyperspectral inversion of total nitrogen content in calcareous soil in karst areas

HE Wen'”?, LI Yangiong’, YU Ling’, WANG Jinye"’, NI Longkang’, LI Ning’

( 1. College of Environmental Science and Engineering, Guilin University of Technology, Guilin, Guangxi 541006, China; 2. Guangxi Key Laboratory of
Plant Conservation and Restoration Ecology in Karst Terrain, Guangxi Institute of Botany, Guangxi Zhuang Autonomous Region and Chinese Academy of
Sciences, Guilin, Guangxi 541006, China; 3. Key Laboratory of Vegetation Restoration and Management of Degraded Ecosystems, South China Botanical

Garden, Chinese Academy of Sciences, Guangzhou, Guangdong 510650, China; 4. Guilin University of Aerospace Technology,
Guilin, Guangxi 541004, China; 5. Nanning College of Technology, Nanning, Guangxi 530100, China )

Abstract Nitrogen is a component of many important compounds in plants, such as proteins, nucleic acids and
enzymes, and hence is indispensable for the growth of plants. The nitrogen content in soil is one of the key indicators
of soil fertility. Calcareous soil is one of the main soil types in karst areas. A rapid and accurate estimation of total
nitrogen (TN) content in calcareous soil is an important guarantee for the scientific evaluation of soil environmental
quality in karst areas. In recent years, the rapid development of hyperspectral remote sensing technology has brought
new opportunities for a quick assessment of soil physical and chemical properties. However, it is still extremely
challenging to rapidly assess soil nitrogen content in karst areas by hyperspectral remote sensing due to the weak
optical signal of soil nitrogen and the interference of factors such as the complex ecological environment and the strong
spatial heterogeneity of soil TN content in karst areas.

Karst areas are extensively distributed in China, where calcareous soil is one of the main soil types, exerting a
great influence on ecological protection and agricultural development. Therefore, it is of great theoretical and practical
significance for us to develop hyperspectral inversion models suitable for the TN content of calcareous soil. Karst
landforms are distributed across 70 counties/cities in Guangxi, with an area of 97,700 km’, accounting for 41% of the
total area of Guangxi and 10.8% of the total area of karst landforms in China. Taking calcareous soil in the karst areas
of Guangxi as the research object, this study performed five mathematical transformations on soil spectra to improve
the detection ability of spectral signals while eliminating spectral noise. Meanwhile, given the coexistence of linear and
nonlinear relationships between soil TN content and spectra, the hyperspectral inversion capability of three models,
namely partial least squares regression (PLSR), generalized neural network (GRNN) and PLSR_GRNN (a combined
model of PLSR and GRNN), for soil TN content was compared and analyzed to establish a high-precision and rapid
inversion model suitable for the TN content of calcareous soils in karst areas.

The results showed as follows. (1) The TN content in calcareous soil was significantly correlated with various
spectral bands from 400 to 2,500 nm. Among them, the TN content was more sensitive to the reflectance of the spectral
bands near 600 nm, 1,300 nm, 1,600 nm, 1,900 nm and 2,300 nm. (2) The first-order differential transform (FDR),
second-order differential transform (SDR), reciprocal logarithmic transform (lg(1/R)), reciprocal logarithmic first-order
differential transform ((Ig(1/R))") and envelope removal transform (CR) of the original soil spectra can improve the
capability of inversion of TN content in calcareous soil to some extent. The transformation effects were roughly
ordered by (Ig(1/R))' > SDR > CR > FDR > Ig(1/R). Overall, the spectral differential transform is superior to the
envelope transform as well as the reciprocal logarithmic transform, and can better exploit the detection capability of the

spectral signal for soil TN. (3) The PLSR algorithm had excellent predictive ability for the variation of TN content in
(THE% 1064 TT)
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WSCa, respectively, while My, presented significantly negative correlation with these variables, which indicates that
high contents of available Ca can promote My, but inhibit My,,,. As the main species of Ca in calcareous soil, ECa and
ASCa were strongly leached during calcareous soil evolvement in karst areas, resulting in the significant decrease of
soil My, which was an important reason for the significant decrease of soil inorganic N supply capacity during
calcareous soil evolvement. The study results will help us to clearly understand the characteristics of the distribution
and migration of Ca, N mineralization and effect of Ca on N mineralization during calcareous soil evolvement in karst
areas, and may provide the basic data for deep understanding of the influence mechanism of N mineralization process
in calcareous soil. With the evolvement of calcareous soil, calcareous soil with high degree of evolvement in karst
areas, such as BRCS and RCS, may be unfavorable for maintaining soil fertility and natural vegetation restoration due
to low inorganic N supply capacity. Therefore, in the process of ecological restoration, for the karst areas with high
degree of calcareous soil evolvement such as BRCS and RCS, improving the N content of calcareous soil can promote
the effective supply of inorganic N in calcareous soil to create a soil environment conducive to vegetation restoration.

This may be an effective strategy for rapid restoration of karst ecosystems.

. . . . . . 15 . .
Key words mineralization rate, soil calcium species, "N tracing technology, calcareous soil, karst area
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calcareous soil. In the SDR transform case, the model had the highest accuracy and better model robustness without
overfitting, with a coefficient of determination (R2) of 0.84 and root mean square error (RMSE) of 0.55 in the
modeling set and R2 of 0.82 and RMSE of only 0.64 in the validation set. Compared with the PLSR algorithm, the
GRNN model had greater prediction ability. However, the robustness of GRNN model was worse and the overfitting
phenomenon was obvious. In the same SDR transformation case, the modeling set R2 of the GRNN model could reach
0.92, but the validation set R2 was only 0.59, so the overall performance was inferior to that of the PLSR model. (4)
The PLSR_GRNN model can integrate the advantages of PLSR and GRNN model, maintaining the high predictability
of GRNN model and avoiding the overfitting phenomenon. Among them, the best inversion model was established by
SDR, with R2 of 0.92 and 0.90 for the modeling set and validation set, and RMSE of 0.43 and 0.51, respectively,
which were suitable for hyperspectral inversion of TN content in calcareous soil in karst areas. In addition, the FDR,
(1g(1/R))" and CR transformations also had excellent performance, with R2 above 0.80 for the modeling set and R2
above 0.75 for the validation set.

Although the prediction accuracy of the GRNN model cannot be improved by combining the PLSR model with
the GRNN model, the overfitting phenomenon can be effectively controlled. This modeling approach, which combines
linear and nonlinear models, is more widely applicable than the PLSR model or GRNN model alone, and is more
adaptable to more heterogeneous soil types, and will be more widely used. Rapid and high-precision prediction of TN
content in calcareous soil in karst areas can be performed based on hyperspectral models. The results can provide a

basis for regional soil remediation and utilization.

Key words soil total nitrogen, calcareous soil, hyper-spectrum, partial least squares regression, generalized

regression neural network
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