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Fig. S1. Relationship between protein and oil concentration in soybean seed samples among years and states. 
 
 
 



 

 

 

 

Fig. S2. Detailed graphical description of feature importance assessment for both protein and oil seed con-

centration models.   



 

 

Table S1. Accumulated precipitations (mm) and mean temperature (oC) summary from May 1st to September 

30th. Values represent mean, minimum and maximum values across site within each State:Year combination. 

 

 Iowa Kansas 

 
Accumulated 

Precipitation (mm) 
Temperature (°C) 

Accumulated 

Precipitation (mm) 
Temperature (°C) 

 Mean. Min Max. Mean Min Max. Mean. Minn Max. Mean Min. Max. 

2019 658 556 779 20.1 19.5 20.5 797 714 930 23.6 23.4 23.7 

2020 409 292 582 20.1 19.4 20.4 - - - - - - 

2021 463 386 546 20.6 20 21 539 515 556 23.7 23.7 23.8 

 

Table S2. Summary with descriptive statistics of Soybean quality seed samples group by fields.  

    Protein Concentration (%) Oil Concentration (%) 

Field ID Year State Crop Type* Min Mean Max Min Mean Max 

KS001 2021 Kansas Full Season 38.88 41.05 43.64 20.96 21.84 23.51 

KS002 2021 Kansas Full Season 38.72 40.64 42.41 21.15 22.05 23.75 

KS003 2021 Kansas Double Crop 39.48 40.58 44.15 18.55 21.60 22.87 

KS004 2021 Kansas Full Season 36.86 40.21 42.47 21.60 22.50 24.38 

KS005 2021 Kansas Double Crop 36.60 39.38 41.87 21.82 23.12 25.37 

KS006 2021 Kansas Double Crop 38.55 40.71 42.08 21.07 22.05 22.82 

KS007 2021 Kansas Double Crop 37.08 38.75 42.09 22.19 23.01 24.16 

KS008 2021 Kansas Double Crop 39.65 41.51 44.29 20.87 22.19 23.62 

KS009 2019 Kansas Double Crop 32.90 33.59 34.30 17.50 18.23 18.80 

IA010 2021 Iowa Full Season 37.11 39.18 41.74 18.68 19.78 21.06 

IA011 2021 Iowa Full Season 35.90 38.69 41.21 20.29 21.99 23.21 

IA012 2020 Iowa Full Season 34.05 36.39 39.16 22.65 24.05 25.23 

KS013 2019 Kansas Double Crop 34.30 36.21 38.00 16.70 17.65 18.50 

KS014 2019 Kansas Double Crop 34.10 35.00 36.10 17.90 18.68 19.30 

KS015 2019 Kansas Double Crop 33.40 36.15 39.30 16.10 17.67 19.20 

IA016 2019 Iowa Full Season 35.64 37.68 39.11 20.51 21.21 22.03 

IA017 2019 Iowa Full Season 37.65 38.53 39.42 20.64 21.23 21.70 

IA018 2019 Iowa Full Season 37.61 38.51 39.05 20.83 21.44 22.02 

IA019 2019 Iowa Full Season 37.63 38.74 39.82 20.76 21.04 21.55 

IA020 2019 Iowa Full Season 36.04 37.91 39.13 20.56 21.41 22.40 

IA021 2019 Iowa Full Season 35.14 36.33 36.96 21.85 22.35 23.12 

IA022 2019 Iowa Full Season 34.40 35.66 37.28 21.70 23.12 24.49 

IA023 2019 Iowa Full Season 33.60 35.95 39.88 21.06 22.92 24.42 

IA024 2019 Iowa Full Season 35.20 36.59 38.03 21.63 22.37 22.71 

IA025 2019 Iowa Full Season 35.82 37.83 39.19 21.37 22.18 23.06 



 

 

IA026 2019 Iowa Full Season 35.99 36.97 38.62 21.38 22.13 23.24 

IA027 2019 Iowa Full Season 37.72 39.13 40.19 20.75 21.23 21.87 

IA028 2019 Iowa Full Season 36.98 38.55 39.91 20.51 20.84 21.21 

IA029 2019 Iowa Full Season 36.55 37.97 39.01 20.92 21.42 21.97 

IA030 2019 Iowa Full Season 35.77 38.18 39.80 20.50 21.14 22.34 

IA031 2019 Iowa Full Season 37.94 38.91 39.69 20.97 21.56 22.32 

IA032 2019 Iowa Full Season 35.97 37.74 38.78 21.54 22.52 24.13 

IA033 2019 Iowa Full Season 36.87 38.08 40.07 20.92 21.62 22.35 

IA034 2019 Iowa Full Season 35.85 37.40 38.66 21.15 21.68 22.16 

IA035 2019 Iowa Full Season 35.52 36.66 38.28 21.59 22.28 22.69 

IA036 2019 Iowa Full Season 36.69 38.28 39.61 21.28 21.72 22.58 

IA037 2019 Iowa Full Season 36.08 37.98 39.75 20.92 21.63 23.18 

IA038 2019 Iowa Full Season 37.75 38.02 38.28 21.91 22.17 22.42 

IA039 2019 Iowa Full Season 36.48 38.46 39.79 20.62 21.40 22.55 

IA040 2019 Iowa Full Season 36.74 38.12 40.70 21.23 22.38 23.03 

IA041 2019 Iowa Full Season 36.09 38.01 39.11 21.46 22.31 23.07 

IA042 2019 Iowa Full Season 36.43 37.81 38.58 21.67 22.49 23.25 

IA043 2020 Iowa Full Season 33.74 34.84 36.17 24.48 25.00 25.39 

IA044 2020 Iowa Full Season 32.44 35.08 39.12 24.18 25.57 26.63 

IA045 2020 Iowa Full Season 36.91 37.70 39.40 23.93 24.93 25.47 

IA046 2020 Iowa Full Season 37.68 38.21 39.25 23.04 24.09 24.74 

IA047 2020 Iowa Full Season 36.49 37.71 39.01 23.63 24.56 25.02 

IA048 2020 Iowa Full Season 36.34 37.94 39.61 23.68 24.49 25.24 

IA049 2020 Iowa Full Season 35.79 36.87 38.25 23.73 24.79 25.79 

IA050 2020 Iowa Full Season 35.70 37.86 41.72 22.18 24.90 26.08 

IA051 2020 Iowa Full Season 36.75 39.15 41.22 21.66 23.96 25.15 

IA052 2020 Iowa Full Season 36.61 37.43 39.09 23.07 23.90 24.40 

IA053 2020 Iowa Full Season 34.35 35.77 37.76 24.75 25.61 26.81 

IA054 2021 Iowa Full Season 35.98 37.21 38.51 20.94 21.85 22.89 

IA055 2021 Iowa Full Season 35.50 37.18 39.58 21.55 22.06 22.40 

IA056 2021 Iowa Full Season 34.66 36.12 38.46 20.33 21.66 22.78 

IA057 2021 Iowa Full Season 36.32 36.92 37.78 20.87 21.96 23.39 

IA058 2021 Iowa Full Season 35.80 37.43 38.59 21.00 21.85 22.49 

IA059 2021 Iowa Full Season 35.23 36.26 37.66 20.29 21.65 23.12 

IA060 2021 Iowa Full Season 34.47 36.51 37.82 21.99 23.01 24.71 

IA061 2021 Iowa Full Season 36.06 37.46 38.63 20.66 21.45 22.53 

IA062 2021 Iowa Full Season 33.47 35.79 38.23 21.12 22.40 23.98 

IA063 2021 Iowa Full Season 35.34 37.35 39.07 17.95 20.01 20.90 

IA064 2021 Iowa Full Season 37.58 38.84 40.25 17.69 18.61 19.63 

IA065 2021 Iowa Full Season 35.36 37.57 38.89 19.32 19.97 21.02 

IA066 2021 Iowa Full Season 36.31 38.55 39.72 19.86 20.55 21.41 

IA067 2021 Iowa Full Season 34.80 36.71 37.98 19.93 20.80 21.88 

IA068 2021 Iowa Full Season 34.59 36.29 37.68 20.50 21.84 23.07 



 

 

IA069 2020 Iowa Full Season 36.86 38.67 40.57 21.72 23.64 26.73 

*Synthetic variable created in 2.2.2 

 

Table S3. Spectral indices singles and compound used spatial information layers.  

 

Index Name Formula Sentinel-2 band Assignment Reference 

Green Chromatic 

Coordinate (GCC) 

𝐺𝑟𝑒𝑒𝑛

𝐵𝑙𝑢𝑒 + 𝐺𝑟𝑒𝑒𝑛 + 𝑅𝑒𝑑
 

𝐵3

𝐵2 + 𝐵3 + 𝐵4
 

(Richardson et al., 

2009) 

Enhanced vegeta-

tion index (EVI) 
2.5 ∗

𝑁𝑖𝑟 − 𝑅𝑒𝑑

𝑁𝑖𝑟 + (6 ∗ 𝑅𝑒𝑑) − (7.5 ∗ 𝐵𝑙𝑢𝑒) + 1
 2.5 ∗

𝐵8 − 𝐵4

𝐵8 + (6 ∗ 𝐵4) − (7.5 ∗ 𝐵2) + 1
 (Huete et al., 2002) 

Enhanced vegeta-

tion index 2 (EVI2) 
2.5 ∗

𝑁𝐼𝑅 − 𝑅𝑒𝑑

𝑁𝐼𝑅 + 2.4 ∗ 𝑅𝑒𝑑 + 1
 2.5 ∗

𝐵8 − 𝐵4

𝐵8 + 2.4 ∗ 𝐵4 + 1
 (Jiang et al., 2008) 

Normalized Differ-

ence Vegetation In-

dex (NDVI) 

𝑁𝐼𝑅 − 𝑅𝑒𝑑

𝑁𝐼𝑅 + 𝑅𝑒𝑑
 

𝐵8 − 𝐵4

𝐵8 + 𝐵4
 (Rouse et al., 1974) 

Weight Difference 

Vegetation Index 

(WDVI) 

𝑁𝐼𝑅 − 𝑆 ∗ 𝑅𝑒𝑑 ; 𝑆 = 0.5 𝐵8 − 𝑆 ∗ 𝐵4;  𝑆 = 0.5 (Clevers, 1989) 

Soil Adjusted Vege-

tation Index (SAVI) 
(

𝑁𝐼𝑅−𝑅𝑒𝑑

𝑁𝐼𝑅+𝑅𝑒𝑑+0.25
) ∗ (1 + 𝐿) ; 𝐿 = 0.5 

𝐵8 − 𝐵4

𝐵8 + 𝐵4 + 0.25
) ∗ (1 + 𝐿) ; 𝐿 = 0.5 (Huete, 1988) 

Modified Soil Ad-

justed Vegetation 

Index (MSAVI) 

(
(𝑁𝐼𝑅 − 𝑅𝑒𝑑)

(𝑁𝐼𝑅 + 𝑅𝑒𝑑 + 0.25)
) ∗ (1 + 𝐿) ; 

𝐿 = 1 − 2 ∗ 𝑠 ∗ 𝑁𝐷𝑉𝐼 ∗ 𝑊𝐷𝑉𝐼 ; 𝑠 = 0.5 

(
𝐵8 − 𝐵4

𝐵8 + 𝐵4 + 0.25
) ∗ (1 + 𝐿) 

𝐿 = 1 − 2 ∗ 𝑠 ∗ 𝑁𝐷𝑉𝐼 ∗ 𝑊𝐷𝑉𝐼 ; 𝑠 = 0.5 

(Qi et al., 1994) 

Modified Soil Ad-

justed Vegetation 

Index (MSAVI2) 

[2 ∗ 𝑁𝐼𝑅 + 1 − √(2 ∗ 𝑁𝐼𝑅 + 1)2 − 8 ∗ (𝑁𝐼𝑅 − 𝑅𝑒𝑑)]

2
 

[2 ∗ 𝐵8 + 1 − √(2 ∗ 𝐵8 + 1)2 − 8 ∗ (𝐵8 − 𝐵4)]

2
 (Qi et al., 1994) 

Infrared percentage 

vegetation index 

(IPVI) 

𝑁𝐼𝑅

𝑁𝐼𝑅 + 𝑅𝑒𝑑
 

𝐵8

𝐵8 + 𝐵4
 (Crippen, 1990) 

Tranformed Nor-

malized Difference 

Vegetation Index 

(TNDVI) 

√
𝑁𝐼𝑅 − 𝑅𝑒𝑑

𝑁𝐼𝑅 + 𝑅𝑒𝑑
+ 0.5 √

𝐵8 − 𝐵4

𝐵8 + 𝐵4
+ 0.5 (Deering, 1975) 

Inverted Red-Edge 

Chloroplyll Index 

(IRECI) 

𝑅𝑒𝑑𝐸𝑑𝑔𝑒3− 𝑅𝑒𝑑

𝑅𝑒𝑑𝐸𝑑𝑔𝑒1
𝑅𝑒𝑑𝐸𝑑𝑔𝑒2

 
𝐵7 − 𝐵4

𝐵5
𝐵6

 (Frampton et al., 2013) 

Global Environ-

mental Monitoring 

Index (GEMI) 

𝜂 ∗ (1 − 0.25 ∗ 𝜂) −
𝑅𝑒𝑑 − 0.125

1 − 𝑅𝑒𝑑
 

Where  

𝜂 =
[2 ∗ (𝑁𝐼𝑅2 − 𝑅𝑒𝑑2) + 1.5 ∗ 𝑁𝐼𝑅 + 0.5 ∗ 𝑅𝑒𝑑]

(𝑁𝐼𝑅 + 𝑅𝑒𝑑 + 5)
 

𝜂 ∗ (1 − 0.25 ∗ 𝜂) −
𝐵4 − 0.125

1 − 𝐵4
 

Where  

𝜂 =
[2 ∗ (𝐵82 − 𝑅𝑒𝑑2) + 1.5 ∗ 𝐵8 + 0.5 ∗ 𝐵4]

(𝐵8 + 𝐵4 + 5)
 

(Pinty & Verstraete, 

1992) 



 

 

Normalized Differ-

ence Index 45 

(NDI45) 

𝑅𝑒𝑑𝐸𝑑𝑔𝑒1− 𝑅𝑒𝑑

𝑅𝑒𝑑𝐸𝑑𝑔𝑒1+ 𝑅𝑒𝑑
 

𝐵5 − 𝐵4

𝐵5 + 𝐵4
 (Delegido et al., 2011) 

Perpendicular Veg-

etation Index (PVI) 
√( 𝐺𝑖𝑟, 𝑠 𝑃𝑖𝑟 ) 2 +  ( 𝐺𝑟, 𝑠 𝑃𝑟 )2 sin(𝑎) ∗ 𝐵8 − cos(𝑎) ∗ 𝐵4 

(Richardson & Wie-

gand, 1977) 

Difference Vegeta-

tion Index (DVI) 
𝑁𝐼𝑅 − 𝑅𝑒𝑑 𝐵8 − 𝐵4 (Tucker, 1979) 

Pigment Specific 

Simple Ratio 

(PSSRa) 

𝑅𝑒𝑑𝐸𝑑𝑔𝑒3

𝑅𝑒𝑑
 

𝐵7

𝐵4
 (Blackburn, 1998) 

Transformed Soil 

Adjusted Vegeta-

tion Index (TSAVI) 

𝑠 ∗ (𝑁𝐼𝑅 − 𝑠 ∗ 𝑅𝑒𝑑 − 𝑎)

𝑎 ∗ 𝑁𝐼𝑅 + 𝑅𝑒𝑑 − 𝑎 ∗ 𝑠 + 𝑋 ∗ (1 + 𝑠 ∗ 𝑠)
 

Where a=0.5; s=0.5; X=0.08 

𝑠 ∗ (𝐵8 − 𝑠 ∗ 𝐵4 − 𝑎)

𝑎 ∗ 𝐵8 + 𝐵4 − 𝑎 ∗ 𝑠 + 𝑋 ∗ (1 + 𝑠 ∗ 𝑠)
 

Where a=0.5; s=0.5; X=0.08 

(Baret et al., 1989) 

Sentinel-2 RedEdge 

Position (S2REP) 
705 + 35 ∗

(
𝜌783 +  𝜌665

2
) −  𝜌705

𝜌740 − 𝜌705
 705 + 35 ∗

(
𝐵4 +  𝐵7

2
) −  𝐵5

𝐵6 − 𝐵5
 

(Frampton et al., 2013) 

Modified Chloro-

phyll Absorption 

Ration Index 

(MCARI) 

[(𝑅𝑒𝑑𝐸𝑑𝑔𝑒1− 𝑅𝑒𝑑) − 0.2 ∗ (𝑅𝑒𝑑𝐸𝑑𝑔𝑒1 − 𝐺𝑟𝑒𝑒𝑛 )] ∗
𝑅𝑒𝑑𝐸𝑑𝑔𝑒1

𝑅𝑒𝑑
 [(𝐵5 − 𝐵4) − 0.2 ∗ (𝐵5 − 𝐵3 )] ∗

𝐵5

𝐵4
 (Daughtry, 2000) 

Triangular Green-

ness Index (TGI) 
−0.5 ∗ (190 ∗

𝑅𝑒𝑑

𝐺𝑟𝑒𝑒𝑛
) − 120 ∗ (

𝑅𝑒𝑑

𝐵𝑙𝑢𝑒
) −0.5 ∗ (190 ∗

𝐵4

𝐵3
) − 120 ∗ (

𝐵4

𝐵2
) (Hunt et al., 2013) 

Normalized Green-

Red Difference In-

dex (NGDRI) 

(𝐺𝑟𝑒𝑒𝑛 − 𝑅𝑒𝑑)

𝐺𝑟𝑒𝑒𝑛 + 𝑅𝑒𝑑
 

𝐵3 − 𝐵4

𝐵3 + 𝐵4
 (Hunt et al., 2005) 

Plant Senescence 

Reflectance Index 

(PSRI) 

𝑅𝑒𝑑 − 𝐵𝑙𝑢𝑒 

𝑅𝑒𝑑𝐸𝑑𝑔𝑒2
 

𝐵4 − 𝐵2

𝐵6
 (Merzlyak et al., 1999) 

Canopy Chlorophyll 

Content Index 

(CCCI) 

𝑁𝐼𝑅 − 𝑅𝑒𝑑𝐸𝑑𝑔𝑒1
𝑁𝐼𝑅 + 𝑅𝑒𝑑𝐸𝑑𝑔𝑒1

𝑁𝐼𝑅 − 𝑅𝑒𝑑
𝑁𝐼𝑅 + 𝑅𝑒𝑑

 

𝐵8 − 𝐵5
𝐵8 + 𝐵5
𝐵8 − 𝐵4
𝐵8 + 𝐵4

 (Long et al., 2009) 

Normalized Differ-

ence Red-Edge 

(NDRE) 

𝑁𝐼𝑅 − 𝑅𝑒𝑑𝐸𝑑𝑔𝑒1

𝑁𝐼𝑅 + 𝑅𝑒𝑑𝐸𝑑𝑔𝑒1
 

𝐵8 − 𝐵5

𝐵8 + 𝐵5
 

(Gitelson & Merzlyak, 

1994) 

Green Normalized 

Difference Vegeta-

tion Index 

(GNDVI) 

𝑁𝐼𝑅 − 𝐺𝑟𝑒𝑒𝑛

𝑁𝐼𝑅 + 𝐺𝑟𝑒𝑒𝑛
 

𝐵8 − 𝐵3

𝐵8 + 𝐵3
 (Gitelson et al., 1996) 

Green Normalized 

Difference Vegeta-

tion Index 

(GNDVI2) 

𝑅𝑒𝑑𝐸𝑑𝑔𝑒3 − 𝐺𝑟𝑒𝑒𝑛

𝑅𝑒𝑑𝐸𝑑𝑔𝑒3 + 𝐺𝑟𝑒𝑒𝑛
 

𝐵7 − 𝐵3

𝐵7 + 𝐵3
 

(Gitelson & Merzlyak, 

1998) 



 

 

Ratio Vegetation 

Index (RVI) 

𝑁𝐼𝑅

𝑅𝑒𝑑
 

𝐵8

𝐵4
 

(Pearson & Miller, 

1972) 

Green Vegetation 

Index (GVI) 

−0.2848 ∗ 𝐵𝑙𝑢𝑒 − 0.2435 ∗ 𝐺𝑟𝑒𝑒𝑛 −  0.5436 ∗ 𝑅𝑒𝑑

+ 0.7243 ∗ 𝑁𝐼𝑅 + 0.0840

∗ 𝑆𝑊𝐼𝑅1 − 0.1800 ∗ 𝑆𝑊𝐼𝑅2 

−0.2848 ∗ 𝐵2 − 0.2435 ∗ 𝐵3 −  0.5436 ∗ 𝐵4 + 0.7243 ∗ 𝐵8

+ 0.0840 ∗ 𝐵11 − 0.1800 ∗ 𝐵12 

(Kauth & Thomas, 

1976) 

Optimized soil ad-

justed vegetation in-

dex (OSAVI) 

(1 + 0.16) ∗
(𝑁𝐼𝑅 −  𝑅𝑒𝑑)

(𝑁𝐼𝑅 + 𝑅𝑒𝑑 + 0.16)
 (1 + 0.16) ∗

(𝐵8 −  𝐵4)

(𝐵8 + 𝐵4 + 0.16)
 (Rondeaux et al., 1996) 

Transformed Chlo-

rophyll Absorption 

Reflectance Index 

(TCARI) 

3 ∗ ((𝐵5 − 𝐵4) − 0.2(𝐵5 − 𝐵3) ∗ (𝐵5/𝐵4)) 3 ∗ ((B5 − B4) − 0.2(B5 − B3) ∗ (B5/B4)) 
(Haboudane et al., 

2002) 

Ratio TCARI / 

OSAVI 

(TCARI_OSAVI) 

3 ∗ ((𝐵5 − 𝐵4) − 0.2(𝐵5 − 𝐵3) ∗ (𝐵5/𝐵4))

(1 + 0.16) ∗
(𝑁𝐼𝑅 −  𝑅𝑒𝑑)

(𝑁𝐼𝑅 + 𝑅𝑒𝑑 + 0.16)
 

 
3 ∗ ((B5 − B4) − 0.2(B5 − B3) ∗ (B5/B4))

(1 + 0.16) ∗
(𝐵8 −  𝐵4)

(𝐵8 + 𝐵4 + 0.16)

 
(Haboudane et al., 

2002) 

Green Chlorophyll 

Vegetation Index 

(GCVI) 

𝑁𝐼𝑅

𝐺𝑟𝑒𝑒𝑛
− 1 

𝐵8

𝐵3
− 1 (Gitelson et al., 1996) 

Red-Edge Chloro-

phyll Vegetation In-

dex (ChlRedEdge) 

𝑁𝐼𝑅

𝑅𝑒𝑑𝐸𝑑𝑔𝑒1
− 1 

𝐵8

𝐵5
− 1 (Gitelson et al., 2003) 

MERIS Terrestrial 

Chlorophyll Index 

(MTCI) 

𝑅𝑒𝑑𝐸𝑑𝑔𝑒2 −  𝑅𝑒𝑑𝐸𝑑𝑔𝑒1

𝑅𝑒𝑑𝐸𝑑𝑔𝑒1 − 𝑅𝑒𝑑 
 

𝐵6 −  𝐵5

𝐵5 − 𝐵4 
 (Dash & Curran, 2004) 

Red-Edge Inflection 

Point (REIP) 
700 + 40 ∗

(
𝑅𝑒𝑑 + 𝑅𝑒𝑑𝐸𝑑𝑔𝑒3 

2
) − 𝑅𝑒𝑑𝐸𝑑𝑔𝑒1

𝑅𝑒𝑑𝐸𝑑𝑔𝑒2−  𝑅𝑒𝑑𝐸𝑑𝑔𝑒1
 700 + 40 ∗

(
𝐵4 + 𝐵7 

2
) − 𝐵5

𝐵6 −  𝐵5
 

(Herrmann et al., 2011) 

Atmospheric Re-

sistant Vegetation 

Index (ARVI) 

𝑁𝐼𝑅 − 2 ∗ 𝑅𝑒𝑑 − 𝐵𝑙𝑢𝑒 

𝑁𝐼𝑅 + 2 ∗ 𝑅𝑒𝑑 − 𝐵𝑙𝑢𝑒
 

𝐵8 − 2 ∗ 𝐵4 − 𝐵2 

𝐵8 + 2 ∗ 𝐵4 − 𝐵2
 

(Kaufman & Tanre, 

1992)  

Chlorophyll Vege-

tation Index (CVI) 

(
𝑁𝐼𝑅
𝐺𝑟𝑒𝑒𝑛

)

(
𝐺𝑟𝑒𝑒𝑛
𝑅𝑒𝑑

)
 

(
𝐵8
𝐵3
)

(
𝐵3
𝐵4
)
 (Vincini et al., 2008) 

Wide Dynamic 

Range Vegetation 

Index (WDRVI) 

(𝛼 ∗ 𝑁𝐼𝑅 − 𝑅𝑒𝑑)

(𝛼 ∗ 𝑁𝐼𝑅 + 𝑅𝑒𝑑)
; 𝛼 = 0.1 

(𝛼 ∗ 𝐵8 − 𝐵4)

(𝛼 ∗ 𝐵8 + 𝐵4)
; 𝛼 = 0.1 (Gitelson, 2004) 

Green Wide Dy-

namic Range Vege-

tation Index 

(Green WDRVI) 

(𝛼 ∗ 𝑁𝐼𝑅 − 𝐺𝑟𝑒𝑒𝑛)

(𝛼 ∗ 𝑁𝐼𝑅 + 𝐺𝑟𝑒𝑒𝑛)
; 𝛼 = 0.1 

(𝛼 ∗ 𝐵8 − 𝐵3)

(𝛼 ∗ 𝐵8 + 𝐵3)
; 𝛼 = 0.1 

(Peng & Gitelson, 

2011)  

Red Edge Wide Dy-

namic Range Vege-

tation Index Red 

Edge 

(𝛼 ∗ 𝑁𝐼𝑅 − 𝑅𝑒𝑑𝐸𝑑𝑔𝑒1)

(𝛼 ∗ 𝑁𝐼𝑅 + 𝑅𝑒𝑑𝐸𝑑𝑔𝑒1)
; 𝛼 = 0.1 

(𝛼 ∗ 𝐵8 − 𝐵5)

(𝛼 ∗ 𝐵8 + 𝐵5)
; 𝛼 = 0.1 

(Peng & Gitelson, 

2011) 



 

 

(Red Edge 

WDRVI) 

Heavy Metal Stress 

Sensitive Index 

(HMSSI) 

𝑁𝐼𝑅
𝑅𝑒𝑑𝐸𝑑𝑔𝑒1

− 1

𝑅𝑒𝑑 − 𝐵𝑙𝑢𝑒 
𝑅𝑒𝑑𝐸𝑑𝑔𝑒2

 

𝐵8
𝐵5

− 1

𝐵4 − 𝐵2 
𝐵6

 
(Silva Junior et al., 

2020)  

Excess Green Index 

(ExG) 
2 ∗ 𝐺𝑟𝑒𝑒𝑛 − 𝑅𝑒𝑑 −  𝐵𝑙𝑢𝑒 2 ∗ 𝐵3 − 𝐵4 −  𝐵2 

(Woebbecke et al., 

1995) 

Plant Pigment Ratio 

(PPRb) 

𝐺𝑟𝑒𝑒𝑛 − 𝐵𝑙𝑢𝑒

𝐺𝑟𝑒𝑒𝑛 + 𝐵𝑙𝑢𝑒
 

𝐵3 − 𝐵2

𝐵3 + 𝐵2
 (Metternicht, 2003) 

Visible Atmospheri-

cally Resistant In-

dex (VARI) 

𝐺𝑟𝑒𝑒𝑛 − 𝑅𝑒𝑑

𝐺𝑟𝑒𝑒𝑛 + 𝑅𝑒𝑑 − 𝐵𝑙𝑢𝑒
 

𝐵3 − 𝐵4

𝐵3 + 𝐵4 − 𝐵2
 (Gitelson et al., 2002) 

Green Leaf Index 

(GLI) 

2 ∗ 𝐺𝑟𝑒𝑒𝑛 − 𝑅𝑒𝑑 − 𝐵𝑙𝑢𝑒

2 ∗ 𝐺𝑟𝑒𝑒𝑛 + 𝑅𝑒𝑑 + 𝐵𝑙𝑢𝑒
 

2 ∗ 𝐵3 − 𝐵4 − 𝐵2

2 ∗ 𝐵3 + 𝐵4 + 𝐵2
 (Louhaichi et al., 2001) 

Anthocyanin Re-

flectance Index 

(ARI) 

1

𝐺𝑟𝑒𝑒𝑛
− 

1

𝑅𝑒𝑑𝐸𝑑𝑔𝑒1
 

1

𝐵3
− 

1

𝐵5
 (Gitelson et al., 2009)  

Dark Green Color 

Index (DGCI) 

[
𝐻 − 60
60

] + (1 − 𝑆) + (1 + 𝐵)

3
 

𝐻 =

{
  
 

  
 IF(max(𝑅, 𝐺, 𝐵) = 𝑅) 𝑇𝐻𝐸𝑁60 ∗ {

𝐺 − 𝑅

max(𝑅, 𝐺, 𝐵) − min(𝑅, 𝐺, 𝐵)
}

IF(max(𝑅, 𝐺, 𝐵) = 𝐺) 𝑇𝐻𝐸𝑁60 ∗ {
𝐵 − 𝑅

max(𝑅, 𝐺, 𝐵) −min(𝑅, 𝐺, 𝐵)
}

IF(max(𝑅, 𝐺, 𝐵) = 𝐵) 𝑇𝐻𝐸𝑁60 ∗ {
𝑅 − 𝐺

max(𝑅, 𝐺, 𝐵) −min(𝑅, 𝐺, 𝐵)
}
}
  
 

  
 

 

B = max(r, g, b) 

 

𝑆 =  
(max(𝑅, 𝐺, 𝐵) − min(𝑅, 𝐺, 𝐵))

max(𝑅, 𝐺, 𝐵)
 

R = Red / (Red+Green+Blue) 

G = Green / (Red+Green+Blue) 

B = Blue / (Red+Green+Blue) 

[
𝐻 − 60
60

] + (1 − 𝑆) + (1 + 𝐵)

3
 

𝐻 =

{
  
 

  
 IF(max(𝑅, 𝐺, 𝐵) = 𝑅) 𝑇𝐻𝐸𝑁60 ∗ {

𝐺 − 𝑅

max(𝑅, 𝐺, 𝐵) − min(𝑅, 𝐺, 𝐵)
}

IF(max(𝑅, 𝐺, 𝐵) = 𝐺) 𝑇𝐻𝐸𝑁60 ∗ {
𝐵 − 𝑅

max(𝑅, 𝐺, 𝐵) −min(𝑅, 𝐺, 𝐵)
}

IF(max(𝑅, 𝐺, 𝐵) = 𝐵) 𝑇𝐻𝐸𝑁60 ∗ {
𝑅 − 𝐺

max(𝑅, 𝐺, 𝐵) −min(𝑅, 𝐺, 𝐵)
}
}
  
 

  
 

 

 

B = max(R, G, B) 

 

𝑆 =  
(max(𝑅, 𝐺, 𝐵) − min(𝑅, 𝐺, 𝐵))

max(𝑅, 𝐺, 𝐵)
 

R = B4 / (B4+B3+B2) 

G = B3 / (B4+B3+B2) 

B = B2 / (B4+B3+B2) 

(Karcher & Richard-

son, 2003)  

Modified Anthocya-

nin Reflectance In-

dex (mARI) 

(
1

𝐺𝑟𝑒𝑒𝑛
) − (

1

𝑅𝑒𝑑𝐸𝑑𝑔𝑒1
) ∗ 𝑅𝑒𝑑𝐸𝑑𝑔𝑒3 (

1

𝐵3
) − (

1

𝐵5
) ∗ 𝐵7 (Gitelson et al., 2009) 

Pigment-specific 

Normalized Differ-

ence Index (PSND) 

𝑁𝐼𝑅 − 𝐵𝑙𝑢𝑒

𝑁𝐼𝑅 + 𝐵𝑙𝑢𝑒
 

𝐵8 + 𝐵2

𝐵8 + 𝐵2
 (Blackburn, 1998) 

Normalized Area 

Over Reflectance 

Curve 1 (NAOC1) 

1

2
∗ (1 −

𝑅𝑒𝑑𝐸𝑑𝑔𝑒3

𝑅𝑒𝑑
) 

1

2
∗ (1 −

𝐵7

𝐵4
) (Parida et al., 2022) 

Normalized Area 

Over Reflectance 

Curve 2 (NAOC2) 

1 −
(𝑅𝑒𝑑 ∗ 40) + (𝑅𝑒𝑑𝐸𝑑𝑔𝑒1 ∗ 35) + (𝑅𝑒𝑑𝐸𝑑𝑔𝑒2 ∗ 43)

(𝑅𝑒𝑑𝐸𝑑𝑔𝑒3 ∗ 118)
 1 −

(𝐵4 ∗ 40) + (𝐵5 ∗ 35) + (𝐵6 ∗ 43)

(𝐵7 ∗ 118)
 

(Cisneros et al., 2020; 

Delegido et al., 2010) 

Normalized Differ-

ence Water Index 1 

(NDWI1) 

𝐺𝑟𝑒𝑒𝑛 − 𝑁𝐼𝑅

𝐺𝑟𝑒𝑒𝑛 + 𝑁𝐼𝑅
 

𝐵3 − 𝐵8

𝐵3 + 𝐵8
 (Mc Feeters, 1996) 



 

 

Normalized Differ-

ence Water Index 2 

(NDWI2) 

𝑁𝐼𝑅 − 𝑆𝑊𝐼𝑅2

𝑁𝐼𝑅 + 𝑆𝑊𝐼𝑅2
 

𝐵8 − 𝐵12

𝐵8 + 𝐵12
 (Gao, 1996) 

Aerosol Free Vege-

tation Index (D) 

𝑁𝐼𝑅𝑛 − 0.66 ∗ 𝑆𝑊𝐼𝑅1

𝑁𝐼𝑅𝑛 + 0.66 ∗ 𝑆𝑊𝐼𝑅1
 

𝐵8𝐴 − 0.66 ∗ 𝐵11

𝐵8𝐴 + 0.66 ∗ 𝐵11
 (Karnieli et al., 2001) 

Dry Bare Soil Index 

(DBSI) 

𝑆𝑊𝐼𝑅1 − 𝐺𝑟𝑒𝑒𝑛

𝑆𝑊𝐼𝑅1 + 𝐺𝑟𝑒𝑒𝑛 − 𝑁𝐷𝑉𝐼
 

𝐵11 − 𝐵3

𝐵11 + 𝐵3 −𝑁𝐷𝑉𝐼
 (Rasul et al., 2018)  

Land Surface Water 

Index (LSWI) 

𝑁𝐼𝑅 − 𝑆𝑊𝐼𝑅1

𝑁𝐼𝑅 + 𝑆𝑊𝐼𝑅1
 

𝐵8 − 𝐵11

𝐵8 + 𝐵11
 (Xiao et al., 2006) 

Mid Infrared 

Burned Index 

(MIRBI) 

10 ∗ 𝑆𝑊𝐼𝑅2 − 9.8 ∗ 𝑆𝑊𝐼𝑅1 + 2 10 ∗ 𝐵12 − 9.8 ∗ 𝐵11 + 2 (Trigg & Flasse, 2001)  

Modified Normal-

ized Difference 

Build-up Index 

(MNDBI) 

𝑆𝑊𝐼𝑅2 − 𝑁𝐼𝑅

𝑆𝑊𝐼𝑅2 + 𝑁𝐼𝑅
 

𝐵12 − 𝐵8

𝐵12 + 𝐵8
 (Shingare et al., 2014) 

Modified Normal-

ized Difference Wa-

ter Index (MNDWI) 

𝐺𝑟𝑒𝑒𝑛 − 𝑆𝑊𝐼𝑅1

𝐺𝑟𝑒𝑒𝑛 + 𝑆𝑊𝐼𝑅1
 

𝐵3 − 𝐵11

𝐵3 + 𝐵11
 (Xu, 2008) 

Normalized Burn 

Ratio (NBR) 

𝑆𝑊𝐼𝑅2 − 𝑁𝐼𝑅𝑛

𝑆𝑊𝐼𝑅2 + 𝑁𝐼𝑅𝑛
 

𝐵12 − 𝐵8𝐴

𝐵12 + 𝐵8𝐴
 

(García & Caselles, 

1991) 

Normalized Burn 

Ratio 2 (NBR2) 

𝑆𝑊𝐼𝑅1 − 𝑆𝑊𝐼𝑅2

𝑆𝑊𝐼𝑅1 + 𝑆𝑊𝐼𝑅2
 

𝐵11 − 𝐵12

𝐵11 + 𝐵12
 (Key & Benson, 2005) 

Normalized Differ-

ence Bareness In-

dex (NDBaI) 

𝑅𝑒𝑑𝐸𝑑𝑔𝑒2 − 𝑆𝑊𝐼𝑅1

𝑅𝑒𝑑𝐸𝑑𝑔𝑒2 + 𝑆𝑊𝐼𝑅1
 

𝐵6 − 𝐵11

𝐵6 + 𝐵11
 (Zhao & Chen, 2005) 

Normalized Differ-

ences Build-Up In-

dex (NDBI) 

𝑆𝑊𝐼𝑅1 − 𝑁𝐼𝑅

𝑆𝑊𝐼𝑅1 + 𝑁𝐼𝑅
 

𝐵11 − 𝐵8

𝐵11 + 𝐵8
 (Zha et al., 2003) 

Soil Tillage Index 

(STI) 

𝑆𝑊𝐼𝑅1

𝑆𝑊𝐼𝑅2
 

𝐵11

𝐵12
 (Deventer et al., 1997) 

Red and SWIR 

band Difference 

(RedSWIR1) 

𝑆𝑊𝐼𝑅1

𝑁𝐼𝑅
 

𝐵11

𝐵8
 (Jacques et al., 2014) 

Visible and 

Shortwave Infrared 

Drought Index 

(VSDI) 

𝑆𝑊𝐼𝑅1 − 𝑁𝐼𝑅𝑛

𝑆𝑊𝐼𝑅1 + 𝑁𝐼𝑅𝑛
 

𝐵11 − 𝐵8𝐴

𝐵11 + 𝐵8𝐴
 (Zhang et al., 2013) 

Moisture Stress In-

dex (MSI) 

𝑆𝑊𝐼𝑅1

𝑁𝐼𝑅𝑛
 

𝐵11

𝐵8𝐴
 (Rock et al., 1985) 



 

 

Normalized Differ-

ence Red Edge and 

SWIR 

(RedEdgeSWIR) 

𝑅𝑒𝑑𝐸𝑑𝑔𝑒2 − 𝑆𝑊𝐼𝑅2

𝑅𝑒𝑑𝐸𝑑𝑔𝑒2 + 𝑆𝑊𝐼𝑅2
 

𝐵6 − 𝐵12

𝐵6 + 𝐵12
 (Rondeaux et al., 1996) 

Normalized 

Humedity Index 

(NHI) 

𝑆𝑊𝐼𝑅1 − 𝐺𝑟𝑒𝑒𝑛

𝑆𝑊𝐼𝑅 + 𝐺𝑟𝑒𝑒𝑛
 

𝐵11 − 𝐵3

𝐵11 + 𝐵3
 (Lacaux et al., 2007) 

Normalized Multi-

band Drought Index 

(NMDI) 

𝑁𝐼𝑅 − 𝑆𝑊𝐼𝑅1 − 𝑆𝑊𝐼𝑅2

𝑁𝐼𝑅 + 𝑆𝑊𝐼𝑅1 + 𝑆𝑊𝐼𝑅2
 

𝐵8 − 𝐵11 − 𝐵12

𝐵8 + 𝐵11 + 𝐵12
 (Wang & Qu, 2007) 

Soil Moisture Mon-

itoring Index 

(SMMI) 

√𝑁𝐼𝑅𝑛2 + 𝑆𝑊𝐼𝑅12

√2
 

√𝐵8𝐴2 +𝐵112

√2
 (Chen et al., 2020) 

Visible and 

Shortwave Infrared 

Drought Index 2 

(VSDI2) 

1 − (𝑆𝑊𝐼𝑅2 + 𝑅𝑒𝑑 − 2 ∗ 𝐵𝑙𝑢𝑒) 1 − (𝐵12 + 𝐵4 − 2 ∗ 𝐵2) 
(Hazaymeh & Hassan, 

2017) 

NDSWIR2RedEdge

1 

𝑆𝑊𝐼𝑅2 − 𝑅𝑒𝑑𝐸𝑑𝑔𝑒1

𝑆𝑊𝐼𝑅2 + 𝑅𝑒𝑑𝐸𝑑𝑔𝑒1
 

𝐵12 − 𝐵5

𝐵12 + 𝐵5
 Proposed by the author 

NDSWIR1RedEdge

1 

𝑆𝑊𝐼𝑅1 − 𝑅𝑒𝑑𝐸𝑑𝑔𝑒1

𝑆𝑊𝐼𝑅1 + 𝑅𝑒𝑑𝐸𝑑𝑔𝑒1
 

𝐵11 − 𝐵5

𝐵11 + 𝐵5
 Proposed by the author 

NDSWIR1RedEdge

2 

𝑆𝑊𝐼𝑅1 − 𝑅𝑒𝑑𝐸𝑑𝑔𝑒2

𝑆𝑊𝐼𝑅1 + 𝑅𝑒𝑑𝐸𝑑𝑔𝑒2
 

𝐵11 − 𝐵6

𝐵11 + 𝐵6
 Proposed by the author 

Ratio SWIR1 
𝑆𝑊𝐼𝑅2

𝑆𝑊𝐼𝑅1
 

𝐵12

𝐵11
 

(Guerschman et al., 

2009) 

Ratio RE1 and 

SWIR2 

𝑅𝑒𝑑𝐸𝑑𝑔𝑒1

𝑆𝑊𝐼𝑅2
 

𝐵5

𝐵12
 Proposed by the author 

Ratio RE1 and 

SWIR1 

𝑅𝑒𝑑𝐸𝑑𝑔𝑒1

𝑆𝑊𝐼𝑅1
 

𝐵5

𝐵11
 Proposed by the author 

Ratio RE2 and 

SWIR1 

𝑅𝑒𝑑𝐸𝑑𝑔𝑒2

𝑆𝑊𝐼𝑅1
 

𝐵6

𝐵11
 Proposed by the author 

Ratio RE2 and 

SWIR2 

𝑅𝑒𝑑𝐸𝑑𝑔𝑒2

𝑆𝑊𝐼𝑅2
 

𝐵6

𝐵12
 Proposed by the author 

 

 

 

Table S4. Hyper-parameters corresponding to each machine learning model tested for prediction of protein and oil concentration. 

Variable Model Hyperparameter Range tried 
Optimized 

value 

Protein Concentra-

tion (%) 
ElasticNet 

max_iter 1, 5, 10,50 10 

alpha 0.0001, 0.001, 0.01, 0.1, 1, 10, 100 0.0001 



 

 

l1_ratio 

0., 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 

0.45, 0.5, 

0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95 

0 

XGBoost 

max_depth 3, 5, 15 5 

learning_rate 0.5, 0.1, 0.05, 0.01 0.1 

n_estimators 5, 100,500,1500 500 

LightGBM 

learning_rate 0.01, 0.05, 0.1, 0.9 0.1 

n_estimators 50, 100, 500 100 

max_depth 5, 15, 50 5 

Random 

Forest 

max_depth 5, 15 15 

max_features auto, sqrt, log2 auto 

n_estimators 5, 50, 100 100 

CatBoost 

depth 5,50,150 5 

n_estimators 10,250,500,1000 1000 

learning_rate 0.01, 0.1 0.01 

Oil Concentration 

(%) 

ElasticNet 

max_iter 1, 5, 10,50 50 

alpha 0.0001, 0.001, 0.01, 0.1, 1, 10, 100 0.01 

l1_ratio 

0., 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 

0.45, 0.5, 

0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95 

0.1 

XGBoost 

max_depth 3, 5, 15 5 

learning_rate 0.5, 0.1, 0.05, 0.01 0.05 

n_estimators 5, 100,500,1500 1500 

LightGBM 

learning_rate 0.01, 0.05, 0.1, 0.9 0.05 

n_estimators 50, 100, 500 500 

max_depth 5, 15, 50 15 

Random 

Forest 

max_depth 5, 15 15 

max_features auto, sqrt, log2 Auto 

n_estimators 5, 100, 250 250 

CatBoost 

depth 5,50 5 

n_estimators 10,100,500,3000 3000 

learning_rate 0.01, 0.1 0.1 

 

Table S5. Predictive performance metrics and indices used for model comparison and prediction quality eval-

uation. 

Metrics Definition Formulation 

R2 Coefficient of determination 𝑅2 = 
 𝑆2𝑃𝑂
𝑆2𝑃 𝑃

2
𝑂

 



 

 

CCC Concordance correlation coefficient 𝐶𝐶𝐶 = 𝑟 ∗ 𝑋𝑎  

RMSE Root Mean Squared Error 𝑅𝑀𝑆𝐸 =  √
1

𝑛
∑(𝑃𝑖 − 𝑂𝑖)

2 

RRMSE Relative Root Mean Squared Error 
𝑅𝑅𝑀𝑆𝐸 =  

√1
𝑛
∑(𝑃𝑖 − 𝑂𝑖)

2

𝑂̅
 

MBE Mean Bias Error 𝑀𝐵𝐸 =  
1

𝑛
∑(𝑂𝑖 − 𝑃𝑖) =  𝑂̅ − 𝑃̅ 

PLA Percentage Lack of Accuracy 𝑃𝐿𝐴 = 100
(𝑂̅ − 𝑃̅)2 + (𝑆𝑂 − 𝑆𝑃)

2

1
𝑛
∑(𝑃𝑖 − 𝑂𝑖)

2
 

PLP Percentage Lack of Precision 𝑃𝐿𝑃 = 100
2𝑆𝑜𝑆𝑃(1 − 𝑟)

1
𝑛
∑(𝑃𝑖 − 𝑂𝑖)

2
 

KGE Kling-Gupta Model Efficiency 𝐾𝐺𝐸 = 1 − √(𝑟 − 1)2 + ( 
𝑆𝑝

𝑆𝑂
− 1)2 + (

𝑃̅

𝑂̅
− 1)2 

Where Oi; observed; Pi; predicted, S: variance; r: Pearson correlation coefficient; Xa: Accuracy coefficient; n: sample size;  𝑂̅: 

mean of observed; 𝑃̅ : mean of predicted.  

 

Table S6. Predictive performance metrics of the different candidate models for both Protein and Oil concen-

tration using training subset. 

Where 

R2: 

Coef-

ficient 

of de-

termi-

nation; 

CCC: 

Con-

cord-

ance 

corre-

lation 

coeffi-

cient; 

RMSE: Root Mean Squared Error; RRMSE: Relative Root Mean Squared Error; MBE: Mean Bias Error; PLA: Percentage Lack of 

Accuracy; PLP: Percentage Lack of Precision; KGE: Kling-Gupta Model Efficiency. 

  Predicting performance metrics  

  Models R2 CCC RMSE 
RRMSE 

(%) 
MBE PLA PLP KGE 

Protein con-

centration 

(%) 

ElasticNet 0.40 0.57 1.33 3.50 <0.01 24 76 0.47 

XGBoost 1.00 1.00 0.00 0.00 <0.01 14 86 0.99 

LightGBM 0.93 0.95 0.48 1.27 <0.01 28 72 0.84 

Random Forest 0.94 0.95 0.47 1.24 <0.01 35 64 0.83 

CatBoost 0.82 0.87 0.77 2.02 <0.01 32 68 0.73 

Ensemble 0.90 0.91 0.62 1,63 <0.01 39 61 0.77 

Oil 

concentration 

(%) 

ElasticNet 0.34 0.50 1.11 5.04 <0.01 29 71 0.39 

XGBoost 0.99 0.99 <0.01 <0.01 <0.01 12 88 0.99 

LightGBM 0.99 0.99 0.08 0.38 <0.01 9 91 0.98 

Random Forest 0.94 0.95 0.39 1.78 <0.01 45 55 0.80 

CatBoost 0.99 0.99 <0.01 <0.01 <0.01 6 94 0.99 

Ensemble 0.94 0.93 0.42 1.93 <0.01 58 42 0.76 
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