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Abstract 
New technologies have been implemented in the agricultural sector to improve crop production and resource 
management including irrigation water. A three-year long project was conducted to determine whether vegetation 
indices (VIs) could be used to estimate the leaf area index (LAI) as well as the soil cover fraction (fc) at different 
crop growth stages in order to use these parameters in a future study concerning irrigation through drones. A low 
cost unmanned aerial vehicle (drone) and a multispectral camera were used to calculate different VIs of corn 
(Zea mays). The irrigation scheduling based on the FAO Penman-Monteith equation and the drip irrigation 
method were used. Three treatments were organized in three replications and the irrigation doses were equal to 
100%, 75%, and 50% of the daily evapotranspiration respectively. The Simple and Multiple Regression analysis 
were used and different equations were formed where the VIs were the predictor variables and the LAI and fc the 
predicted ones. According to the two-year period data (2018-2019), during 2018 the average maximum LAI in 
the full irrigation treatment (100%) was 4.1. In the medium irrigation treatment (75%) the LAI was 4.0. The LAI 
in the third treatment (50%) was 3.9. In 2019, the LAI was 3.7 (100% treatment). In the second treatment, the 
LAI was 3.3. The LAI in the third treatment was 3.0. According to the results different VIs and prediction 
equations could be used to estimate the LAI values with high accuracy with the in situ measurements as well as 
the soil cover fraction. 

1. Introduction 
The agricultural sector is of high economic importance worldwide especially because of the recent economic crisis, 
as well as the crisis following the Covid-19 pandemic. This sector is of equal, if not greater importance for Greece, 
too. One of the problems of the agricultural sector both worldwide and in Greece is the rational management of 
natural resources and especially of irrigation water. The largest amount of water is consumed for the agricultural 
production (Goupta, Sarangi, Singh, Parihar, & Varghese, 2016). In highly irrigated crops, irrational irrigation 
planning is applied (USDA, 2004). This problem has even greater dimensions if we take into consideration the need 
for a sustainable management of these resources so that they remain available in the same quantities for the future 
generations as well (Chartzoulakis & Bertaki, 2015). In addition, until a few months ago, water users outside of 
agriculture, had specific water needs that are now changing dramatically due to the Covid-19 pandemic. Especially 
in Greece, the needs for water were already on the rise, mainly due to the increased demand during the summer 
months as a result of the high influx of tourists. These needs will now further increase as a result of hygiene 
requirements to deal with emergency situations such as the recent pandemic.  
The application of new technological advances in everyday agricultural practice is constantly gaining new 
supporters (Maas, 2008). Unmanned aerial vehicles (drones) are used in conjunction with multispectral cameras to 
calculate vegetation indices and estimate the plant physiological status. This combination is one of the new 
technologies currently being implemented in agricultural production (Sylvester, 2018). Particularly the use of 
drones in agricultural production is a new challenge for the Greek agricultural practice. The multispectral indices, 
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among other uses, are used to estimate plant characteristics such as the plant growth rate. A number of different 
vegetation indices are used to estimate the plant growth. Some of them estimate the absolute growth rate, the total 
dry biomass production (Watson, 1956) and the leaf area index (Williams, 1946). Especially the leaf area index is 
an important parameter that affects the photosynthesis of plants and is used in models predicting the rate of 
photosynthesis (Boedhram, Arkebauer, & William, 2001). The leaf area index gives information about the normal 
growth of plants and the final production that the plant is expected to achieve (Towers, Strever, & 
Poblete-Echeverría, 2019). The leaf area index (LAI) denotes the area covered by the cultivation foliage per unit 
area of soil (Towers et al., 2019). The LAI is used as an independent variable in agricultural management among 
other parameters. 

The multispectral indices could be used in irrigation scheduling (Mulla, 2013; Papanikolaou & 
Sakellariou-Makrantonaki, 2019, 2020). According to Food and Agriculture Organization (1998) in irrigation 
scheduling it is necessary to calculate the crop evapotranspiration (ETc). The ETc is the product of the 
multiplication of the reference evapotranspiration (ETo) of an area with the crop coefficient (Kc) for each stage of 
crop development. A great number of direct and indirect methods are used to calculate the ETo and different crop 
coefficients are calculated for each one of them as well as for each plant species and each growth stage of plants 
(FAO, 1998). Consequently, when the multispectral indices are used to estimate the ETo, it is necessary that new 
crop coefficients be calculated that are suitable for use with this new method of ETo estimation. However, the crop 
coefficients depend on the growth of the cultivated crop (Savva, Frenken, Mudima, Chitima, & Tirivamwe, 2002) 
and therefore are related directly to LAI of the crop (Shahrokhnia & Sepaskhah, 2013). Also, the crop coefficients 
are affected by the soil cover fraction (fc) that the leaf surface of the cultivated plant produces too (Gao et al., 2009). 

A number of different vegetation indices have already been proposed to estimate various plant characteristics. 
Toureiro, Serralheiro, Shahidian, and Sousa (2017), proposed the Normalized Difference Vegetation Index (NDVI) 
to estimate the leaf area index. Toureiro et al. (2017) proposed the same vegetation index to estimate the fc of the 
crop foliage to the soil surface. However, Gitelson et al. (2003) claim that the NDVI index has the disadvantage of 
over or underestimating the LAI when its values are high. To overcome this disadvantage, other vegetation indices 
were developed such as the Wide Dynamic Range Vegetation Index (WDRVI), the Second Modified Soil Adjusted 
Vegetation Index (MSAVI2) and the Perpendicular Vegetation Index (PVI) which also have the advantage that they 
are not affected by the soil characteristics as well as the Ratio Vegetation Index (RVI) which is very sensitive to 
LAI changes (Towers et al., 2019). A common characteristic of the above indices is the fact that they use the red 
and near-infrared (NIR) band of the spectrum (Towers et al., 2019). In general, studies have shown that the choice 
of the appropriate band of the spectrum is crucial to the calculation of the vegetation indices and affects their 
effectiveness in the LAI estimations (Ryu, Suguri, & Umeda, 2009) while the appropriate combination of different 
bands results in even greater sensitivity of those indices to LAI estimation and makes them suitable for use in 
different conditions (such as different environments, cultivation practices, plant growth stages) (Nakanishi et al., 
2012). Other researchers suggest vegetation indices to estimate LAI that use the green band of the spectrum such as 
the Green Normalized Difference Vegetation Index (GNDVI) (Din, Zheng, Rashid, Wang, & Shi, 2017) and the 
Red Edge Chlorophyll Index (CIred-edge) (Towers et al., 2019). In many studies different vegetation indices have 
been used to estimate the crop production, as a function of the soil cover fraction of the plant leaves (Potgieter et al., 
2017).  

The present study focuses on the corn crop. Corn covers a large agricultural area in Greece as it is well adapted 
to the climatic conditions of the country. On the other hand it is an important crop for the Greek economy, 
mainly for the high nutritional value of the seeds for both humans and animals. Furthermore, it is one of the 
cultivated plant species that can be used either for biomass production or bioethanol (Ambrosio et al., 2017). 
Finally, it is a plant that is affected by the different irrigation doses (Toureiro et al., 2017). 

This study is part of a three-year project. The objective of the current research was to study if it is feasible to use a 
drone and a multispectral camera to calculate vegetation indices in corn, in the Greek climatic conditions, and to 
use them to estimate the leaf area index and the soil cover fraction of the corn leaf area. It is the first time that such 
a study is organized and implemented in the climatic conditions of Central Greece. The main hypothesis was that if 
specific vegetation indices can be used to estimate the corn LAI and the soil fraction cover in the climatic 
conditions of Central Greece.  

According to the above mentioned there are theoretical and practical implications. It is the first time that a low 
cost multispectral camera and a drone are used in the Greek climatic conditions to estimate the LAI of corn and 
the soil ground cover. The know-how is going to be used as the basis for other research projects in the future as 
well as in theoretical training of farmers, under graduate and post graduate students. In practice, the know-how is 
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going to be used in every day crop production procedure in the frame of an optimal management of the natural 
resources such as irrigation water. 

2. Materials and Methods 
2.1 Experimental Site Description 

A three-year long research project was designed and implemented at the Experimental Farm of the Department of 
Agriculture, Crop Production and Rural Environment, of the University of Thessaly, in the Velestino area, 
Magnesia, Central Greece (latitude: 39o02′ North, longitude: 22o45′ East). The altitude of the farm is about 70 
meters above sea level. According to a previous soil study, the soil of the experimental field is characterized as a 
well-drained soil belonging to the Typic Xerorthent subgroup. Throughout the field, the granulometric composition 
of the soil is classified between medium to moderately coarse-grained or moderately fine-grained, with clay and 
clay-loam textures. The soil pH was measured and found to be between 7.9 to 8.1 which is favourable for most 
open field crops. The average Cation Exchange Capacity at the depths of 0-30 cm and 30-60 cm was 32.30 me per 
100 g of soil. In general, the level of nutrient availability is satisfactory so that high yields can be achieved even 
with no fertilization. The soil texture is 38% clay, 32% silt, and 30% sand and classified as clay to clay loam 
according to the USDA classification. The soil moisture at field capacity and at the permanent wilting point of the 
specific soil was determined by means of gradual removal of water in undisturbed soil samples. The pressure plate 
device was used. The soil samples were taken from two different depths, 0-30 cm and 30-60 cm. The average soil 
moisture at field capacity and at the permanent wilting point at the depth of 0-60 cm was 0.387 and 0.218 cm3 cm-3, 
respectively. The Field Capacity and the Permanent Wilting Point were used to calculate the Total Available soil 
Water (TAW) and the Readily Available soil Water (RAW) (FAO, 1998). The Practical Applied irrigation dose 
was calculated from the RAW value for 0.60 m effective root depth and depletion fraction 0.50. The Practical 
Applied irrigation dose was found equal to 51 mm and it was used to calculate the maximum irrigation interval for 
the most crucial month of the irrigation period. The maximum irrigation interval, eight days, was calculated as the 
quotient of the division between the Practical Applied irrigation dose and the average reference evapotranspiration 
of the crucial month for the Central Greek conditions (July, ETo ≈ 6.3 mm/d), based on recorded data.  

2.2 Experimental Design 

Three irrigation treatments in three replications were organized and the randomized complete block design was 
used (Mongomery & Runger, 2003; Papanikolaou & Sakellariou-Makrantonaki, 2012, 2019; Papanikolaou, 
Giouvanis, Karatasiou, Dimakas, & Sakellariou-Makrantonaki, 2018; Sakellariou-Makrantonaki & Papanikolaou, 
2008a, 2008b, Sakellariou-Makrantonaki, Papanikolaou, & Mygdakos, 2009). The treatments were: a) surface drip 
irrigation that covered the full water needs of the corn (I-100), b) surface drip irrigation that covered the 75% of the 
water needs of corn (I-75) and c) surface drip irrigation that covered the 50% of the water needs of the corn (I-50). 
The irrigation dose was calculated according to the daily evapotranspiration (ETd) following the procedure that 
FAO (1998) have already proposed. 

2.3 Agronomic Management 

The corn was sown on 04/17/2018 and 04/22/2019 and a four-row seeder was used. Each of the four rows consisted 
of 96 plants so as to maintain a distance of 13cm between the plants, while the distance between the rows was 80 
cm. The total surface area of each plot was 30 m2. So, the equivalent total number of plants per Ha was 9,600. The 
harvest took place in the second 10-days of September (728 Growing Degree Days) in both years. The treatments 
were free of nitrogen fertilization. The weeds were controlled through two chemical applications and one hand 
carving. The first chemical weeds control was applied before the plant emergence and the second one after the 
emergence (Papanikolaou & Sakellariou-Makrantonaki, 2019). The hand carving was conducted when the corn was 
40cm high and before the installation of the drip irrigation laterals. 

The irrigation doses were applied through a drip irrigation system. First and second class delivery laterals made of 
polyvinyl chloride (PVC) were used. The distance between the drip irrigation laterals was 1.60 m. The distance 
between the emitters was 0.50 m and its average flow rate was 4 L/h. The drip irrigation program started on 
05/16/2018 and 05/31/2019. Until then, the first cultivation period, 2018, two sprinkler irrigations had been applied 
in order for optimum crop emergence to be achieved while the next year three sprinkler irrigations were applied. 
Flowmeters were placed at each plot and the exact amount of irrigation water was recorded after every irrigation. 
The irrigation dose was applied every six days, two days earlier than the maximum irrigation interval which was 
calculated according to the field properties mentioned above (Papanikolaou & Sakellariou-Makrantonaki, 2019). 
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2.4 Data Collection 

2.4.1 Measurement of LAI and Soil Cover Fraction 

Weekly measurements of LAI and soil cover fraction were taken starting at the 6th week after sowing in 2018 and 
2019. The measurements were taken from the two middle rows of each plot. Every plant in an area of 2 m2 was 
measured. The SunScan SS1 sensor was used to measure the LAI. Four measurements were taken from both of the 
two sites of the two middle rows of the plot and their average value was recorded.  

The real soil cover fraction of the leaf area was measured from the same multispectral photos which were used to 
calculate the VIs. The measurements covered a specific area of each plot including the four rows and the space 
between them. The ImageJ software was used to measure the shadow of the plant leaves on the soil. The percentage 
of the leaf soil cover fraction was the quotient between the shadow area of the leaves and the real area of the 
shadowed soil. 

2.4.2 Metoeorological Data 

The daily meteorological data as well as the daily ETo were recorded by an agrometeorological station, located 
50m from the treatments (average distance). The climate of the area is a typical Mediterranean one as the summers 
are hot and the winder is cool and humid. The mean daily air temperature and the total rainfall (10-day average 
values) in the farm area, during the 2018 and 2019 cultivating period, are shown in the Figures 1a and 1b, 
schematically and are compared to the corresponding average values of the last 25 years. This figure shows that in 
both years (2018-2019) the mean air temperature did not fluctuate much from the values of an average year. 
However, during the period from May to August 2018, the mean temperature was lower than the average values of 
the last 25 years. The difference was 2 oC to 3 oC while the maximum value, 6 oC, was recorded during the last 
ten-days of June. On the other hand, during the 2019 period, the air temperature was much closer to the temperature 
of the average year, with an exception between 10 and 20 July, when the temperature dropped as a result of rainfall.  

According to the collected data and the Figure below, during the cultivating period of 2018, the rainfall was high. 
The total actual rainfall from the sowing to the end of August was 242.0 mm. About half of this rainfall (118.0 mm) 
fell during a thirty-day period of time beginning from 10 of June to 10 of July. Those thirty days the rainfall alone 
covered the corn water needs which were high as a result of the high growth rate of the crop. In a normal year, 
about five more irrigations would have been applied taking into consideration the recorded data for the area in the 
past. In the year 2019, the total actual rainfall between the sowing date and the end of August was just 41.0 mm. 
During the irrigation period, the rainfall was only 23 mm and the crop water needs were mainly covered by the 
irrigations. 
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The WDRVI (Wide Dynamic Range Vegetation Index) can be used with values of LAI higher than 2 while the 
NDVI is used when the LAI is lower than 1 (Gitelson, 2004). This index was calculated with the following equation 
(Gitelson, 2004): 

a NIR RED
WDRVI

a NIR RED

 
 

                                  (2) 

Where, 

a: is a coefficient value of 0.20.  

The RVI (Ratio Vegetation Index) was used to estimate the LAI, the dry biomass of the plant leaves, and the leaf 
chlorophyll content (Ghosh, Samui, & Narayanan, 2003). This index was calculated with the following equation: 

NIR
RVI

RED
                                       (3) 

The GNDVI (Green Normalized Difference Vegetation Index) was used to estimate the LAI and biomass (Hunt, 
Hively, Daugtry, & McCarty, 2008). This index was calculated with the following equation: 

NIR GREEN
GNDVI

NIR GREEN




                                 (4) 

Where, 

GREEN: is the green channel of the multispectral camera centered at 550 nm with an interval -10 to +10 nm. 

The CIg (Green Chlorophyll Index) was used to estimate the leaf chlorophyll content (Lin et al., 2019). Because the 
leaf chlorophyll content is directly correlated with the plant leaf area, this VI was used to estimate the LAI too. This 
index was calculated with the following equation: 

1g

NIR
CI

GREEN
                                     (5) 

A multi-spectral camera was used to take photos of the experimental field during the cultivation period. These 
photos were used to calculate the above vegetation indices. This multi-spectral camera uses three different channels, 
the red (RED 660 nm), the green (GREEN, 550 nm), and the near-infrared (NIR, 850 nm). It could be remotely 
controlled via WiFi by a simple smartphone where the appropriate software had been installed. The photos were 
geo-referenced as a GPS was connected to the camera. Additionally, free software was used in photo calibration 
while another one, the QGIS ver. 2.18, was used to calculate the vegetation indices (Papanikolaou & 
Sakellariou-Makrantonaki, 2019).  

Both the multispectral camera and the GPS were hooked under an unmanned aerial vehicle (drone). The full 
equipment (drone and camera) was used to take photos from a specific height of about 4.0 m above each plot at 
midday (between 12:30 and 14:30 when the sun reaches its zenith) (Foster, Kakani, & Mosali, 2017; Papanikolaou 
& Sakellariou-Makrantonaki, 2019).  

2.5 Statistical Analysis 

The Minitab ver. 16 for Windows Statistical Package was used to analyze the data. The one-way analysis of 
variance (ANOVA) and the Simple and Multiple Linear Regression analysis tools were applied at a significance 
level of P < 0.05. The regression analysis was used to calculate equations to predict the LAI and the soil cover 
fraction. Several different vegetation indices were the independent variables while the dependent variables were the 
LAI and the fc. 

3. Results and Discussion 
3.1 Estimation of LAI With VIs 

Different irrigation doses affect the plant growth and LAI as well.  
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research have shown that the CIg(RED-EDGE) is a VI more sensitive than the CIg one. However, it was not feasible to 
use it because of limitations in the multispectral camera standards.  

The LAI values in the I-75 and I-50 treatments were not different statistically. The main objective of this study was 
to examine whether a drone and a multispectral camera can be used to estimate the LAI of corn plants using 
vegetation indices such as the NDVI, the WDRVI, the RVI, the GNDVI and the CIg in the climatic conditions of 
Central Greece. In other words, the purpose was to extract a mathematical equation in which the dependent variable 
would be the average value of the LAI per week of the growing season and the independent variables were one or 
more of the above indices. The Simple and the Multiple Regression method were used to analyze the data and to 
form the equations.  

3.2 Estimation of Soil Cover Fraction With VIs 

The soil cover fraction (fc) is closely related to the plant growth and is affected by the irrigation dose, as does the 
plant growth. The full irrigation treatment gave higher plants and higher LAI values (mean values of the two 
years 2018-2019) so the fc values were higher than the deficit irrigation treatments (mean values of the two years 
2018-2019). The mean difference of the fc between the pairs of treatments I-100 and I-75, I-100 and I-50, and 
I-75 and I-50 were 0.065, 0.134, and 0.069 respectively. In percentages, the fc in the full irrigation treatment was 
6.7% higher than in the I-75 treatment and 13.9% higher than in the I-50 treatment. Similarly, the percentage 
between the I-75 and the I-50 treatments was 7.7% in favor of the I-75 treatment.  

The calculated soil cover fraction from the NDVI values (fc*) was determined according to the Toureiro et al. 
2017 procedure. The following equation was used:  

1.19( )c sf NDVI NDVI                                   (21) 

where, NDVIs gives the NDVI values for the bare soil whose value was taken 0.14 as the Toureiro et al. (2017) 
proposed. Usually, the fc* is related to the NDVI linearly (Gonzales-Dugo et al., 2006). The linear relation 
between these two parameters for the whole growing period is described by the following equations for the I-100, 
I-75, and I-50 treatments respectively: 

100( 100) 1.15 0.115c II f NDVI
   , R2 = 0.913                       (22) 

75( 75) 1.17 0.148c II f NDVI
   , R2 = 0.995                       (23) 

50( 50) 1.19 0.163c II f NDVI
   , R2 = 0.990                       (24) 

The high values of the correlation coefficient (R2) verified the linear relation between the fc* and the NDVI. 
However, the exponential relation between the fc* and the NDVI parameters was examined. The equations that 
describe that relation are given below: 

1002.626( 100) 0.116 INDVI
cI f e   , R2 = 0.856                        (25) 

752.832( 75) 0.100 INDVI
cI f e   , R2 = 0.947                         (26) 

503.045( 50) 0.090 INDVI
cI f e   , R2 = 0.956                         (27) 

The last three equations describe the exponential relation between the fc* and the NDVI parameters with high 
accuracy, too, and are quite close to the results of other researchers (Toureiro et al., 2017).  

The relation between the observed soil cover fraction (fc) and the estimated one from the NDVI values fc* is 
linear. The results are close to those referred to by Toureiro et al 2017. The following equation estimates the fc* 
from the fc values: 

0.805 0.134c cf f   , R2 = 0.911                           (28) 

This equation shows that, according to the Equation (21), the estimated fc* values are very close to the measured 
values of fc. 

4. Conclusions 
The present study is part of a three-year long research project that took place at the experimental farm of the 
University of Thessaly in Central Greece. The objective was to study if it is feasible to use a low-cost 
multispectral camera and a drone to calculate vegetation indices in corn, in the Greek climatic conditions, and to 
use them to estimate the leaf area index and the soil cover fraction of the corn leaf area. It was the first time that 
such a study had been organized and implemented under the climatic conditions of Central Greece. A 
randomized complete block design with three irrigation treatments in three replications was used. 

In general, vegetation indices based on multispectral photos taken from a drone can be used in LAI and soil 
cover fraction estimations. The results showed that the five different vegetation indices, the NDVI, the WDRVI, 
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the RVI, the GNDVI, and the CIg, which were used as independent variables, can be used to estimate the LAI 
values of corn during the whole growing period with high accuracy. When the GNDVI index was used the LAI 
values were estimated with very high accuracy (R2 = 0.99), regardless of whether the irrigation was full or deficit. 
The GNDVI gave the best results because it is more sensitive to the canopy development in comparison with the 
other four indices. The results are in close relation with other studies and given this fact, it could be said that the 
climatic conditions of Central Greece did not affect the use of vegetation indices in LAI estimations. 

The soil cover fraction was also estimated with high accuracy. According to the results, Equation (21) can be 
used in the climatic conditions of Central Greece to estimate the fc*. The estimated values were close enough to 
the measured values of fc. The irrigation dose affects the LAI and the soil cover fraction as well but the 
regression analysis gave estimation equations that better fit with the results of deficit irrigation in comparison 
with the full irrigation treatment. The fact that the fc* and fc values are closely related is quite promising for 
future studies as regards the estimation of crop coefficient using multispectral photos in the climatic conditions 
of Central Greece. 

Finally, once more this study confirms one more time that the multispectral photos taken from a drone that flies 
only a few meters above the ground can be used in irrigation management more effectively than the photos from 
satellites. The reasons are that such photos can be taken repeatedly at short intervals during the cultivation period 
in contrast with the satellite photos where the capture interval is high not to mention the fact that the clouds in 
the sky are not a restrictive factor for the quality of the photos. The results about the LAI and fc estimations are 
promising and they could be further used in future irrigation scheduling of plant water needs using drones. 
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