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Abstract

Creating fertile land for coffee growing requires good soil
health. Healthy soil leads to healthier coffee plants, which
produce higher yields of superior quality coffee beans.
However, soil health monitoring by traditional methods is
laborious, time consuming and expensive. As an alternative, soil
sensors can be used to perform analyses in economically. In this
scenario, there is a significant need for compact, inexpensive,
low-power, and rapid soil NPK sensors, anticipated to become
more common in the near future, due to the demand for
enhanced agriculture production and the future widespread
usage of the Internet of Things (loT). By utilization of soil
sensors in coffee plantation, users can monitor real-time soil
nutrients status to optimise soil management practices for
sustainable coffee production. In view of above, a preliminary
study was conducted at Arabica Coffee Plantation viz., M/s.
Amyra Farms, Hospete Village, Chikkamagaluru District
Karnataka to know accuracy and reliability of 10T soil sensor
real time data (3 months, February to April 2024) with standard
laboratory method. The analytical data from the laboratory
(manual) testing method revealed that, soil reaction is optimum
(6.2), medium organic carbon, medium N (280 — 560 kg/ha) and
high P and K (>56 & >336 kg/ha) contents. All secondary and
micronutrients were sufficient in the soil. When soil sensor data
with manual soil testing results compared, it is found that
average pH is 8.2, whereas the pH by laboratory (manual)
testing method is 6.2 (variation of 2.0 pH compared with manual
soil testing method).

This assessment points out essentiality of
calibration/configuration of soil pH sensor with
manual soil testing data to overcome limitations
of the soil sensor technology to get accurate and
reliable data. Soil conductivity is also more
detected by soil sensor (0.16 dSm™) compared
with laboratory (manual) testing. More variability
of nitrogen (N) & potassium (K20) results is
found between sensor data and analytical results
of laboratory (manual) testing. On average more
N and K is estimated by laboratory (manual)
testing method (265 kg/ha & 304 Kkg/ha)
compared to sensor data. Only 2 kg/ha of
variability in P is found between by laboratory
(manual) testing method and sensor data. Hence,
evaluation, calibration and precise configuration
of soil loT sensors is must before rendering any
recommendations in  coffee  plantations
underneath varied environments.
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Introduction

Creating fertile land for coffee growing requires good soil health. Healthy soil leads to healthier coffee plants, which
produce higher yields of superior quality coffee beans. Coffee is the major plantation crop cultivated in the majority in
sloppy hilly terrains of Chikkamagaluru and Kodagu districts of Karnataka [1]. Generally, manual soil testing is adopted
to determine soil health, nutrient status and rendering lime and fertilizer recommendation. Coffee growing soils of India
are deep, friable, high in organic matter, high in potassium, well-drained, and reacting slightly acidic in reaction. Iron
oxides and aluminium oxides are present in high concentrations in these soils. High levels of organic matter give soils
a good structure, which allows coffee soils to have good water-air relations. Crop productivity is influenced by the
chemical environment and nutrient availability when the physical conditions of the soil are favourable to the plant. Soils
provide the essential mineral nutrients that plants require for growth and development. The ability of different soils to
supply all the necessary nutrients in sufficient amounts and in a balanced way varies. Again, interactions between
nutrients in soil and plants can impede healthy nutrition [2].

To achieve sustainable coffee production and the health of the plants, deficiencies and excesses in nutrients must
be assessed and supplemented through external inputs. In order to obtain economic yields external inputs of soil
amendments and fertilizers were regularly applied in coffee plantations. Since, applied phosphorus is fixed by iron and
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aluminium oxides, the availability of phosphorus (P) in the soils used to grow coffee in India is thus limited. It has been
estimated that a ton of clean coffee removes approximately 40, 7 and 45 kg of N, P,Os and KO in the case of Arabica
while 45, 9 and 58 kg of N, P,Os and KO in the case of Robusta respectively from the soil [3]. They also concluded
that, a positive relationship between coffee yield and soil potassium and phosphorus content. Hence, based on manual
soil analysis, Coffee Board soil testing laboratories (STLs) provide growers with advisory services and categorise data
into low, medium, and high categories [4].

However, soil health monitoring by traditional methods is laborious, time consuming and expensive. As an
alternative, soil sensors can be used to perform analyses in a laboratory and lower the cost of soil sampling. Recently,
several types of sensors are developed to measure the pH, moisture content, Nitrogen (N), Phosphorous (P), and
Potassium (K) nutrients present in the soil, and they facilitate on-the-go detection. In this scenario, a significant need
for compact, inexpensive, low power, and rapid soil NPK sensors anticipated in near future, due to the demand for
enhanced agriculture production and the future widespread usage of the Internet of Things (loT). IoT enabled
technological approaches in agriculture also helps to assess soil health, soil erosion, need of fertilizer, status of soil
fertility, and crop quality [5]. Meanwhile, assessment of ground water irrigation status, and soil health could have made
easy by the cost-effective platforms employing 10T [6]. The 10T, smart sensors, and Al offer enormous potential for
gathering and analyzing real-time data to track soil health and water contents in a specific region [7]. By utilization of
soil sensors in coffee plantation, scientists/planters can monitor real-time soil nutrients status (intrinsic spatial and
temporal variability), enabling them to optimise soil management practices such as fertilisation, irrigation, and other
techniques for sustainable coffee production by optimizing soil nutrient levels to meet plant nutrient requirements.
Using real-time data analysis, an integrated soil fertility monitoring system can turn less fertile land into more
productive land by maximising efficiency, promoting sustainability and optimising soil health. It was found that the
lI0T's application to Agriculture is a great way to keep an eye on and manage environmental factors, which opens up
new opportunities for technology to be used in coffee cultivation [8]. Meanwhile, it is well established that coffee
cultivation management is quite complex, taking into account the variability of species, terrains, and specific
environmental conditions that ultimately affect the production process and final grain quality [9].

Methods

To know accuracy and reliability of soil 10T sensor data with standard laboratory method, a preliminary study was
conducted at Arabica Coffee Plantation (13°28'58.7"N and 75°46'21.8"E, 1210.4 m or 3971.0 feet MSL) viz., M/s.
Amyra Farms, Hospete Village, Chikkamagaluru District Karnataka. In the current study, 3 10T soil sensors (Viz., 1.
Soil pH sensor, 2. Soil NPK sensor and 3. Soil Temperature, moisture & EC sensor of NioBoL make) were used. The
measuring range of these sensors are -50 to 80°C for combined temperature sensor, 0-100% RH for combined moisture
sensor, 0-10800us/cm for combined EC sensor and 0 — 2000 mg/kg for NPK sensor. These soil 10T sensors were
installed by Datakrew Pvt. Ltd., Bangalore and real time data captured by the soil sensors is utilized to determine soil
chemical attributes of Arabica coffee plantation. The real time data of 3 months (February to April 2024) from the soil
sensor is collected and compiled. Similarly, representative surface soil samples (0-9”) were collected from sensor
installed block and nearby locations (2-acre radius — left & right side) and these samples were processed and analysed
in the laboratory by adopting standard methods. Further, data generated through IoT soil sensor (Source:
https://studio.mads-iot.com/) and laboratory (manual) testing method were compared to know accuracy of data
generated through both methods. The pH and Electrical Conductivity by 1:2.5 soil: water using pH and conductivity
meters [10]; Soil organic carbon by Wet digestion method [11]; Available nitrogen by Alkaline KMnO. method [12].
The images of 10T sensors used in present study are depicted in Figure 1.

. Soil temperature,

moisture and EC sensor
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Results

The analytical data of sensor installed block by laboratory (manual) testing method have revealed that, the soil reaction
is optimum (6.2), medium organic carbon, medium N (280 — 560 kg/ha) and high P and K (>56 & >336 kg/ha) contents
in sensor installed block. All secondary and micronutrients were sufficient in the soil. The data generated from soil
sensor over 3 months period (February to March 2024) had found that, soil pH ranged from 3.5 to 8.9 (Av.6.2), soil
temperature ranged from 20.8 to 24.8 (Av.6.2), soil moisture ranged from 14.2 to 16.5 (Av.15.7), conductivity (dSm™)
ranged from 0.4 to 0.5 (Av.0.5), nitrogen ranged from 15.7 to 17.9 (Av. 16.8) kg/ha, phosphorous ranged from 35.9 to
41.0 (Av. 38.5) kg/ha and potassium ranged from 167 to 186 (Av. 176.5) kg/ha. Over 3 months period rapid changes in
pH are not observed, however other parameters such as soil temperature is found to be increased during February to
April, conductivity is decreasing up to 15 April and then onwards followed increasing trend. Meanwhile, soil P & K
suddenly decreased during end of February and gradual increased trend was recorded during end of April Month.
Fluctuation of some nutrient properties may be due to intermittent power supply/ internet connectivity difficulties of
soil sensors with server, since they are installed at remote location. This may also due to inherent physical, chemical
and biological (dynamic) properties of soil and nutrient uptake by plants.

Table 1 Comparison of soil sensor data with manual soil analysis data

Block details/Months pH Soil conductivity N P20s K0
(as dSm™) (kg/ha) (kg/ha) (kg/ha)
Soil sensor data from February to April 2024*
Sensor Block (February —2024) 8.5 0.50 18 41 182
Sensor Block (March — 2024) 8.5 0.47 16 36 176
Sensor Block (April —2024) 7.6 0.46 16 36 170
Average 8.2 0.48 16 38 176
Analytical data of manual soil analysis method
Sensor installed block 6.2 0.69 314 21 523
left side of sensor block 2 acre Radius 6.0 0.64 268 54 445
Right side of sensor block 2 acre Radius 5.8 0.58 262 44 473
Deviation from manual soil analysis method
Sensor installed block (+) 2.0 -0.2 -298 17 -347
left side of sensor block 2 acre Radius (+) 2.2 -0.2 -252 -16 -269
Right side of sensor block 2 acre Radius (+) 2.4 -0.1 -246 -6 -297
Mean (+) 2.2 -0.16 -265 -2 -304
STDEV (P) 11 0.1 131.9 9.2 152.1
STDEV (S) 1.3 0.1 146.1  10.9 168.6
STD Error (SE) 0.5 0.0 59.6 4.5 68.8
T-test (p value) 0.009 0.017 0.004 0.87 0.005

* Monthly Average of sensor data

When manual soil test data compared with soil sensor data, it is found that variability in data captured by 10T soil
sensor. The Average pH of 3 month of sensor installed block is 8.2, whereas the pH of same location by laboratory
(manual) testing method is 6.2. Therefore, variation of 2.0 pH is observed when compared with manual soil testing
method (MSTM). Similarly, soil sample collected from left side of sensor block (2-acre Radius) had pH of 6.0 by
manual soil testing method (2.2 pH lower than sensor) and Right side of sensor block (2-acre Radius) had pH of 5.8
(2.4 pH lower than sensor). Similarly, soil conductivity as recorded by soil sensor is found to be more (0.16 dSm™)
compared with manual soil testing method. More variability of nitrogen (N) & potassium (K20) results is found between
soil sensor data and analytical results of laboratory (manual) testing. The nitrogen content captured by soil sensor is 16
kg/ha (3 months average), whereas soil test values by laboratory (manual) testing method is found to be 314 kg/ha in
sensor block (298 kg/ha lower than sensor data), 268 kg/ha in left side of sensor block (252 kg/ha lower than sensor
data), 262 kg/ha in left side of sensor block (246 kg/ha lower than sensor data). On average more N is estimated by
manual method (265 kg/ha) compared to soil sensor data. Similarly, potassium content as detected by soil sensor at
sensor installed block is 176 kg/ha, while K content by laboratory (manual) testing method is 523 kg/ha (347 kg/ha
lower than sensor data), 445 kg/ha of K is recorded in left side of sensor block (269 kg/ha lower than sensor data), 473
kg/ha of K is recorded in right side of sensor block (297 kg/ha lower than sensor data). Hence, on average more K is
estimated by laboratory (manual) testing method (304 kg/ha) compared to soil sensor data. However, minimum
variation is recorded between soil phosphorous (P.Os) soil sensor data and laboratory (manual) testing results. The
average of 3-month sensor data for soil phosphorous is 38 kg/ha, whereas analytical data of laboratory (manual) testing
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method of soil analysis of sensor block is 21 kg/ha (17 kg/ha lower than sensor data), 54 kg/ha in left side of sensor
block (16 kg/ha more than sensor data) and 44 kg/ha in right side of sensor block (6 kg/ha more than sensor data).
Therefore, on average only 2 kg/ha of variability is found between laboratory (manual) testing method of soil analysis
and soil sensor data. Similarly, when this data was subjected to statistical analysis for standard deviation and Paired t-
test (two tailed by MS excel). The statistical data of standard deviation has revealed variability between data points
from their mean and standard error data has variability in the population parameter. Similarly, two tailed Paired t-test
statistical analysis has significance difference between data acquired by two methods. The comparison data of soil
sensor and manual soil analysis is presented in Table 1.

The analytical data soil samples by manual soil testing method have concluded that, organic carbon content,
secondary and micronutrients were sufficient in the soil. The analytical data is presented in Table 2.

The soils of coffee plantations of India are heterogeneous in nature and these plantations are located at hilly terrains
of Western Ghats. Hence, edaphic, cultural and nutrient management practices, environmental and microclimatic factors
are playing a vital role in soil nutrient dynamics and availability of essential nutrients in coffee agroforestry systems.
Hence, based on the soil sensor data generated by a single soil sensor may not be adequate to render fertilizer
recommendations for wide areas in coffee plantations. Before rendering any irrigation or fertilizer recommendations
based on soil sensors data, it is recommended to evaluate a greater number of different soil sensors in diverse locations
under irrigated and rain fed conditions in coffee plantations.

Table 2 Soil analysis data (Manual method) at experimental location

Block details O.C. Ca Mg S Cu Zn Fe Mn
(%) (ppm)  (ppm) (ppm)  (ppm)  (ppm) (ppm) (ppm)

Sensor installed block 1.9 1997 185 63 14 3.0 23 46
left side of sensor block (2-acre 2.0 1494 180 44 15 4.0 28 51
Radius)

Right side of sensor block (2-acre 2.1 1553 181 46 15 2.0 24 52
Radius)

Average 2.0 1681 182 51 15 3.0 25 50

Conclusion

This assessment points out essentiality of calibration/configuration of soil pH sensor with manual soil testing data to
overcome limitations of the soil sensor technology to get accurate and reliable data. Meanwhile, long-term replicated
field trails at Arabica and Robusta coffee plantations underneath varied climatic environments will provide
accuracy/precise reliability and data management when used in conjunction with standard laboratory (manual) testing
methods. Further, there is a need to evaluate different sensors that can precisely quantify soil chemical attributes despite
within field variability. Additionally, to enable on-the-go soil data analysis and quick distribution map compilation,
sensor devices should ideally be integrated with a geo-location system.
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