
















Fig. 6 – PCA bi-plot of VIs at the early stage of the Pinto bean growth period.

Fig. 7 – PCA bi-plot of VIs at the mid-stage of the pinto bean growth period.
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Fig. 8 – PCA bi-plot of 25 VIs at the late stage of the pinto bean growth period.

Table 2 – Correlation between different VIs and yield of the pinto bean cultivars at different growth stages.

Index Spearman rank correlation coefficient (rs)

Early stage Mid stage Late stage

NDVI 0.62* 0.51* 0.62*

IPVI 0.62* 0.61* 0.62*

RDVI 0.62* 0.50* 0.62*

TDVI 0.62* 0.61* 0.62*

DV 0.63* 0.48* 0.61*

GDV 0.65* 0.47* 0.58*

EVI 0.48* 0.26* 0.39*

LAI 0.48* 0.26* 0.39*

GNDVI 0.62* 0.49* 0.54*

NLI 0.61* 0.60* 0.60*

MNLI 0.61* 0.60* 0.60*

GSR 0.61* 0.46* 0.54*

MSR 0.60* 0.45* 0.61*

SAVI 0.62* 0.51* 0.62*

MSAVI 0.62* 0.52* 0.63*

OSAVI 0.62* 0.51* 0.62*

VARI 0.39* 0.13 0.21*

GRVI 0.40* 0.14* 0.26*

RENDVI 0.52* 0.44* 0.56*

NDRE 0.60* 0.30* 0.45*

CIRE 0.39* �0.04 0.28*

CIG 0.59* 0.40* 0.49*

RVI 0.60* 0.42* 0.61*

MTCI 0.42* 0.15 0.25*

RCAR 0.43* 0.44* 0.30*

* Correlation is significant at the 0.05 level.
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HSD test, Mean = 2.99, SE = 3.17). Similarly, the yield obtained

at strip tillage treatment (Mean = 4.59, SE = 1.80) was signifi-

cantly higher than the yield at conventional tillage treatment

(Tukey HSD test, Mean = 4.21, SE = 1.78). Note that the discus-

sion on cultivar specific effect of tillage and irrigation treat-

ments is beyond the scope of this work.

The analysis of VIs at all growth stages indicated that the

IPVI, TDVI, NLI, MNLI, OSAVI, NDVI and GNDVI (crop vigor)

were significantly affected by the irrigation treatments (Two-

way ANOVA, p < 0.001) and were higher at 100% ET treatment.

Additionally, the effect of tillage treatments was significant

on crop vigor expressed by IPVI, TDVI, OSAVI and NDVI at

early and mid-growth stages, while that on NLI and MNLI

was significant at early stage only (Two-way ANOVA,

p < 0.05). Furthermore, there was no prominent effect of the

interaction between tillage and irrigation on crop yield and

extracted VIs (p > 0.05).

4. Discussion

EVI and LAI in this study, deteriorated in their relationships

with yield from moderate to weak with the growth stages as

seen from their eigenvalues in PCA and inconsistent correla-

tions coefficients. Thus, EVI and LAI were considered as being

ineffective as compared to other VIs in accounting for crop

yield and stress variations. The reason for such inconsistency

)d()c(
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 (a)  (b) 

Fig. 9 – The pinto bean yield as best fit function of (a) MNLI, (b) TDVI (c) IPVI, (d) NDVI (e) GNDVI at the mid-growth stage and of

(f) LAI at early stage.
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may be a low signal to noise ratio in the blue band of the spec-

tra [62]. In this study, NLI and MNLI coincided with each other

and so did the SAVI, NDVI, OSAVI, and MSAVI, depicting

strong mutual correlations (or collinearity). However, MNLI

can address the limitations of NLI and SAVI that are affected

by optical response of the soil properties. Similarly, OSAVI [63]

is capable to address the saturating nature of NDVI, SAVI and

MSAVI [64]. Overall, MNLI and OSAVI may be considered

solely instead of other collinear indices for efficient yield

and stress assessments and eliminated cofounding effects

[65]. Correlation between GNDVI and yield was found stronger

at early stages, similar to couple of other studies [66,67]. How-

ever, it was weaker at later stages may be due to its stagnating

nature with increased interception of photosynthetically

active radiation [68]. Thus, GNDVI may be considered for

crop-related management decisions only at early growth

stages.

VIs such as NDVI, RDVI and OSAVI were found to either

correlate strongly or moderately with the crop yield during

its growth cycle. These VIs account for dynamic changes in

canopy water, chlorophyll and nitrogen contents within the

visible-NIR region [69–72]. In addition, a negative correlation

between crop stress and yield [73] potentially depicts a strong

correlation between identified VIs and stresses in the pinto

bean. The spectral information from four bands viz. red (R),

green (G), blue (B) and near-infrared (NIR) was sufficient for

the scope of this study. The red and NIR bands provided the

significant VIs viz. MNLI, NLI, TDVI etc., capable of yield and

stress assessments. The difference in the significance of these

VIs might be due to different combination of mathematical

operators applied for their derivations. Ground-based sensing

utilized in the study provides a high-resolution imagery data

compared to the the satellites that may be necessary for crit-

ical crop trait assessments [74].

Overall, four VIs were strongly, and ten VIs were moder-

ately significant in the assessment of irrigated pinto bean

yield and stress. The effects of irrigation and tillage treat-

ments on yield was successfully characterized by the identi-

fied significant VIs as supported by previous research

studies [67,75].

Findings of this study may be utilized by crop breeders to

determine the stress tolerant crops. Additional decisions

can be made for timely and precise crop management prac-

tices for stress alleviations at an early stage and mitigate its

effect or further need at mid and late stages. Overall, five

band multispectral imager on-board ground platform holds

a sufficient potential for robust assessments of the pinto bean

yield and stress. The group of significant VIs may be analyzed

by the growers and breeders to identify most suitable index

for their research goals of managing a specific stress, disease

or crop trait. As an advancement to this study, multispectral

imager may be used on-board small UAS to assess the suit-

ability for crop yield and stress monitoring at different alti-

tudes and resolutions (or GSDs).

5. Conclusions

This study focused on evaluating applicability of ground

based remote sensing technology for irrigated pinto bean crop

response assessments during its various growth stages. Com-

monly used VIs derived at high spatial resolution (4.60 mm/

pixel) aided in qualitative and quantitative crop assessment.

Identifiedwere the spectral band specific VIs that consistently

accounted spatiotemporal crop stress response and yield

Table 3 – Effect of irrigation and tillage treatments on the pinto bean vigor expressed as vegetation indices.

Vegetation index Growth stage Test statistic (Fa,b) p value Inference

Irrigation Tillage Irrigation Tillage Irrigation Tillage

IPVI Early 0.74 0.16 <0.001 <0.001 S S
Mid 0.26 0.04 <0.001 0.04 S S
Late 0.55 0.001 <0.001 0.76 S NS

TDVI Early 37.20 7.70 <0.001 <0.01 S S
Mid 27.10 4.30 <0.001 0.04 S S
Late 62.66 0.07 <0.001 0.79 S NS

NLI Early 39.06 7.84 <0.001 <0.01 S S
Mid 25.20 3.60 <0.001 0.06 S NS
Late 48.70 0.01 <0.001 0.93 S NS

MNLI Early 39.06 7.84 <0.001 <0.01 S S
Mid 25.20 3.60 <0.001 0.06 S NS
Late 48.68 0.01 <0.001 0.93 S NS

OSAVI Early 30.50 6.73 <0.001 0.01 S S
Mid 23.77 4.49 <0.001 0.04 S S
Late 73.20 0.26 <0.001 0.61 S NS

NDVI Early 30.50 7.84 <0.001 <0.01 S S
Mid 23.77 4.49 <0.001 0.04 S S
Late 73.20 0.26 <0.001 0.61 S NS

GNDVI Early 31.05 6.94 <0.001 <0.01 S S
Mid 25.41 5.00 <0.001 0.03 S S
Late 36.12 0.12 <0.001 0.73 S NS

‘S’ refers to the significant effect while ‘NS’ refers to the non-significant effect. The alphabet pairs (a, b) are degrees of freedom equal to (1,112)

for early, (1,104) for mid and (1,123) for late stages of crop growth.
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characteristics. Study followed a robust field experimentation

that considered eight different cultivars, two tillage treat-

ments, two irrigation levels and three growth stages. Results

are based on reliable imagery data analysis methods with fol-

lowing specific conclusions.

� A five-band multispectral imager with red, green, blue,

red-edge and NIR bands sufficiently acquired spectral

information for consistent characterization of the pinto

bean stress and crop yield potential at each of the growth

stages. Most consistent VIs were obtained from the red and

NIR image bands.

� Indices such as IPVI, TDVI, NLI, andMNLI clustered densely

in the extreme right region of PCA bi-plots andwere consis-

tently significant in the pinto bean stress as well as yield

characterization (rs > 0.60 and R2: 0.50–0.56). Additionally,

NDVI, RDVI, DV, MSR, GSR, SAVI, MSAVI, OSAVI, and RVI

may be used as complementary indicators. Furthermore,

the consistent VIs may be inferred to significantly accom-

modate the effects of irrigation and tillage treatments.
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