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Introduction
Leaf area is one of the important parameters in understanding 

photosynthesis, light interception, water and nutrient use and crop 
growth.1,2 It is thus important to measure accurately the leaf area of 
cucumber crop for better understanding of the relationships between 
crop development and environment.3 The leaf area can be measured 
by direct and indirect methods. In direct methods (destructive 
methods), leaves are removed from the plant and measurements are 
done using expensive tools such as digital leaf area meter. However, 
the non-destructive methods (regression techniques) based on linear 
measurements of plant leaves are relatively accurate, quicker and 
effortless to be implemented in several crops.4–-6 indirect methods 
are useful for small plant populations, such as the plants grown in 
pots or grow bags and allow for repeated measurements of the same 
plants during the plant growth period. Blanco & Folegatti7 developed 
a non-destructive methodology to estimate the leaf area index (LAI) 
of cucumber and tomato plants by evaluating the leaf area distribution 
pattern of the plants and the relative height of the leaves in plants. 
Cho et al.8 successfully developed regression models to predict area 
of individual leaf, fresh weight and dry weight of a cucumber using 
leaf length, leaf width and SPAD value as input. Xu et al.9 presented 
a model for predicting LAI of greenhouse crops including cucumber 
based on the quantification of easily measured morphological traits as 
affected by temperature and radiation. However, not much effort has 
been made on indirect measurement of leaf area and leaf area index 
in past particularly under soilless cropped conditions. A study was 
thus undertaken to develop a non-destructive methodology (indirect 
method) for estimating the LA and LAI for greenhouse cucumber 
plants, based on linear measurements (regression techniques).

Materials and methods	
The study was conducted inside a naturally ventilated greenhouse 

located at research farm of department of Soil and Water Engineering, 
Punjab Agricultural University (PAU), Ludhiana. The study site is 
situated between latitude 30° 56´ N and longitude 75° 52´ E with an 
altitude of 247 m above mean sea level. Cucumber crop (Multistar) 

was cultivated for two successive growing seasons during 2016-17. A 
216 ready cucumber plants were transplanted at 3-4 leaf stage during 
both growing seasons. The plants were trained vertically up by means 
of string attached to the roller hooks. Cucumber was fertigated with 
nutrient solution on daily basis for a predetermined time throughout 
the growth period. The fertigation included three levels viz. 100% 
(F1), 85% (F2) and 70% (F3) of nutrient solution under optimal 
microclimatic conditions. The climate of the study area can be 
classified as tropical steppe, hot and semi-arid which is mainly dry 
with very hot summer and cold winter except during monsoon season. 
The normal annual rainfall of the district is 680 mm with uneven 
distribution. The south west monsoon sets in from last week of June 
and withdraws in end of September, contributes about 70-80 percent 
of annual rainfall with July and August being the wettest months. 

Data measurement 

The data on leaf area and leaf area index (LAI) was recorded at 
a regular interval of time. The height of cucumber plant and leaf 
dimensions was recorded on weekly basis using a measuring tape or 
scale. Leaf area index (LAI) was also measured at a regular interval of 
15 days using Sun Scan (type SS1, AT Delta-T Devices, Cambridge 
England). For measurement of leaf dimensions (length and width), a 
total 27 leaves were selected (9 leaves from each replicate) and the 
process was repeated by selecting younger leaves at the end of life of 
older selected leaves. Leaf area was determined using graph or grid 
paper. While calculating leaf area, a box occupying area more than 
half the area of a complete square box was taken equal to area of a 
complete square box. The area of a half square box was taken exactly 
half the area of a complete square box, while the box occupying area 
less than half area of a complete square box was discarded. 

Leaf area 

Based on the leaf area calculated using grid or graph paper 
technique, a linear regression model of leaf area (LA) was developed. 
The leaf area of the cucumber was related to variable leaf dimensions 
(LA and LW).
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Abstract

The plant parameters such as leaf area (LA) or leaf area index (LAI) play an important 
role in understanding photosynthesis, light interception, water and nutrient use and 
crop growth. A better understanding of the relationships between crop development 
and environment is thus important. Both LA and LAI can be measured directly by 
using digital meters (destructive methods) or indirectly using developed regression 
techniques (non-destructive methods). In the present study, non-destructive methods 
(regression equations) were developed for estimation of LA and LAI separately. The 
developed regression equations were used to estimate LA and LAI. Both LA and LAI 
predictions presented a high precision and accuracy. The developed non-destructive 
methods for estimation of LA and LAI were found functional for cucumber crop with 
a significant saving in energy and time.
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               (1)

Where, LA , Leaf area (m2), LL , Leaf length (cm) and LW , Leaf 
width (cm)

The predicted leaf area from equation (1) was compared with 
observed leaf area data.

Leaf area index 

The leaf area index (LAI) of cucumber was modeled into a linear 
relationship with the plant height as indicated by equation 2.

0.021 31.48 1
100

h
LAI = × × −

  
                                    (2)

Where, h , Plant height (m)

The leaf area index calculated from equation 2 was compared with 
the observed data.

The LA and LAI equations were developed and validated using the 
data for season 1 and season 2 respectively.	

Statistical analysis

The performance of developed methods for LA and LAI was 
evaluated by calculating root mean square error (RMSE), coefficient 
of determination (R2) and Model efficiency (ɳeff).

Root mean square error 

( )21
i iRMSE P O

n
∑= −

                                             (3)

Coefficient of determination 

The coefficient of determination R2 varies from 0 to 1 and 
describes the degree of association between observed and predicted 
values.
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Model efficiency      

The model efficiency was calculated using equation given in Nash 
and Sutcliffe.10
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Results and discussion
Leaf area

The leaf area of cucumber plant is one of the important parameters 
which indicate the periodic plant growth rate. Here, the leaf area of 
the greenhouse parthenocarpic cucumbers showed a vigorous growth 
throughout the growth period. Comparisons were made between 

measured and predicted leaf area and a good agreement was obtained 
with a percent error in the range of 0.8-8.2. In general, the model 
underestimated the leaf area during first half and overestimated during 
second half life of the leaf. Figure 1 demonstrates the comparison 
between observed and predicted leaf area for Multistar. In all figures, 
the vertical error bars (y-axis) represent the standard deviation value 
of 1.0. Figures 1–3 demonstrate the comparison between observed 
and predicted leaf area respectively at 13, 20 and 27 DAT.

Figure 1 Predicted and observed leaf area cucumber for 100% level of 
fertigation.

Figure 2 Predicted and observed leaf area for 85% level of fertigation.

Figure 3 Predicted and calculated leaf area for 70% level of fertigation.

Variation of plant height with time 

Plant height is one of the main indicators of crop growth and 
productivity11 as observed in the present case. The average minimum 
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and maximum plant height was recorded to be 1.2 m and 3.7 m at 11 
and 95 DAT respectively during season. 

1.	 The plant height remained statistically similar among the 
fertigation treatments during season. 

2.	 The maximum height was recorded under F2 (Figure 4A). 
Similar to season 1, the plant height among fertigation treatments 
was found statistically similar throughout the growth period. The 
average minimum and maximum plant height was recorded to 
be 0.2 m and 4.0 m at 13 and 90 DAT respectively during season 

3.	 The maximum height was recorded under F3 (Figure 4B).

Figure 4 (A) Variation of plant height with DAT during season 1.

Figure 4 (B) Variation of plant height with DAT during season 2.

Plant Leaf area index (LAI)

The structural design of plant canopy (e.g. LAI) significantly 
affects the plant development and yield through its effect on light 
interception.12 LAI critically affects the plant metabolic activities, 
biomass production, transpiration and greenhouse gas sequestration.13 
However, the direct measurement of LAI is quite difficult, time 
consuming and labor intensive. Thus, under such circumstances, the 
indirect methods can play an important role in measurement of LAI. 
The LAI predictions made from the developed regression model in 
the present study were in a good agreement with the observed data 

during both growing seasons. Figure 5 demonstrates the comparison 
between observed and predicted LAI data. The coefficient of 
determination (R2), model efficiency (ɳeff) and root mean square error 
(RMSE) during season 1 and season 2 were 0.96, 90.0%, 0.13 and 1.0, 
98.4%, 0.13 respectively. The developed regression equations were 
used to estimate the leaf area and LAI separately. Both LA and LAI 
predictions presented a high precision and accuracy. The developed 
regression models were functional for cucumber crop with a 
significant saving in energy and time. On the basis of previous studies, 
LAI has been considered as one of the crucial factors which affect the 
plant metabolic activities through its effect on irrigation or fertigation 
management due to improper VPD and crop transpiration.14‒17 Thus, 
this type of studies in relation to greenhouse microclimatic conditions 
could be helpful in monitoring and management of greenhouse crop 
water requirement in soilless culture through optimization of factors 
limiting the crop growth and productivity.18,19

Figure 5 Predicted and observed LAI of cucumber.

Conclusion
The developed equations were used to estimate the leaf area and 

LAI separately. On comparisons, the measured and predicted leaf 
area data were in good agreement with the percent error in the range 
of 0.8-8.2. Similarly, the measured and predicted LAI were also in 
good agreement with average model efficiency (ɳeff) and root mean 
square error (RMSE) values of 94.2% and 0.13 respectively. Both LA 
and LAI predictions presented a high precision and accuracy. The 
developed regression models were functional for cucumber crop with 
a significant saving in energy and time. 
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