558 % 43 + o W) Vol. 58, No.3
2021 4£ 5 A ACTA PEDOLOGICA SINICA May, 2021

DOI: 10.11766/trxb201912170507
BN, A, Worm, kEEd, AR —OUUROAR A S B (0], LHERAR, 2021, 58 (3): 755-766.
ZHANG Mingqing, LI Juan, ZHANG Licheng, YAO Baoquan, ZHANG Hua. Integration and Optimization Modeling Strategy for Ternary

Fertilizer Response Model[J]. Acta Pedologica Sinica, 2021, 58 (3): 755-766.
= TERRR AR R RS SRR SR AR
EWE, £ B, kIR, hEs’, k4

(1. BV PlAE AR AT, R0 350013; 2. fREEE A MER S AR AR 3, &M 350003 )

& E XY TR AT RO T AR T et g (I A RO R, T T B e @ I R A AL R R W . AT G =TS
PSR AR P dR /N 3 (NLS ) Fl =0 IR ZIANE R R il e/ —3f (OLS ). FMsrIlE (PCR) FIATAT) ik
/NZFEIE (FGLS ) PURh AT A3 FHPEEAL [, AR AR =20 1 122 S EREE H RSO AR, Sy =ooie
WOBRI i N o B RERW], = SuNE RS [) R RS B AR 38 A W i 22 501 . =0 ik 2 I L R 7
OLS A iy WAL LU BP0 19.8%, selkZ HAbA M FE iy PCR Ak Al v Ik 577 2275 19 FGLS AL A R T
P AL LU 5], TR 5 IR T R AL 50 i 15 R 22 T T2 1 15 3 (R AR S5 A I 8O G NILS Ak Ay S L 3 D 48 1y 22
41.4%. MRS KA AL 1035 IR, 4 Hh = ICRUBE R pU L ey, 25 SRl R U L il — 4R M & 57.5%, H
TEXCZERS | R R Mg =2 A DG LU 22 AR/ o DR, DD A R I B4 e — e RS 7R A L D 2 A 8B R
itk

F . ARG IORCRR R A AR MER/N TR (NLS); Ei@fs/h 3 (OLS); FEA4rFIH (PCR); AT
SCE/N_3 A (FGLS)

FESES: S147.21 MERERE: A

Integration and Optimization Modeling Strategy for Ternary Fertilizer Response
Model

ZHANG Mingging', LI Juan', ZHANG Licheng', YAO Baoquan®, ZHANG Hua®

(1. Soil and Fertilizer Institute, Fujian Academy of Agricultural Sciences, Fuzhou 350013, China; 2. Fujian Cropland Construction and Soil
and Fertilizer Station, Fuzhou 350003, China)

Abstract:  Objective To tackle the present problem of fertilizer response modeling being generally low in success rate, this
paper was devoted to discussions about strategies to optimize modeling and to improve its success rate. Method Based on
collation and analysis of the following four modeling methods, i.e. nonlinear least-squares (NLS) modeling method for ternary

non-structured fertilizer response model (TNFM), and ordinary least squares (OLS) method, principal component regression
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(PCR) method and feasible generalized least squares regression (FGLS) method for ternary quadratic polynomial fertilizer
response mode I(TPFM), for adoptability and 1122 NPK fertilizer field experiments conducted in paddy fields and open vegetable
gardens, an optimal modeling technology was designed and brought forth for comprehensive application of ternary fertilizer
response models.  Result Results show that ternary fertilizer response modeling using different functional equations and
different modeling methods varied significantly in adoptability. The OLS modeling method for TPFM reached only 19.8% on
average in proportion of typical models, while the PCR and FGLS modeling methods that had overcome the impacts of
multicollinearity and heteroscedasticity, did up to 34.0% and 27.1%, respectively, and the NLS modeling method for TNFM after
overcoming the obstacles of model specification bias and multicollinearity simultaneously rose further up to 41.4%, which improved
the success rate of modeling. Using the classical OLS modeling method for TPFMs, the modeling had 28.7% failing the Duncan test,
30.1% having unreasonable model coefficient symbols, 15.2% missing maximum yield points and 6.1% extrapolating fertilization
recommendation. However, the PCR modeling method reduced significantly the proportion having unreasonable coefficient symbols
and increased that extrapolating fertilization recommendation, and the FGLS modeling method brought down to zero the proportion
failing the Duncan test, but increased by a large margin in the proportion having unreasonable coefficient symbols. The ternary
non-structural fertilizer response model significantly reduced the proportion having unreasonable coefficient symbols or missing
maximum yield points, while increasing the proportion of non-typical models extrapolating fertilizer recommendation. Since
agricultural production goes on in conditions of extreme complexity and diversity, it is certain that the curve or surved surface that
reflects crops response to fertilization diversifies. Therefore, in the light of the applicability of the models and their modeling
methods, a four-step modeling method is brought forth herewith for comprehensive application of the ternary fertilizer response
model, which may raise the proportion of typical models up to 57.5%, and minimize the differences between double-cropping rice,
single-cropping rice and vegetable crops in relevant proportion.  Conclusion  The four-step modeling method is an effective
technical method to improve success rate of the modeling for ternary fertilizer response models.

Key words: Non-structural fertilizer response model; Modeling; Nonlinear least square (NLS); Ordinary least squares (OLS);

Principal component regression (PCR); Feasible generalized least squares (FGLS)
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IR R, WA A A0, Rz, W ZPHE R ()R ), Sl R 2ok (%
TR AR O WUE 2017 AR, JRBRCERHE T 2) RAEMOSEWED, b3 (6) B Ny. Py K,
KA A LGS T AR POk 1122 4 (52 1), i AL ROHOs = BEAS IR UL 2. ARG AR
TR | EIH | KU R AR E Y Bt BREREMIIE S, S EOGHK[16].

F1 BEKBMEFEHIRR “34147 FITHEERITEER

Table 1 Data collection of the field experiments in paddy fields and open vegetable gardens following the "3414" designing in Fujian Province

25 Ml UK 5 0 Number of trials of regions in Fujian/ n

s M WET SRINT ENIA MW AW =MW Rl TET
YE#) Crops Number of
] Fuzhou Putian  Quanzhou Xiamen Zhangzhou Longyan Sanming Nanaping Ningde
el City City City City City City City City City

FL# Early rice 171 27 36 0 0 17 36 28 17 10
W75 Later rice 173 18 17 0 0 10 39 36 23 30
1 Middle rice 324 25 25 0 0 0 20 77 90 87
VFR 63 2 0 0 0 11 29 9 7 5
TFR 101 0 0 0 0 0 52 49 0 0
oK Vegetable 290 0 0 24 76 22 26 45 66 31

T BRIRAREITR. KASE, GiRIT SR, e, s, B, . 27§18 ME OSSN VFR FR3
JE# , TFR R/~ M)5 A8 . T [ . Note : the open vegetable gardens were planted with 9 species of vegetable,i.e. leaf mustard, Chinese cabbage,
head cabbage, lettuce, cauliflower, green soy bean, areca taro, Taro with multi-cormels and carrot. VFR and TFR stands for cropping system

of vegetable followed by rice and tobacco followed by rice, respectively. The same below.

F2 KEHMRFMATIREZEUERRELE (6) EREM~E

Table 2 Main physical and chemical properties of the tested soils, fertilizer application rates and yields of the 6™ treatment

AbFE (6) AL A

A IEIAL AR
Fertilizer application rate and yield of treat. 6/

IR Soil physical and chemical properties
1EY) (kg'hm?)

Number
Crops AHPLB B R

of trials Olsen-P FE

pH OM Alkali-hydr. N Avail. K N P,0s5 K,0
/(mgkg") Yield
/(gkeg') /(mgkeg!) /(mgkg™")

FLF Early rice 171 4.7+0.8 28.4+6.2 158.8+48.7  33.4+£23.4 86.3+54.4 158.0£10.3 61.2+8.8 109.2+14.2 7 477+1 094
MefE Later rice 173 4.6£0.8 31.5£7.2  149.1+£56.6  32.4+24.7 88.9£55.3 157.0£10.4 59.0£9.3 112.5+40.0 7 590+1 368
R Middle rice 324 4.6+0.6 28.1£13.4 147.6+60.8  28.0+21.0 87.9+48.9 165.9+16.5 67.4+12.0 114.6x12.9 8 346=1170
VFR 63 5.4+04 324+£7.7 162.7+41.5  42.8+18.9 97.8+46.7 158.3+18.9 62.0+16.2 107.0£19.8 8 034+14 61
TFR 101 4.9+0.2 28.4+17.2 159.7443.2  36.1+19.2 124.0+68.1 160.1+18.6 57.9+17.5 105.0+16.5 8 462+915
BiSK Vegetable 290  4.9+0.5 33.0+11.8 151.9439.7  61.4+36.5 84.7+40.6 264.9+53.8 116.3+£37.8 225.0+69.2 42 356+25 086

W R e b ek e E AR (6) ZRLL PR IEZ ) Fon; BB R80T ™ & . Note: The measured values

of soil physico-chemical properties and data of the 6 treatments are of mean + standard deviation. Vegetable yield is the total weight of a fresh
vegetable crop.
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SR T TR AL S 4
Field fertilizer response experiments of N,P,K

v

I

AL TR i RO AR C R
Yield increment per unit nutrient is
assumed to be of non-linear relationship

NI P i RSO R R
Yield increment per unit nutrient is
assumed to be of linear relationship

v v
—ICARGE LR it —IE IR TN B | —t0.5. LSWITHR
Unary NFRM with NLS modeling Sim liﬁgation Unary quadratic PFRM with > Unary 0.5 and 1.5
P OLS modeling Variant exponentiation PFRM
with OLS modeling
s e - N
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\4 w \ 4
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Binary NFRM with NLS modelin implificati : - inary 0.5 and 1.
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‘ with OLS modeling
BT ELR Non-substitutability B bt e Dot
HEE R principle of nutrient 2 PE IR Principle
: o elements of linear summation
y L - \
o . fiifl. =K ST 32— -~
Temar}j ﬁ;ﬁﬁiﬁgﬂﬁi?fédeling Terary quadratic PFRM with > Te?r?e(l)rj 0 ;:ri}cl\jljgiaﬂ
Simplification OLS,PCR,EGLS modeling Variant | expomemtiation PFRM
l with OLS modeling
v

A

ISR A
Integrating theoretical model of metrologicl fertilization

F: NFRM FRAEZ5 MR, PFRM &R IR 2T B AR ; NLS HndE LM/ "3f, OLS F/niFilfR/N_"3f; PCR
FREMSEIE, FGLS F/RFI1T) X/N —F. T M. Note: TNFM stands for ternary non-structural fertilizer response model; TPFM

for ternary quadratic polynomial fertilizer response model. NLS stands for nonlinear least squares, and OLS for Ordinary least squares. PCR

stands for principal component regression, and FGLS for feasible generalized least squares. The same below.

1 AR A A B R SRS

Fig. 1 Relationship and integration of general theoretical model for metrological fertilization
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b 4 FhaE R ) BARE A R R R AR R
MATLAB R2015b /4T A8 pR B 5 1 ] 2 [
AL 22

2 4 AR
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BEXE 1122 AN /K R R 58 Hiu ik =% B 40 ] A2k
RIGZER 3R F =0 R Wi X AE S A OLS |
PCRUIAIT FGLS! WA vk Xof 45N 56 o5 147 1] U5 43
Bro 3 BIGEHESREW, OLS Ak = sl
S A 5 R 5 RSB 19.8%, T PCR Al
FGLS #4304 5 2 34.0% M1 27.1%. I FH =
JCARGE FY AR RS A A R NLS # sk, = ol st
S AR B G B 41.4%, BTIOLTIRE
T AL Y OLS . PCR Il FGLS fiY B 43 1]
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F3 KEHMRX=ZTRIREFREEERIUE R LR
Table 3 Comparison of fitting between ternary fertilizer response models using different modeling methods for rice and vegetable
I A TPFM/% TNFM/%
(=27
Number of OLS PCR FGLS NLS
Crops
trials/n  NSL NTM ™ NSL NTM ™ NSL NTM ™ NSL NTM TM
R Early rice 171 257  46.8 27.5 17.5 39.2 433 0.0 65.0 35.0 20.5 345 450
MifE Later rice 173 324 497 17.9 31.2 38.7 30.1 0.0 73.4 26.6 23.1 38.7 382
H1fF Middle rice 324 36.4 482 15.4 222 50.0 27.8 0.0 79.4 21.6 25.0 38.6 364
VFR 63 49.2  46.0 4.8 27.0 44.4 28.6 0.0 87.3 12.7 41.3 31.7  27.0
TFR 101 20.8 61.4 17.8 10.9 48.5 40.6 0.0 70.3 29.7 11.9 36.6 515
oK Vegetable 290 179  56.9 252 10.7 52.7 36.6 0.0 69.0 31.0 224 31.0  46.6
41t Total 1122 287 515 19.8 19.2 46.8 34.0 0.0 72.9 27.1 23.1 355 414

1 NSL RR KK GE 1T KT, NTM FoR R MBBIR , T™M 7R JLAURE Y R[], Notes : NSL stands for no statistically significant
level; NTM for non-typical model; and TM for typical model. The same below.

AR Ty AKX R = S0 AR AR R L () A B
R, SRR R SR A SRR, BRI K
-39 45, OLS @Btk ity 1 A = o0 — Ik 23 =0
BB L5 - AR 5 4.8%, Bk PCR. FGLS
MR T AR S A IR OB, = 50 LR 5 L A A, 43 )
1A 28.6% . 12.7%F1 27.0%.

Giitai e wor, IR EZMANLHARA OLS .
PCR Fl FGLS S5 1) JC e i 7= i i A LA X ) o

BILC B R B Y 5 SR, AR 25 R RO A h T 42
SERYRR S, TC i e S A R L ) ) R
TEARMMA G W E R . BR RN G
Jiti A f S SE B TR AN Ty T, AN R AR B AR v 2 (]
(9735 He 00 22 S K PCR Bk (i Al i 2
PER IO R LI OLS RV 28.7% F IR
19.2%, 1fii FGLS ZA7E M B 2% ; PCR AR fifi
/€ A G Ve G R e e LUE S iU =4
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*4 FEMEIRESEIN,. Pyl K, S BXEM=EHHERXME

Table 4 Correlation analysis of model parameters of Ny, P, and K, with crop yields in CK

EE T LRPEMAREA (X BSHG Y 78, kghm?)
1E%)
Number of Linear regression model ( X is model parameters; Y is crop yield, kg-hm?)
Crops
trials/n Ny P Ko
HLFF Early rice 77 Y=4 461+7.584X, F=23.7** Y=5470+7.334X, F=31.2%* Y=5616+3.513X, F=18.3**
Wi Fe Later rice 66 Y=4 407+8.954X, F=38.7**  Y=6043+5.407X, F=15.3**  Y=5593+5.115X, F=26.4%**
A% Middle rice 118 Y=5171+6.388X, F=38.9%*  Y=6371+4.343X, F=15.5%*  Y=6059+4.494X, F=28.8**
VFR 17 Y=5456+7.392X, F=3.5 Y=7375+2.832X, F=0.4 Y=6 548+4.500X, F=1.1
TFR 52 Y=5 656+5.153X, F=18.8%* Y=7 489+2.229X, F=1.0 Y=6 832+2.292X, F=10.3**
K FEE Chinese cabbage 11 Y=10 860+73.765X, F=5.8* Y=19 265+51.704X, F=34.3** Y=10 803+65.360X, F=46.5%*
ZEFRH #5352 Head cabbage 28 Y=13 362+90.588X, F=42.1** Y=37218+36.406X, F=5.6* Y=29 886+42.117X, F=5.8*%
BB Lettuce 21 Y=9 145+59.159X, F=8.7** Y=15 337+39.343X, F=54*% Y=11928+45.297X, F=7.5*
AEMBE Cauliflower 18 Y=15538+23.198X, F=4.1 (*) ¥Y=19 279+43.678X, F=6.0* Y=7 166+73.300X, F=12.7**
HEMEE Areca taro 42 Y=6 425+41.484X, F=36.3** Y=17 606+8.835X, F=5.9*% Y=9 623+29.345X, F=11.0**

ZTFRE M=ol R U 30 5. 6. 104, BIRECRD,

A BT 5381 . Note: There were

only 3, 5, 6 and 10 field trial sites using the ternary typical model for leaf mustard, green soybean, taro with multi-cormels and carrot,

respectively and no regression analysis was done.
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Fig.2 Technique flowchart of the four-step modeling method for the ternary fertilizer response model

x5 MWSEBEXIKEFGE MR EE = TTABRRE b 5] 897200

Table 5 Effect of the four-step modeling method on the proportion of typical ternary fertilizer response models for paddy fields and open
vegetable gardens

AR R AN AR 1 Fertilizer response model and modeling method/% LR L)
YE¥) Crops {5 b AR A — LW AL TPFM Ratio of typical
Number of trial
NPFM with NLS OLS PCR FGLS models/%
FLA8 Early rice 171 45.0 9.4 4.7 0.0 59.1
% F5 Later rice 173 38.2 12.1 9.2 0.0 59.5
*h# Middle rice 324 36.4 10.5 9.0 1.5 57.4
VFR 63 27.0 3.2 6.3 0.0 36.5
TFR 101 51.5 4.0 2.0 0.0 57.4
#& Mk % Open field
290 46.6 6.2 7.2 0.0 60.0
vegetable
41T Total 1122 41.4 8.5 7.1 0.4 57.5
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