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Precise application of nutrients and water in groundnut ensures optimal plant
growth, enhances yield and quality and minimizes resource wastage. It promotes
sustainable farming by improving nutrient use efficiency and saving water. Field
experiments were conducted at two locations. This study addresses the need
for efficient water and nutrient management in groundnut by evaluating the
effects of automated drip irrigation and a low-cost smart drip fertigation system
on its growth, physiology, root traits and yield. Location | was a farmer's field at
Kanjipatti village of Kalaiyarkoil block, Sivagangai district (rabi 2023) and Location
[I'was the central farm, Agricultural College and Research Institute in Madurai
district (summer 2024) of Tamil Nadu. Field trials were laid out in split plot design
with three replications. The main plot treatments consisted of three drip irrigation
mrthods, namely; conventional drip irrigation (M), time based automated drip
irrigation (M») and sensor based automated drip irrigation (M3); where as five drip
fertigation treatments, viz., fertigation of 75% Recommended Dose of Fertilizers
(RDF) (F1), fertigation of 100% RDF (F»), Soil Test Crop Response (STCR) based drip
fertigation (F3), sensor based fertigation at 75% NPK level (F4), and sensor based
fertigation at 100% NPK level (F5) were imposed in the sub plot. Significantly
higher growth (plant height), physiological parameters (Crop Growth Rate [CGR],
Leaf Area Index [LAl], Relative Water Content [RWC], Dry Matter Production
[DMP], leaf temperature, Normalized Difference Vegetation Index [NDVI] and
SPAD meter value), root characteristics (number of nodules, root length, volume,
and dry weight) and ultimately yield (pod and haulm yield) of groundnut
were recorded under sensor-based automated drip irrigation combined with
sensor-based fertigation at 100% NPK level (M3F5). Sensor-based automated
drip irrigation combined with sensor-based fertigation at 100% NPK level (M3F5)
recorded 43.74% and 45.25% higher pod yield compared to conventional drip
irrigation with fertigation at 75% RDF in both seasons, respectively. Practicing
sensor-based automated drip fertigation in groundnut not only enhanced the
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yield but also reduced the input requirements, saving 7%—12% of water and
15%—25% of fertilizers in groundnut production.
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groundnut, smart fertigation, sensors, growth, physiology, root characters, yield

1 Introduction

Groundnut (Arachis hypogaea L.), commonly referred to as
the “King of oilseeds,” is an annual legume crop primarily grown
for its edible seeds. India is a leading country in groundnut
cultivation, holding the top position in terms of area under
cultivation and ranking second in production, following China. In
India, groundnut is cultivated in an area of 6.02 million hectares,
producing 10.2 million tons annually with an average productivity
of 1,703 kg/ha (Indiastat, 2022). A significant 82% of Indias
groundnut production is concentrated in five states. Gujarat leads
with 34.8% of the total production, followed by Rajasthan (15.5%),
Tamil Nadu (13%), Andhra Pradesh (11.8%), and Karnataka (7.1%).
In Tamil Nadu, groundnut is cultivated over an area of 0.409 million
hectares, producing 1.023 million tons annually with a higher
average productivity of 2,500 kg/ha (Indiastat, 2022).

Groundnut requires approximately 500-700 mm of water to
complete its life cycle. Optimizing the application of irrigation
water and fertilizers is critical for efficient irrigation system design,
water conservation, energy and cost savings and minimizing
environmental hazards (Zafar et al., 2020). Drip irrigation supplies
water directly to the root zone, significantly reducing water wastage
(Kang et al., 2004; Ibragimov et al., 2007; Upadhyaya, 2015: Chtouki
etal., 2024).

Currently, many farmers in India irrigate their fields through
manual control, which can lead to inefficient water and nutrient
use. These issues can be effectively addressed through smart
irrigation and fertigation technologies such as automated drip
irrigation systems, where irrigation occurs only when there is
a critical need for water. The system uses valves that turn on
or off automatically (Nagarajan et al, 2020). When integrated
with fertigation, drip irrigation offers a more effective method
of nutrient delivery, significantly improving crop yields (Jat
et al, 2020). This method ensures precise and uniform nutrient
application to the wetted area, where most active roots are
concentrated, allowing for the right quantities and concentrations
of nutrients throughout the growing season.

Sensor-based automated fertigation offers an advanced and
intelligent approach by continuously adjusting irrigation and
nutrient supply according to real-time data. These systems utilize
inputs from moisture sensors, nutrient sensors (e.g., NPK sensors)
and microcontrollers to manage the fertigation process effectively.
Such smart systems are not only efficient but also essential for
resource conservation and sustainability, especially in the context
of climate change and resource depletion.

However, the high cost and complexity of commercial systems
often limit access for small and marginal farmers in India.
Therefore, the development and validation of low-cost, sensor-
based automated drip irrigation and fertigation technologies
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tailored for smallholder farmers could offer a practical and scalable
solution. This approach has the potential to increase groundnut
productivity, reduce water and fertilizer use and enhance resource-
use efficiency, contributing to improved farmer income and
sustainable agriculture.

Despite advancements in irrigation technologies, limited efforts
have been made to integrate sensor-based automation for both
irrigation and fertigation under field conditions in groundnut. The
present study aims to fill this gap by evaluating the effect of a
low-cost sensor-based automated drip fertigation system on the
growth, physiological parameters, root characteristics and yield of
groundnut. It is hypothesized that this indigenous low-cost smart
fertigat system will significantly improve groundnut productivity
and resource-use efliciency compared to conventional methods,
thereby providing a sustainable and scalable solution for small and
marginal farmers.

2 Materials and methods

2.1 Experimental site description

Field experiments were conducted in two locations to evaluate
the performance of automated drip irrigation and low cost smart
drip fertigation system on growth, physiological parameters, root
characters and yield of groundnut. Location I was a farmer’s
field at Kanjipatti village of Kalaiyarkoil block, Sivagangai district
(rabi 2023) and Location II was the central farm, Agricultural
College and Research Institute in Madurai district (summer 2024)
of Tamil Nadu. The locations of the experimental sites are shown in
Figures 1, 2. The soil texture of the experimental field in Kanjipatti
village, Sivagangai district (Location I), is classified as red sandy clay
loam. It is medium in available nitrogen (373 kg/ha), phosphorus
(20.5 kg/ha), and potassium (275 kg/ha). In contrast, the soil texture
of the experimental field at the Agricultural College and Research
Institute, Madurai district (Location II), is sandy clay loam. It is low
in available nitrogen (222 kg/ha) but medium in phosphorus (18.2
kg/ha) and potassium (190 kg/ha).

2.2 Weather

For Location I, data on maximum and minimum temperatures,
relative humidity, pan evaporation, wind speed, rainfall and
solar radiation were collected from the Agro Climatic Research
Center in Coimbatore, Tamil Nadu. For Location II, measurements
were taken at the Agro Meteorological Observatory, Agricultural
College and Research Institute, Madurai district, Tamil Nadu.
Maximum and minimum temperatures during the cropping period
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FIGURE 1
Location of experimental farm (Location I).
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at Location I ranged from 28 °C to 35 °C and 21 °C to 26 °C,
respectively. Location II prevailed temperatures ranging from 35 °C
to 41 °Cand 21 °Cto 27 °C, respectively. Total rainfall of 120.5 mm
and 337.2 mm was recorded with 9 and 15 rainy days in season I and
I1, respectively. For relative humidity, Location I recorded values
between 70% and 92%, while Location II ranged from 61% to 90% at
7:14h and 38% to 66% at 14:14 h. The weekly mean pan evaporation
was 4.7 mm at Location I and 4.8 mm at Location II. The weekly
mean wind speed was 7.4km h~! at Location I and 4.2km h~! at
Location II. Location I recorded a weekly mean solar radiation of
370.2 Cal cm™2 day~!, while Location II recorded 6.3h day~! of
weekly mean sunshine hours. The weather conditions during the
crop growth period are depicted in , 4.

2.3 Treatment details

Field trials were laid out in split plot design with three
replications. The main plot treatments consisted of three drip
irrigation methods, namely; conventional drip irrigation (M1), time
based automated drip irrigation (M2) and sensor based automated
drip irrigation (M3); where as five drip fertigation treatments, viz.,
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fertigation of 75% RDF (F1), fertigation of 100% RDF (F2), STCR
based drip fertigation (F3), sensor based fertigation at 75% NPK
level (F4), and sensor based fertigation at 100% NPK level (F5) were
imposed in the sub plot.

M; - Water is supplied through a drip irrigation system
manually, without automation. The irrigation timing and quantity
are based on crop evapotranspiration (ETc), M, - Water is supplied
through an automated drip irrigation system on a pre-set schedule.
The system turns on and off at predetermined times, ensuring
consistent water application based on fixed time intervals. M3
- Irrigation is controlled using soil moisture sensors. Water is
applied only when sensors detect that the soil moisture has dropped
below a certain threshold. This system ensures efficient water
use, applying water only when needed based on real-time soil
conditions. F; - Fertilizer is applied through drip irrigation at
75% of the Recommended Dose of Fertilizers (RDF), as per

, reducing fertilizer input by 25%, F, - Fertilizer is applied
through drip irrigation at the full 100% RDE, ensuring that crop
nutrient requirements are fully met throughout the growing season,
F3 - Fertilizer application is based on Soil Test Crop Response
recommendations, with dosages adjusted according to soil test
results. This approach optimizes fertilizer use according to the
specific nutrient status of the soil and crop needs, F4-Water Soluble
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FIGURE 2
Location of experimental farm (Location I1)
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Fertilizers (WSF’s) are applied when sensors detect that soil nutrient
levels have fallen below the 75% NPK level threshold, automatically
initiating fertigation to maintain the nutrient level at 75% NPK.
This approach ensures fertigation is conducted based on real-
time soil nutrient levels and F5-WSF’s are applied when sensors
detect that soil nutrient levels have fallen below the 100% NPK
level threshold, automatically initiating fertigation to maintain the
nutrient level at 100% NPK. This ensures precise and adequate
fertilization based on real-time nutrient needs.

2.4 Crop and variety

Groundnut variety VRI 10 with duration of 90-95 days was
used as test crop during both the seasons.

2.5 Seeds and sowing

Seeds were sown at a spacing of 30 cm x 10 cm. The seed rate
was calculated at 125kg per hectare, which is the recommended
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rate for irrigated groundnut. Gap filling was done on 15 DAS to
maintain the optimum plant population across all plots.

2.6 Weed management

The spraying of pre-emergence herbicide Pendimethalin @ 2.5
liters ha=! was done at 3 DAS. Subsequently, one hand weeding was
employed at 30 DAS.

2.7 Nutrient management

Nutrient management was implemented according to the
treatment schedule. The recommended dose of 25:50:75kg NPK
ha~! as per the was followed. P was applied as a basal
through SSP @ 234.4 kg/ha for 75% RDF and 312.5 kg/ha for 100%
RDF. Additionally, groundnut rich was applied @ 5 kg per hectare
across all treatments. Gypsum was applied @ 400kg ha~! for all
treatments, with 200 kg ha™! as a basal and the remaining 200 kg
ha~! applied during earthing up at 45 DAS.
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FIGURE 3

Weekly trends of key weather parameters (maximum and minimum temperature, wind speed, rainfall, rainy day, pan evaporation, solar radiation and
relative humidity) recorded during the groundnut cropping period (rabi, 2023).

For this study, Urea, SSP, MOP, MAP, and potassium nitrate
were used as sources of nutrients.

2.8 Innovation in the system

2.8.1 Cost effective design

The system is built using affordable and locally available
components such as microcontroller boards (Arduino), sensors
(soil moisture and EC), solenoid valves, relays, power supply
units, PVC pipes and fittings, mobile applications, Wi-Fi modules,
plastic barrels, and a low-pressure drip fertigation unit (using
T-connectors and venturi). This design significantly reduces
overall cost, making the technology accessible to small and
marginal farmers.

2.8.2 Real time monitoring

Integration of soil moisture and EC sensors allows for
continuous, real-time monitoring of soil and nutrient conditions.
This enables precise and timely irrigation and fertigation decisions
based on actual field requirements.

2.8.3 Automated control
The system is programmed to automatically initiate irrigation
and fertigation when sensor values cross preset thresholds.

Frontiersin Sustainable Food Systems

This automation minimizes manual intervention, reduces labor
requirements and prevent s the overuse of water and fertilizers.

2.8.4 User friendly interface

A simple mobile-based interface or display unit enables farmers
to monitor system status and receive alerts, ensuring ease of use in
rural settings without the need for advanced technical skills.

2.8.5 Improved nutrient use efficiency

By delivering water and fertilizers only when and where
required, the system enhances nutrient use efficiency and
minimizes environmental losses, contributing to sustainable
agricultural practices.

2.9 Sensors

2.9.1 Moisture sensor
The irrometer sensor was used to assess soil moisture content
in the field.

2.9.2 Nutrient sensors

The NPK sensors measured the levels of NPK in the soil by
determining the concentration of N, P, and K ions in a specified
volume of soil solution. Each sensor consisted of two probes: a
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Weekly trends of key weather parameters (maximum and minimum temperature, wind speed, rainfall, rainy day, pan evaporation and relative
humidity) recorded during the groundnut cropping period (summer, 2024)

reference electrode and an ion-selective electrode. The electrical
potential difference between the probes was amplified into a data
signal and transmitted to the microcontroller. The fertigation
system automates the injection of nutrients by continuously
monitoring soil nutrient levels using the NPK sensors.

2.10 Lay out of drip irrigation system

The water was pumped through 7.5 HP submersible motor
from open well and it was conveyed to the field by using PVC
pipes after filtering through sand and screen filters. From the main
line water was taken to the field through sub mains of 63 mm and
40 mm diameter PVC pipes. In the sub main, 16 mm LLDPE inline
laterals with 4 Iph drippers spaced at 60 cm were fixed at a lateral
spacing of 120 cm. And each laterals were laid on the center of
the raised beds which were formed at 120cm. A 16 mm tap was
fixed at the head of each lateral in order to regulate the fertigation
scheduling and the laterals were closed with end cap.

2.11 Seasons

The first crop was raised during rabi 2023 (Ayppasi pattam).
The sowing was taken up on 03.12.2023 and harvesting was
completed on 27.02.2024. Subsequently, the second crop was raised
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during summer 2024 (Chithirai pattam). Sowing was taken up on
06.05.2024 and harvesting was done on 13.08.2024.

2.12 Growth attributes

2.12.1 Plant population
Plant population was recorded from the net plot area by
counting the number of plants in each treatment at at harvest and

expressed in plants m =2,

2.12.2 Plant height

At harvest stage, plant height was measured from the ground
to the tip of the topmost leaf. The average height of five different
plants was calculated and expressed in cm.

2.13 Physiological parameters

2.13.1 Leaf area index

At the harvest stage, five tagged plants in each plot were used to
measure the length and width of the third fully opened leaflet in the
tetrafoliate leaves from the top of the main stem. LAI was calculated

using the formula,

LxWxKxN
S

LAI =
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Where,

L - Mean leaf length (cm).

W - Mean leaf width (cm).

K - Constant factor (0.75).

N - Mean number of leaves per plant.
S - Plant spacing (cm?).

2.13.2 Dry matter production

For each treatment, dry matter production (DMP) was assessed
at harvest stage of the crop. Five plants were randomly selected
from the destructive sample row, uprooted and cleaned of dirt. The
samples were shade-dried for 3 days, followed by oven-drying at
80 °C until they reached a constant weight. The dry weight was
recorded and computed in kg ha=!.

2.13.3 Crop growth rate (CGR)

The crop growth rate was calculated from 25 to 50 DAS, 50 DAS
to 75 DAS, and 75 DAS to harvest by using the formula given by
Buttery (1970) and expressed in g m~2 day ™.

W, — W,

CGR = ——
p(tz —t1)

Where, W; and W, are the initial and final dry weight of the
plant at time t; and t;, p is the land area occupied by the plant
in m? and t; and t, are the initial and final day of a period of
observation respectively.

2.13.4 SPAD meter value

Chlorophyll content of leaves was recorded as described by
Peng etal. (1993) using the chlorophyll meter (SPAD-502, Soil Plant
Analysis Development section, Minolta Camera Co. Ltd., Japan).
The readings were recorded on the upper most fully expanded
leaves in five randomly chosen plants at 50 DAS. The average values
were worked out and expressed as SPAD meter value.

2.13.5 Normalized difference vegetation index

Green seeker ™™ (N-Tech Industries, Inc., Ukiah, CA, USA) is a
portable hand-held optical sensor used to measure the NDVI values
to determine the plant status. It is used to assess vegetation growth
and biomass. The sensor was positioned around 60 cm above the
plant canopy and measurements were taken at 50 DAS. The NDVI
value was determined by measuring the light reflected from the
green seeker sensor’s active light source within a specific visible
spectrum range. The light source emits light at wavelengths of 671
=+ 6 nm and 780 = 6 nm on the plant canopy.

2.13.6 Leaf temperature

Leaf temperature was measured at 50 DAS using an infrared
thermometer to assess canopy temperature in the field. This device
operates by detecting infrared radiation emitted from the plant
surface, providing a non-contact, rapid and accurate method for
temperature measurement. Temperature readings were recorded in
degrees Celsius (°C).
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2.13.7 Relative water content

At 50 DAS, fifty leaf discs were taken from the third leaf
from the top, weighed and floated in water until fully rehydrated,
weighed and then dried in the oven at 80 °C until a constant
dry weight is obtained. Relative water content is determined
with the formula suggested by Turner (1981) and expressed in
per cent (%).

Where,

FW = Fresh weight of the leaf sample (g).
DW = Dry weight of the leaf sample (g).
TW = Turgid weight of the leaf sample (g).

2.14 Root growth characters

Root traits were assessed at harvest stage.

2.14.1 Number of root nodules per plant

The plants that are tagged were removed carefully and water
was used to clean the roots which removes the soil sticking around
without causing any damage to the nodules. Then the count
of nodules were taken and stated as number of root nodules
per plant.

2.14.2 Root length

The plants were removed carefully from the soil without
damaging the roots by using digging fork. The root length of each
plant was measured from the collar area down to the tip of the
longest root. The mean value of the five root samples were recorded
and expressed in cm.

2.14.3 Root volume

The sampled roots were separated and washed gently to remove
the soil particles. Then roots are immersed in a measuring cylinder
filled with known quantity of water. The difference between the
initial and final reading after placing the root, gave the root volume
as per water displacement method suggested by Dewan and Subba

Rao (1979) and expressed in cm?>.

2.14.4 Root dry weight

Collected roots were initially shade dried and then oven-dried
at 65 & 5 °C until a constant weight was attained. Root dry weight
was recorded and expressed as g plant ™.

2.15 Pod yield

The harvested pods from the net plot was sun dried to have
a moisture content of 14 per cent and the pod yield is expressed
in kg ha=1.
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TABLE 1 Effect of drip irrigation and fertigation methods on growth and physiological parameters of groundnut (Arachis hypogaea L.).

Treatments Plant population (Plants Plant height (cm) LAI DMP (kg ha™!)
m—2)

Rabi 2023 Summer  Rabi 2023 Summer Rabi 2023 Summer  Rabi 2023 Summer
2024 2024 2024 2024

Main plot (M) (Drip irrigation methods)

M, 31.58 30.50 61.3 57.6 4.01 3.96 5,442 4,950
M, 31.77 30.59 65.7 61.7 4.21 4.15 6,242 5,634
M; 31.71 30.76 72.0 67.6 4.58 4.52 6,746 6,146
S.Ed 0.36 0.39 0.6 0.7 0.04 0.08 52.7 77.8
CD (P =0.05) NS NS 1.7 2.0 0.11 0.22 146.4 202.3

Sub plot (F) (Drip fertigation methods)

F; 31.77 30.51 61.3 57.3 4.07 4.02 5,458 5,005
F, 31.60 31.00 64.5 59.2 4.13 4.07 5,694 5,130
F; 31.35 30.25 65.0 62.1 4.22 4.17 6,004 5,399
Fy 31.90 30.80 69.0 65.0 441 4.35 6,571 5,990
Fs 31.80 30.50 71.9 68.0 4.50 4.44 6,990 6,361
S.Ed 0.48 0.50 1.0 1.1 0.06 0.07 105.7 77.2
CD (P =0.05) NS NS 2.0 2.2 0.13 0.16 218.2 159.4

Interaction (M x F) (Drip irrigation methods x Drip fertigation methods)

M F, 32.06 30.36 57.7 53.9 3.88 3.83 4,857 4,508
M, F, 31.29 31.38 59.2 55.4 3.94 3.89 5,092 4,634
M, F; 31.37 29.64 61.4 57.6 4.00 3.95 5,385 4,791
M, Fy 30.88 30.54 62.7 59.1 4.08 4.03 5,744 5,232
M, F5 32.30 30.57 65.6 62.1 4.13 4.08 6,132 5,587
M,F; 32.02 30.74 62.0 57.9 4.11 4.06 5,711 5,210
M,F, 32.42 31.53 63.5 59.4 4.15 4.09 5,872 5,272
M,F; 31.46 30.08 66.3 62.2 4.17 4.12 6,167 5,445
M,F, 32.49 31.12 67.2 63.4 4.27 422 6,562 5,981
M,F5 30.45 29.47 69.6 65.8 4.34 4.28 6,899 6,263
M;F; 31.23 30.44 64.4 60.1 4.18 413 5,806 5,296
M;F, 31.09 30.10 67.3 62.9 4.32 4.26 6,118 5,485
M;F; 31.22 31.02 70.9 66.6 4.49 4.43 6,459 5,960
M;F, 32.33 30.76 76.9 72.5 4.88 4.81 7,406 6,756
M;F5 32.66 31.47 80.4 76.1 5.02 4.95 7,940 7,233
S.Ed 0.86 0.87 1.6 1.8 0.11 0.14 172.1 140.0
CD (P =0.05) NS NS 3.6 3.9 0.23 0.33 366.6 316.1

Treatment details are given under Materials and Methods.

2.16 Haulm yield overall biological yields in terms of dry matter.

Economic yield

After stripping off the pods, the haulms were sun dried and dry Harvest index = 100

gy X
weight was recorded and expressed in kg ha=!. Biological yield

2.18 Statistical analysis
2.17 Harvest index
To compare the difference among treatment combinations,
Harvest index was determined by comparing the yield of the  data analyses was done with Agres software at 5% probability level
economically important plant portions (economic yield) to the  assuggested by Gomez and Gomez (1984).
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FIGURE 5
Effect of drip irrigation methods on LAl of of groundnut (Arachis hypogaea L.). LAI, Leaf Area Index; M1, Conventional drip irrigation; M, Time based
automated drip irrigation; M3z, Sensor based automated drip irrigation
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FIGURE 6
Effect of drip fertigation methods on LAl of of groundnut (Arachis hypogaea L.). LAl, Leaf area index; My, Drip fertigation of 75% RDF; M,, Drip
fertigation of 100% RDF; Mz, STCR based drip fertigation; M4, Sensor based fertigation at 75% NPK level; Ms, Sensor based fertigation at 100% NPK

level.

3 Results 3.1.2 Plant height
Drip irrigation and fertigation methods caused variations in
3.1 Growth parameters plant height in both seasons (Table 1). Sensor based automated
drip irrigation (Mj3) recorded significantly taller plants of 72.0
3.1.1 Plant population and 67.6cm in the rabi (2023) and summer (2024) seasons,
Plant population was not influenced by drip irrigation and  respectively. Among the drip fertigation methods, sensor based
fertigation methods in both seasons (Table 1). fertigation at 100% NPK level (Fs) recorded significantly higher
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FIGURE 7
Effect of drip irrigation and fertigation methods on DMP of groundnut (Arachis hypogaea L.) during rabi 2023. DMP- Dry matter production; Kg ha
Kilogram hectare™: M;, Conventional drip irrigation: M, Time based automated drip irrigation; M3, Sensor based automated drip irrigation; F1, Drip
fertigation of 75% RDF; F,, Drip fertigation of 100% RDF; Fz, STCR based drip fertigation; F4, Sensor based fertigation at 75% NPK level; Fs, Sensor
based fertigation at 100% NPK level
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FIGURE 8
Effect of drip irrigation and fertigation methods on DMP of groundnut (Arachis hypogaea L.) during summer 2023. DMP, Dry matter production; Kg
ha~!, Kilogram hectare~!; M, Conventional drip irrigation; M,, Time based automated drip irrigation; M3, Sensor based automated drip irrigation; Fi,
Drip fertigation of 75% RDF; F,, Drip fertigation of 100% RDF; Fz, STCR based drip fertigation; F4, Sensor based fertigation at 75% NPK level; F5, Sensor
based fertigation at 100% NPK level

plant height of 71.9 and 68.0cm in the rabi (2023) and 3.2 Physiological parameters
summer (2024) seasons, respectively. On interaction, sensor based
automated drip irrigation combined with sensor based fertigation ~ 3.2.1 Leaf area index

at 100% NPK level (M3Fs) recorded significantly taller plants The leaf area index was significantly influenced bydrip
of 80.4 and 76.1cm in the rabi (2023) and summer (2024)  irrigation and fertigation methods in both seasons (Table 1 and
seasons, respectively. Figures 5, 6). Sensor based automated drip irrigation (M3) recorded
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TABLE 2 Effect of drip irrigation and fertigation methods on physiological parameters of groundnut (Arachis hypogaea L.) at 50 DAS.

Treatments SPAD value Leaf temperature NDVI RWC (%)
Rabi 2023  Summer Rabi Summer Rabi Summer Rabi Summer
2024 2023 2024 2023 2024 2023 2024
Main plot (M) (Drip irrigation methods)
M, 23.60 27.33 36.64 39.81 0.633 0.614 66.28 72.93
M, 28.04 30.24 35.70 38.31 0.715 0.695 73.48 77.09
M; 30.12 32.45 34.26 3451 0.782 0.761 78.11 78.66
S.Ed 0.37 0.40 0.44 0.41 0.007 0.008 0.52 0.89
CD (P =0.05) 1.03 111 1.23 1.14 0.021 0.024 1.44 2.48
Sub plot (F) (Drip fertigation methods)
F, 24.25 27.51 36.79 39.51 0.650 0.630 67.84 72.02
F, 25.33 28.33 36.09 38.36 0.670 0.650 69.49 73.19
F3 26.79 29.48 35.50 37.52 0.700 0.680 71.63 75.63
4 29.02 31.62 34.78 36.45 0.751 0.729 76.23 78.43
Fs 30.86 33.11 34.50 35.88 0.780 0.760 77.92 81.86
S.Ed 0.37 0.43 0.49 0.50 0.011 0.011 111 0.97
CD (P =0.05) 0.77 0.89 1.00 1.04 0.023 0.023 2.29 2.01
Interaction (M x F) (Drip irrigation methods x Drip fertigation methods)
M, F, 20.79 25.19 37.40 40.78 0.574 0.554 61.83 68.27
M F, 21.97 26.07 37.13 40.41 0.586 0.569 63.70 69.33
M, F; 23.14 26.83 36.85 40.03 0.607 0.590 65.24 71.31
M, E, 25.05 28.58 36.07 39.10 0.683 0.663 69.46 75.31
M, Fs 27.06 29.99 35.77 38.74 0.714 0.693 71.17 80.42
M,F, 25.92 27.94 37.42 40.80 0.675 0.655 69.34 73.39
M,F, 26.68 29.28 36.41 39.37 0.691 0.671 70.47 74.28
M,F; 27.98 30.40 35.81 38.53 0.721 0.700 71.97 76.63
M,F, 29.06 31.27 34.69 36.91 0.732 0.711 76.80 79.18
M,Fs 30.54 32.33 34.16 35.95 0.758 0.736 78.81 81.95
M;F, 26.05 29.40 35.55 36.94 0.700 0.680 7235 74.41
M;F, 27.35 29.65 34.73 3531 0.732 0.711 7431 75.96
M;F; 29.27 31.21 33.85 34.00 0.772 0.749 77.68 78.95
M;E, 32.94 35.00 33.59 33.33 0.837 0.813 82.44 80.78
M;Fs 34.97 37.01 33.58 32.95 0.867 0.850 83.77 83.20
S.Ed 0.69 0.78 0.87 0.88 0.019 0.019 1.79 1.75
CD (P = 0.05) 1.57 1.75 1.97 1.95 0.041 0.043 3.81 3.94

Treatment details are given under Materials and Methods.

significantly higher LAI of 4.58 and 4.52 in the rabi (2023) and
summer (2024) seasons, respectively. Among the drip fertigation
methods, sensor based fertigation at 100% NPK level (Fs) recorded
significantly higher LAI of 4.50 and 4.44 in the rabi (2023)
and summer (2024) seasons, respectively. The interaction was
significant. Sensor based automated drip irrigation combined with
sensor based fertigation at 100% NPK level (M3Fs) recorded
significantly higher LAI of 5.02 and 4.95 in the rabi (2023) and
summer (2024) seasons, respectively.

Frontiersin Sustainable Food Systems

3.2.2 Dry matter production

The dry matter production was significantly influenced by
drip irrigation and fertigation methods in both seasons (Table 1
and Figures 7, 8). Accumulation of significantly higher dry
matter was noticed with sensor based automated drip irrigation
(M3) with a weight of 6,746 and 6,146kg ha~! in the rabi
(2023) and summer (2024) seasons, respectively. Among the drip
fertigation methods, sensor based fertigation at 100% NPK level
(F5) recorded significantly higher DMP of 6,990 and 6,361 kg
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TABLE 3 Effect of drip irrigation and fertigation methods on CGR (g m~2 day~!) of groundnut (Arachis hypogaea L.).

Treatments 25-50 DAS

Rabi2023

Summer
2024

Rabi2023

50-75 DAS 75 DAS—At harvest

Rabi2023 Summer

2024

Summer
2024

Main plot (M) (Drip irrigation methods)

Ml 7.83 7.44 5.61 5.06 10.72 5.51
M2 8.33 7.92 6.01 5.43 14.91 7.64
M3 9.15 8.69 6.58 5.94 15.57 8.24
S.Ed 0.07 0.10 0.05 0.06 0.09 0.10
CD (P = 0.05) 0.19 0.28 0.15 0.17 0.25 0.26
Sub plot (F) (Drip fertigation methods)

F1 7.79 7.43 5.59 5.06 10.95 5.79
F2 8.06 7.67 5.78 5.23 11.76 5.79
F3 8.40 7.99 6.05 5.46 12.67 6.25
F4 8.77 8.32 6.32 5.69 15.75 8.43
F5 9.16 8.67 6.59 593 17.52 9.40
S.Ed 0.13 0.14 0.09 0.09 0.22 0.10
CD (P =0.05) 0.26 0.30 0.19 0.19 0.46 0.20
Interaction (M x F) (Drip irrigation methods x Drip fertigation methods)

MIF1 7.42 7.08 5.26 4.76 7.99 4.40
MI1F2 7.63 7.26 5.40 4.89 9.07 4.55
MI1F3 7.81 7.42 5.61 5.07 10.22 4.66
MI1F4 7.96 7.55 5.74 5.18 12.39 6.53
MIF5 8.35 7.90 6.02 5.42 13.92 7.43
M2F1 7.83 7.46 5.65 5.12 12.70 6.66
M2F2 8.03 7.64 5.79 5.24 13.16 6.48
M2F3 8.40 7.98 6.06 5.47 13.99 6.46
M2F4 8.54 8.10 6.16 5.55 16.65 8.96
M2F5 8.87 8.39 6.39 5.75 18.04 9.64
M3F1 8.13 7.75 5.87 5.31 12.16 6.32
M3E2 8.52 8.11 6.14 5.55 13.07 6.33
M3F3 9.00 8.55 6.48 5.85 13.79 7.62
M3F4 9.81 9.30 7.04 6.35 18.21 9.79
M3F5 10.27 9.73 7.38 6.64 20.60 11.14
S.Ed 0.21 0.25 0.15 0.15 0.35 0.18
CD (P = 0.05) 0.44 0.54 0.32 0.34 0.75 0.40

Treatment details are given under Materials and Methods.

ha~! in the rabi (2023) and summer (2024) seasons, respectively.
Interaction was found to be significant. Sensor based automated
drip irrigation combined with sensor based fertigation at 100%
NPK level (M3Fs) recorded significantly higher DMP of 7,940
and 7,233kg ha=! in the rabi (2023) and summer (2024)
seasons, respectively.

3.2.3 SPAD value
SPAD value was significantly influenced by drip irrigation
and fertigation methods in both seasons (Table 2). Sensor based

Frontiersin Sustainable Food Systems

automated drip irrigation (Mj3) recorded maximum SPAD
value of 30.12 and 32.45 in the rabi (2023) and summer
(2024) seasons, respectively. Among the drip fertigation
methods, sensor based fertigation at 100% NPK level (Fs)
recorded significantly higher SPAD value of 30.86 and 33.11
in the rabi (2023) and summer (2024) seasons, respectively.
Interaction was significant. Sensor based automated drip
irrigation combined with sensor based fertigation at 100%
NPK level (M3F5) recorded significantly higher SPAD value
of 3497 and 37.01 in the rabi (2023) and summer (2024)

seasons, respectively.
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FIGURE 9

Effect of drip irrigation methods on leaf temperature and relative water content of groundnut (Arachis hypogaea L.). RWC, Relative Water Content;
Mj, Conventional drip irrigation; My, Time based automated drip irrigation; M3, Sensor based automated drip irrigation.
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FIGURE 10

Sensor based fertigation at 100% NPK level.

Effect of drip fertigation methods on leaf temperature and relative water content of groundnut (Arachis hypogaea L.). RWC; Relative Water Content;
F1. Drip fertigation of 75% RDF; F,, Drip fertigation of 100% RDF; Fz, STCR based drip fertigation; F4, Sensor based fertigation at 75% NPK level; Fs,

F3 F4 F5
H Leaf temperature (°C) (Summer 2024)

4 RWC (%) (Summer 2024)

3.2.4 Crop growth rate

Crop growth rate was significantly influenced by drip irrigation
and fertigation methods in both seasons (Table 3). Sensor based
automated drip irrigation (M3) recorded significantly higher CGR
during both seasons. In the rabi (2023) season, the CGR was 9.15¢
m~2 day~! from 25 to 50 DAS, 6.58g m~2 day~! from 50 to 75
DAS and 15.57 g m~2 day~! from 75 DAS to harvest. Similarly, in
the summer (2024) season, the CGR was 8.69g m~2 day~! from
25 to 50 DAS, 5.94g m~2 day~! from 50 to 75 DAS and 8.24¢g
m~2 day~! from 75 DAS to harvest. Among the drip fertigation
methods, sensor based fertigation at 100% NPK level (Fs) recorded
significantly higher CGR (9.16g m~2 day~! from 25 to 50 DAS,
6.59g m~2 day~! from 50 to 75 DAS and 17.52g m~2 day~!
from 75 DAS to harvest during the rabi (2023) season and 8.67 g
m~2 day~! from 25 to 50 DAS, 5.93g m~2 day~! from 50 to 75
DAS and 9.40g m~2 day~! from 75 DAS to harvest during the
summer (2024) season). On interaction, sensor based automated

Frontiersin Sustainable Food Systems

drip irrigation with sensor based fertigation at 100% NPK level
(M3F5s) resulted in the maximum CGR. In the rabi (2023) season,
the CGR was 10.27g m~2 day~! from 25 to 50 DAS, 7.38 g m 2
day~! from 50 to 75 DAS and 20.60 g m~2 day~! from 75 DAS to
harvest. During the summer (2024) season, the CGR was 9.73 g m 2
day~! from 25 to 50 DAS, 6.64 g m~2 day~! from 50 to 75 DAS and
11.14g m~2 day~! from 75 DAS to harvest.

3.2.5 Leaf temperature

Leaf temperature was significantly influenced by drip irrigation
and fertigation methods in both seasons (Table 2 and Figures 9,
10). Conventional drip irrigation (M3) recorded maximum leaf
temperature of 36.64 and 39.81°C during rabi (2023) and
summer (2024) seasons, respectively. Sensor based automated
drip irrigation (M3) recorded lower leaf temperature of 34.26
and 34.51°C in the rabi (2023) and summer (2024) seasons,
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respectively. Among the drip fertigation methods, significantly
higher leaf temperature registered with drip fertigation of 75%
(F1) with 36.79 and 39.51°C in the rabi (2023) and summer
(2024) seasons, respectively. Sensor based fertigation at 100% NPK
level (Fs) recorded significantly lower leaf temperature of 34.50
and 35.88°C during the rabi (2023) and summer (2024) seasons,
respectively. Interaction was significant. Significantly higher leaf
temperature were observed with combination of conventional
drip irrigation and drip fertigation of 75% (M;F;) [37.40 and
40.78°C in the rabi (2023) and summer (2024) seasons, respectively]
Sensor based automated drip irrigation combined with sensor
based fertigation at 100% NPK level (M3Fs) recorded significantly
lower leaf temperature of 33.58 and 32.95°C in the rabi (2023) and
summer (2024) seasons, respectively.

3.2.6 Normalized difference vegetation index

Normalized difference vegetation index was significantly
influenced by drip irrigation and fertigation methods in both
seasons (Table 2). Sensor based automated drip irrigation (Ms3)
recorded maximum NDVT of 0.782 and 0.761 in the rabi (2023) and
summer (2024) seasons, respectively. Among the drip fertigation
methods, sensor based fertigation at 100% NPK level (Fs) recorded
significantly higher NDVI value of 0.780 and 0.760 in the rabi
(2023) and summer (2024) seasons, respectively. Interaction was
significant. Sensor based automated drip irrigation combined with
sensor based fertigation at 100% NPK level (M3Fs) recorded
significantly higher NDVI value of 0.867 and 0.850 in the rabi
(2023) and summer (2024) seasons, respectively.

3.2.7 Relative water content

Relative water content was significantly influenced by drip
irrigation and fertigation methods in both seasons (Table 2 and
Figures 9, 10). Sensor based automated drip irrigation (Ms)
recorded maximum RWC of 78.11 and 78.66% in the rabi
(2023) and summer (2024) seasons, respectively. Among the drip
fertigation methods, sensor based fertigation at 100% NPK level
(F5) recorded significantly higher RWC of 77.92 and 81.86% in the
rabi (2023) and summer (2024) seasons, respectively. Interaction
was significant. Sensor based automated drip irrigation combined
with sensor based fertigation at 100% NPK level (M3Fs) recorded
significantly higher RWC of 83.77 and 83.20% in the rabi (2023)
and summer (2024) seasons, respectively.

3.2.8 Root characters

Root characters were significantly influenced by drip irrigation
and fertigation methods in both seasons (Table 4). Sensor based
automated drip irrigation (M3) recorded higher values of root
characters, viz.nodules (187.6 and 178.3 nos./plant), length (27.65
and 25.96 cm), volume (2.95 and 2.77 cc/plant), and dry weight
(1.019 and 0.957g) during rabi (2023) and summer (2024)
seasons, respectively. With respect to drip fertigation methods,
sensor based fertigation at 100% NPK level (F5) recorded
higher root characters, viz. nodules (187.3 and 178.7 nos./plant),
length (29.08 and 27.22cm), volume (2.95 and 2.76 cc/plant),
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and dry weight (1.021 and 0.955g) in the rabi (2023) and
summer (2024) seasons, respectively. On combination, sensor
based automated drip irrigation combined with sensor based
fertigation at 100% NPK level (M3Fs) recorded maximum root
characters, viz. nodules (209.5 and 199.9 nos./plant), length
(29.81 and 27.90 cm), volume (3.30 and 3.09 cc/plant), and dry
weight (1.142 and 1.069 g) in the rabi (2023) and summer (2024)
seasons, respectively.

3.3 Yield

Drip irrigation and fertigation methods had significant impact
on pod and haulm yield of groundnut in both seasons (Table 5
and Figures 11, 12). Sensor based automated drip irrigation (M3)
recorded significantly higher pod yield (2,709 and 2,519 kg ha™!)
and haulm yield (5,123 and 4,584 kg ha™!) in the rabi (2023) and
summer (2024) seasons, respectively.

Among the drip fertigation methods, sensor based fertigation at
100% NPK level (F5) recorded the maximum pod yield (2,774 and
2,585kg ha™!) and haulm yield (5,339 and 4,810 kg ha™!) in both
seasons, respectively. This was followed by sensor based fertigation
at 75% NPK level (Fy).

Pod and haulm yield were significantly influenced by a
combination of various drip irrigation and fertigation methods.
Combination with sensor based automated drip irrigation and
sensor based fertigation at 100% NPK level (M3Fs) recorded higher
yield (3,246 kg ha™! and 3,025kg ha™!) and haulm yield (5,970 kg
ha~! and 5,385kg ha~!) in both seasons, respectively.

Regarding harvest index, sensor based automated drip
irrigation (M3) recorded higher harvest index (0.345 and 0.354)
in both seasons, respectively. Among the drip fertigation methods,
sensor based fertigation at 100% NPK level (Fs) recorded
harvest index (0.341 and 0.349) in both seasons, respectively. On
interaction, sensor based automated drip irrigation combined with
sensor based fertigation at 100% NPK level (M3Fs) recorded higher
harvest index (0.353 and 0.360) in both seasons, respectively. None
of the treatments had any perceptible variation on harvest index
of groundnut.

4 Discussion

4.1 Growth parameters

Plant population was not influenced by drip irrigation and
fertigation methods in both seasons, indicating that emergence
and establishment were uniform across treatments. This is likely
because all treatments received adequate initial moisture for
germination and uniform sowing techniques were followed. Drip
irrigation and fertigation methods caused variations in plant height
in both seasons. Sensor based automated drip irrigation (M3)
recorded significantly taller plants. Constant moisture availability
near the crop root zone under higher irrigation scheduling levels
likely created an optimal environment for root activity and water
uptake. This consistent water supply minimized moisture stress and
supported uninterrupted vegetative growth, resulting in enhanced
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TABLE 4 Effect of drip irrigation and fertigation methods on root characters of groundnut (Arachis hypogaea L.).

Root volume (cc)

Root dry weight (g
plant~!)

Root nodules (Nos. Root length (cm)

plant~1)
Rabi 2023

Treatments

Rabi 2023 Rabi 2023 Rabi 2023  Summer

2024

Summer
2024

Summer
2024

Summer
2024

Main plot (M) (Drip irrigation methods)

M, 159.8 152.0 25.24 23.70 2.51 2.36 0.857 0.815
M, 171.3 162.8 26.72 25.10 2.69 2.53 0.919 0.873
M; 187.6 178.3 27.65 25.96 2.95 2.77 1.019 0.957
S.Ed 1.6 1.9 0.38 0.35 0.02 0.02 0.009 0.010
CD (P = 0.05) 4.4 5.4 1.05 0.98 0.07 0.07 0.024 0.029
Sub plot (F) (Drip fertigation methods)

Fy 159.9 1515 24.53 23.11 2.50 2.36 0.850 0.815
F, 165.1 156.6 24.95 23.48 2.59 243 0.884 0.842
F3 172.5 163.9 26.26 24.67 2.71 2.54 0.931 0.880
Fy 179.7 171.1 27.85 26.12 2.83 2.65 0.974 0.917
Fs 187.3 178.7 29.08 27.22 2.95 2.76 1.021 0.955
S.Ed 2.6 2.8 0.35 0.32 0.04 0.04 0.014 0.015
CD (P =0.05) 5.4 5.8 0.73 0.65 0.08 0.08 0.029 0.031
Interaction (M x F) (Drip irrigation methods x Drip fertigation methods)

M, F, 150.4 142.5 23.25 21.90 2.35 2.22 0.791 0.767
M,F, 154.3 146.4 23.64 22.24 2.42 2.28 0.821 0.787
M, F; 160.0 152.0 24.36 22.88 2.51 2.36 0.860 0.816
M, Fy 163.5 155.6 26.58 24.92 2.57 2.41 0.883 0.834
M, Fs 171.0 163.1 28.38 26.56 2.69 2.52 0.932 0.872
M,F, 161.5 153.1 25.00 23.55 2.53 2.38 0.850 0.824
M,F, 165.5 157.0 25.32 23.83 2.59 2.44 0.880 0.844
M,F; 172.7 164.1 26.17 24.59 2.71 2.55 0.929 0.881
M,Fy 175.2 166.9 28.06 26.31 2.76 2.58 0.947 0.894
M,Fs 181.4 173.1 29.06 27.20 2.86 2.68 0.989 0.925
M;F, 167.7 158.9 25.34 23.88 2.63 2.47 0.908 0.855
M;F, 175.3 166.3 25.90 24.37 2.75 2.59 0.950 0.894
M;F; 184.8 175.6 28.25 26.54 2.90 2.73 1.003 0.942
M;Fy 200.5 190.9 28.93 27.13 3.15 2.96 1.090 1.022
M;Fs 209.5 199.9 29.81 27.90 3.30 3.09 1.142 1.069
S.Ed 43 4.7 0.66 0.60 0.07 0.07 0.023 0.025
CD (P =0.05) 9.4 10.3 1.53 1.39 0.15 0.15 0.050 0.055

Treatment details are given under Materials and Methods.

plant height. Adequate moisture availability also facilitates better
nutrient absorption, particularly nitrogen, which plays a crucial role
in promoting cell division and elongation in the growing regions of
the stem. As a result, plants grown under well-irrigated conditions
tend to exhibit greater height due to enhanced physiological
processes and sustained growth. The results were in agreement
with the research conducted by Pushpa et al. (2007), Govindan
and Grace (2012), Karthika and Ramanathan (2019), and Akshay
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et al. (2024). Among the drip fertigation methods, sensor based
fertigation at 100% NPK level (Fs) recorded significantly higher
plant height. This may be attributed to the continuous supply
and consequent availability of plant nutrients in the root zone
till late stage of crop growth. This is in conformity with the
findings of Venkadeswaran et al. (2014) and Sharma et al. (2019).
On interaction, sensor based automated drip irrigation combined
with sensor based fertigation at 100% NPK level (M3Fs) recorded
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TABLE 5 Effect of drip irrigation and fertigation methods on yield of groundnut (Arachis hypogaea L.).

Pod yield (kg ha™!)
Rabi 2023-24

Treatments

Summer
2024

Haulm yield (kg ha—1)
Rabi 2023-24

Harvest index*

Rabi 2023-24 Summer

2024

Summer
2024

Main plot (M) (Drip irrigation methods)

M, 2,079 1,909 4,239 3,804 0.328 0.333
M, 2,436 2,239 4,812 4,269 0.335 0.344
M; 2,709 2,519 5,123 4,584 0.345 0.354
S.Ed 29.1 27.4 40.6 55.2 . -
CD (P =0.05) 80.8 76.0 112.8 153.3 - -
Sub plot (F) (Drip fertigation methods)

F, 2,110 1,922 4,230 3,847 0.332 0.332
F, 2,205 2,058 4,408 3,907 0.333 0.344
F; 2,347 2,178 4,624 4,098 0.336 0.346
Fy 2,605 2,369 5,023 4,435 0.336 0.347
Fs 2,774 2,585 5,339 4,810 0.341 0.349
S.Ed 34.5 35.0 77.9 58.2 - -
CD (P =0.05) 71.1 72.1 160.7 120.1 - -
Interaction (M x F) (Drip irrigation methods x Drip fertigation methods)

M F, 1,826 1,656 3,816 3,534 0.323 0.319
M, F, 1,926 1,799 3,988 3,589 0.326 0.334
M, F; 2,063 1,878 4,189 3,692 0.330 0.337
M, E, 2,211 2,002 4,457 3,921 0.326 0.337
M, Fs 2,371 2,210 4,746 4,285 0.333 0.340
M,F; 2,227 2,032 4,406 3,976 0.336 0.337
M,F, 2,258 2,107 4,562 4,022 0.331 0.344
M,F; 2,404 2,187 4,757 4,144 0.336 0.345
M,F, 2,584 2,350 5,033 4,444 0.335 0.346
M,Fs 2,705 2,521 5,302 4,760 0.338 0.346
M;F, 2,277 2,078 4,467 4,029 0.338 0.340
M;F, 2,431 2,268 4,674 4,109 0.342 0.356
M;F; 2,574 2,470 4,926 4,459 0.343 0.357
M;E, 3,019 2,754 5,579 4,940 0.347 0.358
M;Fs 3,246 3,025 5,970 5,385 0.353 0.360
S.Ed 60.8 60.6 127.3 105.7 - -
CD (P = 0.05) 1354 134.0 2719 238.8 - -

Treatment details are given under Materials and Methods. *Harvest index, Not statistically analyzed.

significantly taller plants. Drip fertigation, which applies water and
nutrients at certain times to match the crop’s need for each distinct
stages, results in taller plants. This was attributed to the constant
moisture availability near the root zone, promoting nutrient uptake
and cell elongation. Additionally, the application of water-soluble
fertilizers through fertigation contributed to improved growth
qualities and increased plant height. Similar findings have been
reported by Akshay et al. (2024).
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4.2 Physiological parameters

The leaf area index was significantly influenced bydrip
irrigation and fertigation methods in both seasons (Figures 5, 6).
Sensor based automated drip irrigation (M3) recorded significantly
higher LAIL The higher LAI might be due to the favorable soil
moisture conditions created in the rhizosphere of groundnut,
which promoted increased vegetative growth. This was reflected in
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Effect of drip irrigation and fertigation methods on pod yield of groundnut (Arachis hypogaea L.) during summer (2024) season. Kg/ha,
Kilogram/hectare; M1, Conventional drip irrigation; My, Time based automated drip irrigation; Mz, Sensor based automated drip irrigation; Fy, Drip
fertigation of 75% RDF; F;, Drip fertigation of 100% RDF; F3, STCR based drip fertigation; F4, Sensor based fertigation at 75% NPK level; Fs, Sensor

based fertigation at 100% NPK level.

the enhanced morphological characteristics such as the number of
functional leaves per plant and leaf area (Shinde, 2020). Among
the drip fertigation methods, sensor based fertigation at 100%
NPK level (Fs) recorded significantly higher LAI. This might
be due to prolonged and steady availability of nutrients from
WSE, which resulted in better translocation of photosynthates
reflected in morphological characters viz., number of functional
leaves plant™! and leaf area. These results are in confirmation
with the findings of Vijayalakshmi et al. (2011), Sanju (2013),
Rathore et al. (2014), Soni and Raja (2017), Mouri et al. (2018),
and Hasan et al. (2019). The interaction was significant. Sensor
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based automated drip irrigation combined with sensor based
fertigation at 100% NPK level (M3Fs) recorded significantly
higher LAI Higher LAI could be attributed to maintenance of
higher soil water potential and constant availability of nutrients,
which increased with higher irrigation levels and helped for
better translocation of photosynthates and more carbohydrates
synthesis contributing to maintaining plant water balance. Water
play an important role in carbohydrate metabolism, protein
synthesis, cell wall synthesis and cell enlargement. Similar results
were reported by Sampathkumar et al. (2006) and Arif et al.
(2016).
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The dry matter production was significantly influenced by
drip irrigation and fertigation methods in both seasons (Figures 7,
8). Accumulation of significantly higher dry matter was noticed
with sensor based automated drip irrigation (M3). The higher
growth parameters observed in the respective treatments can
be attributed to the increased plant dry weight, which resulted
from frequent irrigation and the use of water-soluble fertilizers.
These practices ensured continuous availability of moisture and
readily absorbable nutrients in the root zone, thereby enhancing
nutrient uptake efficiency. Improved uptake supported active
metabolic processes and biomass accumulation, ultimately leading
to greater dry matter production and better expression of growth
parameters. Vijaykumar (2009), Rekha et al. (2015), and Akshay
et al. (2024) also found similar outcomes. Among the drip
fertigation methods, sensor based fertigation at 100% NPK level
(F5) recorded significantly higher DMP. The application of water-
soluble fertilizers at higher concentrations enhanced nutrient
absorption by the crop and facilitated more uniform nutrient
distribution in the soil, leading to improved nutrient availability
throughout the root zone. According to Jena and Aladakatti (2018),
this may have led to increased nutrient intake and subsequent
growth, which in turn produced more dry matter. Similar findings
have been reported by Akshay et al. (2024). Interaction was
found to be significant. Sensor based automated drip irrigation
combined with sensor based fertigation at 100% NPK level
(M3Fs) recorded significantly higher DMP. The higher growth
parameters were attributed to the increased plant dry weight
observed in the respective treatment. Nutrients applied through
drip fertigation ensured a continuous supply of nutrients while
maintaining optimal water availability, leading to higher nutrient
uptake. This in turn, resulted in greater dry matter accumulation by
the plant. Similar results were documented by Jain et al. (2018) and
Menda (2023). The frequent fertigation and application of water-
soluble fertilizers likely promoted the uptake of both moisture
and nutrients, further contributing to the increased buildup of dry
matter (Akshay et al., 2024).

SPAD meter was used to determine leaf nitrogen status. SPAD
value was significantly influenced by drip irrigation and fertigation
methods in both seasons (Table 2). Among the drip fertigation
methods, sensor based fertigation at 100% NPK level (Fs) recorded
significantly higher SPAD value. Adequate fertilization improved
various physiological and metabolic processes in the plant system.
The profound influence of water soluble fertilizer on crop
growth seemed to be due to maintaining congenial nutritional
environment of the plant rhizosphere on account of their increased
availability which increased the nitrogenase activity of roots that
resulted in higher physiological growth parameters, such as the
SPAD value (Jain and Meena, 2015). Interaction was significant.
Sensor based automated drip irrigation combined with sensor
based fertigation at 100% NPK level (M3Fs) recorded significantly
higher SPAD value. This could be attributed to sufficient availability
of moisture and the solubility of nutrients helped the crops
to grow luxuriantly, which was reflected in higher SPAD value
using sensor-based precision nutrient and irrigation management
(Sachin et al., 2023).

Crop growth rate (CGR) is used as a character for estimating
production efficiency of crop stand, which is influenced by LAI,
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photosynthetic rate, and leaf angle and is an index of amount of
light interception. Crop growth rate was significantly influenced
by drip irrigation and fertigation methods in both seasons. Sensor
based automated drip irrigation with sensor based fertigation at
100% NPK level (M3Fs) resulted in the maximum CGR. This
may be attributed to the efficient utilization of water and nutrient
resources, which supported active cell division and elongation
during each stage of crop growth. This process contributed to an
increase in leaf area, enhancing the plant’s ability to intercept light
and perform photosynthesis, which in turn resulted in a higher crop
growth rate (Krishnamoorthy et al., 2013; Soni and Raja, 2017).

Leaf temperature serves as a critical indicator of both
leaf water status and metabolic activity. The leaf temperature
should be lower than the air temperature for getting higher
productivity. Leaf temperature was significantly influenced by drip
irrigation and fertigation methods in both seasons (Figures9,
10). Conventional drip irrigation (M3) recorded maximum
leaf temperature. Sensor based automated drip irrigation (Ms)
recorded lower leaf temperature. A lower numerical value of
leaf temperature generally indicates better water availability,
which promotes stomatal opening. This enhances transpiration
and crop evapotranspiration, leading to cooling of the leaf
surface. As a result, leaf water potential is maintained at a
higher level, ultimately contributing to the observed reduction in
leaf temperature.

Normalized difference vegetation index was significantly
influenced by drip irrigation and fertigation methods in both
seasons. Among the drip fertigation methods, sensor based
fertigation at 100% NPK level (F5) recorded significantly higher
NDVI value. This improvement in plant growth might be attributed
to the higher chlorophyll content, which enhances the plants
photosynthetic efficiency, leading to better energy capture and
assimilation. The timely application of inorganic fertilizers played
a crucial role by ensuring that essential nutrients were available
during critical growth stages, thereby minimizing nutrient losses
due to leaching or volatilization. As a result, plants exhibited
improved canopy development and greater biomass accumulation,
contributing to better light interception and resource use efficiency.
Furthermore, the increased nutrient availability, particularly
nitrogen and phosphorus, is closely associated with protoplasm
synthesis and protein formation in plant cells. These physiological
processes are essential for cell division and expansion, ultimately
promoting vigorous vegetative growth. Thus, the combination
of timely nutrient supply, improved chlorophyll content, and
enhanced canopy coverage contributed significantly to the overall
growth performance of the crop. Interaction was significant. Sensor
based automated drip irrigation combined with sensor based
fertigation at 100% NPK level (M3Fs) recorded significantly higher
NDVT value. This could be attributed to the sufficient availability
of moisture and the solubility of nutrients, which enabled the crops
to grow luxuriantly. This was reflected in the higher NDVT values
observed under sensor-based precision nutrient and irrigation
management (Sachin et al., 2023).

Relative water content is the primary physiological gauge for
assessing the water status of plant systems. Relative water content
was significantly influenced by drip irrigation and fertigation
methods in both seasons (Figures 9, 10). Sensor based automated
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drip irrigation combined with sensor based fertigation at 100%
NPK level (M3Fs) recorded significantly higher RWC. This
might be due to the positive effect of higher soil moisture
content and effective utilization of water and nutrient sources
which leads to increase in cell turgor cell expansion and solutes
along with photosynthetic rate that helps in maintaining the
optimum osmotic potential. The above results are in harmony
with the findings of Nautiyal et al. (2002), Reddy et al. (2003),
and Menda (2023).

4.3 Root characters

The root system is the major link between the plant and soil.
Rooting depth and distribution are important traits for absorption
of water and nutrients from the soil profile. Root length and
volume reveals the root system’s soil contact, aiding the absorption
of water and nutrients, promoting shoot photosynthesis. Higher
root dry weight enhances the resources availability fostering
photosynthetic accumulation. Root characters were significantly
influenced by drip irrigation and fertigation methods in both
seasons. Sensor based automated drip irrigation (M3) recorded
higher values of root characters. The significant increase in root
length might be attributed to the creation of optimal soil moisture
conditions, achieved through a balanced proportion of air and
water in the crop’s root zone (Soni et al., 2016; Shinde, 2020),
which reflected in better growth of rhizobium and physiological
activity of plant thus significantly higher root nodules, root
volume and root dry wight were observed. Similar results were
observed by Dabasree and Gunri (2014), Arif et al. (2016), and
Shinde (2020). With respect to drip fertigation methods, sensor
based fertigation at 100% NPK level (F5) recorded higher root
characters. This may be due to nodule development appeared to
be source-sink relationship. The treatments might be produced
and maintained more active photosynthesis are capable to well
nodule formation due to availability of adequate photosynthesis
(Shinde, 2020). On combination, sensor based automated drip
irrigation combined with sensor based fertigation at 100% NPK
level (M3Fs) recorded maximum root characters. This might be
due to the higher availability of moisture. An adequate quantity
of nutrients and moisture might have resulted in greater root
proliferation. The provision of sufficient moisture, nutrients and
soil aeration ultimately led to enhanced root growth. These results
were in line with the findings of Kafkafi and Tarchitzky (2011),
Abdzad Gohari et al. (2014), and Soni and Kumar (2016), who
observed that root depth, volume and biomass contents vary due
to differences in soil moisture and nutrient concentration in the
root zone.

4.4 Yield

Drip irrigation and fertigation methods had significant impact
on pod and haulm yield of groundnut in both seasons (Figures 11,
12). Sensor based automated drip irrigation (Mj3) recorded
significantly higher pod yield and haulm yield. The higher yield
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observed under tensiometer sensor-based drip irrigation can be
attributed to the precise and timely application of water, based
on the actual moisture status of the root zone. This approach
ensured that the crop received the required amount of water exactly
when needed, thereby minimizing both water stress and water
wastage. Consistent soil moisture availability supports optimal
physiological processes such as nutrient uptake, photosynthesis,
and cell expansion, which collectively contribute to improved plant
growth and ultimately lead to higher yields. Similar results were
reported by Kotadiya et al. (2024).

Among the drip fertigation methods, sensor based fertigation
at 100% NPK level (F5) recorded the maximum pod yield and
haulm vyield. This was followed by sensor based fertigation at
75% NPK level (F4). The increased responses observed in the
study can be primarily attributed to the higher solubility of water-
soluble fertilizers. Because these fertilizers dissolve quickly and
completely in water, they ensure that nutrients are readily available
in the soil solution for root absorption. This enhanced availability
facilitates greater nutrient uptake by the crop, especially during
critical growth stages, supporting vital physiological processes such
as photosynthesis, cell division, and elongation. Consequently, the
improved nutrient nutrition positively influenced overall plant
growth and development, which was ultimately reflected in higher
yields. Similar results were obtained by Soni et al. (2019), Rank
(2007), and Vijayalakshmi et al. (2011).

Pod and haulm yield were significantly influenced by a
combination of various drip irrigation and fertigation methods.
Combination with sensor based automated drip irrigation and
sensor based fertigation at 100% NPK level (M3Fs) recorded higher
yield and haulm yield. Higher nutrient uptake might have been
aided by the solubility and availability of sufficient quantities
of nutrients with optimum soil moisture across the entire crop
growth cycle. This helped to absorb more photosynthetically active
radiation accompanied with increased yield attributes. The higher
rate of photosynthate translocation from source to sink might have
resulted in higher pod yield in peanut. Many reports indicated
that fertigation with water soluble fertilizer can increase the yield
of many crops besides saving 25% of the fertilizer (Martin, 1950;
Kuster and Williams, 1964; Kumar et al., 2018; Jayakumar et al,,
2021; Jain et al., 2021; Kumar et al., 2022; Hireholi et al., 2024).

Regarding harvest index, sensor based automated drip
irrigation (M3) recorded higher harvest index. Among the drip
fertigation methods, sensor based fertigation at 100% NPK
level (Fs) recorded harvest index. On interaction, sensor based
automated drip irrigation combined with sensor based fertigation
at 100% NPK level (M3Fs) recorded higher harvest index. None
of the treatments had any perceptible variation on harvest index
of groundnut.

Based on the above results, it is concluded that sensor
based automated drip irrigation combined with sensor based
fertigation at 100% NPK level (M;3Fs) significantly enhanced
the growth, physiological traits, root characteristics and yield
of groundnut. This precision approach not only improved crop
performance but also contributed to efficient utilization of water
and fertilizers. The adoption of such smart irrigation and fertigation
technologies in water scarce and input limited environments
can substantially reduce input costs and enhance resource use
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efficiency. Consequently, this can lead to higher net returns
for farmers through improved productivity and reduced input
wastage. In addition, the sustainable use of natural resources,
such as water and nutrients, aligns with climate-resilient farming
practices. Future research should focus on scaling up these
technologies across different agro-climatic regions and assessing
their long-term impacts on soil health, farmer income and
environmental sustainability.
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