J. Jpn. Soc. Soil Phys.
T YER:
No. 158, p. 29~ 42 (2024)

UAS UE—hFE>I 212K
E)LmbEnE iR

ik (BF) ozAs 2 HEHER S WEE

KB LELE

aF-E)EiE FRIEF RIS

nHH 5(

Original Paper

HOHEREIC
ENG5ZE5E

alEREAN Y

E/_h

FoE

Eil

Influence of pixel extraction area and flight altitude on estimation of soil chemical properties

in paddy field using UAS remote sensing

Nozomi KANEKO SATO!"2, Yoshihiro IINTIMA3, Kenji OKAJIMA', Nobuhito SEKIYA! and Kunio WATANABE!

Abstract: In unmanned aircraft systems (UAS) remote
sensing, flight altitude and pixel extraction size are im-
portant factors that determine the accuracy of soil physi-
cal and chemical property estimation. In this study, UAS
multispectral imagery of bare and submerged soils were
acquired at flight altitudes of 60 m and 140 m, the former
with a ground sampling distance (GSD) of 5 cm/pixel and
the latter with a GSD of 10 cm/pixel. Pixels were extracted
from 4 sizes of buffer circles (radius 0.3 m, 0.5 m, 1.0 m
and 1.5 m) to calculate the spectral index and the corre-
lations of these indices with soil chemical properties were
evaluated. Imagery taken at the 140 m altitude had higher
correlations, suggesting that the lower GSD imagery could
reduce the effect of interfering pixels such as crop residues
and shadows. Although larger pixel extraction areas had
higher correlations, there were some cases where the cor-
relations were lower at the 1.5 m radius buffer circle. The
multispectral band reflectance statistics showed that the
data range increased from the 1.0 m radius buffer, suggest-
ing that the correlation would be higher if the extraction
areas included a variety of pixels. On the other hand, areas
that were too large also included interfering pixels, result-
ing in lower correlations. It was considered that the opti-
mal pixel extraction size was 1.0 m radius buffer for high
accuracy of soil chemical estimation in practical use.

Key Words : multispectral imagery, spectral index, corre-
lation analysis, bare soil, submerged soil
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TAFARY LA X T % UAS IIEE L CEGE R
L, BEEERN NV F) ORSEREFH U CEfGmET
ZII5dDTH Y, (EYOREREOEECINED THI
FFHEhTWE (A%, 2019). BECBELTE, &
TN HEFICE D TBOS KT — &0 6 KGR E

%, £2H, TEAGEYEFOIEFBEIFHEATY
% (IS, 1989; #FX 5, 2015; Hong et al., 2020). Z
DFEfiE UAS VE— FE ¥ v ZZIEA L, B S0
BHANL, H L AL YRR A IR R — LT HRERE O 5y
e Lo EMETIFELHBEIATVS (FRF - AK,
2021; Diaz-Gonzalez et al., 2022). ¥R HIBERBICHHE
EMEIEHT 256, HODERY 4 5 ORENEET
HY, AEMONALHBGFEA TN S

EBRORET L BN AIEL, £5— E@mf‘?f UAS %
FATEH, WNREGDO<ILF AR FOVEI{GRZ EEEE
T3, ZH5DHEE%E SIM (structure from motion) L
HY 7 THAELT, ALY EFA JEBGEERT 3.
TP IR LB R P F O BB HNE » B D 7 — &t v
MRS 272, MBS R 7 2 (GIS: geographic
information system) %% W CHEIHIMIAICBIF 2 /&>
FORPROE 7 LNV EZIIGT 5. LFE S EE %
FWWT R0 6 BIHEZ HEE T 2 FIEOMFEDEAD
2% % (Diaz-Gonzalez et al., 2022). LA L, HEET
Ciﬂﬁl/”ﬂ]@/\ ¥ RRGIRP, ZNO0LB I UESRHE

DICAERE ERR L, BHIE & BEE D R O E A Ror
ﬂﬂh\f%ﬁﬁf%f’ﬁﬁk@"%?dﬁ@ﬂﬂﬂ HrE L, RE—M
MTdH2 (FL5, 2008; Jones and Vaughan, 2010; # 1L
5,2016; Xuetal., 2018). ZDFE, HEREICHE S =
B EET 5 Z e %L, ERLH#HENXEHW
THEENR T2 EBOMMBNI M ERIHT 2. 22T
HERELED 25 A TERELOD, HEOMGE L ¥
7 MEOHETH 5.

H{RDIRGE I~V F 27 F LA X5 DMERE Y UAS
DRITEETHREXNS. UAS ICEHATEER v ILF 2
RZ MU ARXZIEIHABEIEATED, gL D
HRXAIWCE o TR B, — 220 m REDKSFED
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Table1 UAS VE— o>y 7 iCHlT 2 MEEE L REE, ¥ 2rmticily 2 BB ERR.
Literatures on flight altitude, resolution and pixel extraction area in UAS remote sensing.

. A i3 bilSad vt
SEH EENE W LR kv Wipmie - mEE  wir it BT
[m] [cm/pixel] — &2 a2 Fik
N 5Bd MS: P4 22 (i % 0.5 m,
P Multispectral fIRASE D 1.0m, 1.5m
hE EakE x4x East P , 100 = cats 0 0™ RE
(2020) H#—~< /L. Mavic P—= 2.0m,3.0m
2 Enterprise dual THE—) Ny 77—
180 His 16 D
Bai et al. N N 6Bd MS: IO
THEEKE ANHH ®t 120 6.5 (60 Higs window size: BPNN
(2021) Tetracam o
x3 @) 1x1~31x31
5Bd MS: SUIAY RF,
Bertalan VA= Fo RedEdge-MX MS: 5.1, ;;7;%17 EN,R
. T = £l b 9
etal.  THIAAKR wmas. ¢ tedboge 70 Fe=il: 7241 =
. J—¥r Y-~ 20cm,30cm  GLM,
(2022) e 124 :
Zenmuse XT2 Ny T 57— RLM
Aldana-
AlEkz L.
] KB  6Bd MS: !
B arer Ak 120 12 109} $ZHLSY  SYM
et al. #wtt  Tetracam INETRL
(2016)
A B35
FEPs.  Bukihitik At (RGB) 0 Hhsl N
NgE S EBro+ ANHA ANHH ’ ImX vy B[]
(2018) =% FORAN R T BEs: T "
16 HisS
5F AES DS 4Bd MS:
&F -
. _E’X N
L5 pH (H,0) , 24 % RSt Sequoia, . 145 2 36 it l_‘& 1.5m RF
2021) EC, TN, H—=<JL: Mavic Ny T 7—
TC 2 Enterprise dual
- IEEDINT D GoPro2 &%
B A BEFH LR N
S ’ ’ T IKFE THBH 50 59 6-8Misi SmXv¥ A )
’(‘Zi‘f o TR (RGB) ¥ 3 mores "
BE % BS
Zheng 36 [i5 x3
_ _ 6Bd MS: ind i W
etal.  FEAZZ K Mt 100 54 —adEzr OV g
Tetracam R 3x3
(2018) — X 2 4R
/N KED 40 Hhps,
Lietal. Bk LAL N Bd MS: 20 Hiix 2 X2 N
fetal. DL LAL - NE -y, SBAMS 50 30 Q02 BEEImo
(2022)  #HEDZEEE, RFE RedEdge-M S x 3 Ny 77—
PAAA HHRT—

Bd: NV F, MS: ¥V FRRZ FL, RF: 5L 7% LA+, BPNN:BP =2—5 1%y +7—2 ENR: ZT5 X751 vZ%v b+, GLM: —ff

JEET L, RLM: BANR MEET L, SVM: R - tRTZ X —< > =V

o TH cm OFEERRE DT Hh, UAS ORITHISNC
205 150 m ISIEWVWEETDH, 10 cm DERGE L
52 ZEHHRETH 5. WMEEEITEGHEEORE
ARY MVOMANCEELRERTH D, BHINESLEHB
WKHDERREZRY A XD 7 2Lk AT %2
FMENH B (Mesas-Carrascosa et al., 2015). .k - #1L
(2017) &, WEMIENRE LIz UAS VE—bEV I VT
WKBWT, NA A< 2AFQHN PR Y2 TR

B8, Bom REORBGE ORIEED L, RHE
DM ZLZFE R T 2 HILS T, @R EE %
By 2 EEI RN LTWa, HEICBE LTI, @
WY R G DWW T E R LIRS ERNE R <, KRR
B 7 B CHRE L 12RO MRRE TR E LTV 2 D%
ERETHAS.

F RNV 2 ¥ UL, i EICEGE U 72 8
HEREENZ 7LD HT — REMHT 2 0ED
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(a) FAZxG, (b) FEES e BRREUEA, (o) 13EREE ¥ 27 Mt EEHO Ny 7 7 —H.

(a) Location of the study fields, (b) Soil sampling points in the study fields, (c) Soil sampling area and buffer circles for

pixel extraction.

H5. BERETBEMSEEEL, %4758 7€
EHIHT 2 5% (A rRL) 1%, BIRIEEDY
&, BE 22— E R e AR EETH L. 2
D7z, BRI —E ORI (v 27 kL mitd
) Z2FREL, EINBE T EADLLHT— XD
BEEBE T 2 FiEPM RS TWS, BEEREIETY
—Thh, B LREE0H 2 7L E
BS 3 2 HiPHIE, RERICERE SN S Z 2 HZ W (Baiet
al., 2021).

UAS VE— bt >y ¥ 2T 2EEDHICOW
T, T¥rerfiithy, Ty 77— EFOF—U— FTH
RKUTH, THH DI NTERNZ <, G RIRE
B, V7 e U R T X 2k 9 fF, DS
HEEEHERRE L2 DIX 6 TH -7 (Table 1).
ZOHTHT - A% (2020), Baietal. (2021), Bertalan
etal. (2022) 1%, B OV 7L OMBEHEZHRT L T
K2 BGEE L TV 523, toHEflidy v 7re sl
Xy ¥ad A4 XORDITETHHIN T\, £7-, #
BECHRYSEIMAFEOBS e LTaikshTs
D, #HEBEICEZ2BEIEBINTORL. DX
S, WEBE L Y7 Mg, xR $3EROHE
EREEEAAT2EELRBERNTH2 122200 T, B
HEZARBUD 20 & FISHZEDHED 5T W2 DDBBUIRT
H5.

Z ZTARFETIE, UAS VE— ROV THLN
3 534 RCE D TKH O HIB(b 22 2 #EE 3 5 e,
B EER Y 7 VIR O K & X DHEER IS RIE
THEEHO,MITEZ e RHMNE L.

2. HRBE

2.1 SAE NS
“HEERHREBESIT O U AR D 2 /KIS
A019, A020, A12312HBW\T, 2020 4E 2 -5 HIZ UAS
D TEORIEITo 7. TS AR 7213
FeRldkss (BEB X ERofHEZEITLD 50
% L RIS 2 8IG71E) OSGT, AREMHER X
NTW3, FAENRM Y TEREBOE S % Fig. 1 1R
YEDA FORIGMEII VTN ZE 23 5THo 7.
A019 (TE#E 0.42 ha, 55 x 80 m) FFFAIFSET, 1 H6 H
WHMEM v LTKad 300 kg/10 a 2 L7214, S A
O HE Z R I SR —FEAER (Bf&t 2 a2 — b 355EF, &
EE13%, VIS %, VY LS5%) 40kg/10a % [d
R HEF L7z, 3 A 3 HicHilaio 3% 20 55 (Fig. 1)
THILL7=. A020 ([#& 0.53 ha, 72 x 80 m) 3G
BC, 3 A 24 HICEMIEROFEDIED» L (2% 3.9 %,
VUBE29 %, HVYAL18%, T3 TL30%) &
AL IRy (DT L5%) %% 80kg/10a fi
U7, 3 A 26 HicHilE#%O 8% 21 s CHRILL /2.
A123 ([if% 0.5 ha, 74 x 80 m) d HHFEST, #ifED 10
— 11 AZKaA 300 kg/10 a ZHEF L 7=, 3 H 24 H
WHEDWE U (B ABH) 150 kg/10 a & fitifH L 7-.
3 A 18 HicHEtRT, 3 H 26 Hichilltko 8% zh 2z
23 MTERIL L /2. HEEREG AL, 3 @G RTT
W42 10 — 15 m FEIFRTEE L, 20 cm PU5 OHFFH D 5K
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Table2 UAS #iZH & MR OMAGDE.
Combinations of UAS shooting dates and soil chemical analysis.

+i . B g [F8135 1] 48 7 — & 8K
Eifi B HR:
(m] A019 A020 A123 it
2020/02/25 10:55 60 HEAERT TR AT
2020/03 , » . 3/18 $RHX :
/03/04 09:20 60 HERE T F—R7L JA 143 5
= JA 123 s c 23
@y 2020/03/18 09:54 60 313 R e 23 AR
2020/03/18 10:17 140 JA 120 R AR, B 43 5
a0 M
2020/03/26 14:45 60 B 20 4 HaAE AT
2020/03/26 15:04 140
1%/ JEAE JrEAE % JA 141 /5
2020/04/17 09:26 60 3/26 $REX 3/26 R s 1 42 51
2020/04/17 09:50 140 JA 121 5 JA:0 /& HE 6455
. 2020,/04/25 18:00 60 L %?'ﬂ“‘ %f'm“‘ faAm %
A 2000/04/25 18:20 140 A [ HEDIR  BEIZHR
: HEAED 728, JA 121 5
2020/05/03 11:26 60 F—xkL e 42 4
£ 44
2020/05/08 04:55 60 HE
JACJA RRBESE Y 2 —, R B2BIHR, BE  BEDH

JE0-# 10 cm OfE 28R, RBE L. EREHRIURIC
RTK-GNSS (Real Time Kinematic — Global Navigation
Satellite System) 52{5#% (Emlid, REACHRS) %\,
PRI 55 D A8 AR T %2 HUAS L 7212, RTKLIB ver. 2.4.2
(Takasu, 2013) THEUMEFMIEZITY, B em FEEOIE
T2 ERE L.

2.2 HIE(LFEE DRI

PREL L 7= T3 EEZ % 2 mm B@EE S 2 HWT, MR
D 13HBEZ M L. pH (H,0) , BXUZEE (EC) , H
AEY VEE (Av-P,03), AL v 4 (Exe-CaO),
R~ 72> w 4 (Exe-Mg0O), K#EH Vv L (Exc-
K,0), 44X RE (CEC), A®Er 4 £ (Av-Si)
X, JA Z2RITEINM Y X -1 ERELE. #Hil
FERE (HBERESTEREZE SR, 2000) 12 X 204G
REZEHE (AVN) I, HEALEBRIC O EREL. £
7=, MHEMEEERZE (Ext-TOC) ¢ iHEH (Ext-TN)
X, FREBEREWIEE Y Z— (2016) [ZFEIWT L
Bz L, TOC &t (EEE R, TOC-V CPH) THl
ELT. &FRE (TC) r2EE (TN) 1 1 mm &z i@
WL ZEE T2 HWT, JEROWEEE (Elementar, Vario
El cube) THIEL 7.

KNS (2000) X, Zas 0 ELEMN ORI
WZOWT, EINYF IS ABEHLTNS., ZERKE
PRI Y VB AV 7 2k, TV
JHREERRR % 40 — 50 m, ZERMKIEMEA R BC 22 D
D ZHNERG A 4 >, RRE, RERL T 20 m FE
ELTW3. RS0 HEEIWERIE SmBETHD,
35 N D T3 LA D 24/ 31 2 RIARTRE & AI2 L 7e.

2.3 UAS 8%

UAS DOxsgld, AgEagle #tD< L FZXRT7 bAA XS

RedEdge Mx (LR, RedEdge ¥ 3 %) % DJI #:® Inspire
2 ML T 7. RedEdge 1%, ¥ (Bl:475nm, &
& 20 nm), #% (B2: 560 nm, ##18IE 20 nm), 7& (B3:
668 nm, #7EIE 10nm), Ly Fx v Y (B4: 717 nm,
& 10 nm), ¥TAR4 (BS: 840 nm, H1IE 40 nm) @ 5
Ny RONEEERTTIZNLT—X (DN) HEIFATHE
TH 5. WEOHIET RSB O EEELHR & 5
L, DN 56 REFRICEH L TEAN Y RO RGHFEZ G
L7z

W, 202042 H 25 H -5 A 8 HIZEr 12 [mlfT»
72 EES (1989) 3V E— bRV THEEHE
PHET 2B, #HEB X OB ORESCHIERDIED
BEWEHEREHPLEE LW LTW5, ZoMBr L
T, EYOBESIIBERE DM Y, KOKED LEOK
PRICEELRIZTT e 2FITT03. KEIEFED S%
DA X D EHEGRIFE ST W s, TR
23 FLER I — 12 72 2 RAKIREE O 1 £ B % AV TR
ZiToTW5., £ ZTAMETIE, UASVE—+EY
¥y 7 THEE X CEBIEOFE 21T 5 B E AR R G
BPRGEET 5720, ANEICHHEZRIT > TH—LE2 X - 728
My, BEKOEBENRE Lz, UAS R H e 18y
WofAEDHEE Table 2 1IZ/RT. 3 H 18 H X Tl
fERTOEM, 3 H 26 Hx 4 A 17 BIXEAERTZDIRLE
U7zt e #ok, 4 A 25 HDURR I HERD# o #oK & &
o7z, UAS OFRITEEIZ60m ¥ 140m ¥ L, H{E®D
F—nN—Fw TRKETO 80 %, YA K T5% TRE
L7z, SIM BRI A LY B A 2 RO E R E % )
FxE320, MRELOREM 8 T GCP (ground
control point) % #%i& L, RTK-GNSS %W T&HILD
TRIEREE OIS ¥ BRI EZ1T o 7.
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Table 3 3L APESHTGIR D THE L BHEIRZE.

Means and standard deviations of soil chemical properties in each study fields before and after fertilization.

J—— Ami mpp Agi Agi
it A iil[akey it A A iil[ukey
Py fE 5.85 6.34 6.16 NA
pH (HQO) e [
TR 72 0.11 0.09 0.24
BRUSEE S fiE 0.06 0.07 0.05 NA
[dSm™!] T 72 0.01 0.01 0.02
AR VR FEfE 139.60 189.71 209.13 NA
[mg kg1 TEHE(R 72 27.54 36.00 80.24
THWEH L ST A P fiE 2135.00 2522.38 2407.83 NA
[mg kg~ T {22 278.03 219.22 490.70
R~ 7R T L S fE 336.00 284.29 337.39 NA
[mg kg1 TEHE(R 72 47.17 36.27 60.09
ZHEEH VY L S fE 281.50 205.71 252.61 NA
[mg kg~ '] HEE (i 7 64.01 51.05 77.82
CEC S fE 14.50 12.70 14.16 NA
[emol, kg1 T 22 1.23 0.72 1.20
ARRET A B S fE 106.15 115.95 98.52 NA
[mg kg™ '] TR = 15.11 9.50 22.48
LIRF S fE 1.81 1.53 1.85 1.83
[%] B R 0.15 0.11 0.25 0.32
LER S fE 0.17 0.14 0.18 0.17
[%] TR 22 0.01 0.01 0.02 0.03
RGBSR S fE NA 103.14 143.09 146.86
[mg kg~ TR 22 12.29 47.53 36.38
AR 2 S fE 836.65 779.43 1234.61 1182.04
[mg kg™ '] T 72 78.52 172.77 171.02 239.85
T PR EE 3R FyfE 60.15 68.52 127.04 107.61
[mg kg™ '] e R 72 8.29 21.61 14.43 15.52

NA: not analyzed

24 7—H5018

HYf5 U 7= Hi{%1%, Metashape Professional ver.1.8.0 (Ag-
isoft 1) 12 &k b RKATHEMIEL SIM WUWH 21T 572, UAS
DAL EFRICIZ T, ImEEBRICE 7z GCP OALET
Wz RIHR B LT MOMBERMIEZITY, 58 K x
W 12 B DA LY B A ZEGEER L. SHEIE
DIRGEX, R &EE 60 m T 4.2 - 5.1 cm/pixel, 140
mT99-11.4cm/pixel TH-o7. THHDEEE GIS
V7 +w 27 (ESRI#, ArcGIS Pro ver. 3.2.1) TfE#HT
L.

ArcGIS Pro TiZ, Y27 tAEOHHEH LT HIER
Bt s DREERRE 2 i % 0.3, 05, 1.0, 1.5m D
Ny 7y —MEERL (Fig. 1c), WYIAALILY £

FA ZEHFIZOWT, FAAICEENLZENY FOE I+
W ER Y — VHEETHUS L7z, AIFETIE, &NV
Fov s EEES e, ZhoE2RALTHELNS
(D ) Koy FHEEMEHS 10, (3) RoIEHbHEE
(NDI : normalized difference index) 10 fi#, &t 35 fED
BAZREZER L, T30 ikR e HbeCHEE
SHHOT—Xt v EBEKL 7.

B;— B, (1)
Bi/B; @)
NDI(B;,B;) = (B;—B;)/(B; +B)) G)
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Explanatory variables:
band means and
spectral indices

Bare soil before fertilization
20200318_060m, 1.5 m radlus buffer

Submerged soil after fertilization
20200425 060m 1 5 m radlus buffer

BI_MEAN - 024 015 003 | 026 02 015 017 B1_MEAN = 021 1.00
B2_MEAN - 03 027 022 032 or2 o om o
B3_MEAN - 035 016 035 008 | 030 021 007
034 001 014 015 010
027 035 000 004 008 013 0.75
033 000 019 020 000
033 007 031 035 004
039 032 011 009 016 002
027 028 008 001 007 007 0.50
040 029 004 | 034 040 007
03 020 041 005 013 003
021 024 007 005 004 008
013 019 016 081 028 o1
B3B5 - 025 013 005 020 008 022 013 012 -025
B4B5 - 018 o001 006 018 002 015 008 011
BI/B2 - 024 026 044 009 034 006 019 026
BI/B3 - 014 004 | 041 013 025 023 033 023
B1/B4 - 013 009 028 006 026 002 0.1 0.16 - 0.00
BI/B5 - 006 001 015 002 020 011 002 008
B2/B3 - 004 016 034 016 010 032 040 047
B2B4 - 005 003 016 005 019 008 004 040
B2B5 - 002 012 002 001 013 017 005 002 025
B3/B4 - 004 018 019 012 017 005 -
B3/B5 - 005 003 021 012 011 035 007 B3/B5 — 021
B4/B5 - 013 024 022 010 002 | 030 020 005 B4/B5 - 008
ND_B1B2 - 024 026 043 009 034 005 019 026 ND_B1B2 - 011
ND_B1B3 - 014 003 = 041 013 023 022 033 0.23 ND_B1B3 - 0.1 -0.50
ND_B1B4 - 013 009 028 007 026 002 011 017 ND_B1B4 - 008
NDBIB5 - 006 000 015 002 021 041 002 009 ND_B1B5 - 0.12
ND_B2B3 - 004 016 034 016 010 032 040 047 ND_B2B3 - 0.18
ND_B2B4 - 005 003 016 005 019 008 005 01 ND_B2B4 - 004 -0.75
ND_B2B5 - 002 012 002 001 3 017 005 004 ND_B2B5 - 0.10
ND_B3B4 - 003 017 013 012 017 005 ND_B3B4 - 019
NDB3BS5 - 005 003 022 013 o1 005 ND_B3B5 - 021
ND_B4B5 - 013 024 023 01 002 | 030 020 004 ND_B4B5 - 0.08 100
0 i i v 0 -1

T
=

B1_MEAN -17038.

B2IMEAN - 044

B3_MEAN - 036

B1/B2 - 040
B1/B3 - 023 014 BIB3 - 0.0

B1/B4 - 0.0
B1/BS

ND_B1B2 - 040
NDB1B3 - 023  0.14
ND_B1B4 - 018 | 034
ND_B1B5 - 003 0.6
ND_B2B3 - 041 | 040
ND_B2B4 - 006 002
ND_B2B5 - 020
ND_B3B4 - 002
ND_B3B5 - 0.13

ND.

)_B4B5 - 031 ND_B4B5
{0

T o

soil chemical

TN

i
@ 2 [e] o O

B9 g § 8 g & L .
3 S $ % properties

Fig. 2 T3fb2gtk & B o MRS e — b~y Fofl (EAERT - #ith: 2020 42 3 A 18 H, HE® - #Kk: 2020 4 4
H25H, WFhd Ny 77 —FF 1.5m). FRFOXFH (filZ1E 20200318 060 m, 1.5 m radius buffer) (&72 & i H
(YYYYMMDD), #&¥&EE [m], Ny 7 7 =¥ [m] ZRT.

Heatmaps of correlation coefficients between soil chemical properties and multispectral band means and spectral indices in the case
of 1.5 m radius buffers. (Bare soil before fertilization: 2020/03/18. Submerged soil after fertilization: 2020/04/25). The titles in each
figure (e.g., 20200318-060 m, 1.5 m radius buffer) indicate the UAS shooting date (YYYYMMDD), flight altitude [m] and buffer
radius [m].

HH, CEC X, 3 [ r bR A 3 (BMKE
#,2008) DBEIEMENTD - 7225, ERIEES A BiZ 98.5
— 116 mgkg™ ! THIEMEU R TH -7z, 2KFEIX 1.53 -
1.85 %, %313 0.14-0.18% TH b, AFAEEEREIT
103.14 - 146.86 mg kg ! THMIEMETH - /=, HHMEEH
RFEZ 779.43 -1,234.61 mgkg!, MHPEEERIX 60.15 -
127.04 mgkg™' TH b, HMiflATD A123 TEHWHETH -
7o AI3IFRBEERICEELTBY, AP OMEEE
HOEWEDIRHMTH o=, —T, A020 X%
TH 2RO TIBERR 23D 78 h 5 72,

3.2 {EES

3.2.1 HE R OB

SIM ALFRIC & D FERR L 7=~ L 5 2R 27 OV 0
L, 43 A4 XDy 77 —[%EEL, Table 3 O 1
L2tk e BT 21T - 7=, AT IZIRE 2 12 |49, &
48 = RIZDWTAT o 123, RawL Tk EEIC £

ZZT, i, jlERAFARY MVEBRDO AN Y FESER
L, Bi & Bj 38NV FREROVE 7 LV HGETH 5.

WH7n27'Z 3 > 7558 Python Df#HTY —/L Numpy
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Table 4 HEIHRE 0.7 MLy U CTHiti & A7 i E R e

AL OMAEDE.

Combinations of explained variables and explanatory variables selected as significant (= 0.7) correlation coefficients.

B BHZE L AHHZE R e
Bk NV REIME, R
pH FMin L 0
EC RZEIR L 0
Av-P,0O3 B1/B3, ND_BIB3 2
Exc-CaO BI_MEAN, B2_MEAN, B4 MEAN, B5_.MEAN, Bl - B4, B4 - BS 6
Exc-MgO ML 0
Exc-K,0 AL 0
CEC =YY 0
Av-Si ZERL 0
TC B1/B3, ND_BIB3 2
TN B1/B3, B2/B3, ND_B1B3, ND_B2B3 4
AvVN B1/B3, ND_BIB3 2
Bl - B3, B1 - B5, B2 - B3, B2 - B4, B2 - B5, B1/B2, B3 - B5,
Ext-TOC B4 - B5, B1/B3, B1/B4, B1/B5, B2/B3, B2/B4, ND_B1B2, ND_B1B3, 21
ND_B1B4, ND_B1B5, ND_B2B3, ND_B2B4, ND_B2B5, ND_B4B5
Bl - B5, B2 - B4, B2 - B5, B3 - B5, B4 — B5, B1/B2, B1/B3, B1/B4,
Ext-TN B1/B5, B2/B3, B2/B4, B2/B5, B4/B5, ND_B1B2, ND_B1B3, ND_B1B4, 21
ND_B1B5, ND_B2B3, ND_B2B4, ND_B2B5, ND_B4B5
it >8

Bl -B5: WLF ART FVEIRD AT R 1-"Y K5, Bl: &, B2: &%, B3: 7%, B4: L'y Ry, B5: fi#k4, ND: EM{b
58, RED BiBj 3EMOEFITHA LN Y FOMEASHEERT.
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TENR2410.70, 0.79, 0.76 TdH - 7=. ML DHKE
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BT 0.76, R, RER, AAEERI BI/B3 TZh
Zh0.74, 0.73, 0.70 TH-7=. WEEE 60 m THi
AR SRS B1/B3 BX U BI & B3 DIE
BT 2z 24 0.80, 0.78 L EHBETH - 7=, K
E{RTEAERE & 72 2 HE A2 <, K X D R
DB ARE OGS, KHTEOMITICEL TW3 &
EZAoNT. —J Ot AR SR R, #®#
- KD E B 5 DT EWHEREAE .
pH, EC, ¥t~ o v o, AV v 4, CEC,
BRET 1 Rk, HEBERED 0.7 RiThH -7, HXRS
(2015) &, ARZ FAERFIHLIERNTIEICE S
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77—TO0TRBDODDHLEETNE. ZHLDHMAED
BIZDOWT, ¥ AHEEHD Ny 7 7 —2£1% 0.3,
0.5, 1.0, 1.5m THBERKZ LB L. Fig. 3 iIc—&%
WL TRT. 2K LT, Ny 77 —EEBKEWIZ
CHHBEREDEL D 7 —AnE o 12,

Yo e U E R, B4 2 BIBEE M O Al
LRI AN 77 —HRIFY, HEGRBOEVHEAS
DLEDBEINT 2 EZ SN EHBREOE VA
EOENZWVEY, NHABEOE WAy 77 —FEF L WZ
5. ZZT, Table 5 I HEREEE, Nv 77—
FEBNCHBIRE 0.7 ML EOMHA B HERZRI L,
BAEL BAEME2RAE L. Ny 77 —FFITo0n
TR, ¥E15my»mdEL, 4 A 25 HOEBKTIIKR
WEE 60m T 191, 140 m T 40 HTH - 7z, R
HemECRE 2 e, HBEIRE 0.7 U EolaEbEd
B r—2BbH, TD53H 50 5 —ZAHBFE 1.5m T
RbEOVHBEGREERLE. —HT, 1.5m THTETR
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Av-P203, B1/B3 Exc-CaO, B1_MEAN TC, B1/B3
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Correlation Coefficient
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Correlation Coefficient

0.2 " 0.2F 0.2

0.3 0.5 1.0 1.5 0.3 0.5 1.0 1.5 0.3 0.5 1.0 1.5
Buffer [m] Buffer [m] Buffer [m]

Bare SO“, —_— 20200318_060m Submerged SO” —_— 20200425 060m

BF --m- 20200318_140m com- 20200425_140m

Fig.3 Ny 77 —#£03m,0.5m, 1.0m, 1.5 m 2B 2 HBEFREOHE. AN (Bl 21X 20200318060 m) 134%
¥H (YYYYMMDD) :##&EE [m] %, BF & AF il & k% 2h 2z,

Comparison of correlation coefficients between 0.3 m, 0.5 m, 1.0 m and 1.5 m radius buffers. The legends (e.g.,
20200318_060 m) indicate the UAS shooting date (YYYYMMDD) and flight altitude [m] and BF and AF are before
and after fertilization, respectively.

Table 5 Ny 77 —¥FE X OCEEEEH OHEBERE 0.7 DL L2R U 7 BEHZEE & SIHAROMA S b1 & HBER
B fEDRL.

Number of combinations of explained variables and explanatory variables with significant (= 0.7) correlation coefficients.

. By Ny 7 7 —*FF [m] .
[m] 0.3 0.5 1.0 1.5 g
2020/03/18 60 0 0 0 0 0
HERERT - it 140 0 0 6 4 10
2020/04/25 60 11 13 15 19 58
AR - oK 140 31 34 37 40 142
&t 42 47 58 63 210
BEBOHAE DR 14 2 7 50 73
Ny T R HHBERSL 0.982 0.989 0.999 - -

15m D p i 13x107%2  40x1078  1.0x107% - -




G UAS VE— b2 2N X /KB OHEEREIC Y 7 e VI HEIE » IREEEN S 2 5522837
20200318 Bare soil, BF
06 (a) Flight height 60m ' (b) 140m
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20200425 Submerged soil, AF
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“G_.) 1
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01f :
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o'o ? * * * ? ? % * L 1 1 L L 1 1 1 L 1 1 L1l L 1 1 L L 1 L 1 1 L L 1 1 L L 1 1 1 L
0.30.51.01.50.30.51.01.5/0.30.51.01.5/0.30.51.01.5/0.30.51.0 1.5/0.30.51.0 1.5/0.30.5 1.0 1.5/0.30.5 1.0 1.5/0.3 0.5 1.0 1.5/0.3 0.5 1.0 1.5|
B1 B2 B3 B4 B5 B1 B2 B3 B4 B5
Buffer [m]

Fig. 4 B EES XUy 77 —EERIO NV FIRSRGEHE (LT - #3t: 2020 £ 3 A 18 H, il - #k:
2020 % 4 A 25 H). FOTRINOKEOFUIFRE, HEX A VITEIHELRT.

Five-bands reflectance statistics by flight altitude and buffer radius. (Bare soil before fertilization (BF): 2020/03/18.
Submerged soil after fertilization (AF): 2020/04/25). The gray line and diamond in the boxplot indicate the median and

the average values, respectively.

T EHHAEDLEN 23 T —2AHo7. 1.5m & ZFDMo
Ny 77 —OHBERBOEME LIS 2720, TXT
OEBREE 4) KT7 4 v ¥ vy —0  EHEITVL (R
Documentation, 2024), 1§67z z fEZHWVWT 1.5 md
DOMHEBEFRBUEEH L7 (Table 5).

1 1+r
z—zlog<1_r> “4)

22T, ri3ooMEGRE (7,280 ) THB. 1.5me D
BRI TR TDANY 77 —T 098 DIE, pfE <0.01
THHHEEZZRVEHE XN, FHZ1.5m & 1.0m
DHEHBARENZ 0999 TH D, WMEDOMEIEMLTED,
T OHEIH A BU N T 2 B A OHBI 058 X 1%
FIERILTHE e EZ LN

AZE - A% (2020) BE O Baietal. (2021) 27+
VA HA PR D HIE KA P - T B & KR HEE R O E R
MU, FBT2Ze2MELTWS. ZOER
LT, #HIlA/ NI WEEE T 23070, REne
HIPHP D TS — L WHIIRED L LW & &
2P T3, Fig. 4 I8 AT FREROMHE % &
EBXUNY 77 —RRINIR LT, PEHEICKE k%
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HHEANLEN > TWBZ e 0h 5. Fc05m»5 1.0
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REEMEZ L GO e PREINz. 2070, —HFHD
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F1Om CTRETDIEPEYLEZID Rz, F-AE
FREIC BT 2EAMEERT S, bT7 7 X—0#EE
1.5mAlE, Fu—rEBAE3mEBEDD, Ny 77—
FE1.0m OFRERXZAEANDICHADARELE TX 5.

.23 BESEICK BLR

Fig. 3 TRFZEE 60 m (FEHE) & 140 m (Ff) O
MR T 2, EE 140m DA 60m & D
BRED E VT — A% MR X7z, Table 5 DNy
7 7 —=¥F 1.5 m OBE, BEH X7z 455 EOHERBERE
D55 07U ETHo7MAEDER, 3H 18 HOSEE
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wEEICE 2, BKE® (4 B 25H) 35E 140m
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Bare soil before fertilization (2020/03/18)
(a) Av-P203 20200318 (b) TC 20200318
60m R?=0.183, 140m R? =0.528 60m R?2=0.219, 140m R? =0.396 . .
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g 200 ©
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040 045 050 055 060 040 035 030 025 Submerged soil after fertilization
B1/B3 ND_B3B5 (2020/04/25)
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Fig. 5 R &EHE 60m ¥ 140 m QP AR O Lk (REATAT - #i4b: 2020 4F 3 A 18 H, MEAE# - #k: 2020 /£ 4 A 25
H, Wihd Ny 7>y —4F 1.0m). BRES VRV BORERHIZEE 60 m OFEER, KBDED DXL ¥R LE

RIS 140 m DRERZRT.

Comparison of the linear regressions between flight altitude at 60 m and 140 m in the case of the 1.0 m radius buffer. (Bare
soil before fertilization: 2020/03/18. Submerged soil after fertilization: 2020/04/25). Open symbols and black regression lines

indicate results at 60 m altitude. Gray symbols and regression lines indicate results at 140 m altitude.
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Flight altitude  Downsampling
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Bare soil before fertilization (2020/03/04) o A123 . Al23
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Fig. 6 #Z@EE 60m & Xy >4 7) ¥ 7 LEROMEEFOE (REILAT - £ 2020 4 3 A 4 H, MEALRE -
WK 20204E5 A3 H, Wiftd Ny 77 —FF1.0m). HEE S VR e BORIFHRIEE 60 m OFER, KED
BHOOXRL Y YRV HIRIRIE R Y 3> 7Y v TEROMERERT.

Comparison of the linear regressions between the flight altitude of 60 m imagery and the downsampled imagery in the case
of the 1.0 m radius buffer. (Bare soil before fertilization: 2020/03/04. Submerged soil after fertilization: 2020/05/03) .
Open symbols and black regression lines indicate results at 60 m altitude. Gray symbols and regression lines indicate
results of downsampled imagery.

20200304, Buffer 1.0 m 20200503, Buffer 1.0 m
04 0.4
Flight altitude 60 m !  Downsampling Flight altitude 60 m!  Downsampling
@ 03r ; o 03F :
o (&)
c ! c 1
© 1 © 1
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Fig. 7 #EEE 60m L X0 4 v 7YV JERON Y FRARGEHED LR (HERLHT - #Ri#: 2020 4 3 A 4 H,
fERL - #k: 2020 £ 5 A3 H, Ny 77 —F#F 1.0m). HOTRADKEDFIHIE, BXA VIZBIHELRT.
Comparison of the band reflectance statistics between the flight altitude of 60 m imagery and the downsampled imagery
in the case of the 1.0 m radius buffer. (Bare soil before fertilization: 2020/03/04. Submerged soil after fertilization:
2020/05/03). The gray line and diamond in the boxplot indicate the median and the average values, respectively.
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