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ISOLATION OF CASEIN PROTEIN BY ADJUSTING ITS ISOELECTRIC PH 
AND ITS QUANTIFICATION 

Dnyaneshwari Sudhir Godase1 and Rajendra Navnath Kasar2 
1Adv. M. N. Deshmukh Jr. College Rajur Tal-Akole, Dist-Ahmednagar. 

2Assistant Professor, Department of Zoology,  
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ABSTRACT 

Milk is a nutritionally complete food containing proteins, lipids, carbohydrates, vitamins, and minerals. 

Casein is the major milk protein and accounts for approximately 80% of the total protein content in 

bovine milk. The present study aims to isolate casein protein from milk by adjusting its isoelectric pH 

and to quantify the isolated protein using gravimetric methods. Casein exists in milk as calcium 

caseinate micelles.  

When the pH of milk is reduced to the isoelectric point of casein (pH ≈ 4.6), the net charge of the 

protein becomes zero, resulting in its precipitation. In this study, diluted milk was treated with dilute 

acetic acid until precipitation occurred. The precipitated casein was separated through filtration, 

washed, dried, and weighed. The results demonstrated successful isolation of casein and confirmed 

the principle that proteins exhibit minimum solubility at their isoelectric point. This experiment provides 

a simple laboratory technique for protein separation and quantitative estimation. 

KEYWORDS 

Casein, Milk Protein, Isoelectric Point, Acid Precipitation, Protein Isolation, Quantification 

INTRODUCTION 

Milk is a complex mixture of water, proteins, fats, carbohydrates, and minerals. The primary 

protein in milk is casein, which accounts for approximately 80% of the total protein content. Casein is 

essential for the nutritional value of milk and plays an important role in cheese making. 

Casein exists in milk as a colloidal suspension of casein micelles. These micelles are stable at 

the natural pH of milk (approximately pH 6.6) due to the presence of κ-casein on their surface, which 

provides both steric and electrostatic stabilization. When the pH is lowered to the casein's isoelectric 

point (approximately pH 4.6), these micelles become destabilized, leading to the precipitation of casein 

from the solution. 
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In this lab, we will use acetic acid to lower the pH of milk, causing the casein to precipitate at its 

isoelectric point. We will then isolate and analyze the precipitated casein. 

Chemical Equations: While there isn't a specific chemical reaction occurring, the process can be 

represented as: 

Casein (soluble) + H+ → Casein (insoluble precipitate) 

The acetic acid provides the H+ ions: CH3COOH ⇌ CH3COO- + H+ 

In the previous experiments you have performed the estimation of protein concentration by 

using different methods. In this experiment you will perform isolation of milk protein i.e., casein. 

Electrostatic charge is one of the important factors that contribute to protein solubility. The solubility of 

proteins in aqueous buffers depends on the distribution of hydrophilic and hydrophobic amino acid 

residues on the protein surface. Proteins that have high hydrophobic amino acid content on the surface 

have low solubility in an aqueous solvent. Charged and polar surface residues interact with ionic groups 

in the solvent and increase their solubility. The net charge of a protein molecule is the arithmetic 

average of all charges.  

Milk is an essential component of human nutrition and is widely consumed across the world. It 

is composed of water (about 87%), proteins (3–4%), fats (3–5%), lactose (4–5%), and minerals (0.7%). 

Among these components, proteins are particularly important because they provide essential amino 

acids required for growth and metabolism. 

Milk proteins are classified into two major groups: 

1. Casein proteins (≈80%) 

2. Whey proteins (≈20%) 

 Casein proteins are phosphoproteins that contain phosphate groups attached to amino acids. 

They form large aggregates called casein micelles, which remain suspended in milk as colloidal 

particles. 

The solubility of proteins depends on pH. Each protein has a specific isoelectric point (pI) at 

which the number of positive and negative charges on the protein molecule becomes equal. At this 

point, the net electrical charge becomes zero, leading to minimum solubility and precipitation. 

The isoelectric point of casein is approximately pH 4.6. When acid is added to milk and the pH 

is lowered to this value, casein precipitates as a white curd-like substance. This process is commonly 

used in dairy industries for cheese production and protein analysis. The present study demonstrates 

https://www.ijitmr.com/
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the isolation of casein from milk by acid precipitation and the quantification of the isolated protein 

using gravimetric analysis. 

At a certain solvent pH, the protein net charge will be zero this is called the isoelectric point. At 

a solution pH that is above the pI of the surface of protein is predominantly negatively charged and 

therefore like charged molecules will exhibit repulsive forces. On the other hand, surface of the protein 

is predominantly positively charged at a solution pH that is below the pI, and repulsion between 

proteins occurs. Therefore, protein will be soluble at this pH. However, at the pI the negative and 

positive charges are eliminated, repulsive electrostatic forces are reduced and the dispersive forces 

will cause aggregation and precipitation. It is important to note that, pI of most proteins ranges between 

the pH 4 to 6.  

You might be surprised to know that, the solubility of casein is not affected by heat because it 

does not contain disulphide bonds and lack the tertiary structure. However, the solubility of casein 

depends greatly on the pH of the medium. At isoelectric point (pH 4.8) of casein, the solubility of protein 

is minimum, but increases with increasing acidity or alkalinity. You are advised to watch the video 

available at the following YouTube link before going to start the experiment 

https://www.youtube.com/watch?v=HN4jD2MCKfg 

REVIEW OF LITERATURE 

Several researchers have studied the chemical and physical properties of milk proteins. Fox and 

McSweeney (1998) described the structure of casein micelles and their role in dairy chemistry. Walstra 

et al. (2006) explained the stability of casein micelles in milk and their precipitation under acidic 

conditions. Stryer (2012) discussed protein solubility and the significance of isoelectric points in 

protein chemistry. Damodaran and Parkin (2017) emphasized the importance of protein precipitation 

techniques for biochemical analysis. 

Previous studies indicate that acid precipitation at the isoelectric point is one of the simplest 

and most efficient techniques for isolating casein. 

MATERIALS AND METHODS 

3.1 Materials 

 Milk Sample: Cow’s milk (fresh or reconstituted powdered milk). 

https://www.ijitmr.com/
mailto:editor@ijitmr.com
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 Chemicals and Reagents: Hydrochloric acid (HCl) or acetic acid, Biuret reagent (for Biuret Assay), 

Coomassie Brilliant Blue (for Bradford Assay), Lowry reagents (for Lowry Assay), Phosphate buffer (for 

dissolving casein), pH meter or pH indicator paper 

 Instruments: pH meter, Spectrophotometer, Filtration apparatus (e.g., cheesecloth, fine mesh 

strainer), Oven or desiccator (for drying casein) 

3.2 Methodology 

3.2.1 Experimental Procedure 

1. Take 20 ml of fresh milk in a clean beaker. 

2. Add 20 ml of distilled water to dilute the milk. 

3. Heat the mixture gently in a water bath at 40–50°C. 

4. Add 1% acetic acid dropwise with continuous stirring. 

5. Monitor the pH using pH paper. 

6. Continue adding acid until pH reaches 4.6. 

7. Observe the formation of white casein precipitate. 

8. Allow the mixture to stand for 5 minutes. 

9. Filter the precipitate using filter paper. 

10. Wash the precipitate with distilled water. 

11. Dry the precipitate in a hot air oven or at room temperature. 

12. Weigh the dried casein. 

3.2.2 Quantification of Casein Protein 

 Biuret Assay: Prepare Biuret reagent and mix with a known volume of dissolved casein. Measure 

absorbance at 540 nm using a spectrophotometer. Prepare a standard curve using bovine serum 

albumin (BSA). 

 Lowry Assay: Mix casein solution with Lowry reagent and measure absorbance at 750 nm. Use BSA to 

generate a standard curve. 

 Bradford Assay: Mix casein with Bradford reagent and measure absorbance at 595 nm. Determine the 

protein concentration using a standard curve based on BSA. 

RESULTS 

Isolation of Casein 

https://www.ijitmr.com/
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 pH Adjustment: The pH of the milk was successfully adjusted to 4.6 with a dilute acid, resulting in the 

precipitation of white casein curds. 

 Appearance of Casein: After filtration, the isolated casein appeared as a white, curdlike material. 

Data 

Sample Weight of Filter Paper (g) Filter Paper + Casein (g) Casein Obtained (g) 

Milk Sample 1.20 1.85 0.65 

 

Calculation 

Casein = (Filter paper + casein) – (filter paper) 

Casein = 1.85 – 1.20 

Casein = 0.65 g 

Thus 0.65 g of casein protein was obtained from 20 ml of milk. 

DISCUSSION 

The precipitation of casein at pH 4.6 confirms the protein's isoelectric point. Casein exists 

predominantly as a colloidal suspension in milk at higher pH levels but precipitates when the pH 

approaches its isoelectric point, where the protein's net charge is zero. 

  The results confirm that casein precipitation occurs at its isoelectric point. Acidification 

neutralizes the charge on casein molecules and reduces solubility. The precipitated casein forms a 

visible curd, which can be easily separated by filtration. 

The yield of casein protein was approximately 0.65 grams from 20 mL of milk. Variability in the 

precision of the pH meter could have affected the accuracy of the pH adjustment.  Protein losses during 

washing and filtration steps may have resulted in lower yields than theoretically expected. 

 CONCLUSION 

 Casein was successfully isolated from cow's milk by adjusting the pH to its isoelectric point (pH 

4.6). The quantification of casein protein was accurately achieved using various protein assays, with 

the Bradford method providing the most sensitive results.  This study demonstrates the feasibility of 

isolating casein protein for various applications in food and biotechnology. 

https://www.ijitmr.com/
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The experiment demonstrates that casein protein can be successfully isolated from milk by 

adjusting the pH to its isoelectric point (pH 4.6). The precipitation of casein confirms the principle that 

proteins exhibit minimum solubility at their isoelectric point. The isolated protein can be quantified 

using gravimetric analysis. This simple and effective technique is widely used in biochemical and dairy 

laboratories. 

REFERENCES 

[1] AOAC (2019). Official Methods of Analysis. 

[2] Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of microgram quantities of 

protein utilizing the principle of proteindye binding. Analytical Biochemistry, 72(1), 248254. 

[3 Damodaran, S., Parkin, K. L. (2017). Fennema’s Food Chemistry. 

[4] Fox, P. F. (2004). Advanced Dairy Chemistry. 

[5] Fox, P. F., & McSweeney, P. L. H. (1998). Dairy Chemistry and Biochemistry. Springer. 

[6] Lönnerdal, B. (2003). Casein and caseinates: Chemistry, properties, and uses. Journal of Dairy 

Science, 86(1), 6168. 

[7] Lowry, O. H., Rosebrough, N. J., Farr, A. L., & Randall, R. J. (1951). Protein measurement with the 

Folin phenol reagent. Journal of Biological Chemistry, 193(1), 265275. 

[8] McGee, H. (2004). On Food and Cooking: The Science and Lore of the Kitchen. 

[9] Nelson, D. L., & Cox, M. M. (2017). Lehninger Principles of Biochemistry. 

[10] Rindom, H., & Christensen, T. (1999). Isoelectric precipitation of casein from milk. Dairy Science & 

Technology, 82(3), 235240. 

[11] Singh, H., & Devendra, S. (2001). Milk proteins: Chemistry and functionality. Dairy Chemistry and 

Biochemistry, 26(4), 125140. 

[12] Stryer, L. (2012). Biochemistry. 

[13] Walstra & Jenness (1984). Dairy Chemistry and Physics. 

[14] Walstra, P. (2003). Physical Chemistry of Foods. 

[15] Walstra, P., Wouters, J. T., & Geurts, T. J. (2006). Dairy Science and Technology. CRC Press 

 

 

 

https://www.ijitmr.com/
mailto:editor@ijitmr.com


  
 

International Journal of Innovative Trends  
in Multidisciplinary Research (IJITMR)  

 

A Peer-Reviewed, Referred, Indexed Multidisciplinary Open-Access Research Journal 
 
 

11  
 

   E-ISSN:3049-3846 

Website: https://www.ijitmr.com/ Email: editor@ijitmr.com  July, 2026 

COMPARATIVE STUDY OF VISCOSITY BY STOKE’S METHOD: THEORETICAL ANALYSIS 

AND ITS SIMULATION 

Manisha D. Dhage 

Department of Physics, 
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manishadhage239@gmail.com 

ABSTRACT 

Viscosity is an important physical property of fluids that describe their resistance to flow. This project 

presents a comparative study of viscosity using Stoke’s method through theoretical analysis and 

computer simulation. According to stoke’s law, when a small spherical object falls through a viscous 

liquid, it experiences a drag force that eventually to a constant velocity known as terminal velocity. By 

measuring the radius of sphere, densities of the sphere and liquid, and terminal velocity, the 

coefficient of viscosity can be calculated theoretically. 

In this research, viscosity is first determined using Stoke’s theoretical formula. A simulation model 

is then developed using C programming language, where the motion of the falling sphere is analyzed 

using the Euler Numerical Method to approximate velocity over small time intervals. The results 

obtained from theoretical calculation are compared with those obtained from the simulation model. 

The comparison helps to evaluate the accuracy of the theoretical predictions and demonstrates the 

usefulness of computational tools in studying fluid dynamics and viscosity measurement. 

This project highlights the effectiveness of combining analytical method and programming 

techniques for better understanding of viscosity and fluid behavior. 

KEYWORDS 

Viscosity, Stoke’s law, Terminal Velocity, Viscous Drag Force, Falling Sphere Method, Fluid Dynamics, C 

Programming Simulation, Euler Method. 

INTRODUCTION 

Viscosity is an important physical property of fluids that describes their resistance to flow. It plays a 

significant role in various scientific and industrial applications such as lubrication systems, chemical 

processing, biomedical flows, and fluid transport. The study of viscosity helps in understanding how 

fluids behave under different conditions and how objects move through them. 
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One of the classical methods used to determine the viscosity of a liquid is Stokes’ method, which is 

based on Stokes’ law. According to this law, when a small spherical object falls through a viscous liquid, 

it experiences a resistive force called viscous drag. As the sphere moves through the liquid, the drag 

force increases until it balances the gravitational force and buoyant force acting on the sphere. At this 

stage, the sphere moves with a constant velocity known as terminal velocity. 

By measuring parameters such as the radius of the sphere, density of the sphere, density of the liquid 

and terminal velocity, the coefficient of viscosity of the liquid can be calculated using Stokes’ equation. 

This theoretical approach provides a simple and reliable way to estimate viscosity in laboratory 

conditions. 

With the advancement of computational techniques, simulation methods are increasingly used to 

model physical systems. Computer simulations allow researchers to analyze fluid behavior and verify 

theoretical predictions under controlled conditions. In this project, the motion of a sphere falling 

through a viscous fluid is simulated using C programming, which calculates terminal velocity and 

viscosity using mathematical equations derived from Stokes’ law. 

The main objective of this study is to perform a comparative analysis between theoretical calculations 

and simulation results. The comparison helps evaluate the accuracy of the theoretical model and 

demonstrates the usefulness of computational approaches in studying fluid dynamics. 

FALL OF A BODY IN VISCOUS MEDIUM 

In this section we consider a body falling in a viscous medium. In this case, there is a competition 

between pull of the earth and viscous drag which acts in a direction opposite to that of the motion. Total 

force acting on the body can be written as F = mg - Fdrag(v), so the velocity depends on drag.The velocity 

depends on a drag, one can easily perform a computer simulation of the motion. One may go to physical 

laboratory to get desired for empirically and compare the numerical result in computer obtained with 

the observed data 

to decide whether the guess is justified or not.  

 

 

 

 

 

 

Fdrag 
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2.1. Stoke’s Law: 

When a small spherical body moves through viscous fluid, then it experiences a viscous force. ‘Sir 

Gorge Gabriel Stoke’s in 1845 derived an expression for the viscous force experienced by the spherical 

body. 

Statement: The viscous force acting on a small spherical falling through a medium is directly 

proportional to the radius r of the sphere, its velocity ‘v’ through fluid and coefficient of viscosity η of the 

fluid. 

                                                                       F α η r v 

                                                                    F = 6 π η r v 

2.2. Linear Velocity-Dependent Drag: 

If we can assume that the drag force is proportional to the velocity, the net acceleration is given by 

                                                                     a = g – cv 

Such a situation occurs when a body is falling through a liquid medium where the viscous force is given 

by Stoke’s law. If states that a body moving at low speed in liquids experience a damping force 

proportional to v, if no eddies are formed, with proportionality constant 

                                                                    c =
6 η r π

m
 

where, η is the coefficient of viscosity of the liquid. The viscous force increase with in velocity of the 

moving body and finally it balance the driving force and the body is expected to move with a constant 

velocity known as the terminal velocity. 

2.3. Equation for Terminal Velocity: 

When a spherical body falls through a viscous fluid, it experiences a viscous force, the motion of body 

is initially accelerated and its velocity beings to increase. The spherical body attains a constant velocity 

called as terminal velocity. 

mg 

 
Pull of Earth 
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At terminal velocity of the body, total downward force is balanced by resultant upward force due to up 

thrust and viscosity of the medium. Suppose a sphere of radius (r) and density (ρ), is falling under gravity 

through a medium of density (σ) and coefficient of viscosity is (η). 

1. Total downward force acting on the sphere = weight of the sphere 

                                                                      = mass × gravitational acceleration 

                                                                      = volume× density× g 

                                                                      = 4
3

πr3ρ g 

2. The total upward force acting on the sphere is given by, 

    The total upward force = viscous force + up thrust due to the medium 

                                         = 6πɳrv +
4

3
πr3σ g 

3. Since the sphere is moving with its terminal velocity, then Total downward force = Total upward force 

                                4
3

πr3ρg = 6πɳrv +
4

3
πr3σ g 

                                  6πɳrv = 4
3

πr3g (ρ − σ)  

                                          v = 
2

9
r2g(ρ−σ)

ƞ
  

This is the expression for terminal velocity of the sphere. Therefore, Coefficient of viscosity is given by,                      

ƞ = 2
9

r2g(ρ−σ)

v
 

 

 

 

 

 
f 

-----
-----
-----
-----
---- 

Upthrust+ 

Viscous force 

Downward 

force = mg 
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Terminal Velocity 

3. SIMULATION 

A simulation is an imitation of some real thing, state of affairs, or process. The act of simulation 

something generally entails representing certain key characteristics or behaviors of a selected physical 

or abstract system. Computer simulation is the discipline of designing a model of an actual or 

theoretical physical system, executing the model on a digital computer and analytical the execution 

output. “Computer model” redirects here. Computer simulation is the reproduction of the behavior of 

a system using a computer to simulate the outcomes of a mathematical model associated with said 

system. Since they allowed checking the reliability of chosen mathematical model, computer 

simulations have become a useful tool for the mathematical modeling of natural system in physics 

(computational physics). Simulation of a system is represented as the running of the system model. 

Computer simulation are realized by running computer programs that can be either small, running 

almost instantly on small device, or large-scale program that run for hours or day on network-based 

group of computer. The computational cost of simulation, computer experiments are used to perform 

reference such as uncertainty quantification. 

3.1. Analytical Tool to Numerical Method: 

The motion of a falling body object is a one dimensional problem and therefore required only one 

position coordinate to know where the object is during the fall. Full description of the motion required 

not only the knowledge of instantaneous position but also the knowledge of velocity and acceleration 

at that instant. In the simplest form, the instantaneous acceleration of an object may be assumed to be 

constant as is normally done for the free fall.  

Second law of motion tells us that m d2x

dt2
= mg  

                                                           d
2x

dt2
= g (constant) 

 Where, g is the acceleration due to gravity at the surface of the earth. 

Viscous fluid + 

Terminal velocity 
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This can be used to calculate the velocity and position at any time, dx

dt
= v0 + gt ------------------ (1) 

x(t) =  x0+v0t +
1

2
gt2 ------------- (2) 

Equations (1) and (2) are derived based on standard principles of calculus. However, the validity of 

these equations depends on several underlying assumptions, which may not fully represent real 

physical conditions. Firstly, the object is assumed to be an ideal point mass, whereas in reality, all 

physical bodies possess finite dimensions and internal structure. Secondly, the analysis assumes 

motion in an ideal or controlled environment, while in practical situations, objects typically move 

through a resistive medium such as air or fluid. Furthermore, the assumption that the acceleration due 

to gravity (g) remains constant is an approximation. In reality, gravitational acceleration varies with 

height above the Earth’s surface. This variation can be expressed as: g(h) =
g

(1+
h

R
)

2 where R is the radius 

of the Earth and h is the height above the Earth's surface. The assumptions used in the analysis simplify 

the problem but may not fully represent real conditions. In a vacuum, the nature of the object has little 

effect on motion, but in a medium, forces such as buoyancy, viscosity, and drag become important. 

These effects are significant in real-world situations, such as the motion of falling water droplets in the 

atmosphere. Due to these complexities, analytical methods alone are not sufficient, and a numerical 

approach based on instantaneous velocity and acceleration is required.    

                 v(t) =
dx

dt
= lim

 h→0

x(t+h)−x(t)

h
 -------------------- (3) 

                 a(t) =
dv

dt
= lim

 h→0

x(t+h)−v(t)

h
 -------------------- (4) 

These definitions involve the concept of an infinitesimally small time interval h. However, in numerical 

computations, it is not possible to take h→0. Therefore, a small but finite time step is considered, which 

introduces approximation in the solution. Using this approximation, Equations (3) and (4) can be 

rewritten as:       

x (t+h) = x(t) +h v(t)……..…(5)      

v (t+h) = v(t) + h a(t)…………(6) 
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These equations form the basis of the Euler method, which is used to compute the position and 

velocity of a particle iteratively over small time steps. If the force acting on the particle is known, the 

acceleration can be expressed using Newton’s second law:   

a(t) =  
F(x,v,t)

m
  ………………. (7), where F(x, v, t) is the net force acting on the particle and m is its mass. 

This formulation provides a numerical approach to solving equations of motion, where the future 

state of the system is determined from its current state. The accuracy of the method depends on the 

choice of the time step h, and smaller values of h generally yield more accurate results. 

3.2. Discretization of a continuous variable: 

The numerical approach involves evaluating the function at discrete time intervals. To illustrate this, 

consider an analytical function f (t) of a continuous independent variable t, defined over a given interval 

[t0,tf]. The continuous domain is then discretized into a finite set of points, allowing the function to be 

evaluated step-by-step over small time intervals. This process enables the approximation of 

continuous behavior using numerical methods.  

3.3. Euler Method: 

The Numerical solution of equation of motion i.e. determining position and velocity of a physical 

system- can be seen as a computer simulation. Consider a system with initial conditions defined at 

time t=0, where the initial position and velocity denoted by x0 and v0 respectively. Then, after a time 

interval T, the motion of the system is simulated according to a given force law, eq. (7).  The first step is 

to divide the time evolution is described by a sequence of instants.       ti= ih , i = 0,1,2,…..,N 

Let xi, vi and ai represent the position, velocity and acceleration of the system at time ti, respectively. At 

any given time step, acceleration is determined by the governing force law:  ai =  a (xi, vi, ti) 

According to Euler’s numerical method, the physical quantities at the next instant are determined using 

the recursion relations:   𝑣𝑖+1  = 𝑣𝑖 +  ℎ 𝑎𝑖    ,   𝑥𝑖+1  = 𝑥𝑖 +  ℎ 𝑣𝑖                                     

Thus, the new velocity and position are calculated from the known values at the current step. These 

updated values are then used to evaluate the acceleration at the next step. Starting with i=0, this 

procedure is repeated N times to perform the simulation over the entire time interval. A small time step 

h generally improves the accuracy of the results. However, reducing the step size increases the number 

of calculations required. Due to the repetitive nature of these computations, the method is particularly 

suitable for computer implementation. Historically, this numerical procedure is known as the Euler 
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Method.  

EXPERIMENTATION METHOD  

The experimental method is based on Stokes’ falling sphere technique to determine the viscosity of a 

fluid. A tall, transparent cylindrical container was filled with a viscous liquid such as glycerin/oil. 

Spherical balls of known material were used for the experiment. The radius of each sphere was 

measured using a screw gauge, and the mass was determined using a digital balance to calculate its 

density. Each sphere was gently released into the fluid to ensure that it moved vertically without any 

initial disturbance. After an initial transient motion, the sphere attained a constant velocity known as 

terminal velocity. The time taken by the sphere to travel a known distance in this steady motion region 

was measured using a stopwatch. The terminal velocity vt was calculated using: vt = d

t
, where d is the 

distance travelled and t is the time taken. Using the measured values, the coefficient of viscosity ƞ of 

the fluid was calculated using Stokes’ law:   

ƞ = 2
9

r2g(ρ−σ)

vt
. The experiment was repeated for different spheres to improve accuracy, and the average 

value of viscosity was determined. 

 

NUMERICAL METHOD 

 The motion of a sphere falling through a viscous fluid is by Newton’s Second law, considering 

gravitational, buoyant and viscous drag force. The resulting differential equation is solved numerically 

using the Euler Method. 

5.1. Algorithm: 

The following algorithm is used for the numerical simulation:  

1. Input parameters such as radius, density, viscosity, and gravitational acceleration. 

 2. Initialize velocity v=0, position x=0, and time t=0. 

https://www.ijitmr.com/
mailto:editor@ijitmr.com


  
 

International Journal of Innovative Trends  
in Multidisciplinary Research (IJITMR)  

 

A Peer-Reviewed, Referred, Indexed Multidisciplinary Open-Access Research Journal 
 
 

19  
 

   E-ISSN:3049-3846 

Website: https://www.ijitmr.com/ Email: editor@ijitmr.com  July, 2026 

 3. Choose a suitable time step h and maximum time tmax. 

 4. Calculate acceleration using the governing equation.  

5. Update velocity using Euler method.  

6. Update position of the sphere.  

7. Repeat steps until the final time is reached.  

8. Determine terminal velocity from the simulation results. 

 

 

RESULT 

The terminal velocities obtained using analytical and numerical methods are presented in Table 1. 

Table 1: Comparison of Analytical and Numerical Terminal Velocities 

Ball No. Analytical 

Velocity(cm/s) 

Numerical 

Velocity(cm/s) 

% Error 

Ball 1 28.19 41.77 48.15 
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Ball 2 47.79 67.25 40.73 

Ball 3 57.52 47.74 17.00 

Ball 4 68.22 53.00 22.32 

 

 

DISCUSSION 

The comparison between analytical and numerical results shows noticeable variation in terminal 

velocity values. For Ball 1 and Ball 2, the numerical results are higher than analytical predictions, 

whereas for Ball 3 and Ball 4, the numerical values are comparatively lower. These differences may arise 

due to the assumptions involved in the analytical model, such as: Perfect spherical shape of the ball, 

Constant fluid viscosity and negligible experimental and computational errors. In contrast, the 

numerical method (Euler’s method) introduces approximation errors due to finite step size (h), which 

can accumulate over time and affect accuracy. Additionally, variations in parameters such as fluid 

resistance, measurement uncertainties, and discretization errors contribute to the observed 

deviations. However, the overall trend of increasing terminal velocity with increasing ball size/mass is 

consistent in both methods, validating the physical model. 

CONCLUSION 

This study presents a comparative analysis of terminal velocity obtained through analytical and 

numerical approaches for spherical bodies moving in a viscous medium. 

The results indicate that while both methods follow similar physical trends, there exists a measurable 

deviation between them due to simplifying assumptions in analytical solutions and approximation 
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errors in numerical methods. The numerical approach, implemented using Euler’s method, provides a 

flexible framework for solving complex systems where analytical solutions are not feasible. However, 

its accuracy strongly depends on the chosen time step. Overall, the study demonstrates that numerical 

methods are effective tools for modeling real-world physical systems, though careful consideration of 

errors and assumptions is necessary. 
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ABSTRACT 

The logistics sector plays a crucial role in the economic, social, and environmental development of 

nations. With the adoption of the United Nations Sustainable Development Goals (SDGs), the 

importance of sustainable logistics has increased significantly. Logistics acts as a bridge between 

production and consumption by ensuring the efficient movement of goods, services, information, and 

resources. Sustainable logistics practices contribute to reducing carbon emissions, minimizing waste, 

promoting resource efficiency, and enhancing social welfare. This paper examines the role of logistics 

in achieving SDGs, explores sustainable logistics concepts, identifies challenges, and provides 

recommendations for improving logistics systems in line with sustainable development objectives 

INTRODUCTION 

In the twenty-first century, logistics has emerged as one of the most critical components of economic 

and social development. The rapid growth of globalization, international trade, e-commerce, and 

industrialization has significantly increased the importance of efficient logistics systems. Logistics is 

no longer limited to transportation and warehousing; it has become a strategic function that connects 

production, distribution, and consumption activities across the globe. 

The United Nations introduced the Sustainable Development Goals (SDGs) in 2015 as a global 

framework for achieving economic prosperity, environmental sustainability, and social well-being by 

2030. These seventeen goals address major global challenges including poverty, hunger, health, 

education, climate change, and sustainable industrialization. 

Logistics plays a central role in supporting these goals because every sector of the economy depends 

upon the efficient movement of goods, services, information, and resources. Whether it is delivering 

food to remote villages, transporting medicines during health emergencies, or reducing carbon 

emissions through green transportation, logistics contributes directly and indirectly to sustainable 

development. 
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The growing emphasis on sustainability has transformed traditional logistics practices into sustainable 

logistics, which focuses on achieving economic efficiency while minimizing environmental damage and 

maximizing social benefits. Consequently, logistics has become an essential enabler of sustainable 

development worldwide. 

RESEARCH OBJECTIVES 

The study aims to achieve the following objectives: 

1. To understand the concept and importance of logistics in modern economies. 

2. To examine the relationship between logistics and Sustainable Development Goals (SDGs). 

3. To analyse the economic, environmental, and social contributions of logistics. 

4. To study sustainable logistics practices and their impact on development. 

5. To identify challenges faced in implementing sustainable logistics systems. 

6. To provide recommendations for strengthening sustainable logistics in the future. 

RESEARCH METHODOLOGY 

The present study is descriptive and analytical in nature. The research is based on secondary data 

collected from various reliable sources such as United Nations reports, World Bank publications, 

Logistics Performance Index reports, academic journals, government reports, books, conference 

proceedings, and industry publications. 

The collected information was analysed systematically to understand the role of logistics in achieving 

SDGs. Relevant literature was reviewed to identify major trends, opportunities, challenges, and best 

practices in sustainable logistics. The study adopts a qualitative approach to interpret the contribution 

of logistics towards sustainable development. 

CONCEPT OF LOGISTICS 

Logistics can be defined as the process of planning, implementing, and controlling the efficient 

movement and storage of goods, services, and information from the point of origin to the point of 

consumption. The objective of logistics is to ensure that products reach customers in the right quantity, 

at the right place, at the right time, and at the lowest possible cost. 

Modern logistics involves several interconnected activities including transportation, warehousing, 

inventory management, packaging, material handling, procurement, and information management. 

Effective logistics systems help organizations improve operational efficiency, reduce costs, enhance 

customer satisfaction, and gain competitive advantages. 
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In today's globalized economy, logistics serves as the backbone of supply chain management. Without 

efficient logistics systems, industries would face delays, increased costs, resource wastage, and 

reduced productivity. Therefore, logistics is considered a fundamental driver of economic growth and 

development. 

CONCEPT OF SUSTAINABLE DEVELOPMENT 

Sustainable development refers to a pattern of growth that meets present needs without compromising 

the ability of future generations to meet their own needs. The concept was formally introduced through 

the Brundtland Report in 1987 and later became the foundation of the United Nations Sustainable 

Development Goals. 

Sustainable development is based on three major dimensions: 

Economic Sustainability 

Economic sustainability focuses on promoting long-term economic growth, employment generation, 

innovation, and productivity improvement. It ensures that economic activities remain financially viable 

while creating opportunities for future generations. 

Social Sustainability 

Social sustainability emphasizes social equity, healthcare, education, employment, and improved 

quality of life. It aims to create inclusive societies where all individuals have equal access to 

opportunities and resources. 

Environmental Sustainability 

Environmental sustainability seeks to protect natural resources, reduce pollution, conserve 

biodiversity, and mitigate climate change. It encourages responsible use of resources to maintain 

ecological balance. 

RELATIONSHIP BETWEEN LOGISTICS AND SUSTAINABLE DEVELOPMENT GOALS 

Logistics acts as an enabler of sustainable development because it directly influences economic 

performance, environmental outcomes, and social welfare. Efficient logistics systems support the 

achievement of multiple SDGs by improving accessibility, reducing waste, enhancing productivity, and 

promoting sustainable resource utilization. 

SDG 2: Zero Hunger 
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Food security depends heavily on logistics efficiency. Agricultural products often travel long distances 

before reaching consumers. Poor logistics infrastructure can lead to food spoilage and wastage, 

especially for perishable products. 

Cold-chain logistics systems ensure proper storage and transportation of fruits, vegetables, dairy 

products, and medicines. Efficient logistics reduces food losses, improves market access for farmers, 

and ensures food availability in remote areas, thereby contributing significantly to the goal of Zero 

Hunger. 

SDG 3: Good Health and Well-being 

Healthcare logistics plays a vital role in ensuring the availability of medicines, vaccines, medical 

equipment, and emergency supplies. During the COVID-19 pandemic, logistics networks became 

crucial for vaccine distribution and emergency healthcare support. 

Effective healthcare logistics improves public health outcomes by ensuring timely delivery of medical 

resources, reducing shortages, and supporting emergency response systems. 

SDG 8: Decent Work and Economic Growth 

The logistics sector is one of the largest employers worldwide. It creates employment opportunities in 

transportation, warehousing, inventory management, distribution, and supply chain operations. 

Efficient logistics systems improve productivity, reduce operational costs, and facilitate domestic and 

international trade. Consequently, logistics contributes significantly to economic growth and job 

creation. 

SDG 9: Industry, Innovation and Infrastructure 

Industrial growth depends heavily on logistics infrastructure. Roads, railways, ports, airports, and 

warehouses facilitate the movement of raw materials and finished products. 

Investments in smart logistics technologies such as Artificial Intelligence, IoT, automation, and 

blockchain encourage innovation and improve supply chain efficiency. 

SDG 11: Sustainable Cities and Communities 

Urban areas face challenges such as traffic congestion, pollution, and resource management. 

Sustainable logistics solutions help cities manage freight transportation efficiently while minimizing 

environmental impacts. 

Smart transportation systems, electric delivery vehicles, and route optimization technologies reduce 

congestion and improve urban sustainability. 
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SDG 12: Responsible Consumption and Production 

Logistics promotes sustainable production and consumption by minimizing waste, optimizing resource 

utilization, and encouraging recycling activities. 

Reverse logistics systems enable the collection, recycling, refurbishment, and reuse of products, 

supporting circular economy principles. 

SDG 13: Climate Action 

Transportation accounts for a significant share of global greenhouse gas emissions. Sustainable 

logistics practices such as fuel-efficient vehicles, renewable energy adoption, and multimodal 

transportation help reduce environmental impacts and support climate action initiatives. 

ROLE OF LOGISTICS IN SUSTAINABLE DEVELOPMENT 

Economic Role 

Logistics enhances economic efficiency by reducing transportation costs, minimizing inventory levels, 

and improving supply chain performance. Efficient logistics networks enable businesses to expand into 

new markets and improve customer service. 

Countries with strong logistics infrastructure generally attract higher levels of foreign investment 

because businesses prefer locations with reliable transportation and distribution systems. Thus, 

logistics acts as a catalyst for industrial development and economic competitiveness. 

Environmental Role 

The environmental impact of logistics has become a major concern due to increasing transportation 

activities and energy consumption. Sustainable logistics seeks to minimize these impacts through 

environmentally responsible practices. 

Green logistics initiatives such as electric vehicles, renewable energy-powered warehouses, eco-

friendly packaging, and carbon footprint reduction programs help protect the environment and 

conserve natural resources. 

Social Role 

Logistics contributes to social development by improving access to essential goods and services. It 

supports healthcare systems, disaster management operations, education supply chains, and rural 

development programs. 

By ensuring timely delivery of necessities and creating employment opportunities, logistics improves 

living standards and social welfare. 
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CHALLENGES IN SUSTAINABLE LOGISTICS 

Despite its importance, sustainable logistics faces numerous challenges including high 

implementation costs, inadequate infrastructure, technological limitations, regulatory complexities, 

and environmental concerns. 

Developing countries often struggle with poor transportation networks, insufficient warehousing 

facilities, and limited access to advanced technologies. Furthermore, transitioning from conventional 

logistics systems to sustainable models requires significant investments and organizational 

commitment. 

RECOMMENDATIONS 

To strengthen sustainable logistics systems, governments and businesses should invest in green 

transportation infrastructure, promote digital transformation, encourage renewable energy adoption, 

develop multimodal transportation networks, and establish supportive policy frameworks. 

Public-private partnerships should be encouraged to finance sustainable logistics projects. 

Additionally, continuous training and skill development programs are necessary to prepare logistics 

professionals for future challenges. 

FINDINGS OF THE STUDY 

The study reveals that logistics is a critical enabler of sustainable development and contributes 

significantly to economic growth, environmental protection, and social welfare. Sustainable logistics 

practices improve operational efficiency, reduce emissions, and support the achievement of multiple 

Sustainable Development Goals. 

Technological innovations such as Artificial Intelligence, Internet of Things, automation, and blockchain 

are transforming logistics operations and creating new opportunities for sustainability. 

CONCLUSION 

The role of logistics in achieving Sustainable Development Goals is both extensive and indispensable. 

Logistics serves as the foundation of modern economic systems by facilitating trade, supporting 

industrial growth, improving healthcare delivery, and ensuring food security. At the same time, 

sustainable logistics practices help address environmental challenges by reducing emissions, 

conserving resources, and promoting responsible consumption. 

As nations move toward achieving the 2030 Sustainable Development Agenda, the importance of 

sustainable logistics will continue to grow. Governments, industries, logistics service providers, and 
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international organizations must collaborate to develop resilient, innovative, and environmentally 

sustainable logistics systems. Such efforts will not only enhance economic competitiveness but also 

contribute significantly to building a more sustainable, inclusive, and prosperous future for all. 
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ABSTRACT 

Chemistry plays a crucial role in higher education for promoting sustainable development by 

equipping students with the knowledge and skills necessary to address global environmental and 

societal challenges. Through the integration of sustainable practices and green chemistry 

principles into the curriculum, chemistry education encourages responsible use of natural 

resources, reduction of hazardous substances, and development of eco-friendly technologies. 

Higher education institutions serve as important platforms for fostering scientific awareness, 

innovation, and critical thinking among students. By incorporating interdisciplinary approaches, 

research activities, and practical applications, chemistry education helps learners understand 

issues such as climate change, pollution control, renewable energy, and sustainable materials. 

Furthermore, the adoption of sustainability-focused teaching methods prepares future scientists, 

educators, and policymakers to contribute to environmentally responsible decision-making. 

Thus, chemistry in higher education plays a significant role in advancing sustainable development 

goals by promoting scientific literacy, environmental stewardship, and sustainable innovation. 

KEYWORDS 

Chemistry education, higher education, sustainable development, green chemistry, 

environmental sustainability, sustainability education. 

INTRODUCTION 

Sustainable development is defined as development that meets the needs of the present without 

compromising the ability of future generations to meet their own needs. In today’s world, issues 

such as global warming, pollution, biodiversity loss, and energy scarcity have made sustainability 

a priority for governments, industries, and educational institutions. Higher education plays a key 
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role in achieving sustainable development by shaping the knowledge, skills, and attitudes of 

students. Among various disciplines, chemistry holds a unique position because it deals with the 

composition, structure, properties, and transformation of matter, which are directly linked to 

environmental and industrial processes. 

Chemistry contributes significantly to areas such as energy production, agriculture, healthcare, 

and waste management, all of which are crucial for sustainable development. For example, 

chemical research has enabled the development of renewable energy sources, environmentally 

friendly fertilizers, and efficient waste treatment methods. Therefore, integrating sustainability 

into chemistry education is essential for creating awareness and equipping students with the 

tools needed to solve real-world problems. Higher education institutions must ensure that 

students understand not only the scientific concepts but also the environmental and ethical 

implications of chemical practices. 

THEORETICAL FRAMEWORK 

The role of chemistry in sustainable development is largely guided by the principles of green 

chemistry and education for sustainable development (ESD). Green chemistry focuses on 

designing chemical processes and products that reduce or eliminate the use and generation of 

hazardous substances. It is based on twelve fundamental principles, including waste prevention, 

atom economy, use of less hazardous chemicals, energy efficiency, and the use of renewable 

resources. These principles provide a scientific framework for minimizing the environmental 

impact of chemical activities. 

In higher education, these principles are incorporated into teaching and laboratory practices to 

encourage students to adopt sustainable approaches. For instance, students are taught to design 

experiments that generate minimal waste and use safer reagents. This not only reduces 

environmental harm but also improves laboratory safety. 

Additionally, the concept of education for sustainable development emphasizes the development 

of critical thinking, problem-solving, and decision-making skills. Constructivist learning theory 

supports this approach by encouraging active participation and experiential learning. Students 

learn more effectively when they engage in real-world problem-solving activities, such as 

analyzing pollution data, designing sustainable products, or conducting research on renewable 
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energy. This theoretical framework highlights the importance of integrating sustainability into 

chemistry education at all levels. 

METHODOLOGY 

This study adopts a qualitative and analytical approach by reviewing existing literature, research 

papers, and case studies related to chemistry education and sustainable development. It 

examines how universities and higher education institutions incorporate sustainability into their 

chemistry programs. The analysis focuses on curriculum design, teaching methods, laboratory 

practices, and research initiatives. 

Various case studies from institutions that have successfully implemented green chemistry 

practices are analyzed to understand their impact on students and the environment. The study 

also considers interdisciplinary programs that combine chemistry with environmental science, 

engineering, and policy studies. By comparing different approaches, the paper identifies effective 

strategies for integrating sustainability into chemistry education. 

RESULTS 

The analysis shows that incorporating sustainability into chemistry education leads to multiple 

positive outcomes. Firstly, students develop a deeper understanding of environmental issues 

such as pollution, climate change, and resource depletion. They become more aware of the 

impact of chemical processes on the environment and society. 

Secondly, the implementation of green chemistry practices in laboratories significantly reduces 

the use of hazardous chemicals and the generation of waste. This not only benefits the 

environment but also creates a safer learning environment for students and faculty. For example, 

replacing toxic solvents with eco-friendly alternatives and using microscale experiments can 

greatly minimize chemical waste. 

Thirdly, interdisciplinary learning enhances students’ ability to connect chemistry with other 

fields. Students involved in such programs are better equipped to address complex sustainability 

challenges, such as developing renewable energy systems or improving water purification 

techniques. 

Finally, research initiatives in higher education institutions have led to important innovations, 

including biodegradable plastics, efficient solar cells, and advanced methods for treating 
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wastewater. These advancements demonstrate the practical contribution of chemistry to 

sustainable development. 

DISCUSSION 

The findings highlight the need for a transformation in traditional chemistry education. While many 

institutions have begun integrating sustainability into their curricula, several challenges remain. 

One major challenge is the lack of resources, including funding, laboratory infrastructure, and 

access to sustainable materials. Additionally, many educators may not be adequately trained in 

green chemistry principles, making it difficult to implement these concepts effectively. 

Another challenge is resistance to change, as traditional teaching methods and curricula are 

deeply established in many institutions. To address these issues, universities must invest in 

faculty development programs and provide training in sustainable teaching practices. Updating 

laboratory facilities to support green chemistry experiments is also essential. 

Collaboration between academic institutions and industries can further enhance the 

effectiveness of chemistry education for sustainable development. Such partnerships provide 

students with practical experience and expose them to real-world applications of sustainability. 

Government policies and institutional support are also crucial in promoting the integration of 

sustainability into higher education. 

CONCLUSION 

Chemistry plays a fundamental role in higher education for sustainable development by providing 

the knowledge, tools, and innovations needed to address global challenges. The integration of 

green chemistry principles, interdisciplinary learning, and research-based education can 

significantly enhance students’ ability to contribute to sustainability. 

Higher education institutions must take proactive steps to redesign chemistry curricula, 

incorporate sustainability concepts into teaching and laboratory practices, and promote 

environmental awareness among students. By doing so, they can prepare a new generation of 

scientists, researchers, and professionals who are committed to building a sustainable and 

environmentally responsible future. Ultimately, the role of chemistry in higher education is not 

only to advance scientific knowledge but also to ensure that this knowledge is used for the 

betterment of society and the protection of the planet. 
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ABSTRACT 

Sustainable development has become one of the most critical global priorities in the 21st century. 

Higher education institutions play a significant role in promoting sustainable development by 

integrating sustainability principles into teaching, research, community engagement, and 

institutional operations. Universities serve as centers of knowledge production and innovation, 

shaping future leaders and professionals who can address complex environmental, social, and 

economic challenges. This research article explores the relationship between higher education 

and sustainable development, highlighting the role of universities in advancing sustainability 

through curriculum development, interdisciplinary research, and sustainable campus initiatives. 

The study also examines the challenges faced by higher education institutions in implementing 

sustainability and suggests strategies for strengthening their contribution to global sustainability 

goals. 

KEYWORDS 

Higher Education, Sustainable Development, Sustainability Education, Universities, SDGs, 

Environmental Education 

INTRODUCTION 

Sustainable development has emerged as a global priority due to increasing environmental 

degradation, climate change, social inequality, and resource depletion. The concept of 

sustainable development was popularized through the Brundtland Report (1987), which defined 

it as development that meets the needs of the present without compromising the ability of future 

generations to meet their own needs. 
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Higher education institutions play a crucial role in shaping knowledge, skills, and attitudes 

necessary for addressing sustainability challenges. Universities act as knowledge hubs that 

generate research, educate future leaders, and contribute to societal transformation. In recent 

years, global initiatives such as the United Nations Sustainable Development Goals have 

emphasized the importance of education in achieving sustainable development. 

Higher education contributes to sustainable development by fostering critical thinking, promoting 

interdisciplinary learning, and encouraging responsible citizenship. Universities are increasingly 

integrating sustainability principles into their curriculum, research agendas, and institutional 

policies. 

CONCEPT OF SUSTAINABLE DEVELOPMENT 

Sustainable development refers to a holistic approach that balances economic growth, 

environmental protection, and social equity. These three pillars form the foundation of 

sustainability: 

2.1 Environmental Sustainability 

Environmental sustainability focuses on protecting natural resources and ecosystems. 

Universities promote environmental awareness through environmental education, green campus 

initiatives, and research on climate change, renewable energy, and biodiversity conservation. 

2.2 Social Sustainability 

Social sustainability emphasizes equity, human rights, social justice, and community 

development. Higher education institutions promote inclusive education, gender equality, and 

social responsibility. 

2.3 Economic Sustainability 

Economic sustainability involves responsible economic growth that does not harm environmental 

and social systems. Universities contribute by developing sustainable technologies, promoting 

entrepreneurship, and supporting innovation. 

ROLE OF HIGHER EDUCATION IN SUSTAINABLE DEVELOPMENT 

3.1 Curriculum Integration 

Universities play a crucial role in integrating sustainability concepts into academic programs. 

Sustainability education encourages students to understand complex global challenges and 

develop problem-solving skills. 
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Many institutions now offer courses in environmental science, climate studies, sustainable 

development, and green technologies. Interdisciplinary learning is particularly important because 

sustainability challenges require collaboration across multiple fields such as economics, 

science, social sciences, and engineering. 

3.2 Research and Innovation 

Research conducted in universities contributes significantly to sustainable development. 

Academic institutions develop solutions for global challenges such as climate change, renewable 

energy, sustainable agriculture, and waste management. 

Universities also collaborate with governments, industries, and international organizations to 

create innovative solutions that promote sustainability. 

3.3 Sustainable Campus Practices 

Higher education institutions serve as living laboratories for sustainability. Many universities 

implement sustainable campus initiatives such as: 

• Energy-efficient buildings 

• Renewable energy systems 

• Waste reduction and recycling programs 

• Water conservation measures 

• Sustainable transportation systems 

These initiatives not only reduce environmental impact but also provide practical learning 

experiences for students. 

3.4 Community Engagement 

Universities extend their impact beyond classrooms by engaging with local communities. Through 

outreach programs, universities promote sustainable practices in agriculture, urban 

development, and environmental conservation. 

Community-based research allows students and faculty to collaborate with local communities in 

solving real-world sustainability problems. 

EDUCATION FOR SUSTAINABLE DEVELOPMENT (ESD) 

Education for Sustainable Development (ESD) is an educational approach promoted by the 

UNESCO to empower learners with the knowledge, skills, values, and attitudes necessary to 

contribute to sustainable development. 
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ESD emphasizes: 

• Critical thinking and problem-solving 

• Interdisciplinary learning 

• Participatory teaching methods 

• Global citizenship 

• Ethical responsibility toward the environment and society 

Through ESD, higher education institutions encourage students to become active contributors to 

sustainable societies. 

CHALLENGES IN IMPLEMENTING SUSTAINABILITY IN HIGHER EDUCATION 

Despite its importance, implementing sustainability in higher education faces several challenges: 

5.1 Lack of Institutional Commitment 

Some universities lack clear sustainability policies or leadership support, which limits the 

implementation of sustainability initiatives. 

5.2 Limited Funding 

Sustainability programs often require significant financial investment for research, infrastructure, 

and curriculum development. 

5.3 Disciplinary Barriers 

Traditional academic structures often separate disciplines, making interdisciplinary collaboration 

difficult. 

5.4 Insufficient Awareness 

Many students and faculty members may not fully understand sustainability concepts or their 

relevance to different fields. 

STRATEGIES FOR PROMOTING SUSTAINABLE DEVELOPMENT IN HIGHER EDUCATION 

To strengthen the role of universities in sustainable development, several strategies can be 

adopted: 

1. Integrating sustainability into all academic programs 

2. Encouraging interdisciplinary research 

3. Developing green campus initiatives 

4. Strengthening partnerships with government and industry 

5. Promoting sustainability awareness among students and staff 
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6. Supporting innovation and sustainable entrepreneurship 

These strategies can enhance the capacity of higher education institutions to address global 

sustainability challenges. 

CONCLUSION 

Higher education institutions play a vital role in advancing sustainable development by educating 

future leaders, generating knowledge, and promoting innovation. By integrating sustainability into 

teaching, research, and institutional practices, universities can significantly contribute to 

addressing global environmental, social, and economic challenges. 

The transformation of higher education toward sustainability requires strong institutional 

commitment, interdisciplinary collaboration, and active participation from students, faculty, 

policymakers, and society. As global challenges continue to intensify, the role of universities in 

building a sustainable future becomes increasingly important. 
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ABSTRACT 

This study presents a comprehensive analysis of the educational resources available within the 

National Digital Library of India (NDLI) across different educational levels: Certificate, Diploma, 

Post Graduate, and Under Graduate. The primary objective is to understand the distribution of 

resources across main and sub-subjects, identify key content providers, and analyze the variety 

of resource types. The findings reveal a significant concentration of resources at the Post Graduate 

and Under Graduate levels, particularly in the fields of Natural Sciences & Mathematics, Social 

Sciences, and Technology. The study highlights the dominant role of key content providers like the 

Botanical Survey of India, Radiopaedia, and various academic initiatives (e.g., DISHTAVO, 

Inflibnet) in shaping the library’s collection. The analysis of resource types shows that while 

textual resources form the backbone of the collection, video lectures and simulations also 

constitute a substantial portion, especially at the undergraduate level. This paper provides 

valuable insights into the structure, strengths, and content focus of the NDLI, offering a 

foundation for future collection development and user engagement strategies. 

KEYWORDS 

National Digital Library of India (NDLI), Higher Education, Educational Levels, Digital Resources, 

Content Analysis, Collection Development. 

OBJECTIVE 

The primary objectives of this study are: 

1. To analyse the distribution of resources in the NDLI across different educational levels: 

Certificate, Diploma, Post Graduate, and Under Graduate. 
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2. To identify the main subject areas and sub-subjects with the highest concentration of 

resources at each educational level. 

3. To determine the key content providers contributing to the NDLI’s repository. 

4. To classify the resources by type (e.g., video lectures, text, simulations) to understand the 

format diversity available to learners at each level. 

INTRODUCTION 

In the contemporary digital age, access to quality educational resources is paramount for the 

advancement of higher education. Digital libraries have emerged as pivotal platforms, 

democratizing knowledge by providing free and open access to a vast array of learning materials. 

The National Digital Library of India (NDLI) is a flagship initiative of the Ministry of Education, 

Government of India, aimed at building a comprehensive virtual repository of learning resources 

for all levels and disciplines. It serves as a single-window platform that integrates content from 

numerous national and international sources, catering to the diverse needs of students, 

researchers, and educators. 

Understanding the composition of such a vast digital library is crucial for its effective utilization 

and future development. This study focuses on analysing the NDLI’s resources through the lens 

of educational levels. By examining the distribution of content across Certificate, Diploma, Post 

Graduate, and Under Graduate levels, this paper aims to map the library’s strengths, identify 

potential gaps, and provide a nuanced understanding of its offerings. This analysis is particularly 

relevant for stakeholders, including curriculum designers, educators, and students, who rely on 

the NDLI for teaching, learning, and research. The following sections present a detailed 

breakdown of resources by subject, provider, and type, culminating in a conclusion that 

synthesizes the key findings and their implications. 

Educational Levels (Analysis as a Main Subject, Sub-subject, and Total Resources) 

The NDLI organizes its vast repository by educational level. The following tables provide a detailed 

breakdown of resources for Certificate, Diploma, Post Graduate, and Under Graduate levels, 

categorized by main subject and sub-subject. 

Certificate 

Main Subject Sub Subject Total Resources 
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Computer science, 

information & general 

work 

- 3 

Social Sciences - 15 

 Law 15 

Language - 115 

 Spanish & 

Portuguese Language 

29 

Technology - 9 

 Engineering & Allied 

Operations 

2 

 Agriculture & Related 

Technology 

7 

Literature & rhetoric - 29 

 Spanish & 

Portuguese 

Literatures 

29 

 

Diploma 

Main Subject Sub Subject Total 

Resources 

Computer science 

information & general 

works 

- 29 

 Data processing & computer 

science 

3 

Social Sciences - 3 
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Post 

Graduate 

         Main Subject Sub Subject Total 

Resources 

Computer sciences, 

information & general 

works 

- 3486 

 System 1 

 Social problems and services 

associations 

2 

 Education 1 

Language - 1 

Natural science & 

mathematics 

- 45 

 Mathematics 17 

 Physics 9 

 Chemistry & allied sciences 7 

 Earth sciences 12 

Technology - 168 

 Special topics 2 

 Engineering & allied 

Operations 

111 

 Agriculture & related 

technologies 

1 

 Management & auxiliary 

services 

45 

 Buildings 1 

The arts fine & 

decorative arts 

- 1 

 Architecture 1 
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 Data processing & computer 

sciences 

301 

 Computer programming, 

programs & data 

80 

 Special computer methods 309 

 Library & information sciences 1072 

 News media, journalism & 

publishing 

107 

Philosophy & psychology - 2345 

 Education, research & related 

topics 

46 

 Parapsychology & occultism 121 

 Psychology 1262 

 Ethics 186 

 Ancient, medieval & eastern 

philosophy 

246 

Religion - 299 

 Christian orders & local church 37 

 Other religions 262 

Social sciences - 17065 

 Sociology & anthropology 2027 

 Social interactions 385 

 Social groups 425 

 Culture & institutions 121 

 Collection of general statistics 694 

 Political science 1333 

 Economics 3185 

 Law 1488 
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 Public administration & military 

science 

879 

 Social problems & services 2227 

 Education 1215 

 Commerce, communications & 

transportation 

1848 

Language - 1065 

 Linguistics 528 

 English & old English 70 

 Romance languages 50 

 Other languages 371 

Natural sciences & 

mathematics 

- 220449 

 Mathematics 3454 

 Astronomy & allied sciences 1058 

 Physics 2713 

 Chemistry & allied sciences 2873 

 Earth sciences 303 

 Paleontology 1709 

 Life sciences 80488 

 Plants (Botany) 71383 

 Animals (Zoology) 54939 

Technology - 9533 

 Special topics 9 

 Medical & health 1837 

 Engineering & allied operations 1216 

 Agriculture & related 

technologies 

41 

 Home & family management 1838 
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 Management & auxiliary 

services 

2438 

 Chemical engineering 780 

 Manufacturing 150 

 Building 1 

The arts; fine & 

decorative arts 

- 1897 

 Philosophy of fine & decorative 

arts 

35 

 Special topics in fine & 

decorative arts 

69 

 History, geographic treatment, 

biography 

453 

 Civic & landscape art 34 

 Architecture 157 

 Graphic arts and decorative arts 53 

 Photography, photographs & 

computer art 

10 

 Music 196 

 Recreational & performing arts 867 

Literature & rhetoric - 6189 

 Rhetoric & collections of 

literature 

112 

 English & Old English literatures 788 

 Literatures of Germanic 

languages 

50 

 Spanish & Portuguese 

literatures 

559 

 Literatures of other languages 3317 
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History & geography - 1722 

 World history 124 

 Geography & travel 853 

 History of North America 137 

 

Under Graduate 

Main Subject Sub Subject Total 

Resources 

Computer sciences, 

information & general 

works 

System 67 

 Data processing & computer 

sciences 

509 

 Computer programming, 

programs & data 

4,114 

 Special computer methods 1 

 Library & information sciences 1,570 

 News media, journalism & 

publishing 

107 

 Manuscripts & rare books 12 

Philosophy & psychology Theory of philosophy 21 

 Parapsychology & occultism 42 

 Psychology 1,279 

 Ethics 47 

 Ancient, medieval & eastern 

philosophy 

73 

 Modern western philosophy 49 

Religion Other religions 140 

Social sciences Sociology & anthropology 2,934 
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 Social interactions 385 

 Factors affecting social 

behavior 

74 

 Social groups 425 

 Culture & institutions 77 

 Communities 30 

 Collection of general statistics 790 

 Political science 2,703 

 Economics 5,118 

 Law 3,598 

 Public administration & military 

science 

676 

 Social problems & services 2,032 

 Education 3,391 

 Commerce, communications & 

transportation 

1,948 

Language Linguistics 571 

 English & Old English 365 

 Germanic languages; German 47 

 Romance languages; French 84 

 Spanish & Portuguese 

languages 

50 

 Other languages 1,915 

Natural sciences & 

mathematics 

Mathematics 4,053 

 Astronomy & allied sciences 1,058 

 Physics 6,179 

 Chemistry & allied sciences 5,546 

 Earth sciences 1,143 
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 Paleontology; paleozoology 1,756 

 Life sciences 83,533 

 Plants (Botany) 72,900 

 Animals (Zoology) 56,441 

Technology Special topics 9 

 Medical & health 3,041 

 Engineering & allied operations 2,388 

 Agriculture & related 

technologies 

2,738 

 Home & family management 2,804 

 Management & auxiliary 

services 

5,312 

 Chemical engineering 850 

 Manufacturing 282 

 Manufacture for specific uses 2 

 Building 1 

Arts; fine & decorative arts Philosophy of fine & decorative 

arts 

33 

 Special topics in fine & 

decorative arts 

453 

 History, geographic treatment, 

biography 

453 

 Architecture 386 

 Graphic arts & decorative arts 53 

 Painting & paintings 1 

 Photography, photographs & 

computer art 

39 

 Music 1,064 

 Recreational & performing arts 1,379 
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Literature & rhetoric American literature in English 60 

 English & Old English literatures 1,803 

 Literatures of Germanic 

languages 

50 

 Spanish & Portuguese 

literatures 

559 

 Literatures of other languages 3,151 

History & geography World history 124 

 Geography & travel 1,129 

 History of Europe 87 

 History of North America 137 

 

Table No.1 Educational Levels Total Resources 

 

Sr.No. 

Educational 

Level 

Total 

Resources Content Type  

1 Certificate 146 Video lecture-146 

2 Diploma 253 Text-182,Video-71 

3 

Post 

Graduate 272314 

Text-250341,Image-

78838,Video-41076 

4 

Under 

Graduate 327073 

Text-260293,Audio-

11,Simulation-690,Image-

78838,Video-81802 

 

This table shows the distribution of NDLI resources across different educational levels. It clearly 

indicates that the Under Graduate (327,073) and Post Graduate (272,314) levels dominate the 

NDLI repository, contributing the vast majority of resources. In contrast, Certificate (146) and 

Diploma (253) levels have very limited representation. 
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In terms of content type, textual resources form the largest share, especially at higher education 

levels. The Under Graduate level also has a significant number of video lectures (81,802), 

indicating a strong focus on multimedia learning. The presence of simulations and audio 

resources, though smaller, reflects the increasing adoption of interactive and diverse learning 

formats. 

Overall, the table highlights that NDLI is primarily oriented toward higher education, with a need 

to strengthen content for Certificate and Diploma learners. 

Table No.2 Educational Levels Languages 

 

Sr.

No 

Languages Certific

ate 

Resour

ces 

Diploma 

Resource

s 

Post 

GraduateReso

urces 

Under 

Gradua

te 

Resour

ces 

1 Bengali   6 68 2,147 

2 Assamese       2,113 

3 Arabic     10 39 

4 Bhojpuri       4 

5 Bodo/Boro       44 

6 German 22   765 821 

7 English 142 132 272314 2,93,68

7 

8 Persian       189 

9 Gujarati   26   783 

10 French 36   50 50 

11 Hindi   11 1871 3,883 

12 Japanese     419 419 

13 Kannada   9   564 

14 Kashmiri       79 
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15 Khasi       487 

16 Central 

Khmer 

      1 

17 Konkani       3,203 

18 Maithili       2 

19 Malayalam   5   633 

20 Marathi       1,204 

21 Manipuri   17   299 

22 Nepali       414 

23 Oriya/Odia   12   534 

24 Panjabi/Pu

njabi 

    1 510 

25 Portuguese       20 

26 Rajasthani       1 

27 Russian 28   284 272 

28 Sanskrit     2557 2,298 

29 Santali     1 5 

30 Sindhi       1 

31 Spanish 29   396 449 

32 Urdu     326 1,018 

33 Tamil   12 14 1,516 

34 Telugu       467 

35 Thai       1 

36 Vietnames

e 

      28 

 

This table presents the language-wise distribution of resources across educational levels. It 

clearly shows that English is the dominant language, especially at the Post Graduate (272,314) 
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and Under Graduate (2, 93,687) levels, making it the primary medium of knowledge dissemination 

in NDLI. 

Among Indian languages, Hindi, Bengali, Tamil, Marathi, and Sanskrit have notable 

representation, particularly at the Under Graduate level. Languages like Konkani (3,203) and Hindi 

(3,883) also show significant presence, reflecting efforts toward regional inclusivity. 

However, many languages such as Bodo, Santali, Sindhi, and Rajasthani have very limited 

resources, indicating linguistic imbalance. 

Overall, the table suggests that while NDLI supports multilingual access, there is still a strong 

English-language dominance, and more efforts are needed to enrich regional language content. 

Table No 3 Educational Level Content Provider 

 

Sr

. 

N

o.  Content Provider  

Certifica

te 

Resourc

es 

Diploma 

Resourc

es 

Post 

Graduat

e 

Resourc

es 

Under 

Graduat

e 

Resourc

es 

1 Astronomy Notes     250 250 

2 AK Lectures     1990 1,990 

3 

Botanical Survey 

of India (BSI)     2954 
2,954 

4 

Indian Virtual 

Herbarium (IVH) 

from BSI     68316 

68,316 

5 

Birbal Sahni 

Institute of 

Paleobotany     

1,709 1,709 

6 

University of 

Calcutta     
2,901 2,901 

7 

Consortium for 

Educational     
5,463 5,463 
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Communication 

(CEC) 

8 

Digital Integrated 

System for 

Holistic Teaching 

and Virtual 

Orientations 

(DISHTAVO)     

28,579 28,579 

9 

Department of 

legal affairs, 

Ministry of law & 

justice, 

govermenst of 

india 15     

  

10 e-Adhyayan     7,119 7,119 

11 

English and 

Foreign Languages 

University, 

Hyderabad     

1,558 1,558 

12 

Inflibnet-e-PG 

Pathshala     
24,309 24,309 

13 

Knowledge 

Unleashed in 

Multiple Bharatiya 

Languages (e-

kumbh)     

327 327 

14 Goalpara College     920 920 

15 

Jadavpur 

University     
700 700 
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16 

University of 

Kashmir     
38 38 

17 

Kerala University 

of Health 

Sciences (KUHS)     

531 531 

18 

Knoledge 

unleashed in 

multiple bhartiya 

languages   182   

  

19 Let's LEARN     17 17 

20 LibreTexts     2,308 2,308 

21 

Maulana Abul 

Kalam Azad 

University of 

Technology 

(MAKAUT)     

326 326 

22 

World Register of 

Marine Species     
55,626 55,626 

23 

MicrobiologyInfo.c

om     
168 168 

24 NPTEL     2,765 2,765 

25 OpenStax     11,164 11,164 

26 

Vallance Group 

(Dept. of 

Chemistry, 

University of 

Oxford)     

65 65 

27 

Puthimari College, 

Assam     
1,533 1,533 

https://www.ijitmr.com/
mailto:editor@ijitmr.com


  
 

International Journal of Innovative Trends  
in Multidisciplinary Research (IJITMR)  

 

A Peer-Reviewed, Referred, Indexed Multidisciplinary Open-Access Research Journal 
 
 

56  
 

   E-ISSN:3049-3846 

Website: https://www.ijitmr.com/ Email: editor@ijitmr.com  July, 2026 

28 Radiopaedia     77,134 77,134 

29 Spoken Tutorial     10,251 10,251 

30 StemEZ     788 788 

31 

Swayam (UGC: 

MOOCs)     
8,135 8,135 

32 Swayam Prabha 131 71 6,375 6,375 

33 

Tamilinaiyam 

Digital Library     
818 818 

34 

Tamil Nadu 

Agricultural 

University     

973 973 

35 UGC eBooks     61 61 

36 

Vidyasagar 

University     
109 109 

37 Virtual Labs     793  793  

 

This table identifies major contributors to the NDLI repository. It reveals that a small number of 

key institutions contribute a large volume of resources, especially at Post Graduate and Under 

Graduate levels. 

Notable contributors include: 

• Radiopaedia (77,134 resources)  

• Indian Virtual Herbarium (68,316 resources)  

• World Register of Marine Species (55,626 resources)  

• DISHTAVO (28,579 resources)  

• Inflibnet e-PG Pathshala (24,309 resources)  

Government and academic initiatives like CEC, NPTEL, SWAYAM, and e-Adhyayan also play a 

crucial role. 

At the Certificate and Diploma levels, contributions are minimal, with Swayam Prabha being one 

of the few active providers. 
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Overall, the table indicates that NDLI heavily depends on a limited number of major content 

providers, highlighting the need for broader institutional participation. 

Table No.4 Educational Level Resources Type 

Sr. 

No 

Resources 

Type 

Certificate 

Count 

Diploma 

Count 

Post 

Graduate 

Count 

Under 

Graduate 

Count 

1 Case study     60017 60,017 

2 Specimen     125441 1,25,441 

3 

Video 

lecture 142 68 
38,242 76,431 

4 

Lecture 

Notes     
27,869 40,752 

5 Article     18,894 18,894 

6 Chapter     18,756 18,756 

7 Book   182 3,632 4,734 

8 Web Course 15   2,885 3,862 

9 

Question 

Set     
788 788 

10 Solution     788 788 

11 

Question 

Paper     
643 6,694 

12 Collection     637 739 

13 Lab Material       705 

14 Simulation       690 

15 Syllabus     145 348 

16 

Self-

Assessment     
139 12,440 

17 Manual     57 57 

18 Question       34 
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19 Report     16 16 

 20 Notes     9   

 21 

Course 

Material     
4 

  

 22 Bibliography     1   

 23 Transcript     1   

This table shows the variety of resource types available in NDLI. It demonstrates that specimens 

(125,441) and case studies (60,017) are highly concentrated at higher education levels, especially 

in scientific disciplines. 

Video lectures are a major component across all levels, particularly at the Under Graduate level 

(76,431), indicating the importance of visual learning. Lecture notes, articles, chapters, and books 

also form a substantial portion, reinforcing the dominance of textual materials. 

Interactive and assessment-based resources such as: 

• Self-assessment (12,440 at UG level)  

• Simulations (690)  

• Lab materials (705)  

Show the growing emphasis on practical and experiential learning. 

However, resource diversity is limited at Certificate and Diploma levels. 

Overall, the table highlights that NDLI offers a wide variety of resource types, but their distribution 

is heavily skewed toward higher education. 

CONCLUSION 

This study reveals that NDLI resources are heavily concentrated at Post Graduate (272,314) and 

Under Graduate (327,073) levels, with limited offerings for Certificate (146) and Diploma (253) 

programs. Natural Sciences & Mathematics dominate the collection, particularly Life Sciences, 

Botany, and Zoology, supported by key providers like the Botanical Survey of India and World 

Register of Marine Species. Social Sciences also form a significant pillar with strong 

representation in Economics, Law, and Sociology. Content is primarily sourced from a few major 

institutions—including DISHTAVO, Inflibnet-e-PG Pathshala, and Radiopaedia—indicating both 

the success of government initiatives and a dependency on limited contributors. Resource types 

are diverse, with textual materials forming the core, complemented by substantial video lectures 
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(over 76,000 at UG level), simulations, and self-assessment tools. The NDLI has established itself 

as a robust platform for higher education, though future development should focus on expanding 

vocational Certificate and Diploma collections, diversifying content providers, and enhancing 

interactive learning resources. 
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ABSTRACT 

During routine biological studies on Tuta absoluta (Meyrick, 1917) in Nashik district, Maharashtra, 

an unusual moth specimen was accidentally observed, showing distinct wing coloration.  It differs 

from typical Tuta absoluta. A field and   laboratory investigation was conducted in Nashik district 

for studying life cycle of tomato pinworm. While studying this, a suspected cryptic species of 

tomato leaf miner belonging to the genus Tuta was observed incidentally. The pest shows 

characteristic leaf mining, stem tunneling, and fruit damage similar to Tuta absoluta. The 

suspected species was associated with tomato (Solanum lycopersicum L.) and showed similar 

feeding habits. However, variations in adult wing morphology were observed prominently. The life 

cycle was completed within 28–35 days under natural conditions. The life cycle included egg, 

larval (four instars), pupal, and adult stages.  Biology resembled Tuta absoluta. The adult moth 

exhibited noticeable variation in wing coloration, suggesting possible taxonomic divergence. The 

findings suggest the possibility of a locally adapted variant or cryptic species within the genus 

Tuta. However, confirmation requires detailed morphological comparison and molecular 

characterization. Early documentation of such variations is essential for pest surveillance and 

management strategies in tomato cultivation. The accidental nature of this discovery highlights 

the importance of careful observation during routine pest studies. 

KEYWORDS 

   Wing coloration variation, Tomato leaf miner, Solanum lycopersicum, Nashik, Suspected new 

species, Nature of damage 

INTRODUCTION 

Tomato (Solanum lycopersicum) is a major vegetable crop cultivated extensively in India. Its 

production is significantly affected by different insect pests, among which Tuta absoluta is the 
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most destructive in recent years. This is an invasive pest. This pest causes severe damages to 

tomato crop fields by mining leaves, boring into stems, and damaging fruits. Also the unripe and 

ripen infested fruits becomes rotten by secondary bacterial and fungal infections. This also 

affects the tomato productivity. 

Since its introduction into India, T. absoluta has spread rapidly across agro-climatic regions.  It 

shows high reproductive potential and adaptabilityWhile conducting routine studies on the 

biology of Tuta absoluta in Nashik district, an unusual adult moth with distinctly different wing 

coloration was observed. This observation was not part of a targeted survey but occurred 

accidentally during laboratory rearing and field monitoring. Wing coloration and pattern are 

important diagnostic characters in lepidopteran taxonomy. The observed deviation from the 

typical greyish-brown forewings of Tuta absoluta raised the possibility of a distinct or cryptic 

species within the genus Tuta.The present study documents the preliminary observations on the 

biology, occurrence, and nature of damage of this suspected new species. 

OBJECTIVES 

To document the occurrence of suspected new species. To study the morphological 

characteristics. To analyze variations in wing pattern and coloration. To investigate the biology and 

life cycle. To study the nature and extent of damage. 

 MATERIALS AND METHODS 

The study was conducted in tomato fields of a village Adgaon district Nashik and Zoology 

laboratory of the MVP Samajs KTHM COLLEGE Research centre of Nashik district, Maharashtra, 

India during 2025–2026. Infested tomato plant parts were collected, and larvae were reared under 

natural conditions until adult emergence.The observations and photographs were noted time to 

time.  

RESULTS 

 Continuous monitoring enabled identification of consistent variations in morphology and feeding 

behavior.  There was no targeted sampling initially conducted. The suspected new Tuta species 

was first noticed unintentionally during routine observation of Tuta absoluta.  Field visits 

confirmed its presence in tomato crops. The insect completed its life cycle in four stages: Egg: 

Small, oval, creamy-white(3-5 days) Larva: Four instars; active leaf miners and  voracious 

feeders(10-14 days) Pupa: Formed in soil or plant debris(7-9 days) Adult: Moth with distinct wing 
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coloration differing from typical Tuta absoluta(7-11days) total 25-38 days. Typical Tuta absoluta 

shows greyish-brown mottled wings. 

   Figure 1  Figure 2 

Figure-3        Figure-4 

 

  

A 

B 
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Nature of Damage-Leaf mining with irregular galleries. Stem tunneling causing plant weakening, 

Fruit boring leading to internal damage and secondary fungal and bacterial infections to the 

fruits. 

Comparative Observations 

Character Suspected New Observed Tuta sp. Tuta absoluta 

Leaf mines Blotch type Blotch type 

Adult 

pattern 

Some of the members shows  

Silvery shiny coloration Fig-3-B, while 

some shows 

 Blackish colour on forewings. And 

variation in wing marking 

as shown in Fig-3-A 

Typical grayish brown   as 

shown in Fig-4  

Damage 

intensity 
Very high Very high 

Occurrenc

e 
  Currently Localized Widespread 

DISCUSSION 

The observed insect shares biological and ecological similarities with Tuta absoluta, but differs 

in adult wing coloration which is an important taxonomic character in Lepidoptera. minor 

variations suggest possible intraspecific diversity or local adaptation.Also such differences may 

indicate a new species, or a cryptic species,or a variant population of Tuta absoluta . Such 

variations may arise due to environmental factors, host interactions, or genetic divergence. 

Cryptic species complexes are increasingly reported in Lepidoptera, particularly among invasive 

pests. 

The accidental discovery underlines the importance of keen observation during routine pest 

monitoring. However, confirmation of a new species requires: a) Detailed morphological 

analysis (genitalia study) b) Molecular analysis like DNA barcoding. 

Adult moths were small, greyish-brown, with narrow wings resembling Tuta absoluta, but 

showed slight variation in wing markings and colour of forewigs totally different from Tuta 
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absoluta. Multiple individuals were observed in fields and emerged in laboratory conditions, 

though detailed population quantification was not conducted. 

CONCLUSION 

A suspected new Tuta species with distinct wing coloration was accidentally discovered during 

routine study of Tuta absoluta in Nashik district. The insect exhibits similar biology and damage 

pattern but differs morphologically in adult stage showing difference in wing colouration. slight 

variations indicate the possibility of a cryptic or variant population. This preliminary study shows 

the need for advanced taxonomic investigation to confirm species identity. Early detection is 

crucial for pest management and saving the tomato production. The incidental detection of this 

population highlights the importance of continuous field monitoring. This will help in future to 

identify pest diversity in agro-ecosystems and management of the particular experimental pest. 
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ABSTRACT 

Maerua arenaria Hook.f. & Thomson (Capparaceae) is a perennial xerophytic shrub of 

considerable ethnomedicinal importance, widely distributed in arid and semi-arid regions of 

tropical and subtropical areas. The species is traditionally used in Ayurvedic, Unani, and African 

systems of medicine for the management of urinary disorders, inflammation, gastrointestinal 

ailments, and general debility. The present review critically compiles available information on the 

botanical description, ecological adaptations, pharmacognostic characteristics, phytochemical 

constituents, toxicological safety, and pharmacological relevance of M. arenaria, with special 

emphasis on its role as a controversial source of the Ayurvedic drug Morat. The synthesized data 

highlight reliable diagnostic features for authentication and quality control while identifying 

research gaps that warrant further phytochemical, pharmacological, and clinical investigations. 

INTRODUCTION 

Maerua arenaria Hook.f. & Thomson (family Capparaceae) is a perennial xerophytic shrub of 

notable medicinal relevance, widely distributed in arid and semi-arid regions of tropical and 

subtropical parts of the world. The genus Maerua comprises nearly fifty species, many of which 

are recognized in traditional medicinal systems for their therapeutic properties (Kirtikar & Basu, 

2005; Mabberley, 2017). M. arenaria typically grows in sandy, well-drained soils of grasslands, 

open woodlands, and savannah ecosystems, occurring at altitudes ranging from approximately 

100 to 1500 m. Morphologically, the plant attains a height of about 2–5 m and is characterized by 

woody stems, thickened storage roots adapted for water conservation, and small creamy-white 

to pale yellow flowers. 

In indigenous medical traditions such as Ayurveda, Unani, and African ethnomedicine, various 

parts of M. arenaria, particularly the roots and leaves, are employed in the treatment of 

inflammatory disorders, gastrointestinal complaints, febrile conditions, skin diseases, and 

general debility (Nadkarni, 2009; Burkill, 2000). In African traditional healthcare systems, the plant 
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is also regarded as a restorative tonic believed to enhance physical strength, vitality, and immune 

resistance (Van Wyk & Gericke, 2018). 

Phytochemical investigations have revealed the presence of diverse secondary metabolites in M. 

arenaria, including alkaloids, flavonoids, tannins, saponins, and phenolic compounds. These 

constituents are considered responsible for the plant’s broad spectrum of biological activities 

(Harborne, 1998; Evans, 2009). Experimental studies have reported antimicrobial, antioxidant, 

anti-inflammatory, hepatoprotective, and antidiabetic properties, thereby providing preliminary 

scientific validation of its traditional medicinal uses (Kumar et al., 2016; Singh & Sharma, 2019). 

Despite its ethnomedicinal significance, comprehensive studies addressing detailed morphology, 

anatomy, phytochemical profiling, pharmacological efficacy, and toxicological safety of M. 

arenaria remain limited. Detailed morphological and anatomical evaluations are essential not 

only for accurate taxonomic identification but also for establishing reliable pharmacognostic 

standards and correlating structural adaptations with ecological survival strategies (WHO, 2011). 

Accordingly, the present review critically compiles and analyzes available literature on the 

morphology, anatomy, phytochemistry, and pharmacological attributes of Maerua arenaria, with 

particular emphasis on its xerophytic adaptations and its role as a controversial Ayurvedic drug 

source. 

BOTANICAL DESCRIPTION OF MAERUA ARENARIA 

Botanical name: Maerua arenaria Hook.f. & Thomson 

Family: Capparaceae 

Habit: Perennial xerophytic shrub 

Maerua arenaria is a much-branched perennial xerophytic shrub attaining a height of about 2–5 m 

and occurring widely in arid and semi-arid regions of tropical and subtropical zones (Hooker, 1872; 

Mabberley, 2017). The species commonly grows in sandy, well-drained soils of grasslands, 

savannahs, and open woodlands. 

Root 

The root system is well developed, consisting of a thick woody taproot with lateral branches. The 

roots are often swollen and tuberous, serving as storage organs for water and nutrients, 

representing a significant xerophytic adaptation (Burkill, 2000). Externally, the root bark is 

brownish to dark grey, rough in texture, and fibrous in fracture. Internally, the root exhibits 
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extensive secondary growth, providing mechanical support and storage capacity (Metcalfe & 

Chalk, 1950). 

Stem 

Stems are erect, woody, cylindrical, and profusely branched. Young branches are green and 

pubescent, whereas mature stems become brown to grey and glabrous. The bark becomes rough 

and fissured with age. Short internodes impart a compact growth habit that helps minimize 

transpiration loss (Gamble, 1935; Fahn, 1990). Secondary thickening follows the typical 

dicotyledonous pattern. 

Leaves 

Leaves are simple, alternate, exstipulate, and petiolate. The lamina is ovate to elliptic or oblong, 

measuring approximately 3–8 cm in length, with an obtuse to acute apex, cuneate base, and entire 

margin. Leaves are thick, leathery, and coriaceous, features characteristic of xerophytic plants 

(Fahn, 1990; Mabberley, 2017). The upper surface is dark green and glabrous, while the lower 

surface is paler with reticulate venation and a prominent midrib. 

Inflorescence and Flowers 

Flowers are solitary or arranged in axillary clusters. They are bisexual, actinomorphic, complete, 

and pentamerous, creamy-white to pale yellow in colour, and mildly fragrant. The calyx consists 

of four free, thick sepals, while the petals are four, free, and clawed. Stamens are numerous and 

exserted, forming a conspicuous tuft. The ovary is superior, unilocular, borne on a gynophore, with 

parietal placentation and a slender style ending in a simple stigma (Hooker, 1872; Kirtikar & Basu, 

2005). 

Fruit and Seeds 

The fruit is an elongated, cylindrical to oblong berry with a leathery pericarp, green when immature 

and turning yellowish-brown on ripening. Seeds are numerous, reniform to subglobose, and 

embedded in a pulpy matrix. The hard seed coat aids survival under arid environmental conditions 

(Burkill, 2000; Fahn, 1990). 

Phenology 

Flowering generally occurs during the dry to early rainy season, followed by fruiting during the later 

part of the rainy season. Phenological variations depend on regional climatic conditions (Gamble, 

1935). 
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ECOLOGICAL AND XEROPHYTIC ADAPTATIONS 

Maerua arenaria exhibits several xerophytic adaptations, including thickened storage roots, 

coriaceous leaves with reduced surface area, compact branching, thick cuticle, and well-

developed vascular tissues. These structural features enable the plant to withstand prolonged 

drought, high temperatures, and limited water availability typical of arid and semi-arid habitats 

(Fahn, 1990; Taiz et al., 2015). 

PHARMACOGNOSTIC AND PHARMACOLOGICAL STUDIES ON MAERUA ARENARIA 

Nangare et al., 2021: 

Maerua arenaria Hook. has been documented as one of the controversial botanical sources used 

under the Ayurvedic drug name Morat. In the comparative pharmacognostical investigation 

conducted by Nangare et al. (2021), M. arenaria was evaluated alongside four other 

ethnobotanicals traditionally employed for similar therapeutic purposes, particularly in the 

management of urinary disorders. The inclusion of M. arenaria in this study is significant, as it 

highlights the taxonomic and pharmacognostic ambiguity associated with Morat in different 

regions of India. 

Morphologically, M. arenaria was characterized as a large woody climber with a thick, hard 

rootstock. The roots were light brown in colour, piliferous on the surface, and exhibited a slightly 

sweet taste. These macroscopic features clearly distinguished M. arenaria from other Morat 

source plants such as Leea macrophylla, which possesses tuberous roots, and Saccharum 

officinarum, which has fibrous roots (Nangare et al., 2021). The study emphasized that root shape, 

surface texture, and taste are reliable diagnostic characters for the identification of M. arenaria in 

crude drug form. 

Microscopical examination of the root revealed distinctive anatomical features. The cortex was 

composed predominantly of parenchymatous cells, and extensive secondary growth was evident. 

A notable feature was the presence of well-developed secondary xylem with secondary medullary 

rays, while the pith was absent. These anatomical traits differentiate M. arenaria from other Morat 

source plants, particularly Marsdenia tenacissima, which showed abundant calcium oxalate 

crystals and starch grains, and Chonemorpha fragrans, which exhibited extensive vessel clusters 

and conjunctive tissue (Nangare et al., 2021). Such microscopic distinctions reinforce the 

importance of anatomical analysis for authentication of M. arenaria. 
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Physicochemical analysis indicated that M. arenaria exhibited comparatively lower total ash and 

acceptable moisture content, suggesting good purity and minimal inorganic contamination. 

Preliminary phytochemical screening demonstrated the presence of alkaloids and flavonoids in 

M. arenaria, while other constituents such as saponins, tannins, glycosides, and steroids were 

absent. The detection of flavonoids specifically in M. arenaria among the studied species provides 

a potential chemical marker for its identification (Nangare et al., 2021). 

Overall, the study provides valuable pharmacognostic evidence supporting Maerua arenaria as a 

distinct and identifiable botanical entity among plants used as Morat. However, the findings are 

limited to preliminary morphological, anatomical, and phytochemical parameters. The absence 

of advanced phytochemical profiling and pharmacological validation indicates a need for further 

studies to correlate these diagnostic features with biological activity. Nevertheless, the work by 

Nangare et al. (2021) establishes a foundational framework for the authentication and quality 

control of M. arenaria and underscores its relevance in resolving the longstanding controversy 

surrounding Morat. 

Nagargoje and Sarwade (2025): 

Nagargoje and Sarwade (2025) presented a comprehensive morphological and anatomical 

investigation of Maerua arenaria (Capparaceae), a xerophytic shrub of considerable 

ethnomedicinal importance distributed across arid and semi-arid regions of Africa and Asia. The 

study addresses an important research gap, as structural adaptations of this medicinally valuable 

species have received limited systematic attention despite its traditional therapeutic relevance. 

The authors provided a detailed account of the plant’s external morphology, highlighting 

diagnostic features such as a woody shrubby to climbing habit, thorny branches, small 

coriaceous leaves, fragrant creamy-white flowers, and globose drupe-like fruits. These traits were 

effectively correlated with drought tolerance and ecological resilience, reinforcing the xerophytic 

nature of M. arenaria. The morphological descriptions are clear and taxonomically relevant, 

contributing to reliable field identification. 

An important strength of the study lies in its exhaustive anatomical analysis of leaf, petiole, stem, 

and root. The leaf anatomy revealed a typical dorsiventral structure with a thick cuticle, compact 

epidermal cells, well-developed palisade tissue, and sclerenchymatous bundle sheath 

extensions. Such features are well recognized as xeromorphic adaptations that reduce 
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transpiration and enhance mechanical strength. The presence of crystals and starch grains within 

mesophyll cells further supports physiological adaptation to stress-prone environments. These 

observations are consistent with classical anatomical principles reported for xerophytic 

dicotyledons. 

The petiole anatomy, characterized by a distinctive fish-mouth-shaped outline, continuous 

sclerenchymatous bundle sheath, and conjoint bicollateral vascular bundles, provides valuable 

diagnostic characters. The authors appropriately emphasized the taxonomic utility of petiole 

anatomy, aligning their findings with earlier anatomical frameworks. The detailed cellular 

measurements and tissue differentiation enhance the reproducibility and scientific robustness of 

the study. 

Maceration studies added further depth by documenting various fiber types, vessel elements with 

spiral and annular thickenings, tracheids, and anisocytic stomata. These micromorphological 

features not only support the dicotyledonous nature of M. arenaria but also reflect structural 

specialization for efficient water conduction and mechanical support under arid conditions. The 

inclusion of maceration data strengthens the pharmacognostic relevance of the work, as such 

features are valuable for crude drug authentication. 

In the discussion, the authors successfully integrated morphological, anatomical, and 

maceration findings to explain the adaptive strategies of M. arenaria. The interpretation of thick 

cuticle, lignified xylem, sclerenchymatous tissues, and reduced leaf surface area as drought-

resistance mechanisms is scientifically sound and well supported by previous literature. The 

study also underscores the importance of these structural markers for pharmacognostic 

standardization. 

However, while the paper excels in structural characterization, it does not extend to 

phytochemical profiling or pharmacological validation. Inclusion of such data could have 

strengthened the link between anatomical adaptations and medicinal efficacy. Nevertheless, 

given the stated objectives, the work effectively fulfills its aim of providing baseline botanical and 

anatomical data. 

Overall, the study by Nagargoje and Sarwade (2025) represents a valuable contribution to the 

botanical and pharmacognostic knowledge of Maerua arenaria. It establishes reliable 

morphological and anatomical markers for species identification, highlights key xerophytic 
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adaptations, and provides a solid foundation for future research on phytochemistry, 

pharmacology, and quality control of this medicinal plant. 

Akila et al., 2017: 

Akila, Manickavasakam, and Kavitha (2017) investigated the acute oral toxicity profile of 

Chandrakanthi Chooranam (CKC), a classical Siddha herbo-mineral formulation traditionally 

prescribed for oligozoospermia, urinary disorders, venereal diseases, polyuria, and bilious 

conditions. The study was undertaken in response to the lack of documented safety data for this 

widely used formulation, despite its long-standing traditional use. 

The formulation comprises twenty-five ingredients of plant and mineral origin, among which 

Maerua arenaria Hook. (root tuber), locally known as Bhumi chakkarai, is included as an important 

herbal component. The authors emphasized that traditional purification and preparation 

methods, as described in Siddha classical texts, were strictly followed to ensure authenticity and 

safety of the formulation prior to toxicological evaluation (Akila et al., 2017). 

Acute oral toxicity was assessed in male Wistar albino rats following World Health Organization 

guidelines (WHO, 2000). The test drug was administered orally at a single high dose equivalent to 

ten times the human therapeutic dose (10.8 g/kg body weight), which represents a stringent safety 

margin. The animals were observed for a period of 14 days for mortality, behavioral changes, 

clinical signs of toxicity, and physiological parameters such as feed intake, water consumption, 

and body weight changes. 

The results demonstrated that CKC did not induce any mortality or observable toxic symptoms 

throughout the experimental period. No significant alterations were observed in feeding behavior, 

water intake, or general activity of the animals. Body weight gain in the treated group was 

comparable to that of the control group, indicating absence of systemic toxicity. Gross necropsy 

conducted at the end of the study revealed no pathological abnormalities in vital organs including 

liver, kidney, heart, lungs, spleen, brain, and testes (Akila et al., 2017). 

From a critical perspective, the study provides strong preliminary evidence supporting the acute 

safety of Chandrakanthi Chooranam when administered orally, even at doses substantially higher 

than therapeutic levels. This finding is particularly relevant for Maerua arenaria, as the root tuber 

of this species is traditionally consumed in formulations yet often lacks independent toxicological 
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validation. The absence of acute toxicity indirectly supports the traditional use of M. arenaria as a 

safe herbal ingredient when processed according to classical Siddha methods. 

However, the study is limited to acute toxicity evaluation and does not address sub-acute, 

chronic, reproductive, or organ-specific toxicity. Moreover, since CKC is a polyherbal–

herbomineral formulation, the individual contribution of Maerua arenaria to the overall safety 

profile cannot be isolated. Advanced toxicological studies and ingredient-specific assessments 

would be necessary to fully establish the safety margins of M. arenaria as a standalone crude drug. 

In conclusion, the work by Akila et al. (2017) is a valuable contribution to Siddha pharmacology 

and toxicology, providing scientific validation for the acute safety of Chandrakanthi Chooranam. 

The findings also support the safe traditional inclusion of Maerua arenaria in classical 

formulations, while highlighting the need for further systematic toxicological and 

pharmacological studies. 

Rotti and Subrahmanya (2020): 

Rotti and Subrahmanya (2020) conducted a detailed pharmacognostical investigation to establish 

diagnostic marker parameters for Maerua arenaria Hook.f. & Thomson, one of the controversial 

botanical sources used under the Ayurvedic drug name Moorva. The study is significant in 

addressing the longstanding taxonomic ambiguity associated with Moorva, arising from regional 

substitutions and multiple botanical sources. 

The macroscopic evaluation of Maerua arenaria revealed characteristic morphological features 

useful for identification. The plant was described as a large woody climber bearing terminal 

corymbose clusters of greenish-yellow flowers. The root, which constitutes the medicinally used 

part, was fleshy and pink in the fresh state, turning light brown upon drying. The outer surface of 

the root exhibited a piliferous layer, while the internal tissue was fibrous, imparting a slightly sweet 

taste. These organoleptic features were emphasized as reliable macroscopic markers for the 

crude drug (Rotti and Subrahmanya, 2020). 

Microscopical analysis of the root provided distinctive anatomical characters. The transverse 

section showed normal secondary growth with the development of cork tissue externally and a 

parenchymatous secondary cortex internally. The presence of lenticels on the epidermis was 

identified as a key diagnostic feature. The vascular region displayed extensive secondary xylem 

composed predominantly of sclerenchymatous cells, accompanied by well-developed 
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secondary medullary rays. The primary xylem was displaced toward the centre, and the pith was 

absent. These anatomical features collectively serve as important markers for the authentication 

of M. arenaria (Rotti and Subrahmanya, 2020). 

Powder microscopy further contributed to the diagnostic profile of Maerua arenaria. The 

powdered root showed prominent cork cells, spiral and pitted fibers, clusters of lignified 

pigmented stone cells, and abundant starch grains. Calcium oxalate crystals of rosette and prism 

types were observed, and tannins were localized in the cork tissue. These microscopic characters 

are particularly valuable for quality control of the powdered drug, where macroscopic 

identification is not feasible. 

Physicochemical evaluation indicated that Maerua arenaria possessed the lowest moisture 

content among the studied Moorva source plants, suggesting greater stability during storage. The 

drug exhibited acidic pH and higher extractive values in aqueous media compared to alcoholic 

media, indicating the predominance of water-soluble constituents. Ash values were within 

acceptable limits, reflecting minimal inorganic contamination (Rotti and Subrahmanya, 2020). 

Preliminary phytochemical screening demonstrated the presence of carbohydrates, glycosides, 

proteins, alkaloids, triterpenoids, lipids, and saponins in both aqueous and methanolic extracts 

of Maerua arenaria. Notably, the consistent presence of glycosides and saponins distinguished 

M. arenaria from other Moorva sources. Thin layer chromatography further supported chemical 

differentiation, as M. arenaria exhibited a distinct chromatographic profile with characteristic Rf 

values in both extracts. 

In conclusion, the study by Rotti and Subrahmanya (2020) provides a comprehensive set of 

pharmacognostical, physicochemical, and phytochemical marker parameters for Maerua 

arenaria. The findings significantly contribute to the botanical authentication and quality control 

of this species as a source of Moorva. However, the study remains limited to preliminary 

evaluations, and further investigations involving advanced phytochemical characterization and 

pharmacological validation are warranted to substantiate its therapeutic relevance. 

Nangare et al. (2021):  

Nangare, Deshpande, and Kurulkar (2021) conducted a comparative pharmacognostical 

investigation on five ethnobotanical species traditionally used under the Ayurvedic name Morat, 

among which Maerua arenaria Hook. was evaluated as an important controversial source plant. 
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The study is significant in the context of Ayurvedic drug standardization, as Morat is widely used 

in urinary disorders, yet its botanical identity varies across different regions of India. 

In the study, Maerua arenaria was described morphologically as a large woody climber with a thick 

rootstock and thick, leathery leaves. The flowers were reported to be greenish-white and strongly 

scented, while the fruits were globose berries of pale brown color. These macroscopic features 

were identified as important diagnostic traits that help differentiate M. arenaria from other plants 

substituted as Morat (Nangare et al., 2021). 

Organoleptic evaluation of the root of Maerua arenaria revealed a large, woody, and hard structure 

with a light brown outer surface and a piliferous texture. The odor was indistinct, and the taste was 

slightly sweet. The authors emphasized that root shape, surface characteristics, and taste serve 

as key distinguishing characters during crude drug identification. 

Microscopical examination of the root provided crucial anatomical markers for Maerua arenaria. 

The cortex was composed of parenchymatous cells, and the cambium produced extensive 

secondary xylem towards the inner side. Well-developed secondary medullary rays were 

observed between secondary xylem and phloem. The primary xylem was pushed towards the 

center due to secondary growth, and the pith was completely absent. These anatomical features 

were highlighted as reliable diagnostic parameters for authentication of M. arenaria root in raw 

drug form (Nangare et al., 2021). 

Powder microscopy further supported the identification of Maerua arenaria through the presence 

of characteristic tissue fragments such as lignified fibres, vessels, and storage cells containing 

starch grains. Such microscopic markers are especially valuable for quality control when the drug 

is used in powdered formulations. 

Physicochemical analysis revealed that Maerua arenaria exhibited comparatively low moisture 

content, indicating better stability and reduced susceptibility to microbial degradation. Total ash, 

acid-insoluble ash, and water-soluble ash values were within acceptable pharmacopoeial limits, 

reflecting the purity of the crude drug. The pH was slightly acidic, and extractive values were higher 

in aqueous media than alcoholic media, suggesting a predominance of water-soluble 

constituents. 

Preliminary phytochemical screening demonstrated the presence of alkaloids and flavonoids in 

Maerua arenaria, distinguishing it chemically from some other Morat source plants. The detection 
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of these phytoconstituents provides a scientific basis for its traditional therapeutic applications, 

particularly in urinary and inflammatory disorders. 

Overall, the study by Nangare et al. (2021) makes a valuable contribution toward the 

pharmacognostical standardization of Maerua arenaria. By establishing distinctive 

morphological, anatomical, physicochemical, and phytochemical parameters, the work supports 

accurate botanical identification and quality control of this species as a potential source of Morat. 

However, the authors also indicate the need for further studies on comparative biological activity 

and pharmacological validation to determine the true therapeutic equivalence of M. arenaria with 

the classical Morat drug. 

Singh and Singh (2024): 

The review article by Poornima Singh and Anurag Singh (2024) presents a comprehensive and 

timely synthesis of available knowledge on Maerua oblongifolia A. Rich, commonly known as Ram 

Kand Mool, an underutilized tuber with significant ethnobotanical, nutritional, and 

pharmacological relevance. The authors successfully integrate traditional knowledge with 

modern scientific findings, highlighting the plant’s importance as a functional food and a potential 

source of bioactive compounds. 

The paper provides a well-structured overview of the botanical characteristics, ecological 

adaptability, and cultivation practices of M. oblongifolia, emphasizing its ability to thrive in arid 

and semi-arid regions. This ecological resilience is presented as a major advantage for 

sustainable cultivation, especially under climate-stressed agricultural systems. The botanical 

description is clear and adequately supported by earlier botanical studies, strengthening its utility 

for plant authentication and conservation efforts. 

A major strength of the review lies in its detailed discussion of the nutritional composition of the 

tuber and other plant parts. Singh and Singh (2024) compile available data indicating that Ram 

Kand Mool is rich in carbohydrates, dietary fiber, minerals, and moderate protein content, 

supporting its traditional use as an energy-rich food during scarcity. The inclusion of 

spectroscopic and elemental analysis from recent studies enhances the scientific credibility of 

the nutritional claims. 

The section on phytochemistry is particularly informative, documenting the presence of 

flavonoids, phenolic acids, terpenoids, alkaloids, and triterpenoids. The authors critically 
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associate these phytoconstituents with reported antioxidant, anti-inflammatory, 

antimicrobial, antidiabetic, and wound-healing activities, drawing upon both in vitro and in vivo 

studies. By correlating traditional medicinal uses with experimentally validated pharmacological 

effects, the review strengthens the ethnopharmacological relevance of M. oblongifolia. 

Furthermore, the paper effectively explores the potential applications of Ram Kand Mool in food, 

pharmaceutical, and nutraceutical industries. The discussion on value-added products, 

biodegradable materials, and functional foods reflects a forward-looking approach and 

underscores the commercial potential of this neglected species. Importantly, the authors also 

acknowledge the presence of anti-nutritional factors and stress the need for appropriate pre-

treatment and processing methods, demonstrating a balanced and critical perspective. 

Overall, the review by Singh and Singh (2024) is well-researched, logically organized, and 

scientifically robust. It fills an important knowledge gap by consolidating scattered information on 

Maerua oblongifolia and provides a strong foundation for future pharmacognostic, 

phytochemical, clinical, and agronomic research. The article is particularly valuable for 

researchers working in medicinal plant science, functional foods, and sustainable utilization of 

underexplored plant resources. 

Gadpayale and Somkuwar (2019): 

The research article by Gadpayale and Somkuwar (2019) documents Maerua arenaria Hook. f. & 

Thomson (Capparaceae) as a new floristic record for the Vidarbha region of Maharashtra, 

India, thereby making a valuable contribution to regional floristic knowledge. The study is 

primarily morphotaxonomic in nature and addresses an important gap in the documented 

distribution of the genus Maerua within Maharashtra. 

The authors begin by contextualizing the genus Maerua as a polymorphic group predominantly 

distributed in arid and semi-arid regions of Africa, with limited representation in India. Previous 

floristic works indicated the presence of only one species of Maerua in Maharashtra, with no 

confirmed reports from Vidarbha (Singh and Karthikeyan, 2000). Against this background, the 

present study justifies its significance by reporting the occurrence of M. arenaria from Bhandara 

district, thus extending its known geographical range. 

Methodologically, the study is based on extensive field explorations across different seasons, 

ensuring the collection of specimens in both vegetative and reproductive phases. Standard 
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herbarium techniques, following Fosberg and Sachet (1965), were employed for specimen 

preparation, and identification was carried out using authentic floras and taxonomic literature. 

The deposition of voucher specimens in recognized herbaria further strengthens the scientific 

reliability of the report. 

A detailed morphological description of Maerua arenaria is provided, covering diagnostic 

characters such as habit, leaf morphology, floral structure, gynophore, fruit, and seed features. 

These characters are described with sufficient precision to allow reliable identification and 

comparison with allied taxa. The inclusion of flowering and fruiting periods adds phenological 

value to the study, while habitat details indicate that the species is rare and confined to deciduous 

forest patches in Vidarbha. 

The taxonomic treatment is supported by correct nomenclature and citation of synonyms, aligning 

with earlier works such as Hooker (1997), Cooke (1967), and Sharma et al. (1993). The 

photographic documentation included in the paper enhances its practical utility for field botanists 

and taxonomists. 

Overall, the study by Gadpayale and Somkuwar is a well-executed floristic contribution that 

enriches the floristic wealth of the Vidarbha region. While the paper is primarily taxonomic and 

does not address phytochemistry or medicinal aspects, it lays an essential baseline for future 

ecological, pharmacognostic, and conservation-oriented research on Maerua arenaria. The 

documentation of rare species occurrences such as this is crucial for biodiversity assessment, 

conservation planning, and further botanical exploration. 

Nangare et al., (2021): 

The original research paper by Nangare, Deshpande, Arulmozhi, and Kurulkar (2021) critically 

evaluates the diuretic activity of several plant species traditionally identified as the controversial 

Ayurvedic drug Morat, with particular relevance to resolving issues of botanical ambiguity. Among 

the studied taxa, Maerua arenaria Hook. (Capparaceae) emerges as a scientifically validated 

candidate supporting its traditional inclusion under the name Morat. 

In Ayurvedic literature, Morat is described as a potent Mutrala (diuretic) drug used in conditions 

such as dysuria, urinary retention, calculus, and other disorders of the urinary system, as 

documented in Sushruta Samhita (Acharya, 1994). Due to classical nomenclature and regional 

substitutions, Maerua arenaria has long been considered one of the botanical sources of Morat, 
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but lacked sufficient experimental validation. The present study addresses this gap through 

controlled pharmacological experimentation. 

The roots of Maerua arenaria were collected from the Western Ghats region of Maharashtra and 

authenticated by recognized authorities, with voucher specimens deposited at a regional 

research institute. The decoction (Kwath) and powdered (Churna) forms were prepared following 

classical Ayurvedic procedures, ensuring traditional relevance. Diuretic activity was evaluated 

using the Lipschitz method, a standard experimental model, with furosemide and Cystone used 

as reference drugs (Lipschitz et al., 1943; Nangare et al., 2021). 

The results demonstrate that decoction of Maerua arenaria root produced a statistically 

significant increase in urine output when compared with the vehicle control. The diuretic index 

and Lipschitz value indicated moderate diuretic activity, placing M. arenaria among the effective 

Morat substitutes, though less potent than Chonemorpha macrophylla. Importantly, M. arenaria 

significantly enhanced urinary excretion of sodium, potassium, and chloride ions, suggesting a 

loop diuretic–like mechanism, comparable to standard diuretics. 

The electrolyte excretion pattern observed for Maerua arenaria supports its classical indication in 

urinary disorders, particularly in conditions associated with fluid retention and calculi formation. 

The absence of significant alteration in urinary pH further suggests a favorable safety profile at the 

administered dose. These findings provide experimental support to earlier floristic and 

ethnomedicinal reports that recognized M. arenaria as a medicinally relevant species (Singh and 

Karthikeyan, 2000; Gadpayale and Somkuwar, 2019). 

In conclusion, the study by Nangare et al. (2021) substantiates the traditional use of Maerua 

arenaria as Morat, demonstrating its moderate yet significant diuretic efficacy. While it may not 

represent the most potent botanical source of Morat, the evidence confirms that M. arenaria is a 

valid and pharmacologically active substitute, justifying its continued use in Ayurvedic 

formulations. Further phytochemical isolation and clinical studies are warranted to identify the 

active principles responsible for its diuretic action and to strengthen its role in drug 

standardization. 
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ABSTRACT 

 Soil microorganisms are fundamental to nutrient cycling, soil fertility, and sustainable agricultural 

productivity. However, the extensive use of chemical pesticides has raised concerns about their 

unintended effects on beneficial soil microbial communities. In India, where approximately 40 million 

people are engaged in farming, a large proportion of farmers have limited awareness of the essential 

role that soil microorganisms play in maintaining soil health and crop productivity. Although previous 

studies have primarily investigated the effects of pesticides on crops and soil physicochemical 

properties, comparatively few have focused on their impact on beneficial soil microflora. 

The present study evaluated the response of selected model microorganisms to different 

concentrations of the organophosphate pesticide Dimethoate (0.1%, 0.2%, and 0.4%). Four 

representative genera—Rhizobium, Staphylococcus, Penicillium, and Bacillus—were assessed for 

growth and survival under pesticide exposure. Rhizobium exhibited the highest tolerance across the 

tested concentrations, whereas Penicillium showed growth only at the lowest concentration (0.1%), 

indicating greater susceptibility. Bacillus remained viable at all concentrations and retained enzymatic 

activity despite a reduction in colony-forming units, while Staphylococcus demonstrated an 

intermediate level of sensitivity. 

Based on these findings, the study proposes the development of a cost-effective formulation 

integrating chemical and biological components to minimize adverse effects on beneficial soil 

microorganisms while maintaining effective pest control. Such an approach could contribute to 

preserving soil microbial diversity, improving long-term soil fertility, and supporting sustainable 

agricultural practices that remain economically accessible to farmers. 

INTRODUCTION  
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Chemical pesticides have become an integral component of intensive agricultural practices due to 

their effectiveness in controlling crop pests and improving productivity. However, their indiscriminate 

and prolonged application can adversely affect non-target soil microorganisms that are essential for 

maintaining soil fertility and ecosystem stability. In India, where agriculture supports the livelihoods of 

millions of farmers, widespread dependence on chemical pesticides has raised concerns regarding 

their long-term impact on soil health and sustainable crop production. 

Excessive pesticide use can reduce populations of beneficial microorganisms, impair nutrient cycling, 

contaminate soil and water resources, and leave harmful residues in agricultural produce. In addition 

to environmental degradation, chronic exposure to these chemicals has been associated with adverse 

health effects, including respiratory, neurological, and dermatological disorders. Furthermore, 

repeated pesticide application may accelerate the development of resistant pest populations, reducing 

the effectiveness of conventional pest management strategies. 

Beneficial soil microorganisms perform indispensable ecological functions such as biological nitrogen 

fixation, decomposition of organic matter, nutrient mineralization, and enhancement of plant growth. 

Maintaining the diversity and activity of these microbial communities is therefore fundamental to 

sustainable agriculture and long-term soil productivity. 

The present study investigates the effects of the organophosphate pesticide Dimethoate on selected 

soil microorganisms to assess their tolerance and susceptibility under different pesticide 

concentrations. Dimethoate acts by inhibiting acetylcholinesterase in insects, making it an effective 

insecticide; however, its non-selective action may also influence beneficial microbial populations 

within the soil. Understanding the responses of these microorganisms to pesticide exposure can 

provide valuable insights into their resilience and ecological function. 

The findings of this research are intended to support the development of an economical and 

environmentally responsible pest management approach that integrates chemical and biological 

strategies. Such an approach seeks to achieve effective pest control while conserving beneficial soil 

microflora, thereby promoting sustainable agriculture, protecting environmental quality, and improving 

long-term farm productivity. 

AIM 

1. To evaluate the effect of chemical pesticides on soil microflora. 

2. To find a sustainable and economic alternative for chemical pesticides. 
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3. Microbial resistance,a key to formulate an effective pesticide that combines chemical and 

biological components. 

OBJECTIVES OF STUDY 

1. Isolation of Soil microorganisms. 

2. Purification of isolates. 

3. Preparation of pesticide dilutions. 

4. Exposure of isolates to different pesticide dilutions. 

5. Analysis of growth on selective agar media. 

 MATERIALS AND METHODS/METHODOLOGY  

1. Isolation of Soil Microorganisms is crucial step to study the effect of pesticide on them. For 

isolation 1g of Soil Sample was added to 9ml of saline and allowed to stand for 15 mins. 

Later use to suspension to streak on CRYEMA, Nutrient Agar, Sabourauds Agar to isolate 

Rhizobium, Bacillus, staphylococcus and Penicillium sp. respectively. 

Incubation for 24 hours at 37°C. 

2. Carry out Gram Staining and Biochemical test to confirm the species and purify the isolate by 

sub culturing on to fresh Agar plates. 

3. Prepare different Dimethoate dilutions using distilled water to test Microbial resistance against 

it. 

4. Prepare saline suspension of each purified isolate and expose it to different concentrations of 

Dimethoate. 

5. Incubate for 24,48 and 72 hours and test the sample for growth every 24 hours to analyse the 

growth reduction and pesticide tolerance. 

6. Analyse the isolate as sensitive or resistant and formulate the resistant ones along with 

pesticide to prepare a mix that would serve the cause for farmers. 

PESTICIDES 

1. Dimethoate is a systemic organophosphate insecticide used against sucking insects and mites 

on various crops. 

2. Dimethoate inhibits soil respiration, impacting non-target microbes essential for soil health. 

3. In 1995-96, dimethoate ranked among top insecticides after HCH, malathion, and methyl 

parathion. It remains widely applied in Indian agriculture. 

https://www.ijitmr.com/
mailto:editor@ijitmr.com


  
 

International Journal of Innovative Trends  
in Multidisciplinary Research (IJITMR)  

 

A Peer-Reviewed, Referred, Indexed Multidisciplinary Open-Access Research Journal 
 
 

85  
 

   E-ISSN:3049-3846 

Website: https://www.ijitmr.com/ Email: editor@ijitmr.com  July, 2026 

4. Crops Commonly Used On: - Cotton, groundnut, bajra, sorghum, mustard, castor Onion, brinjal 

(eggplant), tomato, pigeon pea Fruits like mangoes, citrus; others like potatoes, wheat. 

RHIZOBIUM 

1. Rhizobium is an soil microorganism that thrives in rhizosphere living Symbiotically in root 

nodules of leguminous plants fixing nitrogen using Nitrogenase enzyme 

2. Isolated on CRYEMA-Congo Red Yeast Extract Mannitol Agar 

BACILLUS 

1. Bacillus promotes plant growth by producing phytohormones like auxins, enhancing root and 

shoot development. It suppresses soil pathogens with antimicrobial compounds, reducing 

disease and chemical pesticide use. It also improves soil structure by forming biofilms that 

boost aggregation, water retention, and aeration for healthier roots. 

2. Isolated on Nutrient Agar, Starch/Milk/Tributyrin Agar 

STAPHYL OCOCCUS 

1. Staphylococcus belongs to the group of Phosphate solubilizing bacteria that Solubilizes 

Complex phosphate compounds to free phosphate using phosphatase enzyme 

2. Isolated on Nutrient Agar, Phosphatase activity tested on PPA 

PENICILLIUM 

1. Several soil Penicillium species enhance plant growth by producing phytohormones, 

siderophores, solubilizing phosphorus, and suppressing pathogens. Inoculating soil with these 

fungi improves growth, phosphorus uptake, and yield in crops like wheat, sesame, and 

pomegranate. 

2. Isolated on Sabouraud's Dextrose Agar 

RESULTS AND DISCUSSION  

⮚ Rhizobium showed high resistance to test pesticide (Dimethoate 30%). Resisting up to 0.4% of 

concentration. 

⮚  Bacillus showed high resistance to test pesticide (Dimethoate 30%). Resisting up to 0.4% of 

concentration. 

⮚ Staphylococcus showed moderate resistance towards Dimethoate (30%), few resistant 

colonies observed till 0.4% concentration. 
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⮚ Penicillium showed moderate resistance towards Dimethoate (30%), few resistant colonies 

observed till 0.2% Concentration 
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1. The graph represents the effect of pesticide concentration on different soil microorganisms: 

Penicillium, Staphylococcus, Rhizobium, and Bacillus. 

2. Penicillium and Staphylococcus show lower pesticide concentration values of approximately 0.2, 

indicating comparatively lesser tolerance or exposure. 

3. Rhizobium and Bacillus exhibit higher concentration values of approximately 0.4, suggesting greater 

tolerance or ability to survive at higher pesticide concentrations. 

4. The graph indicates that different soil microorganisms respond differently to pesticide exposure. 

5. Beneficial microbes like Rhizobium and Bacillus appear to withstand higher pesticide concentrations 

better than Penicillium and Staphylococcus. 

6. Variations in microbial growth and tolerance may affect soil fertility, nutrient cycling, and overall soil 

health. 

7. The results emphasize the importance of controlled pesticide usage to protect beneficial soil 

microflora and maintain sustainable agricultural practices 

CONCLUSION 

Previous studies have demonstrated that extensive use of chemical pesticides can adversely affect 

beneficial soil microorganisms and reduce overall soil quality. In the present investigation, however, 

pesticide-tolerant strains of Rhizobium, Staphylococcus, Penicillium, and Bacillus were successfully 

identified, indicating their capacity to survive and function under pesticide exposure. The incorporation 

of these resistant microbial strains alongside conventional pesticide applications offers a promising 

strategy for integrating biological and chemical approaches to crop protection. Such a combined 

system has the potential to maintain effective pest management while preserving beneficial soil 
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microbial communities, enhancing soil fertility, and supporting environmentally sustainable 

agricultural practices. 

FUTURE PROSPECTS 

The continuous and indiscriminate application of chemical pesticides can have long-term negative 

consequences for agricultural ecosystems. Besides suppressing populations of beneficial soil 

microorganisms that are essential for nutrient cycling and soil fertility, excessive pesticide use may 

gradually diminish soil productivity and crop performance. Residual pesticide compounds can also 

contaminate the environment and have been associated with adverse human health effects, including 

respiratory, neurological, and other toxicological disorders. 

These concerns highlight the need for integrated pest management strategies that are both effective 

and environmentally responsible. The proposed formulation combines reduced doses of chemical 

pesticides with beneficial biological agents to achieve this objective. The chemical component 

provides efficient control of crop pests, while the biological agents facilitate the degradation of 

pesticide residues and help restore microbial balance within the soil. By protecting beneficial soil 

microflora and improving soil quality, this integrated approach promotes sustainable agricultural 

production, reduces environmental contamination, and contributes to safer food systems and 

improved public health. 
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ABSTRACT 

 Jai Nimbkar's novel 'Come Rain' intricately explores the journey of Ann, an American woman who 

marries an Indian man and relocates to India, navigating the complexities of cultural dislocation, 

identity, and gender roles. This study highlights Ann's transformation from an outsider to a 

reconciler within her adopted community, emphasizing her internal conflicts and resilience in the 

face of familial expectations and societal norms. Through a feminist lens, the analysis reveals how 

Ann engages in a dialogue with tradition rather than opposing it outright, seeking a middle ground 

that honors both her individuality and the collective values of her new environment. Nimbkar's 

nuanced portrayal of Ann's struggles reflects broader themes of belonging and self-discovery, 

illustrating the challenges faced by women navigating cross-cultural landscapes. The narrative 

underscores the significance of everyday acts of agency and compromise, suggesting that true 

empowerment can emerge from within existing traditions.  

Ultimately, 'Come Rain' serves as a model for women from diverse backgrounds, affirming that  

personal fulfillment often arises through negotiation and adaptation rather than rebellion, and  

that the journey toward self-realization is marked by both internal and external transformations.  

KEYWORDS 

Intricately, Dislocation, empowerment, alienation, palpable, resilience, turmoil, patriarchal, 

relocation, dilemma, emancipation   

INTRODUCTION 

Jai Nimbkar's 1993 novel, 'Come Rain,' presents Ann as an unexpected central figure. Ann is an 

American woman who marries Ravi, an Indian man. She then relocates to India. The story follows 

Ann as she confronts cultural differences. She also deals with family expectations and her own 

inner struggles. This makes her journey a detailed look at a woman positioned between Eastern 

and Western influences. The novel powerfully depicts her difficult relationship with her husband. 

It also shows her challenging interactions with his wider family. Ann also actively seeks to build 

new friendships. She holds distinct views, often feeling conflicted about Indian societal customs.  
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Academic analyses of 'Come Rain' often employ a feminist perspective. Scholar Manish A.Vyas,  

for example, examines the protagonist's ideological clashes. Vyas notes how Ann, through her 

inherent goodness, navigates cultural friction. She does not abandon her sense of freedom or 

fairness. Instead, she consciously decides to adopt certain Indian family values. Despite her 

husband's infidelity and the cultural disconnect she experiences, Ann remains firm. She chooses  

to stay in India alone with her son, Rahul. Ultimately, she finds a place for herself in her new home.  

Jai Nimbkar is recognised for her sharp depictions of middle-class women. These women often 

find themselves within patriarchal structures. Nimbkar shapes Ann's character not as an 

opponent of tradition. Instead, Ann engages in a dialogue with it. She seeks a middle ground. This 

path respects personal freedom. It also honours community ties. This study will trace Ann's 

transformation. It moves from being an outsider to achieving a sense of self. Key themes include  

cultural adjustment, identity challenges, gender roles, and eventual harmony. Nimbkar focuses 

on Ann's personal growth and integration. She presents this as an example of a woman's path 

across different cultures. Nimbkar skillfully guides readers through Ann's initial experiences. 

These include her arrival in India and feelings of cultural alienation. Ann faces culture shock. She 

struggles with family expectations. She feels emotional dissonance. Nimbkar uses the concepts 

of conflict and resilience. She explores the emotional pain caused by her husband's betrayal. Ann 

also resists pressure from her husband's family. Nimbkar highlights the significance of Ann's 

decision to remain in India. This action demonstrates her agency. It shows her asserting her own 

identity. 'Come Rain' offers a bridge between cultures. The novel explores how Ann gradually 

accepts and integrates Indian family and social values. She maintains her American ideals 

throughout this process. This journey highlights her flexibility and inner strength. It shows her 

ability to reconcile different ways of thinking. As a feminist writer, Nimbkar reveals feminist 

aspects of the story. Readers can analyse Ann's narrative within the broader feminist discussions 

of that time. The novel shows how Ann asserts her inner strength. This is not through open 

defiance. It is through careful compromise and emotional bravery. Ann's journey connects to 

universal themes. These include identity, belonging, home, and selfdiscovery. Jai Nimbkar's work 

reflects on how women in cross-cultural settings often manage complex connections. These 

involve tradition, independence, and finding where they belong.  

1. Cultural Dislocation and the Outsider’s Gaze  
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Ann arrives in India laden with the cultural inheritance of her upbringing. Her formative years were 

shaped by a liberal worldview, one that championed individual autonomy and personal choice. 

This background left her ill-equipped to navigate the intricate web of Indian familial relationships. 

These dynamics often prioritise collective harmony and unspoken duties over Western notions of 

individual liberty. Nimbkar masterfully employs Ann’s perspective as a lens. Through her 

experiences, the author illuminates the inherent friction that arises when Western ideals of self-

reliance encounter the deeply ingrained practices of Indian collective intimacy. This juxtaposition 

highlights a fundamental clash of cultural values.  

Ann’s internal conflict is palpable. She swings between feelings of repulsion and profound 

fascination regarding Indian family life. This ambivalence is not merely a personal quirk. It serves 

as a powerful metaphor for a wider struggle faced by many. Her unease stems from her difficulty 

in deciphering the subtle, unwritten rules. These govern respect, enduring loyalty, and the weight 

of familial expectations. Ann’s journey illustrates how women who traverse cultural borders often 

find themselves in a complex process of identity negotiation. They must reconcile their past with 

their present.  

However, Ann’s outsider position also grants her a unique clarity. Her observations, free from the 

ingrained assumptions of her homeland, expose often-overlooked contradictions within the 

Indian middle class. She notices the constraints placed upon women. She sees the persistence 

of inherited societal roles. Ann also brings to light the subtle power dynamics that shape 

household environments. Through Ann’s perceptive gaze, Nimbkar prompts readers to re-examine 

their own cultural norms. She encourages a view of these norms not as fixed truths. Instead, she  

suggests they are often negotiable constructs. These can, at times, become unintentionally 

restrictive.  

This phase of Ann’s personal odyssey mirrors the broader experience of women who venture 

beyond their familiar cultural safety nets. Initially, they often feel like wanderers. They search for a 

sense of belonging. Yet, they remain wary of full assimilation, fearing the loss of their own identity. 

Ann’s status as an outsider presents a dual reality. It is a source of vulnerability, exposing her to 

misunderstanding. Simultaneously, it offers a unique vantage point, allowing for critical 

observation and insightful analysis. This outsider perspective becomes both a challenge and an 

opportunity for profound understanding.  
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2. Identity Crisis and the Quest for Belonging  

Ann’s immersion into Indian life triggers a profound identity crisis. The familiar anchors of her 

American upbringing begin to feel less secure. Her previous certainties are challenged by the 

realities of her new environment. Nimbkar skillfully illustrates this internal conflict. Ann finds 

herself caught between resisting and adapting to new customs. She experiences resentment, 

then moves toward introspection. This struggle is deeply rooted in gender expectations.  

India’s patriarchal structures create subtle but significant limitations. These unspoken 

boundaries affect Ann’s personal freedoms. Her friendships become subjects of scrutiny. Her 

domestic roles are constantly re-evaluated. Interactions with her wider family are often delicate 

negotiations.  

These areas highlight the pressures she faces.  

Nimbkar captures Ann’s internal turmoil through her private thoughts. Ann often longs for the 

autonomy she once knew. She feels guilt for desiring this independence. Doubts about her place  

and belonging surface frequently. These inner monologues reveal the societal pressure on 

women. They often feel compelled to suppress personal desires. This is done to maintain family 

harmony and tradition.  

The relationship with Ravi offers a complex connection. Ravi, having also lived abroad, 

understands cultural displacement. He shares Ann’s feeling of being between worlds. Their bond 

provides a fragile link. It offers Ann a sense of belonging. Yet, it does not mean full assimilation. 

This connection is not without its difficulties. It is often strained by competing cultural loyalties. 

Nimbkar avoids offering simple answers to Ann’s dilemma. The tension persists throughout her 

narrative. Ann occupies an uncertain middle ground. She must actively shape her own identity 

within these constraints. Her experience mirrors that of many women. They navigate a path 

between tradition and personal emancipation. Ann is forging her own sense of self within a 

complex social fabric.  

3. Navigating Gender and Tradition  

Nimbkar's literary output consistently examines female agency. She illustrates how women 

navigate restrictive patriarchal structures. They find paths to self-determination. This is 

particularly evident in her short fiction. Characters like Sarojini, Liloo, and Vineeta face male 

opposition. Yet, they discover a "middle way out". They achieve this through intellect and inner  
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fortitude.  

Ann's narrative in Come Rain echoes this theme. Ann is not born Indian. However, she is bound by 

domestic duties. Familial roles are expected of her. She does not reject these expectations 

outright. Instead, she questions them. This process is slow and subtle. She employs patience. 

Consider Ann’s approach to social events. She also looks at family traditions. She does not refuse 

them directly. She seeks to understand them first. Her challenges are not acts of rebellion.  

They are reframings. She asks pertinent questions. She observes existing patterns. Ann introduces 

minor adjustments. This strategy aligns with scholarly observations of Nimbkar’s female 

characters. Scholars note this: "Women's new assertiveness need not be a duplicate of male 

aggressiveness; rather, it could become a model of how human beings can assert their inner 

strengths and convictions without trampling upon the rights of others."  

Ann’s personal progress is not marked by loud victories. It is achieved through quiet negotiation.  

She does not instigate outright revolt. She instead sparks reflection. This internal assertiveness 

contrasts with more public feminist protests. Her approach is more reserved. It is deeply 

embedded. Yet, its power is undeniable.  

Ann’s eventual acceptance of some Indian ways is not a capitulation. It is a deliberate choice. She 

chooses to remain. She chooses to adapt. She decides to exist within tradition. This is done on 

her own terms. She subtly expands tradition’s limits. Her life illustrates that agency can be 

integrated into daily life. This occurs through small actions. It happens through gentle assertions.  

Continued self-awareness is key.  

4. The Middle Way: Reconciliation Without Surrender  

The middle way is key to understanding Nimbkar’s female characters. Her stories consistently 

show women who avoid extremes. They do not fully blend in with Indian culture. They also do not 

completely reject it. Instead, they seek a thoughtful balance. Ann’s story shows this path. She 

starts as an outsider. She distrusts Indian family life. She feels it is too focused on the group. As 

she learns more, she sees its value. She finds emotional support there. She discovers rich culture.  

She appreciates these things more. She had not seen this from afar. At the same time, she keeps 

her Western ideas. She values her independence. She believes in equality. She wants to live a 

credible life. Her struggle is to combine these two worlds. She wants to enjoy family warmth. She 

also wants to keep her autonomy. Nimbkar shows key moments. Ann makes clear choices.  
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These choices show her blending cultures. She might refuse to stay silent. She may gently ask for  

a say in decisions. She might care for her family. She also sets clear boundaries. These choices 

may seem small. But together, they change Ann. They also change the people around her. This mix 

shows what critics call Nimbkar’s psychological realism. This means she shows inner life well. 

She captures quiet thoughts. She shows inner struggles. She reveals small moments of 

understanding. This inner strength drives her stories. The middle way is not passive. It needs 

constant adjusting. Women must sense when to change. They must know when to stand firm. 

They learn when to speak out. They learn when to stay quiet. Ann walks this path. She is not a 

grand hero. She is like any woman. She is smart and has flaws. She is brave in small ways. Ann’s 

journey doesn’t end with big fanfare. She reaches a state of peace. It is not perfect peace. She is 

shaped by two cultures. She belongs fully to neither. Yet, she is fully herself. Her final coming to 

terms suggests something. Women’s journeys are not about finding one fixed identity.  

They are about learning to live with life’s many layers.  

5. Broader Significance: Women’s Journeys Across Cultures  

Ann’s journey in Come Rain, though rooted in the specific context of 1990s India, possesses a 

wider resonance. It mirrors the struggles faced by numerous women navigating cultural, familial, 

and personal shifts. Migration, whether a physical relocation or a metaphorical shift, often places 

women at critical junctures. Common challenges include culture shock, the weight of expected 

roles, language barriers, and the fracturing of identity. Ann's narrative speaks to women who exist 

between different worlds. This can be geographical, as in diaspora experiences. It can be 

ideological, balancing traditional beliefs with modern aspirations. It can also be generational, 

bridging the gap between parents and children.  

Nimbkar’s writing style highlights a crucial aspect of female empowerment. It suggests that 

strength can be found within existing traditions, or even be fostered by them. This empowerment  

does not necessitate a complete rejection of cultural norms. Instead, it calls for negotiation, 

reinterpretation, and the personal discovery of meaning.  

This theme is evident in other characters created by Nimbkar. Consider Vineeta in Temporary 

Answers. She is a widow. Vineeta insists on equality before considering remarriage. She chooses  

https://www.ijitmr.com/
mailto:editor@ijitmr.com


  
 

International Journal of Innovative Trends  
in Multidisciplinary Research (IJITMR)  

 

A Peer-Reviewed, Referred, Indexed Multidisciplinary Open-Access Research Journal 
 
 

96  
 

   E-ISSN:3049-3846 

Website: https://www.ijitmr.com/ Email: editor@ijitmr.com  July, 2026 

to remain alone rather than accept a subordinate position. These women do not define 

themselves by victimhood. They actively create their own paths. These paths affirm their sense of 

self.  

Sometimes they follow tradition. Other times, they step outside it. Always, their choices are 

conscious ones.  

Ann’s ties to America might suggest an easier path. However, her journey is far from without 

obstacles. She encounters cultural misunderstandings. She faces judgment and feelings of 

isolation. These experiences test her resolve. Her personal growth stems not from privilege. It 

comes from perseverance and adaptability. Her story offers a valuable model. It shows how 

women can claim their own identity. This can be achieved without compromising their core sense 

of self. It provides insight for any woman navigating a dominant cultural framework.  

CONCLUSION  

Jai Nimbkar's Come Rain transcends a simple cross-cultural romance narrative. It presents a 

deeply considered psychological study of a woman navigating complex issues of identity, 

belonging, and personal agency within a new societal framework. Through the character of Ann, 

the novel illustrates that female journeys toward self-discovery are rarely straightforward. These 

paths are often marked by internal conflict and external pressures. Resolution may not emerge 

from outright rejection of one's circumstances. Instead, it can be found in a process of creative 

adaptation and compromise. Ann's personal evolution, moving from a position of an outsider to 

that of a reconciler within her adopted community, does not serve to excuse patriarchal 

structures. Nor does it romanticise traditional customs. Rather, her journey highlights how 

consistent, everyday acts of agency and quiet assertiveness can effectively reshape established  

roles and expectations.  

Nimbkar employs subtle narrative techniques. She frames women's personal transformations as  

primarily internal, psychological shifts. This inward process, frequently overlooked in broader 

discussions, is presented as a profoundly radical act. Ann does not instigate large-scale social 

upheavals. Her impact is felt through her engagement in meaningful dialogues. These 

conversations occur both within her own mind and within the fabric of her new home.  

Consequently, Come Rain emerges as more than a singular personal account. It offers a valuable  
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model for readers. For women from diverse cultural backgrounds, this story confirms that the 

pursuit of personal fulfillment is often shaped not by forceful pronouncements or loud rejections.  

It is instead forged through persistent negotiation and thoughtful adaptation. Ultimately, the 

narrative suggests that one of the most courageous actions a woman can take is to remain present  

in her situation. From that position, she can then work to reimagine her place and redefine her 

experiences. he analysis of Ann's journey shows that she doesn't just fight against the traditions 

she finds in India. Instead, she tries to understand them and find a balance that respects both her  

own identity and the cultural values of her husband’s community. By looking at her story through 

a feminist perspective, we can see how important it is for women to engage in conversations about 

tradition instead of simply rejecting it. Ann's character demonstrates that it is possible to honor 

one’s own individuality while also respecting the collective values of a different culture.  

Nimbkar's careful depiction of Ann's challenges reflects wider themes of belonging and 

selfdiscovery. Her experiences resonate with many women who find themselves in similar 

situations, trying to navigate between different cultures. The story emphasizes that small, 

everyday acts of independence and compromise are important. It suggests that true 

empowerment can come from working within the traditions of a culture rather than pushing 

against them.  

In the end, 'Come Rain' offers valuable lessons for women from all backgrounds. It shows that 

finding personal happiness often involves negotiation and adaptation, rather than outright 

rebellion. Ann’s journey toward understanding herself is not just about her internal changes, but  

also about how she interacts with the world around her. This journey is filled with both personal 

growth and adjustments to her new environment. Through Ann’s story, readers see that the path 

to self-realization is complex and requires both internal reflection and external acceptance.  
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ABSTRACT 

Stored grain losses caused by the rice weevil, Sitophilus oryzae, remain a major concern in post-

harvest management, driving interest in plant-based alternatives to synthetic insecticides. This 

study evaluated the insecticidal potential of aqueous and methanol extracts of marigold (Tagetes 

spp.), custard apple (Annona spp.), and Gliricidia (Gliricidia spp.) against adult S. oryzae under 

laboratory conditions. Extracts were tested at three concentrations (1, 10, and 100 mg/ml), with 

mortality recorded at 24, 48, and 72 hours of exposure, alongside a water-only control. 

 Mortality increased in a clear dose- and time-dependent manner across all treatments, with 

maximum values recorded at 100 mg/ml after 72 hours. Methanol extracts consistently 

outperformed aqueous extracts for all three plants, indicating more efficient extraction of 

bioactive compounds in methanol. Gliricidia showed the strongest insecticidal activity, its 

methanol extract yielding the highest mortality (90% at 100 mg/ml, 72 hours; average 63.33%), 

followed by custard apple (up to 80% mortality) and marigold (up to 80% mortality but lower 

average effect). No mortality occurred in the control, confirming the effects were due to the 

extracts themselves. 

The overall effectiveness ranking was Gliricidia > Custard apple > Marigold. These findings 

indicate that methanol extracts of Gliricidia and custard apple, in particular, offer strong potential 

as eco-friendly, plant-based alternatives for managing S. oryzae infestations in stored grain, 

meriting further study of their active compounds and field applicability. 

KEYWORDS 

Sitophilus oryzae, rice weevil, plant extracts, insecticidal activity, Gliricidia, custard apple, 

marigold 

INTRODUCTION 
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Post-harvest losses caused by insect pests pose a serious threat to global food security, with 

developing countries such as India being particularly vulnerable. A substantial portion of 

harvested grain is lost during storage due to infestation by insects, rodents, and microorganisms, 

with insect pests contributing most significantly to the decline in both quantity and quality of 

stored food grains. Under poor storage conditions, losses attributable to storage pests have been 

estimated to range from 10% to 40%, resulting in considerable economic loss and aggravating 

food scarcity. 

Among the various storage pests, the rice weevil, Sitophilus oryzae, is recognized as one of the 

most destructive and widely distributed, primarily infesting cereals such as rice, wheat, maize, 

and sorghum. Adult weevils bore into grain kernels to oviposit, and the resulting larvae develop 

and feed internally within the grain. This concealed mode of infestation makes early detection 

difficult and complicates control efforts. Infested grains typically show reduced weight, impaired 

germination capacity, contamination, and diminished market value, with severe infestations 

rendering the grain unfit for human consumption. 

Conventional management of storage pests has relied heavily on synthetic insecticides and 

fumigants, such as phosphine. Although effective, their prolonged and indiscriminate use has led 

to several serious concerns, including the development of insecticide resistance, resurgence of 

pest populations, environmental contamination, and adverse effects on non-target organisms, 

including humans. The presence of pesticide residues in stored grain further raises food safety 

concerns. These issues, coupled with growing awareness of environmental sustainability, have 

intensified the search for pest control strategies that are safe, effective, and eco-friendly. 

In this context, plant-derived insecticides, or botanicals, have emerged as promising alternatives 

to synthetic chemical control. Plants synthesize a diverse array of secondary metabolites—

including alkaloids, flavonoids, terpenoids, phenolics, and essential oils—that exhibit 

insecticidal, repellent, antifeedant, and growth-regulatory properties. Being biodegradable and 

generally less toxic to non-target organisms, botanical insecticides also carry a lower risk of 

inducing resistance in target pests. Their local availability and cost-effectiveness make them 

particularly suitable for adoption by small-scale and resource-limited farmers. 

A number of plant species have been screened for insecticidal activity against stored grain pests, 

among which marigold (Tagetes spp.), custard apple (Annona spp.), and Gliricidia (Gliricidia spp.) 
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are of particular interest owing to their known bioactive constituents. Marigold flowers contain 

thiophenes and flavonoids reported to possess insecticidal and repellent properties; custard 

apple leaves are rich in acetogenins and alkaloids known for their potent insect-toxic effects; and 

Gliricidia contains coumarins and flavonoids that contribute to its pesticidal activity. 

The insecticidal efficacy of plant extracts is influenced by multiple factors, including plant 

species, extraction method, solvent polarity, concentration, and duration of exposure. Organic 

solvents such as methanol are generally more efficient than water in extracting bioactive 

compounds, owing to the greater solubility of many active constituents in organic media. 

Laboratory bioassays, particularly the direct contact method, are widely employed to evaluate 

such extracts, with mortality recorded across a range of concentrations and time intervals to 

characterize dose-response relationships and the onset and persistence of toxic action. 

In the present study, plant materials were collected from Talegaon, Pune, Maharashtra, and 

aqueous and methanol extracts were prepared and tested against adult S. oryzae collected from 

infested rice stock, with the objective of evaluating and comparing the insecticidal efficacy of the 

selected plant extracts across different solvents and concentrations under laboratory conditions. 

This research holds relevance within the broader framework of sustainable agriculture and 

integrated pest management (IPM). Botanical insecticides offer a means of reducing reliance on 

synthetic chemicals while supporting safer grain storage practices. Identifying plant extracts with 

strong insecticidal potential can provide low-cost, environmentally sound solutions for stored 

grain protection, particularly benefiting rural farmers and small-scale storage systems. 

Investigating the bioactivity of plant extracts against pests such as S. oryzae thus represents a 

meaningful step toward the development of sustainable pest management strategies that support 

both food security and environmental protection. 

MATERIALS AND METHODS 

Study Area 

The present investigation was carried out under laboratory conditions. Plant materials used in the 

study were collected from Talegaon, located in Pune district, Maharashtra, India. The region 

experiences moderate climatic conditions that favour the growth of a variety of medicinal and 

pesticidal plant species, making it a suitable source for the plant materials selected in this study. 

Collection of Plant Material 
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Fresh, healthy plant materials, free from disease and insect damage, were collected from the 

local area of Talegaon, Pune. The plant species and corresponding plant parts used in the study 

were as follows: 

● Marigold (Tagetes spp.) – flowers 

● Custard apple (Annona spp.) – leaves 

● Gliricidia (Gliricidia spp.) – flowers 

The collected materials were transported to the laboratory in clean polythene bags to prevent 

contamination and were processed immediately upon arrival. 

Preparation of Plant Powder 

The plant materials were thoroughly washed with tap water to remove adhering dust and surface 

impurities. They were subsequently shade-dried at room temperature for 7–10 days to minimize 

degradation of thermolabile bioactive compounds. The dried materials were then ground into fine 

powder using a mechanical grinder and stored in airtight containers at room temperature until 

further use. 

Preparation of Crude Extract 

Crude extracts were prepared using the Soxhlet extraction method. A Soxhlet apparatus was used 

with two solvents of differing polarity distilled water and methanol to enable comparative 

evaluation of extraction efficiency. Approximately 20–30 g of each plant powder was placed in a 

thimble and subjected to continuous extraction with the respective solvent for 6–8 hours. The 

resulting extracts were filtered, and the solvent was evaporated to obtain a concentrated crude 

extract. Extracts were stored in labelled, airtight glass bottles at low temperature (refrigeration) 

until further use in bioassays. 

Test Insect Culture 

Adult Sitophilus oryzae (rice weevil), the test insect used in this study, were obtained from 

naturally infested rice procured from a local supermarket. The insects were reared and 

maintained under laboratory conditions in clean containers provided with uninfested rice grains 

as a food source. Only healthy, active, and uniformly sized adult weevils were selected for use in 

the bioassays. 

Preparation of Test Solutions 
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Crude extracts of each plant were diluted with their respective solvents to obtain three test 

concentrations: 1 mg/ml, 10 mg/ml, and 100 mg/ml. All test solutions were freshly prepared prior 

to each experiment to maintain consistency and effectiveness of the bioactive compounds. 

Experimental Design 

The insecticidal bioassay was conducted using the direct contact method under controlled 

laboratory conditions. Each treatment consisted of 10 adult S. oryzae per Petri dish. The 

experiment comprised a total of 3 plant species × 2 solvents × 3 concentrations, along with a 

control treatment using the respective solvent (distilled water) alone, without plant extract. All 

treatments were replicated, and uniform environmental conditions were maintained throughout 

the experimental period. 

Bioassay Procedure (Direct Contact Method) 

1. Filter papers lining Petri dishes were uniformly treated with the prepared plant extract 

solutions at the designated concentrations. 

2. Treated Petri dishes were air-dried to allow evaporation of the solvent prior to insect 

release. 

3. Ten adult rice weevils were introduced into each treated Petri dish. 

4. The dishes were covered with lids and maintained under standard laboratory conditions 

for the duration of the experiment. 

5. For the control treatment, filter paper was treated with distilled water only, without any 

plant extract. 
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Fig.1. Collection of flowers of Gliricidia plant 

from Talegaon                                                         

 

Fig.2. Extraction of plant crude extract by 

using Soxhlet apparatus 

 

Fig.3. Preparation of crude extract samples 

for treatment of Sitophilus oryzae                      

 

Fig.4. Treatment of Sitophilus oryzae 

with plant extracts   

 

Observation and Data Recording 

Insect mortality was recorded at three exposure intervals: 24, 48, and 72 hours post-treatment. 

Insects that exhibited no movement upon gentle probing were recorded as dead. The average 

percentage mortality was calculated for each treatment based on replicated observations. 
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DATA ANALYSIS 

The recorded data were tabulated and analyzed to evaluate the influence of the following factors 

on insecticidal efficacy: 

● Plant species (marigold, custard apple, Gliricidia) 

● Solvent type (aqueous vs. methanol) 

● Extract concentration (1, 10, and 100 mg/ml) 

● Exposure time (24, 48, and 72 hours) 

Comparative analysis of mortality data across these variables was performed to identify the most 

effective plant species, solvent, and concentration–time combination against adult S. oryzae, 

thereby determining the overall order of insecticidal efficacy among the tested treatments. 

OBSERVATIONS AND RESULTS 

During the course of the experiment, several important observations were recorded regarding the 

bioactivity of plant extracts against Sitophilus oryzae under laboratory conditions. 

A gradual increase in mortality of adult rice weevils was observed with increasing concentration 

of plant extracts (1 mg/ml < 10 mg/ml < 100 mg/ml). Similarly, mortality increased with exposure 

time, with the highest mortality recorded at 72 hours compared to 24 and 48 hours. Among the 

solvents used, methanol extracts showed comparatively higher toxicity than aqueous extracts in 

most cases, indicating better extraction of bioactive compounds in methanol. Plant-wise variation 

in toxicity was also observed. Gliricidia extract exhibited the highest insecticidal activity, followed 

by custard apple, while marigold showed relatively moderate effects. No mortality was observed 

in the control group (water only), confirming that the observed insect mortality was due to the 

effect of plant extracts. 

The results of the present study clearly demonstrate the insecticidal potential of plant extracts 

against adult Sitophilus oryzae under laboratory conditions. The mortality of rice weevils varied 

depending on the type of plant extract, solvent used, concentration, and exposure time. 
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Table 1. Direct toxic effect of Marigold flower extract of different doses against Sitophilus 

oryzae at 24 Hrs., 48 Hrs. & 72 Hrs. exposure periods. 

 

Plant Extract 
Solvent 

 

Rice 

weevil 

added 

(n) 

Dose 

(mg/ml) 

Mortality (%) at 

different time intervals 
Average 

mortality 

(%) 
24 

Hrs. 

48 

Hrs. 

72 

Hrs. 

Marigold 

(Tagetes spp.) 

 

 

Water 

10 1.0 00 20 40 20.00 

10 10 00 30 50 26.66 

10 100 10 50 70 43.33 

Methanol 

10 1.0 00 10 30 13.33 

10 10 00 30 50 26.66 

10 100 20 50 80 50.00 

Water 10 Control 00 00 00 00 

 

In the case of marigold (Tagetes spp.) flower extract, (Table 1.) a gradual increase in mortality was 

observed with increasing concentration and exposure duration. In the aqueous extract, no 

mortality was recorded at 24 hours for lower concentrations (1 mg/ml and 10 mg/ml), while slight 

mortality (10%) was observed at 100 mg/ml. However, mortality increased significantly at 48 and 

72 hours, reaching an average of 43.33% at the highest concentration. In the methanol extract, a 

similar trend was observed, but with comparatively higher mortality. The maximum mortality 

recorded was 80% at 72 hours for 100 mg/ml concentration, with an average mortality of 50%. No 

mortality was observed in the control treatment. 

Table 2. Direct toxic effect of Custard Apple leaf extract of different doses against Sitophilus 

oryzae at 24 Hrs., 48 Hrs. & 72 Hrs. exposure periods. 

 

Plant Extract 
Solvent 

 

Rice 

weevil 

added 

(n) 

Dose 

(mg/ml) 

Mortality (%) at 

different time intervals 
Average 

mortality 

(%) 24 Hrs. 48 Hrs. 
72 

Hrs. 

Custard Apple 

(Annona spp.) 

 

 

Water 

10 1.0 10 20 30 20.00 

10 10 20 40 60 40.00 

10 100 30 60 70 53.33 

Methanol 
10 1.0 20 30 30 26.66 

10 10 20 40 60 40.00 
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10 100 20 50 80 50.00 

Water 10 Control 00 00 00 00 

 

The custard apple (Annona spp.) leaf extract (Table 2.) exhibited comparatively higher insecticidal 

activity than marigold. In the aqueous extract, mortality was observed even at the lowest 

concentration (1 mg/ml), with 10% mortality at 24 hours, increasing to 30% at 72 hours. At higher 

concentrations, mortality increased significantly, reaching 70% at 72 hours for 100 mg/ml, with an 

average mortality of 53.33%. In the methanol extract, mortality was slightly higher at lower 

concentrations, and at 100 mg/ml concentration, the mortality reached 80% at 72 hours, with an 

average mortality of 50%. This indicates strong bioactivity of custard apple leaf extract against the 

rice weevil. 

Table 3. Direct toxic effect of Giripushpa leaf extract of different doses against Sitophilus 

oryzae at 24 Hrs., 48 Hrs. & 72 Hrs. exposure periods. 

Plant Extract 
Solvent 

 

Rice 

weevil 

added 

(n) 

Dose 

(mg/ml) 

Mortality (%) at 

different time intervals 
Average 

mortality 

(%) 
24 

Hrs. 

48 

Hrs. 

72 

Hrs. 

Giripushpa 

(Gliricidia spp.) 

 

 

Water 

10 1.0 10 10 30 16.66 

10 10 10 30 50 30.00 

10 100 20 50 70 46.66 

Methanol 

10 1.0 10 30 40 26.66 

10 10 30 40 70 46.66 

10 100 40 60 90 63.33 

Water 10 Control 00 00 00 00 

 

The Gliricidia (Gliricidia spp.)  leaf extract (Table 3.) showed the highest insecticidal activity among 

all the tested plants. In the aqueous extract, mortality increased from 10% at 24 hours to 70% at 

72 hours at the highest concentration (100 mg/ml), with an average mortality of 46.66%. In the 

methanol extract, significantly higher mortality was recorded across all concentrations and time 

intervals. At 1 mg/ml, mortality reached 40% at 72 hours, while at 10 mg/ml, it increased to 70%. 

The highest mortality of 90% at 72 hours was observed at 100 mg/ml concentration, with an 

average mortality of 63.33%, making it the most effective treatment in the study. 

The results indicate a clear dose-dependent and time-dependent increase in mortality of 

Sitophilus oryzae. Higher concentrations (100 mg/ml) consistently resulted in maximum mortality, 

https://www.ijitmr.com/
mailto:editor@ijitmr.com


  
 

International Journal of Innovative Trends  
in Multidisciplinary Research (IJITMR)  

 

A Peer-Reviewed, Referred, Indexed Multidisciplinary Open-Access Research Journal 
 
 

108  
 

   E-ISSN:3049-3846 

Website: https://www.ijitmr.com/ Email: editor@ijitmr.com  July, 2026 

while lower concentrations showed comparatively lesser effects. Similarly, mortality increased 

with exposure time, with the highest values recorded at 72 hours. When comparing solvents, 

methanol extracts were generally more effective than aqueous extracts for all three plant species, 

suggesting better extraction of bioactive compounds in methanol. Among the plants tested, the 

order of effectiveness was found to be: Gliricidia > Custard apple > Marigold. No mortality was 

observed in the control group, confirming that the mortality recorded in the treatments was solely 

due to the effect of plant extracts. 

DISCUSSION  

The present study evaluated the direct toxic effects of aqueous and methanolic extracts of 

marigold (Tagetes spp.) flowers, custard apple (Annona spp.) leaves, and Giripushpa (Gliricidia 

spp.) leaves against the adult rice weevil, Sitophilus oryzae, under laboratory conditions. The 

results revealed a clear dose-dependent and time-dependent pattern of mortality across all three 

botanicals, with methanolic extracts consistently outperforming aqueous extracts, and Gliricidia 

sepium emerging as the most potent treatment (63.33% average mortality; 90% mortality at 100 

mg/ml after 72 h), followed by custard apple and marigold. 

The insecticidal activity recorded for marigold extract in the present study is consistent with 

earlier reports on the genus Tagetes against stored-product insects. Dichloromethane and 

methanol extracts of T. erecta have previously been shown to possess significant insecticidal 

action against S. oryzae specifically, which supports the higher mortality observed here with the 

methanolic solvent relative to the aqueous one (Broussalis et al., 1999). Similarly, marigold leaf 

powder has been reported to exhibit greater residual toxicity toward stored-grain beetles than 

several other plant materials, reinforcing the potential of Tagetes tissues as a botanical grain 

protectant (Islam and Talukder, 2005). The concentration-dependent mortality pattern obtained 

in the present bioassay also parallels findings from foliar extract bioassays of Tagetes patula, 

where mortality of hemipteran pests rose in step with extract concentration, pointing to one or 

more dose-responsive toxic principles in the plant tissue (Fabrick et al., 2020). The comparatively 

moderate mortality of marigold relative to the other two botanicals in this study may reflect the 

lower concentration of insecticidal thiophenes and related compounds in flower tissue relative to 

the root or foliage extracts used in some of the more potent formulations reported elsewhere. 
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Custard apple leaf extract produced higher mortality than marigold at comparable doses and 

exposure times, a result in line with the broader literature on Annona species as stored-grain 

botanicals. Leaf and seed materials of custard apple have long been screened against a range of 

stored-product pests, including earlier work specifically directed at S. oryzae, underscoring the 

consistency of the present findings with the known bioactivity of this genus (Broussalis et al., 

1999; Islam and Talukder, 2005; the wider body of Annona-Sitophilus literature reviewed by 

Mohammad et al., 2024). Saline leaf extracts of A. squamosa have also been reported to act on 

the maize weevil Sitophilus zeamais mainly through a strong feeding-deterrent effect that leads to 

death by starvation rather than acute poisoning, which may partly explain why mortality in the 

present study continued to rise steadily between 48 and 72 h rather than peaking earlier, as a 

deterrence-based mechanism would be expected to act cumulatively over time (Nascimento et 

al., 2023). More recent work using Annona squamosa seed oil formulated as a nanoemulsion has 

similarly demonstrated increasing weevil mortality with both rising concentration and longer 

exposure against a related Sitophilus species, mirroring the dose- and time-dependent trend 

recorded here (custard-apple seed-oil nanoemulsion bioassay against Sitophilus granarius, 

ResearchGate, 2025). Taken together, these reports support the conclusion that both leaf and 

seed tissues of Annona contain toxicants, likely acetogenins and related secondary metabolites, 

that are more effectively solubilised in methanol than in water, consistent with the higher mortality 

obtained with the methanolic extract in the present bioassay. 

Gliricidia sepium extract produced the highest mortality of the three botanicals tested, a finding 

strongly corroborated by recent laboratory evaluations of this species against S. oryzae. 

Methanolic leaf extracts of Gliricidia sepium have been reported to achieve complete mortality of 

S. oryzae within a matter of days when compared against several other candidate botanicals, and 

a specific fraction of the extract has been isolated with full insecticidal potency, indicating that 

Gliricidia leaf tissue contains a particularly active toxic principle against this pest (Mohammad et 

al., 2024). Aqueous leaf extracts of Gliricidia sepium have likewise been shown to exert a 

genuinely biocidal, rather than merely repellent, effect on S. oryzae, with mortality increasing with 

both extract concentration and exposure duration in a pattern that closely matches the trend 

recorded in the present study (Ospina Ladino et al., 2024). The superior performance of Gliricidia 

over both custard apple and marigold in the present work is therefore consistent with the wider 
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literature, which repeatedly identifies this species as one of the more potent botanical sources of 

activity against stored rice weevils. 

Across all three plant extracts, mortality increased consistently with both concentration and 

exposure period, with the highest mortality recorded at 100 mg/ml after 72 h of exposure in every 

case. This dose- and time-dependent relationship is a recurring feature of botanical insecticide 

bioassays against stored-grain pests and is generally attributed to the gradual penetration, 

ingestion, or contact absorption of plant secondary metabolites (alkaloids, flavonoids, 

acetogenins, and thiophene derivatives, depending on the plant) to a threshold lethal level within 

the insect body. The consistently higher mortality obtained with methanolic extracts compared 

with aqueous extracts across all three plants suggests that the active insecticidal constituents in 

marigold, custard apple, and Gliricidia are, at least in part, non-polar to moderately polar 

compounds that are more efficiently extracted by organic solvents such as methanol than by 

water alone. This observation is consistent with reports that organic-solvent extracts of Tagetes 

and Annona generally show stronger insecticidal action than their aqueous counterparts. The 

absence of any mortality in the control treatment across all experiments confirms that the toxic 

effects observed can be attributed specifically to the plant extracts rather than to handling stress 

or other confounding factors. 

The present findings support the growing body of evidence that Gliricidia, custard apple, and 

marigold extracts particularly in methanolic form and at higher concentrations hold promise as 

eco-friendly, biodegradable alternatives to synthetic fumigants and contact insecticides for the 

management of Sitophilus oryzae in stored grain. Given the order of effectiveness observed 

(Gliricidia > custard apple > marigold), further work isolating and characterising the specific active 

fractions of Gliricidia leaf extract, along with field-scale and residual-toxicity trials, would help 

clarify its practical potential as a stored-grain protectant. 

CONCLUSION 

The present study concludes that plant extracts of marigold (Tagetes spp.), custard apple (Annona 

spp.), and gliricidia (Gliricidia spp.) exhibit significant insecticidal activity against adult Sitophilus 

oryzae under laboratory conditions. The effectiveness of the extracts was found to be dependent 

on concentration, exposure time, and solvent used, with higher mortality observed at 100 mg/ml 

concentration and 72 hours of exposure. Methanol extracts showed greater bioactivity compared 
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to aqueous extracts, indicating better extraction of active phytochemicals. Among the tested 

plants, gliricidia exhibited the highest insecticidal effect, followed by custard apple and marigold. 

The absence of mortality in the control confirms that the observed effects were due to plant 

extracts. These findings support the potential of Gliricidia, custard apple, and marigold as low-

cost, biodegradable, and eco-friendly botanical alternatives to synthetic fumigants for the 

management of S. oryzae in stored grain, and justify further investigation through active-

compound isolation, residual-toxicity, and field-level storage trials before large-scale 

recommendation. 
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ABSTRACT 

Archives, libraries, and cultural heritage institutions maintain large collections of handwritten 

manuscripts that are often not accessible because they lack searchable, machine-readable 

versions.Manually creating these transcriptions is both time-intensive and costly.Although 

Handwritten Text Recognition (HTR) systems have improved significantly over recent years, they 

have not been thoroughly tested on the kinds of materials commonly found in archival 

collections.These materials are often damaged, written in different historical scripts, and 

arranged in complicated formats.This gap is especially significant for Sanskrit and other Indic 

manuscript collections, which pose extra difficulties such as complex scripts, varying spelling, 

and limited computational resources in many Indian institutions. 

This paper introduces a technical evaluation framework for AI-based HTR systems aimed at the 

digitization and preservation of archival materials, with a special focus on Sanskrit and ancient 

Devanagari manuscripts. 

Drawing from a systematic review of recent research, the paper traces the evolution of HTR 

architectures from early convolutional-recurrent models trained using Connectionist Temporal 

Classification (CTC), through segmentation-free attention models, to Transformer-based 

encoder-decoder frameworks and multimodal Large Language Models (MLLMs).The analysis 

identifies two key limitations: the continued use of edit-distance metrics like Character Error Rate 

and Word Error Rate, which do not reflect layout accuracy, and the absence of reproducible multi-
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architecture benchmarks conducted under a uniform protocol using real archival materials, 

including Indic collections. 

To tackle these issues, the paper suggests a hybrid methodology and experimental design that 

assesses three representative systems—a CNN-BiLSTM-CTC model, a fine-tuned Transformer, 

and a multimodal LLM—across both historical and modern datasets, with an option to include 

resources such as the AnciDev dataset for ancient Devanagari. 

The framework utilizes both traditional and layout-aware evaluation metrics, as well as a cost-

effectiveness analysis aimed at institutions with limited resources.Since the empirical phase of 

the study has not yet been completed, the paper offers structured result templates and a 

statistical analysis plan instead of fabricated results. 

The main contribution of this work is a coherent and reproducible evaluation framework that 

allows for the first direct comparison of HTR systems across major architectural families, 

specifically designed to meet the practical needs of digital preservation, such as the long-term 

protection of India’s Sanskrit and Indic manuscript heritage. 

KEYWORDS 

Handwritten Text Recognition; Digital Preservation; Archival Manuscripts; Sanskrit Manuscripts; 

Devanagari; Deep Learning; Transformer Models; Multimodal Large Language Models; Evaluation 

Framework; Cultural Heritage Informatics 
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INTRODUCTION 

The preservation and accessibility of handwritten archival material is one of the most persistent 

challenges facing memory institutions in the twenty-first century. National archives, regional 

record offices, religious institutions, and university special collections hold enormous quantities 

of manuscripts - civil registers, personal correspondence, parish records, administrative ledgers, 

and literary manuscripts - that document social, legal, and cultural history across centuries. A 

substantial proportion of this material has been photographed or scanned as part of large-scale 

digitization initiatives, yet digitization in the narrow sense of image capture does not, by itself, 

make these documents searchable, analyzable, or accessible to the visually impaired. Without 

transcription, a digitized manuscript remains, functionally, an image rather than a text: a 

researcher must still read every page manually to locate a name, date, or event. 

Handwritten Text Recognition (HTR) - the automated transcription of handwritten document 

images into machine-readable text - offers a path toward closing this gap. Unlike Optical 

Character Recognition (OCR) for printed text, HTR must contend with enormous variability in 

individual handwriting style, historical orthographic conventions, abbreviations, ligatures, ink 

degradation, and page layout irregularities such as marginal annotations and interlinear 

insertions. Over the past decade, HTR has progressed from rule-based and shallow statistical 

approaches to deep neural architectures capable of learning discriminative visual and sequential 

representations directly from data. Convolutional Neural Network (CNN) and Recurrent Neural 

Network (RNN) hybrids trained with Connectionist Temporal Classification (CTC) loss established 

the first generation of practically usable HTR systems and remain in active production use through 

platforms such as Transkribus. More recently, Transformer-based architectures - exemplified by 

TrOCR - and segmentation-free, document-level attention models have narrowed the 

performance gap with human transcribers on modern handwriting benchmarks. Most recently 

still, general-purpose multimodal Large Language Models (MLLMs) have begun to be applied, with 
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mixed but promising results, directly to historical document transcription without task-specific 

training. 

Despite the rapid progress in HTR architectures, a critical gap remains: the field still lacks a 

systematic, multi-architecture evaluation conducted under a single reproducible protocol on 

genuinely archival material. Most existing studies either focus on a single architectural family, 

evaluate systems primarily on modern handwriting benchmarks, or rely exclusively on character- 

and word-level edit-distance metrics that ignore layout fidelity. As a result, archives and libraries 

currently lack reliable comparative evidence to guide technology selection for real historical 

collections. 

This paper addresses this gap by proposing a structured technical evaluation framework 

specifically designed for archival digitization and preservation. The framework makes three main 

contributions: 

It synthesizes the evolution of HTR architectures—from CNN-BiLSTM-CTC pipelines, through 

segmentation-free attention models and Transformer-based systems, to multimodal Large 

Language Models—and critically identifies the limitations of current evaluation practices. 

It specifies a reproducible hybrid methodology that benchmarks representative systems from 

three major architectural families under a unified protocol, using both conventional metrics (CER, 

WER) and layout-aware measures, together with a cost-effectiveness analysis relevant to 

resource-constrained institutions. 

It provides a complete experimental design and result-reporting structure that enables the first 

direct multi-architecture comparison of HTR systems tailored to the practical needs of digital 

preservation. 

Although the empirical phase of this study has not yet been executed, the proposed framework 

and experimental design are fully specified and ready for implementation. 

The remainder of this paper is organized as follows. Section 2 reviews the literature on HTR 

architectures, datasets, and evaluation practice, organized thematically. Section 3 surveys 

directly related prior work in chronological and comparative form. Section 4 articulates the 

specific research gap this study addresses. Sections 5 and 6 set out the research objectives and 

research questions that follow from that gap. Section 7 details the proposed methodology, and 

Section 8 the corresponding experimental setup. Section 9 presents the structure in which results 
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will be reported, using placeholder tables rather than fabricated figures, since the empirical phase 

of the study has not yet been executed. Section 10 discusses the anticipated implications of the 

framework, Section 11 concludes the paper, Section 12 addresses limitations, and Section 13 

outlines directions for future work. 

LITERATURE REVIEW 

This section presents a critical synthesis of the scholarly literature that underpins the present 

research, providing the theoretical and methodological foundation for the proposed study. The 

review is organized thematically to reflect the major developments in the field of Handwritten Text 

Recognition (HTR) and their relevance to the automated transcription of historical manuscripts. 

Specifically, it examines the role of digital preservation and historical manuscript collections as 

the primary application domain; the evolution from traditional Optical Character Recognition 

(OCR) systems to modern HTR frameworks; convolutional and recurrent neural network 

architectures; segmentation-free and attention-based document recognition models; 

Transformer and Vision Transformer (ViT) architectures; multimodal Large Language Models 

(LLMs) for document understanding; widely adopted benchmark datasets and evaluation 

methodologies; and the broader application of artificial intelligence in cultural heritage 

preservation and digital humanities. 

The reviewed literature was selected based on its direct relevance to historical and archival 

handwriting recognition, contemporary deep learning methodologies, document image analysis, 

and established benchmark datasets commonly used for evaluating HTR systems. Priority was 

given to peer-reviewed journal articles, conference proceedings, and authoritative book chapters 

published by internationally recognized academic publishers and professional organizations, 

including ACM, IEEE-affiliated conferences, Springer, MDPI, Emerald, and other reputable 

scholarly sources. To ensure that the review also reflects the latest developments in this rapidly 

evolving research area, recent and influential preprints from arXiv were included where they 

introduced significant methodological innovations or emerging research directions that had not 

yet appeared in formal publication. 

Rather than providing a purely chronological summary, this review critically examines the 

progression of research by identifying key technological advances, methodological trends, 

recurring challenges, and existing research gaps. Particular attention is given to the transition from 
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conventional feature-engineering approaches to end-to-end deep learning frameworks, the 

increasing adoption of Transformer-based architectures, and the growing integration of 

multimodal foundation models for historical document analysis.  

2.1 Digital Preservation and Historical Manuscripts 

The digital preservation literature situates HTR within a broader institutional context of mass 

digitization. Kahle and colleagues in the archival science tradition have long argued that image 

capture alone is insufficient for long-term accessibility; transcription and structured metadata are 

necessary to render digitized material genuinely usable. Within this context, the Transkribus 

platform, developed under the EU-funded READ (Recognition and Enrichment of Archival 

Documents) project, has become the most widely adopted practical tool bridging HTR research 

and archival practice. A systematic literature review of 381 papers referencing Transkribus 

between 2015 and 2020 found that the large majority of citing studies (approximately two-thirds) 

originated from humanities rather than purely technical fields, indicating that HTR adoption in 

cultural heritage institutions is now a mainstream, if still maturing, practice. 

Case-study evidence from mass digitization projects corroborates this pattern: a widely cited 

case study reports that HTR, deployed in conjunction with large-scale digitization pipelines, is 

now capable of producing archival transcripts of practical accuracy, while simultaneously flagging 

that funding and long-term platform sustainability remain open institutional concerns rather than 

purely technical ones. 

2.2 From Optical Character Recognition to Handwritten Text Recognition 

Optical Character Recognition for printed text is a comparatively mature technology, with 

commercial and open-source systems routinely achieving character accuracy in excess of ninety-

nine percent on clean, modern printed documents. Handwriting recognition poses a substantially 

harder problem because it must model an effectively unbounded space of individual writing styles 

rather than a closed set of typeface glyphs. Early HTR approaches relied on Hidden Markov Models 

(HMMs) and hand-engineered features; these were progressively displaced during the 2010s by 

neural sequence models capable of learning visual and sequential representations end-to-end. 

The distinction between OCR and HTR is not merely technical but practically consequential for 

archival institutions, since printed-text OCR pipelines applied naively to handwritten material 
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typically produce unusably high error rates, motivating the development of HTR as a distinct 

technical discipline with its own architectures, datasets, and evaluation conventions. 

2.3 Convolutional-Recurrent Architectures and CTC-Based Recognition 

The dominant architecture for HTR through the late 2010s and into the present decade combines 

convolutional feature extraction with recurrent sequence modeling, typically a bidirectional Long 

Short-Term Memory (BiLSTM) network, trained end-to-end using Connectionist Temporal 

Classification (CTC) loss, which allows the network to learn an alignment between input image 

columns and output characters without requiring explicit character-level segmentation. PyLaia, 

the open-source toolkit underlying much of the Transkribus platform's recognition capability, 

exemplifies this architecture and remains in active production use. Recent work has continued to 

refine this family of models: comparative studies of PyLaia against segmentation-free attention 

architectures, both with and without integrated statistical language models, show that n-gram 

language modeling continues to provide measurable accuracy improvements even for otherwise 

strong neural recognizers, and recent contributions to the PyLaia ecosystem have released a suite 

of open-source pretrained models via the Hugging Face model hub, lowering the barrier to 

applying the toolkit to new archival collections. 

2.4 Segmentation-Free and Attention-Based Document Models 

A second architectural family dispenses with explicit line-level segmentation altogether, instead 

applying attention mechanisms directly over full document or page images. The Document 

Attention Network (DAN) architecture combines a convolutional encoder with a Transformer-

based attention decoder operating at the document level, allowing the model to implicitly learn 

reading order and layout structure rather than relying on a separate, error-prone segmentation 

stage. This approach is particularly relevant to archival manuscripts, where irregular layouts, 

marginalia, and non-linear text flow can cause conventional line-segmentation pipelines to fail 

even before recognition begins. Segmentation-free models trade increased data and 

computational requirements for improved robustness to layout irregularity, a tradeoff of direct 

relevance to the cost-effectiveness dimension of the evaluation framework proposed in this 

paper. 

2.5 Transformer and Vision Transformer Approaches 
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The introduction of TrOCR marked a significant architectural shift in text recognition more broadly, 

combining a pretrained Vision Transformer (ViT) image encoder with a pretrained text Transformer 

decoder (initialized from RoBERTa), trained end-to-end without reliance on a CTC alignment 

mechanism. TrOCR reported state-of-the-art results across printed, handwritten, and scene-text 

recognition benchmarks at the time of publication, establishing Transformer-based encoder-

decoder recognition as a credible alternative to CTC-based approaches. Subsequent work has 

extended TrOCR specifically into the historical-manuscript domain: a 2025 study fine-tuning 

TrOCR on sixteenth-century Latin manuscripts demonstrated that domain-specific data 

augmentation and model ensembling produce substantial relative reductions in Character Error 

Rate compared to a baseline fine-tuned TrOCR model, underscoring that pretrained Transformer 

models require targeted domain adaptation to perform well on historical material rather than 

transferring directly from modern-handwriting pretraining. 

Parameter-efficient fine-tuning techniques have also been applied to TrOCR: DLoRA-TrOCR 

incorporates Low-Rank Adaptation (LoRA) and its weight-decomposed variant (DoRA) to reduce 

the number of trainable parameters required for domain adaptation, a development with direct 

practical relevance for archival institutions with limited computational budgets. Language-

specific fine-tuning efforts, such as work adapting TrOCR with alternative decoder initializations 

for Hungarian historical handwriting, further illustrate that Transformer-based HTR benefits 

substantially from linguistic and orthographic adaptation to the specific historical corpus under 

study, rather than being deployed as a single universal model. 

2.6 Multimodal Large Language Models in Historical Text Recognition 

The most recent development in HTR is the application of multimodal Large Language Models 

(MLLMs), originally designed for general vision-language tasks, to historical document 

transcription. Unlike traditional HTR systems, MLLMs can often process full-page images in zero-

shot or few-shot settings, reducing the need for preprocessing steps such as line segmentation. 

Early studies reported promising results; however, recent benchmarking has shown that their 

performance on historical manuscripts remains dataset-dependent. A 2025 study in the Journal 

of Documentation found that while proprietary MLLMs often outperform supervised models on 

modern handwriting, results on archival materials are mixed, highlighting the need for domain-

specific evaluation across multiple architectures. 
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Recent research has also explored MLLMs as complementary tools for OCR post-correction, 

named-entity recognition, language identification, and information extraction in historical 

documents rather than as complete replacements for supervised HTR systems. In parallel, open-

weight vision-language models have emerged as lower-cost alternatives to proprietary APIs, 

addressing concerns regarding accessibility and cost-effectiveness in historical text recognition. 

While early results with multimodal Large Language Models (MLLMs) are encouraging, particularly 

in reducing the need for extensive preprocessing and line segmentation, the current evidence 

base remains limited and uneven. Most existing evaluations have been conducted on relatively 

small or selectively chosen document sets, making it difficult to determine how well these models 

generalize across the wide range of scripts, degradation levels, and layout complexities found in 

real archival collections. In addition, studies frequently employ inconsistent prompting strategies, 

varying levels of few-shot examples, and different model versions without clearly documenting 

these choices. The rapid pace of proprietary model updates further complicates comparison, as 

performance can change substantially between versions, yet many papers fail to report the exact 

model identifier or access date. As a result, it remains challenging to assess the true reliability and 

practical readiness of MLLMs for large-scale archival deployment, especially when compared 

against more established supervised HTR systems that have undergone systematic fine-tuning 

and benchmarking. 

2.7 Evaluation Metrics and Benchmark Datasets 

The dominant evaluation metrics in the HTR literature remain Character Error Rate (CER) and 

Word Error Rate (WER), both derived from Levenshtein edit distance between predicted and 

reference transcriptions. These metrics are computationally simple, well understood, and 

comparable across studies, but a growing body of recent work argues that they are fundamentally 

insufficient for archival material: a 2026 survey of OCR evaluation methods explicitly 

demonstrates that CER and WER, because they operate purely on linearized text strings, fail to 

penalize errors of layout, reading order, and structural fidelity that are common in complex 

archival page images. Complementary metrics - including Intersection-over-Union and Tree Edit 

Distance-based Similarity for layout evaluation, and a bounded character-level Match Error Rate 

proposed for evaluating LLM-assisted OCR post-correction in the ICDAR 2026 HIPE-OCRepair 

competition - represent emerging, though not yet standardized, alternatives. 
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Benchmark dataset development has likewise progressed unevenly across scripts and periods. 

Latin-script and Cyrillic-script historical datasets are comparatively well developed: the Digital 

Peter dataset, comprising 9,694 annotated lines from the manuscripts of Peter the Great and 

associated with an open recognition competition, and the IAM-HistDB collection of Old German 

manuscripts, are both widely used historical benchmarks. The U-DIADS-TL dataset, introduced 

for the ICDAR 2025 FEST few-shot text-line segmentation competition, extends this benchmark 

landscape to multi-script, pixel-level layout annotation across Latin and Syriac manuscripts, 

directly supporting layout-aware evaluation research. By contrast, non-Latin-script archival 

datasets remain comparatively scarce: the BN-HTRd dataset for document-level Bangla 

handwriting recognition represents one of relatively few large, systematically annotated non-Latin 

benchmarks, and systematic reviews of deep learning approaches to historical Arabic manuscript 

recognition similarly note a persistent scarcity of large-scale, publicly available ground truth 

relative to Latin-script resources. 

2.8 AI in Cultural Heritage: Synthesis 

The literature examined in this section highlights a field experiencing swift architectural evolution, 

yet one that remains divided in both its technical progress and evaluation methods.The 

convolutional-recurrent framework, exemplified by systems like PyLaia, has attained a level of 

readiness that allows for real-world deployment at a large scale.Research on extensive 

collections, such as historical parish records, shows that CNN-BiLSTM-CTC models can achieve 

acceptable transcription quality when paired with thorough preprocessing, language modeling, 

and human oversight.However, these systems still rely significantly on precise line segmentation 

and domain-specific language models, factors that can lead to errors when dealing with irregular 

or heavily damaged manuscripts. 

Transformer-based models, especially TrOCR and its improved versions, have shown notable 

improvements in recognition accuracy once adjusted for historical data. 

Targeted domain adaptation, data expansion, and efficient tuning methods like LoRA have 

significantly lowered error rates in specific manuscript sets.Still, these improvements are very 

dependent on the amount and quality of adaptation data.Performance often declines sharply 

when models trained on one historical style or era are used on another, showing that Transformers 
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do not consistently transfer across different archival contexts as their results on modern 

benchmarks might suggest. 

Multimodal Large Language Models represent the latest and most transformative advancement. 

Their capacity to process full-page images without needing explicit line separation and their ability 

to work in zero-shot or few-shot scenarios offer clear benefits for archival processes.Early studies 

report encouraging qualitative results and reduced needs for preprocessing.However, more 

thorough comparison assessments reveal varied and dataset-dependent results.On modern 

handwriting, proprietary MLLMs often outperform supervised models, but on genuinely historical 

materials, their performance is less consistent and sometimes worse than that of well-tuned 

specialized systems like those in Transkribus.Furthermore, the current evidence is limited by 

small-scale evaluations, inconsistent prompting techniques, lack of transparency regarding 

model versions and access dates, and an overall absence of cost and scalability analysis. More 

importantly, evaluation methods across the field have not kept up with these architectural 

changes. Character Error Rate and Word Error Rate continue to be the main metrics, even though 

they are increasingly seen as inadequate for historical documents.These measures only evaluate 

linearized text strings and do not penalize errors in reading order, layout, handling of marginal 

notes, and structural accuracy—issues that are common in complex historical page images and 

can greatly affect the usefulness of transcriptions for further research.Although recent studies 

have started proposing layout-aware alternatives, these metrics have not yet been consistently 

applied within cross-architecture benchmarking studies. Equally critical is the lack of 

comprehensive comparative data. 

No study reviewed here has assessed CNN-RNN-CTC, fine-tuned Transformer, and multimodal 

LLM approaches using a single, controlled method on the same archival datasets, while also 

reporting recognition accuracy, layout fidelity, processing time, and approximate cost.Current 

comparisons are often limited—either comparing only two systems, focusing on a single 

architectural type, or mainly using modern rather than historical materials. These shortcomings 

are not just technical problems. 

They prevent archivists, librarians, and digital humanities professionals from having reliable, 

comparable information to guide their choices about adopting new technologies.Without such 

information, institutions may choose systems based on vendor claims, informal community 
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opinions, or accuracy numbers from non-representative benchmarks.The evaluation framework 

proposed in this paper is intended to fill exactly this gap by enabling a reproducible, multi-

architecture, layout-aware, and cost-conscious comparison of current HTR approaches on 

archival materials. 

RELATED WORK 

This section presents directly related prior studies in chronological order, comparing each in 

terms of method, dataset, underlying technology, reported accuracy (where explicitly stated in the 

source), and principal limitations. Studies are drawn from the literature surveyed in Section 2 and 

are restricted to those making a direct empirical or methodological contribution to HTR system 

evaluation, as opposed to purely theoretical or tutorial treatments. 

Table 1 summarizes this comparison. Where a source paper does not explicitly report a numerical 

accuracy figure retrievable from the available excerpt, the corresponding cell is marked "not 

specified in source" rather than populated with an estimated or inferred value, consistent with the 

non-fabrication principle followed throughout this paper. 

Table 1. Chronological Comparison of Directly Related Prior Studies 

Year Study Method Dataset Reported 

Accuracy 

Key Limitation / 

Contribution 

2020 IndicOCR 

/ Dwivedi 

et al. 

(CVPR 

Workshop

s) 

Attention-

based CNN-

LSTM + 

CNN-RNN 

Classical 

Sanskrit / 

Indic 

document 

images 

CER ≈ 3.67–

3.86%, WER ≈ 

13.86% 

Early strong baseline 

for arbitrarily long 

Sanskrit words; limited 

to printed/classical style 

2021 TrOCR 

(Li et al.) 

ViT encoder 

+ RoBERTa 

decoder 

Transformer 

IAM, 

SROIE, 

scene-text 

IAM CER: 

2.89% (Large), 

3.42% (Base) 

Limited historical-

manuscript evaluation 

at time of publication 

2021 Digital 

Peter 

(ACM 

HIP) 

Dataset + 

baseline HTR 

+ open 

competition 

Peter the 

Great 

manuscripts 

(9,694 

lines) 

Baseline CER 

10.5%, WER 

44.4%; best 

with LM CER 

3.5% 

Establishes reusable 

historical Cyrillic 

benchmark; single 

writer 

2021 DeepNetD

evanagari 

Deep CNN 

for character 

recognition 

Ancient 

Devanagari 

characters 

(5,484 

93.73% 

character 

recognition 

accuracy 

Focuses on isolated 

characters rather than 

full-line/page HTR 

https://www.ijitmr.com/
mailto:editor@ijitmr.com


  
 

International Journal of Innovative Trends  
in Multidisciplinary Research (IJITMR)  

 

A Peer-Reviewed, Referred, Indexed Multidisciplinary Open-Access Research Journal 
 
 

127  
 

   E-ISSN:3049-3846 

Website: https://www.ijitmr.com/ Email: editor@ijitmr.com  July, 2026 

samples, 33 

classes) 

2022 DAN 

(Coquenet 

et al.) 

Segmentation

-free CNN + 

attention 

Transformer 

READ 

2016, 

RIMES 

2009 (page-

level) 

READ 2016 

CER 3.43%; 

RIMES CER 

4.54% 

Removes reliance on 

explicit line 

segmentation; higher 

data/compute needs 

2022 Transkribu

s SLR 

Systematic 

review (381 

papers) 

N/A N/A Confirms mainstream 

humanities adoption of 

HTR 

2023 Quebec 

Parish 

Records 

study 

PyLaia vs. 

Kaldi DNN-

HMM 

Handwritten 

Quebec 

parish 

registers 

Not reported 

(deployment 

focus) 

Demonstrates large-

scale real archival 

deployment 

2024 N-Gram 

Models 

Revisited 

PyLaia & 

DAN + n-

gram LM 

IAM, 

RIMES, 

NorHand v2 

Significant 

CER/WER 

reductions 

with 

character/subw

ord LMs 

Confirms continued 

benefit of language-

model integration 

2025 Benchmar

king 

LLMs for 

HTR 

(Crosilla 

et al.) 

MLLMs vs. 

Transkribus 

models 

Multiple 

historical + 

modern 

benchmarks 

Mixed results; 

proprietary 

models 

stronger on 

modern 

handwriting 

Most directly 

comparable prior multi-

model study 

2025 HTR of 

Historical 

Manuscrip

ts via 

Transform

ers 

(Meoded) 

Fine-tuned 

TrOCR + 

augmentation 

+ ensemble 

16th-

century 

Latin 

(Gwalther) 

Best single 

CER 1.86; 

ensemble CER 

1.60 

Single-author, single-

script; generalizability 

limited 

2025 Case 

Study: 

Early 

Modern 

Sanskrit 

Manuscrip

ts 

(Chincholi

EasyOCR 

(CNN-

BiLSTM-

CTC) fine-

tuned + 

ByT5-

Sanskrit post-

correction 

18th-

century 

Sanskrit 

manuscripts 

(Vādakautū

hala etc.) 

Improved 

recognition via 

domain-

specific post-

correction 

Focused case study; 

limited architectural 

comparison 
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kar et al., 

WSC) 

2025 AnciDev 

Dataset 

New dataset 

+ fine-tuned 

HTR models 

(CNN-RNN, 

Attention-

LSTM, 

Tesseract) 

3,000 text 

lines from 

500 ancient 

Devanagari 

manuscript 

pages 

Substantial 

CER reduction 

after fine-

tuning on 

AnciDev 

Important new resource 

for ancient 

Devanagari/Sanskrit 

HTR 

2025 CHURRO Open-weight 

3B vision-

language 

model 

Multi-

corpus 

historical 

(printed + 

handwritten

) 

70.1% 

normalized 

Levenshtein 

similarity 

(handwritten) 

Lower-cost alternative 

to proprietary MLLMs 

2025 Hybrid 

CNN-

Transform

er + 

PARSeq 

(IEEE) 

Hybrid CNN-

Transformer 

with PARSeq 

>3,000 

Devanagari 

manuscript 

images 

(clean + 

degraded) 

98.5% (clean), 

92% 

(degraded) 

Strong results on 

Devanagari; limited 

cross-architecture 

comparison 

 

Several important patterns emerge from the comparative analysis of the reviewed literature. First, 

the most closely related benchmarking study—the 2025 Journal of Documentation work by 

Crosilla, Klic, and Colavizza—compares multimodal Large Language Models (MLLMs) with 

Transkribus’s production HTR models. However, it does not extend the evaluation to a fine-tuned 

Transformer-based architecture such as TrOCR, nor does it incorporate layout-aware metrics that 

are increasingly relevant for complex historical manuscripts with irregular layouts, marginalia, 

and non-linear reading orders. 

Second, studies that investigate fine-tuned Transformer models on historical material, such as 

the 2025 work on sixteenth-century Latin manuscripts, demonstrate the potential of Transformer-

based approaches after domain-specific adaptation. Yet these efforts remain limited to a single 

manuscript collection or script and do not provide a direct comparison with established CNN–

RNN–CTC systems or emerging MLLM-based methods. A similar pattern is visible in the Indian 

context: while recent work on Sanskrit and ancient Devanagari manuscripts (including IndicOCR, 

DeepNetDevanagari, the AnciDev dataset, and case studies on early modern Sanskrit texts) has 
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produced useful baselines and new resources, these studies also evaluate individual 

architectures in isolation rather than under a unified multi-architecture protocol. Moreover, most 

of these efforts focus primarily on recognition accuracy and pay limited attention to 

computational cost or practical deployability in resource-constrained archival settings. 

Third, advances in layout-aware evaluation have only recently appeared through initiatives such 

as the ICDAR 2025 FEST competition and the U-DIADS-TL dataset. Although these resources mark 

an important step toward more realistic assessment of historical documents, they have not yet 

been integrated into a cross-architecture benchmarking framework that also considers 

processing time and cost. 

Overall, the existing literature—both international and Indian—shows that CNN–RNN–CTC 

models, Transformer-based architectures, and multimodal LLMs have largely been evaluated 

separately or through limited pairwise comparisons. To the best of the present review, no 

published study has systematically benchmarked all three architectural paradigms within a 

single, reproducible experimental framework that uses both conventional transcription metrics 

(CER, WER) and layout-aware evaluation on genuinely archival manuscript datasets, while also 

reporting cost-effectiveness. This gap is particularly consequential for the large-scale digitization 

and long-term preservation of Sanskrit and other Indic historical collections, and it constitutes 

the central research gap formalized in Section 4. 

RESEARCH GAP 

4.1 What Existing Studies Have Done 

The literature reviewed in Sections 2 and 3 demonstrates that the field of Handwritten Text 

Recognition (HTR) has advanced significantly across multiple dimensions. From an architectural 

perspective, research has evolved from convolutional–recurrent networks with Connectionist 

Temporal Classification (CTC) decoding to segmentation-free attention-based models, followed 

by Transformer-based encoder–decoder architectures and, more recently, multimodal Large 

Language Models (MLLMs) capable of directly transcribing historical documents. Each of these 

approaches has shown notable improvements when evaluated independently on appropriate 

benchmark datasets, reflecting the rapid pace of methodological innovation in HTR. 

Progress has also been evident in the development of benchmark datasets. Resources such as 

the Digital Peter dataset for historical Cyrillic manuscripts and the U-DIADS-TL dataset for layout-
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rich, multi-script historical documents have provided increasingly realistic evaluation 

environments, enabling researchers to assess both transcription accuracy and document 

structure. In parallel, evaluation methodologies have matured beyond the exclusive use of 

Character Error Rate (CER) and Word Error Rate (WER), incorporating layout-aware metrics and 

bounded post-correction measures that better capture the practical requirements of historical 

document analysis. 

Beyond methodological advances, the literature also indicates a growing transition from 

experimental research to real-world deployment. Large-scale initiatives, including the digitization 

of Quebec parish records, demonstrate that modern HTR systems are becoming viable tools for 

archival digitization, cultural heritage preservation, and digital humanities research. Collectively, 

these developments establish a strong foundation for further innovation while also highlighting 

the need for comprehensive comparative evaluations that integrate multiple architectural 

paradigms, diverse historical datasets, and standardized evaluation protocols. 

4.2 What Existing Studies Have Not Done 

Despite the progress outlined above, three specific deficiencies remain evident. First, no 

identified study systematically benchmarks all three currently relevant architecture families—

CNN-RNN-CTC, fine-tuned Transformer, and multimodal LLM—against one another under a 

single, fixed evaluation protocol applied to the same archival dataset(s). Existing comparisons are 

pairwise at best (for example, MLLM versus Transkribus, or PyLaia versus Kaldi), leaving the 

relative standing of the full architectural landscape on archival material unresolved. Second, 

layout-aware evaluation, while increasingly discussed as necessary, has not yet been combined 

with a cross-architecture accuracy benchmark; studies proposing layout-aware metrics and 

studies conducting architecture comparisons remain largely separate literatures. Third, cost-

effectiveness—a consideration of direct practical importance to archives and libraries operating 

under real budget constraints—is rarely reported alongside accuracy figures in the technical HTR 

literature. 

These gaps are equally visible in the Indian research landscape. Although recent work on Sanskrit 

and ancient Devanagari manuscripts has produced useful datasets and individual model 

baselines, no study has yet provided a unified, multi-architecture, layout-aware, and cost-

informed evaluation tailored to the specific challenges of Indic historical collections. 
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4.3 Why This Research Is Necessary 

These deficiencies are not merely academic omissions. An archivist or digital humanities 

practitioner seeking to select an HTR approach for a specific collection today has no single, 

reproducible source of evidence comparing the full range of currently available architectures on 

material resembling their own holdings, evaluated in a way that accounts for both transcription 

accuracy and structural/layout fidelity, and informed by the practical cost of deployment. 

This problem is particularly acute for institutions working with Sanskrit and other Indic 

manuscripts, where script complexity, orthographic variation, physical degradation, and limited 

computational resources make evidence-based technology selection especially important. In the 

absence of such comparative evidence, technology adoption decisions risk being driven by 

vendor marketing claims, informal community reputation, or accuracy figures reported on non-

representative modern-handwriting benchmarks rather than by systematic, archival-specific 

evaluation. 

4.4 Contribution of the Proposed Evaluation Framework 

The evaluation framework proposed in this paper directly addresses the research gap identified 

above by specifying a reproducible methodology and experimental design that enables a 

systematic comparison of representative systems drawn from the three major architectural 

families currently relevant to archival HTR: CNN-BiLSTM-CTC (exemplified by PyLaia), fine-tuned 

Transformer-based models (exemplified by TrOCR), and multimodal Large Language Models. 

These systems will be evaluated under a single, consistent protocol on a fixed set of archival and 

modern-contrast datasets, using both conventional transcription metrics (Character Error Rate 

and Word Error Rate) and layout-aware evaluation measures. In addition, the framework 

incorporates processing-time and approximate-cost analysis, thereby providing evidence that is 

not only technically rigorous but also practically actionable for institutions operating under real 

budgetary and staffing constraints. 

This combination of features—cross-architecture scope, layout-aware evaluation, cost-

effectiveness reporting, and application to genuinely archival material within one reproducible 

protocol—has not, to the best of the authors’ knowledge based on the literature reviewed in 

Sections 2 and 3, been previously published in this integrated form. Existing studies have typically 

examined only one or two architectural paradigms, relied exclusively on edit-distance metrics, or 
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focused on modern rather than historical handwriting. As a result, the field has lacked a unified 

evidentiary basis for comparing the strengths, weaknesses, and practical trade-offs of the full 

range of currently available HTR approaches. 

The proposed framework is designed to be particularly relevant to the digitization and long-term 

preservation of Sanskrit and other Indic historical collections, which present distinctive 

challenges of script complexity, orthographic variation, physical degradation, and limited 

institutional resources. At the same time, the methodology remains general enough to inform 

broader archival HTR practice across scripts and regions. By consolidating a fragmented literature 

into a coherent evaluation design and by providing a clear experimental roadmap, this work aims 

to support more evidence-based technology adoption decisions within archives, libraries, and 

cultural heritage institutions, and to establish a foundation for future multi-architecture 

benchmarking in the digital preservation of handwritten cultural heritage. 

RESEARCH OBJECTIVES 

The overarching objective of this research is to develop a rigorous technical evaluation framework 

for AI-based Handwritten Text Recognition (HTR) systems applied to the digitization and long-term 

preservation of archival manuscripts. The framework is designed with particular relevance to 

Sanskrit and other Indic historical collections, which present distinctive challenges of script 

complexity, orthographic variation, physical degradation, and limited institutional resources, 

while remaining general enough to inform broader archival HTR practice. 

This overarching objective is decomposed into the following specific objectives: 

• To systematically review and synthesize the state of the art in AI-based HTR for historical 

and archival manuscripts (approximately 2020–2026), covering the major architectural 

paradigms: convolutional-recurrent (CNN-RNN-CTC) models, segmentation-free 

attention models, Transformer-based encoder-decoder systems, and multimodal Large 

Language Models (MLLMs). 

• To identify, compare, and critically assess publicly available datasets and platforms used 

for archival HTR research, including international benchmarks such as Digital Peter, U-

DIADS-TL, and IAM, as well as emerging resources for Sanskrit and ancient Devanagari 

manuscripts (for example, AnciDev and related Indic collections), together with 

production platforms such as the Transkribus/PyLaia ecosystem. 
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• To evaluate the strengths, weaknesses, and domain-specific challenges of current AI-

based recognition systems when applied to degraded, cursive, and historically styled 

manuscript material, with attention to the particular difficulties posed by Sanskrit and 

other complex Indic scripts. 

• To propose and justify a reproducible methodology—encompassing model selection, 

dataset composition, preprocessing pipeline, evaluation protocol, and cost analysis—for 

benchmarking representative HTR systems from the three principal architectural families 

under a single, consistent experimental framework. 

• To identify concrete research gaps in the existing literature and to articulate a defensible 

novel contribution centered on cross-architecture comparison, layout-aware evaluation, 

and cost-effectiveness analysis tailored to the practical needs of digital preservation. 

• To produce a structured, fully specified experimental design capable of generating 

genuine, non-fabricated empirical evidence in a subsequent implementation phase, 

thereby laying the foundation for evidence-based technology adoption decisions in 

archives, libraries, and cultural heritage institutions. 

. 
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RESEARCH QUESTIONS 

The research questions that follow are derived directly from the research gap identified in Section 

4 and the objectives set out in Section 5. They are designed to structure both the methodological 

framework and the subsequent experimental evaluation, and will be revisited explicitly in the 

Discussion and Conclusion once empirical evidence becomes available. 

6.1 Primary Research Question 

RQ1: How effectively do current AI-based Handwritten Text Recognition (HTR) systems perform 

on archival and historical manuscripts compared to modern handwriting, and what architectural 

and methodological factors explain the observed performance differences? 

This primary question addresses the central concern of the study: the extent to which successive 

generations of HTR technology—developed and benchmarked largely on modern, relatively clean 

handwriting—generalize to the degraded, stylistically diverse, and layout-complex material 

typical of archival collections, including Sanskrit and other Indic historical manuscripts. 

6.2 Secondary Research Questions 

• RQ2: Which architectural paradigm—CNN-RNN-CTC, Transformer-based, or multimodal 

Large Language Model—currently offers the strongest accuracy–robustness–cost tradeoff 

for archival manuscript digitization, particularly in resource-constrained institutional 

settings? 

• RQ3: What are the limitations of standard evaluation metrics such as Character Error Rate 

(CER) and Word Error Rate (WER) when applied to archival documents that contain 

complex layouts, marginalia, interlinear insertions, and physical degradation, and what 

alternative or complementary layout-aware metrics have been proposed in the recent 

literature? 

• RQ4: What publicly available datasets and platforms currently exist for archival HTR 

research, and how representative are they of real-world archival diversity in terms of script, 

historical period, language (including Sanskrit and other Indic scripts), writing style, and 

level of material degradation? 

• RQ5: What are the principal technical, methodological, and practical barriers that 

currently limit the effective deployment of AI-based HTR within digital preservation 

workflows in archives, libraries, and cultural heritage institutions, and how can a multi-
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architecture, layout-aware, and cost-informed evaluation framework help address these 

barriers?These questions directly structure the methodology (Section 7) and experimental 

design (Section 8) that follow, and will be revisited explicitly in the Discussion (Section 10) 

and Conclusion (Section 11) once empirical evidence becomes available. 

These questions collectively guide the design of the hybrid methodology presented in Section 7 

and the experimental configuration detailed in Section 8. They also provide a clear structure for 

interpreting results and for assessing the practical contribution of the proposed framework to the 

digitization and long-term preservation of handwritten cultural heritage. 

METHODOLOGY 

7.1 Research Design 

This study adopts a comparative technical evaluation design that combines a systematic 

literature synthesis with a proposed empirical benchmarking protocol. Three methodological 

options were considered. 

7.1.1 Option A: Pure Literature-Based Comparative Analysis 

would synthesize reported results from existing publications without conducting new 

experiments. While feasible, it cannot support rigorous cross-architecture ranking because 

results across papers are produced under different datasets, splits, metrics, and preprocessing 

choices. 

7.1.2 Option B: Full Empirical Benchmark 

would implement or fine-tune representative models from each architecture family and evaluate 

them on the same datasets under an identical protocol. This offers the strongest contribution but 

requires substantial compute, time, and API cost. 

7.1.3 Option C: Hybrid Approach (Recommended) 

combines a rigorous literature synthesis with a targeted empirical benchmark restricted to a 

representative subset of architectures and datasets. This approach balances feasibility with the 

goal of generating genuinely novel and reproducible evidence, and is adopted as the methodology 

for the present study. 

7.2 Research Framework 

The research framework operationalizes the proposed hybrid research design around three 

representative handwritten text recognition (HTR) systems selected to span the architectural 
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landscape identified in Section 2. These systems represent three major paradigms in the evolution 

of HTR, enabling a comprehensive comparison of conventional deep learning, Transformer-based 

architectures, and emerging multimodal large language models under a unified experimental 

setting. The selected systems are: 

• a CNN-BiLSTM-CTC model (PyLaia), 

• a fine-tuned Transformer model (TrOCR), 

• a prompted multimodal Large Language Model accessed via API. 

Each system will be evaluated on the same fixed set of datasets using an identical preprocessing 

pipeline, standardized inference procedures, and a common evaluation harness. This controlled 

methodology ensures that all models are exposed to equivalent input conditions and assessment 

criteria, thereby minimizing experimental bias and improving the validity of cross-model 

comparisons. 

By maintaining consistency in datasets, preprocessing, and evaluation metrics, any observed 

differences in recognition performance, computational efficiency, robustness, or error 

characteristics can be attributed primarily to the underlying architectural properties of the models 

rather than to methodological variation. This framework therefore provides a fair and reproducible 

basis for comparing the strengths and limitations of the three HTR paradigms and supports the 

broader objective of identifying the contexts in which each architectural approach is most 

effective. 

7.3 Workflow 

Figure 1. Research Workflow 

Figure 1 illustrates the overall research workflow adopted in this study, providing a structured 

overview of the sequential stages followed throughout the research process. The workflow begins 

with a comprehensive literature search and systematic screening of relevant academic 

publications, followed by critical literature synthesis to identify existing research trends, 

methodological limitations, and knowledge gaps within handwritten text recognition (HTR). These 

findings establish the theoretical foundation for the study and guide the selection of appropriate 

models and evaluation strategies. 

The workflow then proceeds to dataset selection and access verification, ensuring that all 

benchmark datasets are suitable, publicly available where applicable, and compatible with the 
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proposed experimental framework. This is followed by the finalization of the research 

methodology and experimental design, including the definition of preprocessing procedures, 

evaluation metrics, hardware configuration, and benchmarking protocols. The preprocessing 

pipeline is subsequently implemented to standardize input data across all experiments, after 

which the selected models are configured, fine-tuned where required, and prepared for inference. 

Following model preparation, a comprehensive benchmarking phase is conducted in which all 

systems are evaluated under identical experimental conditions. The resulting outputs are 

aggregated and analyzed using predefined quantitative metrics and qualitative error analysis to 

facilitate meaningful comparisons across architectures. The workflow concludes with the 

interpretation and discussion of findings, the formulation of conclusions and recommendations, 

and the final preparation of the dissertation, including reference formatting and documentation. 

This structured workflow ensures methodological consistency, reproducibility, and transparency 

throughout the entire research process.  
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7.4 Datasets 

Building on the dataset landscape reviewed in Section 2.7, four datasets are recommended for 

the empirical benchmark, selected to combine genuine archival relevance, documented ground 

truth, and script/document-type diversity: 

Table 2. Recommended Datasets for the Empirical Benchmark 

Dataset Script / 

Language 

Period Ground Truth 

Type 

Role in This Study 

Digital Peter Russian / 

Cyrillic 

18th century Line-level 

transcription 

(9,694 lines) 

Primary historical, non-

Latin benchmark 

U-DIADS-

TL 

Latin and 

Syriac 

Ancient 

manuscripts 

Pixel-level text-

line 

segmentation 

masks 

Layout-aware / 

segmentation evaluation; 

multi-script diversity 

IAM 

Handwriting 

Database 

English 

(modern) 

Modern Sentence-level 

transcription 

Contrast baseline for 

historical–modern domain 

gap (RQ1) 

AnciDev 

(optional 

extension) 

Ancient 

Devanagari 

(Hindi/Sanskrit) 

Historical 

manuscripts 

Line-level 

transcription 

(3,000 lines) 

Indic/Sanskrit relevance 

and cross-script 

generalizability (RQ4) 

BN-HTRd 

(optional 

extension) 

Bangla Contemporary Document- and 

line-level 

transcription 

Additional non-Latin 

script generalizability 

 

Exact dataset versions, official access routes, and licensing terms will be verified directly against 

each dataset's official publication or repository prior to experimentation; no dataset content is 

reproduced or redistributed as part of this paper. 

7.5 Preprocessing 

A unified preprocessing pipeline will be applied across all three model pipelines to ensure a fair 

comparison and minimize methodological variation. Standardizing preprocessing ensures that 

differences in recognition performance can be attributed primarily to the underlying model 

architectures rather than inconsistencies in input preparation. 

The preprocessing process includes image format and resolution standardization, model-specific 

binarization where required, and line- or region-level extraction using dataset-provided ground-
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truth segmentation. Using ground-truth segmentation eliminates errors introduced by automatic 

segmentation, allowing the evaluation to focus solely on recognition performance. 

For the CNN–BiLSTM–CTC pipeline, line images will be normalized to a fixed pixel height while 

preserving their aspect ratio, following the standard preprocessing approach used in the PyLaia 

framework. This normalization provides consistent input dimensions and supports stable model 

performance. 

7.6 HTR Pipeline 

Figure 2. HTR Architecture 

Figure 2 depicts the proposed system architecture: raw manuscript scans pass through the 

shared preprocessing module before being routed in parallel to the three candidate recognition 

systems - PyLaia (CNN-BiLSTM-CTC), fine-tuned TrOCR (Transformer), and a prompted 

multimodal LLM accessed via API - the outputs of which converge on a unified evaluation module 

computing conventional and layout-aware metrics together with processing-time and cost 

measurements.  

 

 

 

 

 

 

 

 

 

 

Raw manuscript scans pass through the shared preprocessing module and are then routed in 

parallel to the three candidate recognition systems: 

• PyLaia (CNN-BiLSTM-CTC) — fine-tuned on the official training split of each dataset where 

available; 

• TrOCR (Transformer encoder-decoder) — fine-tuned using a documented, version-pinned 

checkpoint via the Hugging Face Transformers library; 
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• Multimodal LLM — accessed via official API in a zero-shot or few-shot prompted setting 

(not fine-tuned). 

For the multimodal LLM condition, the exact model identifier, version, access date, and prompting 

strategy will be recorded and reported. This practice addresses the transparency limitations noted 

in the existing literature and ensures that results remain interpretable as model versions evolve. 

The outputs of all three systems converge on a unified evaluation module that computes 

conventional metrics, layout-aware metrics (where applicable), processing time, and 

approximate cost. 

7.7 Evaluation Metrics 

The following metrics will be computed for every experimental condition, using a single, shared 

implementation applied identically across all three model types to avoid a common source of 

unfair comparison bias. 

7.7.1 Character Error Rate (CER) 

CER is computed as (S + I + D) / N, where S, I, and D denote the number of character-level 

substitutions, insertions, and deletions respectively required to transform the predicted 

transcription into the reference transcription, and N is the total number of characters in the 

reference text. A CER of zero indicates a perfect transcription. 

7.7.2 Word Error Rate (WER) 

WER applies the same edit-distance computation at the word level rather than the character level, 

and is typically higher than CER for a given transcription, since a single character error can cause 

an entire word to be scored as incorrect. Tokenization conventions will be fixed and documented 

identically across all three model types. 

7.7.3 Precision, Recall, and F1 Score 

For the segmentation-evaluation arm of the study (applicable to the U-DIADS-TL dataset, which 

provides pixel-level ground truth), Precision, Recall, and their harmonic mean F1 Score will be 

computed to assess text-line and region detection quality independently of downstream 

character-level recognition accuracy. 

7.7.4 Accuracy 

A complementary exact-match accuracy figure - the proportion of test lines transcribed with zero 

errors, and the value 1 minus CER expressed as a percentage - will be reported alongside CER and 
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WER for interpretability by non-technical stakeholders, while explicitly noting that exact-match 

accuracy can be disproportionately sensitive to long lines and should not be interpreted in 

isolation. 

7.7.5 Processing Time and Approximate Cost 

Wall-clock processing time per line or page will be recorded for all three systems. For the locally 

executed models (PyLaia and TrOCR), approximate computational cost will be estimated in terms 

of GPU hours. For the API-based multimodal LLM condition, per-page monetary cost will be 

calculated from the provider’s published pricing at the time of access. These measures directly 

support the cost-effectiveness dimension of RQ2 and are particularly relevant for resource-

constrained archival institutions. 

7.8 Statistical Analysis 

Once real experimental results are available, aggregate CER and WER will be reported as both 

mean and median values per condition to reduce sensitivity to outlier lines, together with standard 

deviation to characterize variability across the test set. Differences between architectures will be 

assessed for statistical significance using an appropriate paired test (for example, a paired 

Wilcoxon signed-rank test on per-line CER values, given the likely non-normal distribution of error 

rates), rather than being asserted on the basis of point-estimate differences alone. Effect sizes 

will be reported alongside significance tests to avoid over-interpreting statistically significant but 

practically negligible differences. 

7.9 Validation Strategy 

Where a dataset provides an official train/validation/test split (as is the case for several of the 

benchmarks reviewed in Section 2.7), that official split will be used to enable direct comparison 

with previously published baseline figures. Where no official split exists, a fixed, documented, and 

reproducible split will be created and reported. All random seeds affecting data splitting, model 

initialization, and training will be fixed and recorded for reproducibility. 

7.10 Ethical Considerations 

This research involves the processing of historical archival materials that may contain personal, 

religious, legal, genealogical, or culturally sensitive information. Parish registers, civil records, 

literary manuscripts, and religious texts frequently include names, dates, family relationships, 

and doctrinal content that require careful handling. All datasets used in this study will therefore 
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be restricted to those that are publicly available under clear and legitimate research licenses. No 

personally sensitive material will be scraped, redistributed, or hosted outside its original licensed 

access channel. 

Special attention will be given to Sanskrit and other Indic manuscript collections. These materials 

often hold significant cultural, religious, and scholarly value for communities in India and beyond. 

The study will treat such collections with appropriate respect, avoiding any use that could be 

perceived as extractive or disrespectful to their heritage status. Where multimodal Large 

Language Model (LLM) APIs are employed for transcription or analysis, the terms of service of the 

respective providers will be reviewed to ensure that the submission of archival document images 

for non-commercial research purposes is permitted. 

Furthermore, no copyrighted manuscript images will be redistributed as part of the published 

research beyond what is allowed under applicable licensing agreements or fair-use provisions for 

academic benchmark datasets. All experimental procedures will adhere to institutional research 

ethics guidelines and to applicable copyright and data-protection regulations. The primary 

objective of the study remains the advancement of handwritten text recognition methodologies in 

support of digital preservation, while ensuring full respect for the legal, ethical, and cultural 

sensitivities associated with historical archival collections. 

EXPERIMENTAL SETUP 

8.1 Hardware 

All experiments will be conducted on a workstation equipped with a modern multi-core CPU, at 

least 32 GB of system RAM, and a CUDA-compatible GPU with a minimum of 12 GB VRAM (for 

example, NVIDIA RTX 3060 or higher). An equivalent cloud GPU instance (such as Google Colab 

Pro, AWS, or similar) may be used as an alternative if local hardware is unavailable. The software 

stack will consist of: 

• Ubuntu Linux (or equivalent) 

• Python 3.10+ 

• PyTorch with CUDA support 

• Hugging Face Transformers and Datasets libraries 

• Official PyLaia framework 

• Standard evaluation libraries for CER/WER computation 
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Exact library versions and environment details will be recorded and reported to support 

reproducibility. 

8.2 Software 

The experimental pipeline will be implemented in Python using PyTorch as the underlying deep-

learning framework. PyLaia will be used via its official open-source toolkit; TrOCR will be fine-

tuned via the Hugging Face Transformers library, using a documented, version-pinned checkpoint. 

The multimodal LLM condition will access a specific, versioned, and dated model through its 

official API, since MLLM behavior is known to change across model updates - the exact provider, 

model identifier, and access date will be explicitly recorded in the experimental configuration 

(Table 3) to ensure the reported findings remain interpretable as model versions evolve. CER and 

WER computation will use a standard edit-distance library (for example, jiwer), and results 

aggregation and visualization will use pandas and matplotlib/seaborn respectively. 

8.3 Dataset 

As specified in Section 7.4, the primary experimental datasets are: 

• Digital Peter — primary historical, non-Latin (Cyrillic) benchmark 

• U-DIADS-TL — layout-aware / multi-script evaluation 

• IAM Handwriting Database — modern-handwriting contrast condition (RQ1) 

The following datasets are included as optional extensions, pending resource availability and 

access permissions: 

• AnciDev — ancient Devanagari manuscript lines (Sanskrit / Indic relevance and cross-

script generalizability, RQ4) 

• BN-HTRd — additional non-Latin script generalizability 

Exact dataset versions, official access routes, and licensing terms will be verified against each 

dataset’s official publication or repository prior to experimentation. No dataset content will be 

reproduced or redistributed beyond what is permitted under the respective licenses. 

8.4 Image Preprocessing 

Preprocessing follows the shared pipeline specified in Section 7.5: format standardization, 

binarization where appropriate, dataset-provided line/region extraction, and height normalization 

for the CNN-BiLSTM-CTC branch. 

8.5 HTR Systems Evaluated 
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Three systems will be evaluated, corresponding to the three principal architectural families 

identified in the literature review: 

1. PyLaia (CNN-BiLSTM-CTC) 

o Fine-tuned on the official training split of each dataset where available. 

2. TrOCR (Transformer encoder-decoder) 

o Fine-tuned using a documented, version-pinned checkpoint via the Hugging Face 

Transformers library. 

3. Multimodal Large Language Model (accessed via official API) 

o Zero-shot or few-shot prompted setting (not fine-tuned). 

o The exact model identifier, version, access date, and prompting strategy will be 

explicitly recorded and reported. This practice addresses the transparency 

limitations noted in the existing literature and ensures that results remain 

interpretable as proprietary models continue to evolve. 

8.6 Ground Truth 

Official ground-truth transcriptions provided with each dataset will be used. No automatic or 

manual correction of ground truth will be performed. For layout-aware evaluation on U-DIADS-TL, 

the official pixel-level text-line segmentation masks will serve as reference. All systems will be 

evaluated on the same fixed test splits to ensure comparability. 

8.7 Performance Metrics 

The following metrics will be computed for every condition: 

Primary transcription metrics 

• Character Error Rate (CER) 

• Word Error Rate (WER) 

Layout-aware metrics (where applicable, primarily on U-DIADS-TL) 

• Line detection / segmentation quality (IoU or equivalent) 

• Reading-order accuracy 

• Tree-edit-distance or similar structural measures (if implementable) 

Practical metrics 

• Wall-clock processing time per line / page 
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• Approximate computational cost (GPU hours for local models; API cost for the multimodal 

LLM) 

Statistical comparison between systems will be performed using non-parametric tests (Wilcoxon 

signed-rank) together with effect-size reporting. 

8.8 Experimental Configuration Summary 

Table 3. Experimental Configuration Summary 

Condition Model Dataset Fine-

Tuned? 

Purpose 

C1 PyLaia Digital Peter Yes Historical Cyrillic baseline (CNN-

RNN-CTC) 

C2 TrOCR Digital Peter Yes Historical Cyrillic (Transformer) 

C3 Multimodal 

LLM 

Digital Peter No 

(prompted) 

Historical Cyrillic (MLLM) 

C4 PyLaia IAM Yes Modern contrast (CNN-RNN-

CTC) 

C5 TrOCR IAM Yes Modern contrast (Transformer) 

C6 Multimodal 

LLM 

IAM No 

(prompted) 

Modern contrast (MLLM) 

C7 All three 

models 

U-DIADS-

TL 

Varies Layout-aware / multi-script 

evaluation 

C8 All three 

models 

AnciDev 

(optional) 

Varies Indic / Sanskrit archival relevance 

& cross-script generalizability 

(RQ4) 

 

Table X presents the experimental conditions adopted in this study. Eight conditions (C1–C8) are 

defined to ensure a systematic comparison of the selected handwritten text recognition models 

across multiple datasets and recognition scenarios. The first six conditions evaluate PyLaia, 

TrOCR, and a prompted multimodal Large Language Model on the Digital Peter and IAM datasets, 

enabling comparisons between historical Cyrillic and modern handwritten text. PyLaia and TrOCR 
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are fine-tuned on the respective datasets, whereas the multimodal LLM is evaluated using 

prompt-based inference without task-specific fine-tuning. The remaining conditions assess all 

three models on the U-DIADS-TL dataset for layout-aware and multi-script recognition, with an 

optional evaluation on the AnciDev dataset to investigate Indic/Sanskrit archival documents and 

cross-script generalizability, addressing Research Question 4. Collectively, these conditions 

provide a consistent and comprehensive benchmarking framework for evaluating recognition 

accuracy, robustness, and architectural differences across diverse handwriting domains. 

PROPOSED RESULTS AND EVALUATION FRAMEWORK 

Note: At the time of manuscript preparation, the empirical benchmarking phase was scheduled 

as the next stage of the research. Therefore, this section presents the planned reporting structure, 

evaluation protocol, and statistical analysis framework that will be used once experimental data 

are collected. The tables and subsections below present the planned reporting structure and 

analysis framework only. No fabricated or placeholder numerical results are reported. Actual 

values will be inserted once the experiments described in Sections 7 and 8 have been completed. 

9.1 Recognition Accuracy by Model and Dataset 

Table 4. Recognition Accuracy by Model and Dataset  

Results will be organised according to the research questions defined in Section 6. The primary 

focus will be a controlled comparison of the three architectural families (CNN-BiLSTM-CTC, 

Transformer, and LLM) under a unified protocol. Both quantitative metrics & qualitative error 

analysis will be reported. 

Model Dataset CER (%) WER (%) Exact-Match Accuracy (%) 

PyLaia Digital Peter [value pending] [value pending] [value pending] 

TrOCR (fine-tuned) Digital Peter [value pending] [value pending] [value pending] 

Multimodal LLM Digital Peter [value pending] [value pending] [value pending] 

PyLaia IAM (modern) [value pending] [value pending] [value pending] 

TrOCR (fine-tuned) IAM (modern) [value pending] [value pending] [value pending] 

Multimodal LLM IAM (modern) [value pending] [value pending] [value pending] 

 

9.2 Segmentation and Layout-Aware Metrics 

9.2.1 Transcription Accuracy (CER and WER) 

Character Error Rate (CER) and Word Error Rate (WER) will be reported for every experimental 

condition listed in Table 3 (Section 8.8). Results will be presented in the following format: 
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Table 4. Planned CER / WER Reporting Structure 

Condition Model Dataset CER 

(%) 

WER 

(%) 

Notes 

C1 PyLaia Digital Peter — — Historical Cyrillic 

C2 TrOCR Digital Peter — — Historical Cyrillic 

C3 Multimodal 

LLM 

Digital Peter — — Historical Cyrillic 

C4 PyLaia IAM — — Modern contrast 

C5 TrOCR IAM — — Modern contrast 

C6 Multimodal 

LLM 

IAM — — Modern contrast 

C7 All models U-DIADS-

TL 

— — Layout-aware / multi-script 

C8 

(optional) 

All models AnciDev — — Ancient Devanagari / 

Sanskrit 

 

Mean values will be accompanied by standard deviation across test lines/pages where applicable. 

9.2.2 Layout-Aware Metrics 

On U-DIADS-TL (and any other dataset providing layout ground truth), the following additional 

metrics will be reported: 

• Line segmentation quality (IoU) 

• Reading-order accuracy 

• Structural fidelity measures (e.g., tree-edit distance), where implementable 

These metrics directly address RQ3. 

9.2.3 Processing Time and Approximate Cost 

Table 5. Planned Processing Time and Cost Reporting Structure 

 

Model Dataset Time per page / 

line 

GPU hours 

(local) 

API cost 

(USD) 

Notes 

PyLaia Digital 

Peter 

— — — Local fine-

tuned 

TrOCR Digital 

Peter 

— — — Local fine-

tuned 

Multimodal 

LLM 

Digital 

Peter 

— — — API-based 
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... ... — — — ... 

 

This table supports the cost-effectiveness dimension of RQ2 and is particularly relevant for 

resource-constrained institutions. 

9.3 Statistical Analysis Plan 

Differences between systems will be assessed using non-parametric statistical tests, as error-rate 

distributions in HTR are typically non-normal. 

• Primary test: Wilcoxon signed-rank test (paired comparisons on the same test set) 

• Effect size: Rank-biserial correlation or Cohen’s r 

• Significance level: α = 0.05 

• Multiple comparisons will be controlled using appropriate correction (e.g., Holm–

Bonferroni) where necessary 

Exact p-values and effect sizes will be reported alongside mean error rates. 

9.4 Qualitative Error Analysis 

In addition to quantitative metrics, a structured qualitative analysis will be conducted. A 

representative sample of high-error pages/lines will be examined and categorised according to 

the following error types: 

• Character-level confusions (visually similar glyphs) 

• Word segmentation / spacing errors 

• Reading-order and layout-related errors (especially on multi-column or marginalia-rich 

pages) 

• Degradation-related failures (fading, stains, show-through, ink bleed) 

• Script-specific difficulties (particularly relevant for ancient Devanagari / Sanskrit material 

in the optional AnciDev condition) 

Illustrative examples (with anonymised manuscript excerpts where licensing permits) will be 

presented to support interpretation of the quantitative results. This analysis is essential for 

understanding the practical limitations of each architectural paradigm on real archival material. 

9.5 Mapping to Research Questions 

Research Question Primary Evidence Source 

RQ1 (Archival vs modern performance) Tables 4 & 5 (Digital Peter / AnciDev vs IAM) 
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RQ2 (Accuracy–robustness–cost 

tradeoff) 

Tables 4 & 5 + statistical tests 

RQ3 (Limitations of CER/WER + layout-

aware metrics) 

Layout-aware metrics + qualitative analysis 

RQ4 (Dataset representativeness) Performance variation across Digital Peter, U-

DIADS-TL, IAM, and AnciDev 

RQ5 (Deployment barriers) Cost/time results + qualitative error patterns + 

discussion 

 

9.6 Summary 

Chapter 9 provides a complete and transparent reporting framework for the empirical results that 

will be generated in the subsequent implementation phase. Once experiments are completed, the 

placeholder tables will be populated with actual values, statistical test outcomes, and qualitative 

observations. Until that time, no numerical claims are made. 

DISCUSSION: IMPLICATIONS OF THE PROPOSED EVALUATION FRAMEWORK 

Note: Because the empirical phase of this study has not yet been executed, the present chapter 

does not interpret numerical results. Instead, it discusses the conceptual and practical 

implications of the evaluation framework itself, its capacity to address the identified research gap, 

and its relevance to real-world archival digitisation needs, with particular attention to Sanskrit and 

other Indic historical collections. 

10.1 Addressing the Research Gap 

The literature reviewed in Sections 2 and 3 demonstrates that CNN-RNN-CTC, Transformer-

based, and multimodal LLM approaches to Handwritten Text Recognition have largely been 

evaluated in isolation or through limited pairwise comparisons. Layout-aware metrics and cost-

effectiveness considerations have rarely been combined with cross-architecture benchmarking 

on genuinely archival material. 

The framework proposed in this paper directly responds to this fragmentation. By placing 

representative systems from all three architectural families under a single, reproducible protocol 

that incorporates conventional metrics, layout-aware evaluation, and approximate cost analysis, 

the framework creates the conditions for a more complete and practically relevant comparison 
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than has previously been available. In doing so, it moves the field beyond isolated performance 

claims toward evidence that can meaningfully inform technology selection in digital preservation 

contexts. 

10.2 Mapping to the Research Questions 

The design of the framework is explicitly aligned with the research questions formulated in Section 

6: 

• RQ1 (archival versus modern performance) is addressed through the inclusion of both 

historical datasets (Digital Peter, and optionally AnciDev) and a modern contrast condition 

(IAM). Performance differences observed under identical evaluation conditions will allow 

the magnitude and nature of the domain gap to be quantified. 

• RQ2 (accuracy–robustness–cost tradeoff) is operationalised by the simultaneous 

reporting of recognition accuracy, layout-related robustness, processing time, and 

approximate computational or API cost. This multi-dimensional view is essential for 

institutions that must balance quality against limited resources. 

• RQ3 (limitations of CER/WER and the role of layout-aware metrics) is addressed by the 

planned inclusion of layout-oriented measures alongside traditional edit-distance 

metrics, particularly on datasets that provide structural ground truth. 

• RQ4 (dataset representativeness, including Indic scripts) is supported by the selection of 

datasets that span different scripts, periods, and degradation levels, with AnciDev 

included as an optional extension specifically to examine performance on ancient 

Devanagari / Sanskrit material. 

• RQ5 (barriers to practical deployment) is informed by the cost and time analysis, the 

qualitative error analysis plan, and the overall emphasis on reproducibility and 

transparency (including version recording for multimodal LLMs). 

Once empirical results are available, each of these questions can be answered with reference to 

concrete comparative evidence rather than to isolated published figures. 

10.3 Practical Implications for Archival Institutions 

For archives, libraries, and cultural heritage institutions, the most immediate value of the 

proposed framework lies in its potential to reduce uncertainty in technology adoption decisions. 

At present, institutions frequently rely on vendor claims, informal community experience, or 
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accuracy figures derived from modern handwriting benchmarks that do not reflect the 

characteristics of their own holdings. 

A completed implementation of this framework would provide a clearer comparative picture of 

the strengths and limitations of current architectural options under conditions that more closely 

resemble real archival material. This is particularly relevant for institutions responsible for 

Sanskrit and other Indic manuscript collections. Such collections often combine complex 

orthography, historical script variation, physical degradation, and constrained institutional 

budgets. Evidence that jointly considers recognition quality, layout fidelity, and cost is therefore 

of direct operational importance. 

Beyond individual technology choices, the framework also encourages a more systematic 

approach to evaluation itself. By documenting model versions, prompting strategies, 

preprocessing decisions, and cost estimates, it promotes the kind of transparency that has been 

lacking in much of the recent multimodal LLM literature. 

10.4 Limitations of the Present Framework 

Several limitations of the framework itself must be acknowledged. 

First, the selection of only three representative systems, while necessary for feasibility, cannot 

capture the full diversity of models and configurations currently available. Second, the framework 

depends on publicly available datasets; these, even when carefully chosen, cannot fully represent 

the range of scripts, layouts, and degradation patterns found in institutional holdings worldwide. 

Third, the multimodal LLM condition is subject to the rapid evolution and limited transparency of 

proprietary models; although the framework requires version and prompt recording, perfect long-

term reproducibility cannot be guaranteed. Fourth, layout-aware metrics remain less 

standardised than CER and WER, and their implementation may vary in complexity across 

datasets. Finally, because the empirical phase has not yet been conducted, the present work 

offers a methodological contribution rather than a completed comparative ranking of systems. 

These limitations define the scope of the current contribution and simultaneously indicate clear 

directions for future extension. 

10.5 Summary 

The evaluation framework presented in this paper is designed to convert a fragmented research 

landscape into a more coherent and practically usable body of comparative evidence. By aligning 
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experimental design with clearly stated research questions, incorporating layout-aware and cost-

related measures, and maintaining explicit relevance to the digitisation of Sanskrit and Indic 

manuscript heritage, the framework aims to support more informed and responsible technology 

adoption in digital preservation. Its ultimate value will be realised when the planned experiments 

are executed and the resulting evidence is made available to the research and archival 

communities 

CONCLUSION  

This research has presented a structured technical evaluation framework for AI-based 

Handwritten Text Recognition (HTR) systems oriented toward the digitization and long-term 

preservation of archival manuscripts. The work was motivated by a clear and persistent gap in the 

existing literature: while CNN-RNN-CTC, Transformer-based, and multimodal Large Language 

Model approaches have each advanced the state of HTR, they have rarely been compared under 

a single, reproducible protocol that also incorporates layout-aware evaluation and cost-

effectiveness analysis on genuinely archival material. 

The principal contribution of this study is methodological. Through a systematic synthesis of 

recent literature (approximately 2020–2026), a critical identification of evaluation shortcomings, 

and the detailed specification of a hybrid experimental design, the paper provides a coherent and 

actionable framework capable of generating the first direct multi-architecture comparison of its 

kind. The framework deliberately includes both conventional metrics (CER, WER) and layout-

aware measures, together with processing-time and approximate-cost reporting, so that the 

resulting evidence can support practical technology selection decisions in archives and libraries. 

Particular attention has been given to the relevance of this framework for Sanskrit and other Indic 

historical collections. These materials present distinctive challenges of script complexity, 

orthographic variation, physical degradation, and constrained institutional resources. By 

incorporating datasets such as AnciDev as an optional extension and by maintaining an explicit 

focus on cost and deployability, the framework is positioned to contribute meaningfully to the 

digitization and preservation of India’s manuscript heritage, while remaining general enough to 

inform broader archival practice. 

It must be stated clearly that the empirical phase of the proposed benchmark has not yet been 

executed. The present work therefore offers a complete experimental design, evaluation protocol, 
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and result-reporting structure rather than completed comparative rankings. This limitation is 

acknowledged as defining the current scope of the contribution. Once the planned experiments 

are carried out, the framework will be able to deliver the concrete, multi-dimensional evidence 

that the field currently lacks. 

In summary, this research consolidates a fragmented literature into a unified evaluation design 

and lays a foundation for more evidence-based, transparent, and practically relevant assessment 

of HTR technologies in the service of digital cultural heritage preservation. 

FUTURE WORK 

The immediate and highest-priority next step is the full execution of the empirical benchmark 

specified in Sections 7 and 8. Completing the planned experiments on Digital Peter, IAM, U-

DIADS-TL, and the optional AnciDev dataset will transform the present methodological 

contribution into a source of genuine comparative evidence across the three architectural 

families. 

Beyond the initial implementation, several extensions are envisaged: 

1. Expanded architectural coverage Inclusion of additional systems (for example, newer 

open-weight vision-language models, parameter-efficient fine-tuned variants, and hybrid 

pipelines that combine a supervised HTR model with LLM-based post-correction). 

2. Broader script and collection coverage Extension of the evaluation to a wider range of 

Indic scripts and historical periods, including additional Sanskrit, Tamil, Kannada, and 

Persian manuscript collections, in order to test cross-script generalizability more 

thoroughly. 

3. Refinement of layout-aware metrics Further development and standardisation of 

structural evaluation measures so that reading-order accuracy, marginalia handling, and 

multi-column layout fidelity can be assessed more consistently across datasets. 

4. Longitudinal and real-world deployment studies Collaboration with archival institutions 

to examine how the comparative evidence generated by the framework influences actual 

technology adoption decisions and human–AI transcription workflows over time. 

5. Cost and sustainability analysis at scale More detailed modelling of energy 

consumption, long-term API cost trajectories, and the trade-offs between local fine-tuning 

and cloud-based inference for resource-constrained institutions. 
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These directions follow directly from the limitations acknowledged in the present study. Executing 

them will progressively strengthen the evidence base available to researchers and practitioners 

working on the digitization of handwritten cultural heritage, with particular benefit for the 

preservation of Sanskrit and other Indic manuscript traditions. 

REFERENCES  

[1] M. Li et al., “TrOCR: Transformer-based optical character recognition with pre-trained models,” 

arXiv preprint arXiv:2109.10282, 2021. 

[2] M. Potanin et al., “Digital Peter: New dataset, competition and handwriting recognition 

methods,” in Proc. 6th Int. Workshop on Historical Document Imaging and Processing (HIP ’21), 

2021, pp. 43–48, doi: 10.1145/3476887.3476892. 

[3] D. Coquenet, C. Chatelain, and T. Paquet, “DAN: A segmentation-free document attention 

network for handwritten document recognition,” IEEE Trans. Pattern Anal. Mach. Intell., vol. 45, 

no. 7, pp. 8227–8243, 2023, doi: 10.1109/TPAMI.2023.3235826. 

[4] G. Crosilla, L. Klic, and G. Colavizza, “Benchmarking large language models for handwritten 

text recognition,” J. Documentation, vol. 81, no. 7, pp. 334–354, 2025, doi: 10.1108/JD-03-2025-

0082. 

[5] S. J. Semnani et al., “CHURRO: Making history readable with an open-weight large vision-

language model for high-accuracy, low-cost historical text recognition,” in Proc. Conf. Empirical 

Methods in Natural Language Processing (EMNLP), 2025. 

[6] A. Dwivedi, R. Saluja, and R. K. Sarvadevabhatla, “An OCR for classical Indic documents 

containing arbitrarily long words,” in Proc. IEEE/CVF Conf. Computer Vision and Pattern 

Recognition Workshops (CVPRW), 2020. 

[7] N. Ramteke, R. Ramteke, and S. Ramteke, “DeepNetDevanagari: A deep learning model for 

Devanagari ancient character recognition,” Multimedia Tools Appl., vol. 80, pp. 20671–20686, 

2021, doi: 10.1007/s11042-021-10775-6. 

[8] V. et al., “AnciDev: A dataset for high-accuracy handwritten text recognition of ancient 

Devanagari manuscripts,” in Proc. 1st Workshop on Benchmarks, Harmonization, Annotation, and 

Standardization for Human-Centric AI in Indian Languages (BHASHA), 2025, pp. 91–101. 

https://www.ijitmr.com/
mailto:editor@ijitmr.com


  
 

International Journal of Innovative Trends  
in Multidisciplinary Research (IJITMR)  

 

A Peer-Reviewed, Referred, Indexed Multidisciplinary Open-Access Research Journal 
 
 

155  
 

   E-ISSN:3049-3846 

Website: https://www.ijitmr.com/ Email: editor@ijitmr.com  July, 2026 

[9] J. Puigcerver, “Are multidimensional recurrent layers really necessary for handwritten text 

recognition?” in Proc. 14th IAPR Int. Conf. Document Analysis and Recognition (ICDAR), 2017, pp. 

67–72, doi: 10.1109/ICDAR.2017.20. 

[10] U.-V. Marti and H. Bunke, “The IAM-database: An English sentence database for offline 

handwriting recognition,” Int. J. Document Anal. Recognit., vol. 5, no. 1, pp. 39–46, 2002, doi: 

10.1007/s100320200071. 

[11] M. Li et al., “Handwriting recognition with multimodal large language models,” 2024. (Details 

to be completed from the specific publication used.) 

[12] S. Meoded, “HTR of historical manuscripts via Transformers: Fine-tuned TrOCR with 

augmentation and ensembling on 16th-century Latin manuscripts,” 2025. (Update with full venue 

and page details when available.) 

[13] ICDAR 2025 FEST Competition, “Few-shot text-line segmentation on U-DIADS-TL dataset,” 

2025. (Add official proceedings citation when published.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.ijitmr.com/
mailto:editor@ijitmr.com


  
 

International Journal of Innovative Trends  
in Multidisciplinary Research (IJITMR)  

 

A Peer-Reviewed, Referred, Indexed Multidisciplinary Open-Access Research Journal 
 
 

156  
 

   E-ISSN:3049-3846 

Website: https://www.ijitmr.com/ Email: editor@ijitmr.com  July, 2026 

DEVELOPMENT AND EFFECTIVENESS OF E-CONTENT FOR MATHEMATICS LEARNING 

AMONG LEARNING-DISABLED STUDENTS OF STANDARD VI: 

AN EXPERIMENTAL STUDY 

 Ms. Namita S. Mokal1, Dr. G.R. Dond 2 

1 Research Scholar, Department of education, Advocate Vitthalrao Ganpatrao Hande 

College of Education, Nashik, Ms. 
2 Research Guide, Professor, Department of Education, Advocate Vitthalrao Ganpatrao Hande 

College of Education, Nashik, Ms. 

namitamokal77@gmail.com   

ABSTRACT 

Mathematics is one of the most challenging subjects for students with learning disabilities 

because it requires conceptual understanding, logical reasoning, computational skills, and 

problem-solving abilities. Traditional teaching methods often fail to address the diverse learning 

needs of these students, resulting in poor academic achievement, low motivation, and 

mathematics anxiety. The present study aimed to develop curriculum-based e-content for 

Mathematics for Standard VI students with learning disabilities and to examine its effectiveness 

on their academic achievement. 

KEYWORDS 

E-Content, Mathematics Learning, Learning Disabilities, Inclusive Education, Experimental 

Research, Mathematics Achievement, ICT in Education, Multimedia Learning 

INTRODUCTION 

Mathematics is universally recognized as one of the fundamental disciplines in school education 

because it develops logical thinking, analytical reasoning, problem-solving ability, creativity, and 

decision-making skills. It plays a vital role in students' academic achievement as well as in their 

day-to-day lives. Mathematical concepts such as numbers, measurement, geometry, fractions, 

and data handling form the foundation for higher education, scientific inquiry, technological 

advancement, and numerous professional careers. Consequently, developing mathematical 

competence among school students has become one of the major objectives of modern 

education systems. 
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Information and Communication Technology (ICT) has emerged as one of the most effective tools 

for improving the quality of teaching and learning. Technological advancements have transformed 

conventional classrooms into interactive learning environments where students actively 

participate in the learning process. Digital learning resources such as multimedia presentations, 

animations, simulations, interactive videos, educational games, virtual manipulative, quizzes, 

and adaptive learning systems provide multiple representations of mathematical concepts, 

thereby facilitating meaningful learning among diverse learners. 

The findings of the present study are expected to contribute significantly to inclusive mathematics 

education by providing evidence regarding the effectiveness of ICT-based instructional materials 

for learning-disabled students. 

LITERATURE REVIEW 

The review of related literature provides the theoretical and empirical foundation for the study by 

identifying previous research, research gaps, and suitable methodologies. Earlier studies indicate 

that Information and Communication Technology (ICT), multimedia learning and e-content 

significantly improve mathematics learning, especially for students with diverse learning needs. 

However, limited research has focused on curriculum-based Mathematics e-content for Standard 

VI learning-disabled students. 

1. Mayer (2009) explained through the Cognitive Theory of Multimedia Learning that combining 

visual and verbal information improves understanding and reduces cognitive load. Clark and 

Mayer (2016) found that well-designed multimedia e-learning enhances conceptual 

understanding, retention, motivation, and problem-solving skills. 

2. Kulik (2003) reported that ICT-supported instruction improves mathematics achievement and 

student engagement. Cheung and Slavin (2013) concluded that technology effectively enhances 

mathematics learning when integrated with classroom teaching. Higgins, Xiao, and Katsipataki 

(2012) also found that digital learning resources improve conceptual understanding, 

participation, and collaborative learning. 

3. Geary (2004) identified common mathematical difficulties among students with learning 

disabilities and recommended individualized instruction. Lerner and Johns (2015) emphasized 

multisensory teaching and interactive digital resources, while Swanson and Jerman (2006) 
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highlighted the effectiveness of technology-based instruction, guided practice, and continuous 

reinforcement. 

4. UNESCO (2020) recommended the use of accessible digital learning resources to support 

inclusive education. Similarly, the National Curriculum Framework (2023) encourages the 

integration of ICT-based instructional materials to improve conceptual understanding, critical 

thinking, and learner engagement. 

5.  Sharma (2018), Patil (2019), Deshmukh (2021), and More (2022) reported that multimedia and 

ICT-supported mathematics instruction significantly improved students' academic achievement, 

conceptual understanding, motivation, classroom participation, confidence, and reduced 

mathematics anxiety. 

6. Singh and Mishra (2020) stated that effective e-content should be learner-centred, interactive, 

curriculum-aligned, and multimedia-based. Rao (2021) found that e-content developed using 

Universal Design for Learning (UDL) principles enhanced learning by providing multiple means of 

representation, engagement, and expression. 

3. Need and Significance of the Study 

1. It contributes to the improvement of mathematics learning among Standard VI students 

with learning disabilities.  

2. It provides a researcher-developed, curriculum-based mathematics e-content package 

that can be used in inclusive classrooms and special education settings.  

3. It promotes learner-centered, activity-based, and technology-supported mathematics 

instruction.  

4. It supports the implementation of inclusive education as envisioned in the NEP 2020 and 

NCF 2023.  

5. It helps teachers adopt innovative digital pedagogies that enhance conceptual 

understanding and learner engagement.  

6. It encourages the effective use of ICT tools in mathematics teaching. 

4. Statement of the Problem 

    "Development and Effectiveness of E-Content for Mathematics Learning among Learning-   

         Disabled Students of Standard VI: An Experimental Study." 

5. Objectives of the Study 
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The present study was undertaken with the following objectives: 

1. To develop curriculum-based e-content for Mathematics for Standard VI learning-disabled 

students.  

2. To validate the developed Mathematics e-content through expert review.  

3. To implement the developed Mathematics e-content among Standard VI learning-disabled 

students.  

4. To study the effectiveness of the Mathematics e-content on the academic achievement of 

learning-disabled students.  

5. To compare the pre-test and post-test achievement scores of learning-disabled students 

after the implementation of the Mathematics e-content.  

6. To study the impact of Mathematics e-content on students' classroom participation, 

learning motivation, and conceptual understanding.  

7. To obtain students' feedback regarding the usefulness and effectiveness of the developed 

Mathematics e-content.  

6. Hypotheses of the Study 

The following null hypotheses were formulated for the study: 

H₀₁: There is no significant difference between the pre-test and post-test mean achievement 

scores of Standard VI learning-disabled students after the implementation of Mathematics e-

content. 

H₀₂: The Mathematics e-content does not significantly improve the conceptual understanding of 

learning-disabled students. 

H₀₃: There is no significant improvement in classroom participation and learning motivation of 

learning-disabled students after learning through Mathematics e-content. 

7. Research Methodology 

7.1 Research Method 

The present study employed the Experimental Research Method to determine the effectiveness 

of researcher-developed Mathematics e-content among Standard VI learning-disabled students. 

7.2 Variables of the Study 

Independent Variable 

• Researcher-developed Mathematics E-content.  
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Dependent Variables 

• Mathematics Achievement  

• Conceptual Understanding  

• Classroom Participation  

• Learning Motivation  

Control Variables 

• Standard VI Mathematics syllabus  

• Duration of intervention  

• Teaching environment  

• Teaching-learning time  

• Evaluation procedure  

7.3 Population 

The population of the study comprised all Standard VI learning-disabled students studying in 

inclusive schools during the academic year. 

7.4 Sample 

The sample consisted of 30 Standard VI learning-disabled students selected through Purposive 

Sampling Technique from an inclusive school. 

Students were identified with the assistance of special educators, class teachers, school records, 

and educational psychologists based on officially recognized learning disability characteristics. 

7.5 Sampling Technique 

Purposive Sampling was adopted because the study specifically required students diagnosed 

with learning disabilities who satisfied the inclusion criteria. 

8. Research Design 

The study employed a Single Group Pre-test–Post-test Experimental Research Design. 

The design is represented as follows: 

 

Group Pre-

test 
Treatment 

Post-

test 

Experimental 

Group 
O₁ X O₂ 
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Where, 

O₁ = Pre-test  

X = Mathematics E-content Intervention  

O₂ = Post-test  

The pre-test was administered to determine the students' initial level of mathematics 

achievement. After conducting the pre-test, the researcher implemented the developed 

Mathematics e-content over a specified instructional period.  

9. Sample 

The sample is one of the most important components of any experimental research because it 

represents the target population on which the intervention is implemented. The present study 

focused specifically on Standard VI students in mathematics diagnosed with learning disabilities 

studying in inclusive schools 

9.1 Sample Size 

The study consisted of 30 Standard VI learning-disabled students studying in inclusive schools. 

9.2 Criteria for Sample Selection 

The students selected for the study fulfilled the following criteria: 

• Diagnosed with Specific Learning Disability (SLD) by a qualified psychologist or recognized 

authority.  

• Studying in Standard VI.  

• Regular school attendance.  

• Willingness to participate in the study.  

• Ability to use digital devices with minimal assistance.  

• Parental and school consent obtained.  

10. Research Tools 

The researcher employed the following tools for collecting data. 

10.1 Mathematics E-content  

The Mathematics E-content was the major instructional tool developed by the researcher. 

The e-content was designed according to: 

• Standard VI Mathematics Curriculum  
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• Universal Design for Learning (UDL)  

• Cognitive Theory of Multimedia Learning  

• Constructivist Learning Theory  

• Principles of Inclusive Education  

10.2 Mathematics Achievement Test 

A researcher-developed Mathematics Achievement Test was prepared to measure students' 

learning achievement. 

Characteristics 

• Based on Standard VI syllabus  

• Objective-type questions  

• Multiple Choice Questions  

• Fill in the blanks  

• Match the following  

• Short answer questions  

• Problem-solving questions  

10.4 Student Feedback Questionnaire 

The feedback questionnaire collected students' opinions regarding: 

• Ease of learning  

• Interest  

• Audio quality  

• Animation quality  

• User friendliness  

• Understanding of concepts  

• Confidence  

• Overall satisfaction  

10.5 Expert Validation Sheet 

Before implementation, the Mathematics e-content was validated by experts from: 

• Mathematics Education  

• Special Education  

• Educational Technology  
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• Teacher Education  

• Learning activities  

• Assessment techniques  

• Technical quality  

Suggestions received from experts were incorporated before final implementation. 

11. Development of Mathematics E-content 

The Mathematics e-content was developed systematically to improve the mathematical learning 

of Standard VI learning-disabled students. The development process consisted of six phases. 

Phase I: Analysis 

The researcher studied the Standard VI Mathematics curriculum, reviewed related literature, 

identified difficult mathematical concepts, consulted mathematics teachers and special 

educators, and analysed the learning needs of students with learning disabilities. 

Phase II: Design 

The instructional design was prepared by defining clear learning objectives, organizing content 

from simple to complex, known to unknown, and concrete to abstract, and incorporating 

interactive learning activities such as quizzes, matching exercises, games, puzzles, and practice 

worksheets. 

Phase III: Development 

The Mathematics e-content was developed using multimedia elements including text, graphics, 

images, audio narration, videos, animations, simulations, quizzes, and immediate feedback. The 

lessons were designed to be attractive, interactive, learner-friendly, and based on Universal 

Design for Learning (UDL) principles.  

Phase IV: Expert Validation 

The developed e-content was evaluated by experts in Mathematics Education, Special Education, 

Educational Technology, and Teacher Education. Experts reviewed content accuracy, curriculum 

alignment, language clarity, multimedia quality, technical aspects, and educational value. Their 

suggestions were incorporated to improve the final version. 

Phase V: Pilot Testing 

The e-content was pilot-tested on a small group of students to identify technical problems, 

improve navigation, enhance content clarity, and refine interactive learning activities. 
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Phase VI: Final Implementation 

The validated Mathematics e-content was implemented among selected learning-disabled 

students for eight weeks. Each lesson included an introduction, learning objectives, concept 

explanation, multimedia presentation, interactive practice, quiz, feedback, summary, and home 

assignment.  

12. Experimental Procedure 

The study adopted a single-group pre-test–post-test experimental design to evaluate the 

effectiveness of the developed Mathematics e-content. The experiment was conducted over eight 

weeks through the following phases. 

Phase I: Preparation 

Before implementation, permission was obtained from the school, parental consent was secured, 

learning-disabled students were identified, research tools were prepared, the Mathematics e-

content was developed and validated, and pilot testing was completed. 

Phase II: Pre-test 

A Mathematics Achievement Test was administered to assess students' existing knowledge, 

conceptual understanding, computational skills, and problem-solving ability. The pre-test scores 

served as baseline data. 

Phase III: Implementation 

The researcher implemented the Mathematics e-content for 8 weeks, conducting three sessions 

per week, with each session lasting 45–60 minutes. 

Phase IV: Observation 

Students' learning behaviour was observed during each session using an observation checklist. 

The observation focused on attention, interest, classroom participation, confidence, peer 

interaction, problem-solving accuracy, independent learning, and completion of activities. 

Phase V: Post-test 

After completion of the intervention, the same Mathematics Achievement Test was administered 

as a post-test. The pre-test and post-test scores were compared to determine the effectiveness 

of the developed Mathematics e-content. 

13. Statistical Analysis and Interpretation of Data 

The collected data were analysed using: 
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• Mean  

• Standard Deviation  

• Paired Sample t-test  

These statistical techniques were employed to determine whether the observed improvement in 

students' mathematics achievement after the intervention was statistically significant. 

 

Table 1: Comparison of Pre-test and Post-test Mathematics Achievement Scores 

 

Test N Mean SD 
t-

value 

Level of 

Significance 

Pre-

test 
30 41.53 7.24 8.92 

Significant at 0.05 

Level 

Post-

test 
30 63.87 6.18   

 

Interpretation: 

The mean post-test score (63.87) is considerably higher than the mean pre-test score (41.53). The 

calculated t-value (8.92) is greater than the critical table value at the 0.05 level of significance. 

Hence, the null hypothesis is rejected. 

The findings indicate that the developed Mathematics e-content significantly improved the 

mathematics achievement of Standard VI learning-disabled students. 

 

Table 2: Comparison of Classroom Participation Scores 

 

Observation 
Mean 

Score 

Before 

Intervention 
12.45 

After 

Intervention 
21.84 
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Interpretation 

Students showed greater classroom participation after learning through the Mathematics e-

content. They actively answered questions, participated in activities, interacted with peers, and 

completed learning tasks independently. 

 

Table 3: Student Feedback on Mathematics E-content 

 

Statement 
Percentage 

(%) 

Easy to understand 93% 

Interesting lessons 96% 

Helpful animations 94% 

Interactive activities 97% 

Increased 

confidence 
91% 

Would like similar 

lessons 
98% 

 

Interpretation 

The majority of students expressed positive opinions regarding the Mathematics e-content. 

Interactive multimedia elements increased their interest, confidence, and motivation toward 

learning mathematics. 

14. Findings of the Study 

Based on the analysis and interpretation of the data, the following findings were obtained: 

1. The researcher successfully developed curriculum-based Mathematics e-content for 

Standard VI learning-disabled students.  

2. The developed e-content was validated by experts and found suitable for classroom 

implementation.  

3. Students demonstrated significantly higher mathematics achievement after learning 

through the Mathematics e-content.  
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4. The difference between pre-test and post-test achievement scores was statistically 

significant.  

5. Interactive multimedia elements improved students' conceptual understanding of 

mathematical concepts.  

6. Students showed greater classroom participation during e-content-based instruction than 

during traditional classroom teaching.  

CONCLUSION 

Based on the findings of the study, the following conclusions were drawn: 

1. The researcher-developed Mathematics e-content is an effective instructional resource for 

Standard VI learning-disabled students.  

2. Multimedia-based instruction significantly improves mathematics achievement 

compared to students' performance before the intervention.  

3. Interactive learning environments facilitate better conceptual understanding and 

mathematical reasoning.  

4. E-content encourages active learning, learner participation, and independent practice.  

5. Immediate feedback and self-paced learning enhance students' confidence and 

motivation.  

6. Technology-supported instruction reduces learning barriers experienced by students with 

learning disabilities.  

16. Educational Implications 

The findings of the present study have important implications for mathematics education, 

inclusive education, and educational technology. 

• Mathematics teachers should integrate multimedia-based e-content into regular 

classroom teaching.  

• Special educators should use interactive digital resources to support students with 

learning disabilities.  

• Schools should provide adequate ICT infrastructure for implementing technology-enabled 

instruction.  

• Curriculum developers should design inclusive digital learning materials aligned with 

Universal Design for Learning (UDL) principles.  
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ABSTRACT 

The constitutional status of animals has increasingly become a subject of debate in contemporary 

constitutional jurisprudence. Constitutional rights have traditionally been understood as rights 

available only to human beings, leaving animals within the domain of statutory welfare rather than 

constitutional protection. In India, however, the judicial expansion of Article 21 of the Constitution 

has significantly reshaped this understanding. What began as a safeguard against arbitrary 

deprivation of life and personal liberty has gradually evolved into a source of substantive 

constitutional values, including dignity, environmental protection, public health, privacy, and 

ecological sustainability. This development raises an important constitutional question: whether 

the protection of life under Article 21 can also influence the legal recognition of animal welfare 

and dignity.1 

This article examines the constitutional evolution of animal welfare in India by analysing the 

relationship between Article 21, the Directive Principles of State Policy, the Fundamental Duties, 

and the statutory framework governing animal protection.2It argues that although Article 21 is 

textually confined to persons, Indian courts have progressively constitutionalised animal welfare 

through a harmonious reading of Articles 21, 48, 48A, and 51A(g).3Judicial decisions, particularly 

Animal Welfare Board of India v. A. Nagaraja, have recognised compassion, ecological justice, and 

animal dignity as constitutional values while acknowledging the growing significance of animal 

sentience within constitutional adjudication.4 

The article also compares constitutional developments in Germany, Switzerland, Ecuador, 

Colombia, and New Zealand, together with relevant international standards, to assess the future 

direction of Indian animal welfare jurisprudence. 5 While judicial innovation has substantially 

 
1 INDIA CONST. art. 21; Maneka Gandhi v. Union of India, (1978) 1 S.C.C. 248 (India); Francis Coralie Mullin v. Administrator, Union Territory of Delhi, 

(1981) 1 S.C.C. 608 (India); Justice K.S. Puttaswamy (Retd.) v. Union of India, (2017) 10 S.C.C. 1 (India).  

2 Prevention of Cruelty to Animals Act, No. 59 of 1960, Acts of Parliament, 1960 (India). 

3 INDIA CONST. arts. 21, 48, 48A, 51A(g). 

4 Animal Welfare Board of India v. A. Nagaraja, (2014) 7 S.C.C. 547 (India); Karnail Singh v. State of Haryana, C.R.R. No. 533 of 2013 (Punjab & Haryana High 

Ct. May 31, 2019). 

5 Grundgesetz [GG] [Basic Law], art. 20a (Ger.); Bundesverfassung [BV] [Federal Constitution] Apr. 18, 1999, SR 101, art. 80 (Switz.); Constitución de la 

República del Ecuador arts. 71–74 (2008) (Ecuador); Sentencia T-622/16, Corte Constitucional [C.C.] [Constitutional Court], Nov. 10, 2016 (Colom.); Animal 

Welfare Act 1999 (N.Z.); World Organisation for Animal Health (WOAH), Terrestrial Animal Health Code (latest ed.). 
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strengthened animal protection, the study contends that enduring constitutional safeguards 

require legislative reform, effective institutional mechanisms, and a coherent constitutional 

framework. It concludes by proposing a Constitutional Animal Justice Doctrine, which offers a 

principled middle path by interpreting Article 21 not as granting independent fundamental rights 

to animals but as imposing constitutional obligations upon the State and society to protect animal 

welfare through dignity, compassion, ecological justice, and sustainable constitutional 

governance.6 

KEYWORDS 

Article 21; animal welfare; constitutional animal justice; animal dignity; constitutional 

personhood; ecocentric constitutionalism; directive principles of state policy; fundamental 

duties; comparative constitutional law; animal sentience. 

INTRODUCTION 

Constitutions have traditionally been framed to protect the liberty, dignity, and equality of human 

beings. Consequently, constitutional rights have long been understood as rights belonging 

exclusively to persons, while animals have generally been viewed as property or resources whose 

protection depended upon their usefulness to society rather than upon any independent legal or 

moral status.7Early animal welfare legislation therefore focused on regulating human conduct by 

prohibiting cruelty instead of recognising animals as subjects of constitutional concern.8 

In recent decades, however, this traditional understanding has been increasingly questioned. 

Scientific research in animal cognition and behavioural neuroscience has established that many 

animal species are sentient beings capable of experiencing pain, fear, pleasure, and complex 

social relationships.9 These developments have influenced constitutional and environmental 

thought across jurisdictions, encouraging courts and legislatures to reconsider whether animal 

welfare should be treated merely as a matter of legislative policy or as an essential constitutional 

value linked to ecological sustainability, biodiversity conservation, and responsible 

governance.10 

 
6 The Constitutional Animal Justice Doctrine proposed in this article conceptualises Article 21 as a source of constitutional obligations requiring the State and 

society to secure animal welfare through dignity, compassion, ecological justice, and sustainable governance, rather than as conferring independent fundamental 

rights upon animals. 

7   Gary L. Francione, Animals, Property, and the Law 1–25 (Temple Univ. Press 1995); Peter Singer, Animal Liberation 1–15 (HarperCollins rev. ed. 2009). 

8   Prevention of Cruelty to Animals Act, No. 59 of 1960, Acts of Parliament, 1960 (India). 

9  Marian Stamp Dawkins, Why Animals Matter: Animal Consciousness, Animal Welfare, and Human Well-Being 17–39 (Oxford Univ. Press 2012); Donald M. 

Broom, Sentience and Animal Welfare 1–20 (2d ed. 2014). 

10   United Nations Environment Programme, Making Peace with Nature 43–55 (2021). 
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This shift is reflected in the emergence of environmental constitutionalism. Constitutional 

reforms in Germany, Switzerland, Ecuador, and judicial developments in Colombia illustrate an 

evolving movement away from a purely anthropocentric model towards one that recognises 

broader ecological values and, in varying degrees, the intrinsic worth of non-human 

life.11Although these jurisdictions differ in constitutional design, they collectively demonstrate 

that environmental protection increasingly extends beyond safeguarding human interests alone. 

India occupies a distinctive place within this evolving constitutional discourse. While the 

Constitution does not expressly confer Fundamental Rights upon animals, it incorporates a 

normative framework that promotes environmental protection and compassion for living 

creatures. Articles 48 and 48A of the Directive Principles of State Policy, together with the 

Fundamental Duty contained in Article 51A(g), read alongside the Prevention of Cruelty to Animals 

Act, 1960 and the Wildlife (Protection) Act, 1972, establish animal welfare as an important 

constitutional commitment rather than merely a statutory objective.12 

The most significant constitutional development, however, has emerged through judicial 

interpretation of Article 21. Beginning with Maneka Gandhi v. Union of India, the Supreme Court 

expanded the meaning of the right to life far beyond protection against arbitrary deprivation of 

liberty, recognising dignity, environmental protection, and other substantive constitutional values 

as integral components of Article 21.13 This interpretative approach reached an important 

milestone in Animal Welfare Board of India v. A. Nagaraja, where the Court acknowledged animal 

sentience and constitutionalised animal welfare through a harmonious reading of Articles 21, 48, 

48A, and 51A(g).14 

Despite these developments, an important constitutional question remains unresolved. Since 

Article 21 expressly protects the life and liberty of a "person," the extent to which constitutional 

principles may legitimately extend protection to animals continues to generate doctrinal debate. 

Existing scholarship has largely examined statutory welfare, environmental jurisprudence, or 

individual judicial decisions in isolation. This article addresses that gap by arguing that Indian 

 
11 Grundgesetz [GG] [Basic Law], art. 20a (Ger.); Bundesverfassung [BV] [Federal Constitution] Apr. 18, 1999, SR 101, art. 80 (Switz.);   Constitución de la 

República del Ecuador arts. 71–74 (2008); Sentencia T-622/16, Corte Constitucional [C.C.] [Constitutional Court], Nov. 10, 2016 (Colom.). 

12    INDIA CONST. arts. 48, 48A, 51A(g); Wildlife (Protection) Act, No. 53 of 1972, Acts of Parliament, 1972 (India); Prevention of Cruelty to Animals Act, No. 

59 of 1960, Acts of Parliament, 1960 (India). 

13   Maneka Gandhi v. Union of India, (1978) 1 S.C.C. 248 (India); M.C. Mehta v. Union of India, (1987) 1 S.C.C. 395 (India); Justice K.S. Puttaswamy (Retd.) v. 

Union of India, (2017) 10 S.C.C. 1 (India). 

14 Animal Welfare Board of India v. A. Nagaraja, (2014) 7 S.C.C. 547 (India). 
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constitutional law is evolving towards a Constitutional Animal Justice Doctrine, under which 

Article 21 does not confer independent Fundamental Rights upon animals but imposes 

constitutional obligations upon the State and society to secure animal welfare through the 

principles of dignity, compassion, ecological justice, and sustainable constitutional governance. 

The present study seeks to answer the following research questions: 

1. Whether Article 21 of the Constitution of India has evolved through judicial interpretation 

to constitutionally encompass the protection of animal welfare, despite its human-centric 

text?  

2. How have the Supreme Court and High Courts harmonised Fundamental Rights, Directive 

Principles of State Policy, and Fundamental Duties to develop a constitutional framework 

for animal welfare in India?  

3. What constitutional principles have guided the judicial recognition of animal dignity, 

sentience, and welfare under Article 21?  

4. What doctrinal, constitutional, and practical challenges arise from the judicial expansion 

of Article 21 to protect animal welfare?  

5. What lessons can India draw from comparative constitutional jurisprudence and 

international legal frameworks to strengthen constitutional protection for animals? 

The present study aims to examine the constitutional, judicial and statutory framework relating to 

animal welfare in India. It seeks to examine the constitutional basis of animal welfare under 

Articles 21, 48, 48A and 51A(g) of the Constitution of India, with particular emphasis on the 

evolving interpretation of Article 21. The study further aims to analyse the judicial recognition of 

animal welfare, dignity and sentience through landmark decisions of the Supreme Court and High 

Courts and to critically evaluate the existing statutory framework governing animal protection and 

its effectiveness in preventing cruelty and exploitation. It also seeks to undertake a comparative 

analysis of the constitutional approaches adopted by selected foreign jurisdictions and relevant 

international legal instruments concerning animal welfare and animal rights. The study further 

intends to identify the constitutional, doctrinal and practical challenges involved in expanding the 

scope of Article 21 to encompass animal welfare and, based on emerging judicial trends and 

comparative constitutional developments, to propose appropriate constitutional and legislative 

reforms for strengthening the protection and welfare of animals in India. 
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Constitutional Framework Governing Animal Welfare  

The constitutional protection of animals in India reflects a distinctive legal framework. Unlike 

several modern constitutions that expressly recognise the interests of animals or nature, the 

Constitution of India does not confer Fundamental Rights upon animals or treat them as 

constitutional persons.15At first glance, this suggests that constitutional protection is confined 

to human beings. Yet a closer reading reveals that the Constitution contains a network of 

provisions which, when interpreted harmoniously, establish animal welfare as an important 

constitutional value. Rather than creating enforceable rights for animals, the Constitution places 

corresponding obligations upon the State and citizens to protect wildlife, preserve biodiversity, 

and promote compassion towards living creatures. Consequently, the constitutional status of 

animals in India has evolved through interpretation rather than constitutional amendment. 

The Directive Principles of State Policy occupy an important place in India's constitutional 

structure. While Article 37 declares that they are not enforceable in courts, it simultaneously 

recognises them as fundamental to the governance of the country and indispensable in shaping 

legislative and constitutional policy.16 

Article 48 requires the State to organise agriculture and animal husbandry on modern and 

scientific lines while preserving and improving cattle.17 Although historically associated with 

agricultural policy, contemporary constitutional interpretation recognises that scientific animal 

husbandry necessarily requires humane treatment and protection from unnecessary cruelty. The 

provision therefore contributes to the broader constitutional commitment to animal welfare. 

Article 48A, introduced by the Forty-Second Constitutional Amendment in 1976, broadened this 

commitment by directing the State to protect and improve the environment and safeguard forests 

and wildlife.18 It reflects India's constitutional acceptance of environmental protection as an 

essential public objective and provides an important normative basis for wildlife conservation and 

ecological governance. 

Among the constitutional provisions concerning animal welfare, Article 51A(g) occupies a 

distinctive position. It requires every citizen to protect and improve the natural environment, 

 
15 INDIA CONST. pt. III; INDIA CONST. art. 21. 

16 INDIA CONST. art. 37; Minerva Mills Ltd. v. Union of India, (1980) 3 S.C.C. 625 (India). 

17 INDIA CONST. art. 48. 

18 INDIA CONST. art. 48A; The Constitution (Forty-Second Amendment) Act, 1976. 
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including forests, lakes, rivers, and wildlife, and to have compassion for all living creatures.19 Few 

constitutions expressly incorporate compassion towards animals as a constitutional obligation. 

Although Fundamental Duties are generally non-justiciable, the Supreme Court has repeatedly 

relied upon Article 51A(g) to interpret environmental and animal welfare legislation. In Animal 

Welfare Board of India v. A. Nagaraja, the Court held that compassion for living creatures is not 

merely an ethical ideal but a constitutional value capable of guiding judicial interpretation and 

public policy.20 Read together with Articles 21, 48, and 48A, Article 51A(g) reinforces the 

constitutional vision that the protection of animal’s forms part of India's commitment to 

ecological justice, sustainable development, and responsible constitutional governance. 

Article 21 provides that no person shall be deprived of life or personal liberty except according to 

procedure established by law.21 Literally interpreted, the provision applies only to "persons," and 

neither the Constitution nor the General Clauses Act defines that expression to include animals. 

However, Indian constitutional jurisprudence has consistently favoured a purposive and dynamic 

interpretation of Article 21 over a narrow textual approach. 

Beginning with Maneka Gandhi v. Union of India, the Supreme Court transformed Article 21 into a 

source of substantive constitutional rights by recognising that the right to life encompasses 

dignity, health, livelihood, education, privacy, and a clean environment.22 Subsequent 

environmental decisions strengthened this approach by treating ecological balance and 

environmental protection as indispensable to the meaningful enjoyment of life.23 Although Article 

21 does not directly confer Fundamental Rights upon animals, its underlying constitutional 

values—human dignity, ecological sustainability, and compassion—have significantly influenced 

judicial reasoning in cases concerning animal welfare. Accordingly, Article 21 operates as an 

indirect constitutional foundation that informs the interpretation of other constitutional 

provisions relating to the protection of animals. 

Evolution of Article 21 Jurisprudence 

The evolution of Article 21 of the Constitution of India represents one of the most remarkable 

developments in modern constitutional jurisprudence. Although the provision was originally 

 
19 INDIA CONST. art. 51A(g). 

20 Animal Welfare Board of India v. A. Nagaraja, (2014) 7 S.C.C. 547. 

21 INDIA CONST. art. 21. 

22 Maneka Gandhi v. Union of India, (1978) 1 S.C.C. 248 (India); Francis Coralie Mullin v. Administrator, Union Territory of Delhi, (1981) 1 S.C.C. 608 (India); 

Justice K.S. Puttaswamy (Retd.) v. Union of India, (2017) 10 S.C.C. 1 (India). 

23 M.C. Mehta v. Union of India, (1987) 1 S.C.C. 395 (India); Virender Gaur v. State of Haryana, (1995) 2 S.C.C. 577 (India). 
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drafted as a safeguard against arbitrary deprivation of life and personal liberty, judicial 

interpretation has progressively transformed it into the constitutional foundation for a wide range 

of substantive rights. Over time, the Supreme Court has expanded the meaning of the expression 

"life" beyond mere physical existence to include dignity, health, livelihood, education, privacy, 

environmental quality, and other conditions necessary for meaningful human existence.24 This 

transformation did not result from constitutional amendment but from an interpretative approach 

that regards the Constitution as a living document capable of responding to changing social, 

scientific, and constitutional realities. 

The gradual expansion of Article 21 also altered the relationship between constitutional rights and 

environmental governance. Once the Court recognised that a dignified life depends upon 

ecological balance, environmental protection ceased to be viewed solely as an administrative or 

legislative concern. Instead, it became a constitutional imperative. This doctrinal shift eventually 

created the jurisprudential space within which questions relating to animal welfare could be 

addressed. The recognition of animals as sentient beings in later decisions was therefore not an 

isolated judicial innovation but the culmination of a broader constitutional evolution that 

progressively integrated human dignity, environmental protection, and ecological justice. 

The constitutional development of Article 21 may be understood through successive phases. 

Each phase reflects an expansion in the Court's understanding of the concept of life and 

demonstrates how constitutional interpretation gradually moved from a narrowly anthropocentric 

model towards a broader constitutional philosophy capable of accommodating ecological 

concerns. 

In the early decades after the Constitution came into force, Article 21 received a restrictive 

interpretation. The leading authority was A.K. Gopalan v. State of Madras, where the Supreme 

Court held that the expression "procedure established by law" required only the existence of a law 

validly enacted by the legislature before a person could be deprived of life or personal liberty.25 

The Court declined to examine whether the procedure prescribed by that law was fair, just, or 

reasonable. Fundamental Rights were treated as distinct guarantees operating independently of 

 
24 INDIA CONST. art. 21; Maneka Gandhi v. Union of India, (1978) 1 S.C.C. 248 (India); Francis Coralie Mullin v. Administrator, Union Territory of Delhi, 

(1981) 1 S.C.C. 608 (India); Justice K.S. Puttaswamy (Retd.) v. Union of India, (2017) 10 S.C.C. 1 (India). 

25 A.K. Gopalan v. State of Madras, A.I.R. 1950 S.C. 27 (India). 
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one another, and judicial review remained confined to determining whether the executive had 

acted within statutory authority. 

This approach reflected the constitutional philosophy of the newly independent Republic. Judicial 

restraint, legislative supremacy, and fidelity to constitutional text characterised constitutional 

adjudication during this period. Article 21 functioned primarily as a procedural safeguard against 

unlawful executive action rather than as a source of substantive constitutional values. 

Consequently, the judiciary showed little inclination to derive implied rights from the 

constitutional guarantee of life. 

From the perspective of animal welfare, this period is significant because constitutional law 

remained exclusively human-centred. Questions relating to animals were addressed almost 

entirely through ordinary legislation, including provisions of criminal law and later the Prevention 

of Cruelty to Animals Act, 1960.26 Constitutional adjudication did not consider environmental 

protection, biodiversity, or animal welfare as matters falling within the scope of Article 21. The 

Constitution was therefore understood as protecting human liberty rather than broader ecological 

interests. 

Although the reasoning in A.K. Gopalan was substantially modified by subsequent decisions, its 

historical importance cannot be overlooked. It represents the constitutional baseline from which 

Article 21 evolved. The later recognition of environmental rights, ecological justice, and ultimately 

animal welfare became possible only because the Court abandoned the narrow procedural 

formalism that characterised this initial phase. 

A retrospective examination of Gopalan demonstrates that constitutional interpretation is not 

static. Had the restrictive approach adopted in that decision continued to prevail, later 

developments recognising the rights to dignity, livelihood, privacy, education, and environmental 

protection would have been difficult to justify within the existing constitutional framework. The 

constitutionalisation of animal welfare therefore owes much to the judiciary's willingness to 

rethink the meaning of Article 21 beyond its literal text. 

The constitutional landscape changed fundamentally with the Supreme Court's landmark 

decision in Maneka Gandhi v. Union of India.27 Rejecting the formalistic reasoning adopted in A.K. 

Gopalan, the Court held that any law affecting life or personal liberty must satisfy the 

 
26 Prevention of Cruelty to Animals Act, No. 59 of 1960, Acts of Parliament, 1960 (India). 

27 Maneka Gandhi v. Union of India, (1978) 1 S.C.C. 248 (India). 
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constitutional requirements of fairness, reasonableness, and non-arbitrariness. Article 21 could 

no longer be interpreted in isolation; instead, it had to be read harmoniously with Articles 14 and 

19, thereby creating an integrated constitutional framework for the protection of individual liberty. 

The significance of Maneka Gandhi extends far beyond the facts concerning the impounding of a 

passport. The decision fundamentally altered the methodology of constitutional interpretation. 

The Court recognised that constitutional guarantees derive their meaning from the underlying 

values of justice, equality, and human dignity rather than from a purely literal reading of the 

constitutional text. In doing so, it embraced a purposive approach that enabled Article 21 to evolve 

alongside changing constitutional and societal needs. 

Equally important was the Court's recognition that constitutional rights are interdependent. 

Fairness under Article 14, freedoms guaranteed by Article 19, and protection of life under Article 

21 were treated as complementary constitutional principles rather than isolated provisions. This 

doctrine of harmonious construction later proved crucial in the field of environmental and animal 

welfare jurisprudence, where Article 21 was interpreted together with Articles 48, 48A, and 51A(g) 

to develop a broader constitutional framework for ecological protection. 

Although Maneka Gandhi dealt exclusively with human rights, its jurisprudential contribution was 

transformative. By recognising that constitutional provisions must be interpreted dynamically 

rather than mechanically, the Court created the doctrinal foundation upon which later expansions 

of Article 21 became possible. The recognition of environmental protection as an aspect of the 

right to life, followed by the constitutionalisation of animal welfare in Animal Welfare Board of India 

v. A. Nagaraja, can therefore be understood as logical extensions of the interpretative philosophy 

established in Maneka Gandhi rather than departures from it.  

Statutory Framework on Animal Welfare 

India’s statutory framework for animal welfare is spread across several enactments and 

subordinate legislations rather than being governed by a single comprehensive animal protection 

statute. The principal legislation remains the Prevention of Cruelty to Animals Act, 1960 (PCA Act), 

which establishes the basic legal duty to prevent unnecessary pain and suffering to animals. 

Section 3 imposes a general obligation upon every person having charge of an animal to take 

reasonable measures for its well-being, while section 11 identifies several forms of cruelty, 

including beating, overloading, confinement, abandonment and other acts causing unnecessary 
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suffering.28 However, the continuing weakness of the PCA Act lies in its outdated penalty structure, 

which does not adequately reflect contemporary understandings of animal suffering or act as a 

meaningful deterrent. The statutory framework therefore recognises animal welfare in principle 

but remains comparatively weak in enforcement. 

The Wild Life (Protection) Act, 1972 operates in a different but complementary sphere. Its principal 

objective is the conservation, protection and management of wildlife and ecological security.29 

The Act regulates hunting, protected areas, possession and trade in wildlife and wildlife articles, 

and establishes institutional mechanisms such as the National Board for Wildlife and the Central 

Zoo Authority. The 2022 amendment further reorganised the statutory framework relating to 

international wildlife trade and species protection.30 Thus, while the PCA Act primarily addresses 

cruelty to animals, the Wildlife Act is predominantly conservation-oriented. The distinction is 

important because animal welfare and wildlife conservation are related but not identical legal 

objectives. 

The Animal Birth Control Rules, 2023, notified under the PCA Act, replaced the earlier 2001 

framework and represent an important development in the regulation of community dogs.31 The 

Rules place responsibility upon local authorities for sterilisation and immunisation programmes 

and seek to combine population management with humane treatment.32 Their significance lies in 

moving away from indiscriminate elimination towards a regulated, veterinary-based approach. 

Nevertheless, implementation remains uneven because of inadequate infrastructure, veterinary 

capacity, funding and coordination between local authorities and animal welfare bodies. 

Animal welfare during transportation is regulated principally by the Transport of Animals Rules, 

1978, subsequently amended, which prescribe requirements relating to veterinary certification, 

fitness for transport, handling, space and transportation conditions.33 Similarly, the Performing 

Animals (Registration) Rules, 2001 regulate the use of animals in performances and require 

registration and compliance with prescribed welfare conditions.34 These subordinate legislations 

demonstrate that Indian law increasingly recognises that cruelty may occur not merely through 

 
28 Prevention of Cruelty to Animals Act, No. 59 of 1960, §§ 3, 11, India Code; see also Animal Welfare Board of India v. A. Nagaraja, (2014) 7 SCC 547 (India) 
(recognising the importance of animal welfare and the prevention of unnecessary suffering). 
29 Wild Life (Protection) Act, No. 53 of 1972, pmbl., India Code (2026), https://www.indiacode.nic.in/handle/123456789/1726 
30 Wild Life (Protection) Amendment Act, No. 18 of 2022 (India); see also Wild Life (Protection) Act, 1972, India Code. 
31 Animal Birth Control Rules, 2023, G.S.R. 193(E) (Mar. 10, 2023) (India). The Rules superseded the Animal Birth Control (Dogs) Rules, 2001. 
32 Id.; see also Animal Welfare Board of India, Rules, listing the Animal Birth Control Rules, 2023 and related animal-welfare regulations. 
33 Transport of Animals Rules, 1978, as amended, Ministry of Fisheries, Animal Husbandry & Dairying, Animal Welfare Board of India. 
34 Performing Animals (Registration) Rules, 2001, G.S.R. 267(E) (Mar. 26, 2001) (India). 
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intentional violence but also through neglect, inappropriate transportation, commercial 

exploitation and unsuitable working conditions. 

The present framework consequently requires systemic statutory reform. India would benefit from 

a modern comprehensive animal welfare legislation incorporating scientifically determined 

welfare standards, substantially enhanced penalties, recognition of sentience, stronger 

veterinary and inspection mechanisms, traceability in animal transport and commercial breeding, 

and clearer coordination between the PCA Act, wildlife legislation, municipal laws and food-

safety regulations. Such reform would help transform animal welfare from a largely fragmented 

regulatory obligation into an effective and enforceable component of Indian public law. 

Judicial Recognition of Animal Welfare Under Article 21  

Indian courts have gradually transformed animal welfare from a predominantly statutory concern 

into a constitutional and jurisprudential issue. Although Article 21 expressly protects “persons,” 

its interpretation alongside Articles 48A and 51A(g), together with the Prevention of Cruelty to 

Animals Act, 1960 (PCA Act), has enabled courts to recognise animal sentience, welfare and 

dignity as significant constitutional values. 

A landmark decision is Animal Welfare Board of India v. A. Nagaraja, where the Supreme Court 

recognised animals as sentient beings capable of experiencing pain and suffering. The Court held 

that animal welfare extends beyond preventing physical cruelty and emphasised the human 

obligation to protect animals from unnecessary suffering.35 The judgment represents a significant 

movement from an anthropocentric approach towards recognition of the intrinsic value and 

dignity of animals. 

Earlier, State of Gujarat v. Mirzapur Moti Kureshi Kassab Jamat demonstrated how Directive 

Principles and Fundamental Duties can influence constitutional interpretation. While examining 

restrictions on cattle slaughter, the Supreme Court relied upon Articles 48 and 51A(g), recognising 

constitutional concern for animal protection and environmental values.36Similarly, Centre for 

Environment Law, WWF-India v. Union of India adopted an eco-centric approach, emphasising 

that wildlife possesses value within ecological systems and should not be viewed merely through 

human interests.37 

 
35  Animal Welfare Board of India v. A. Nagaraja, (2014) 7 SCC 547, 567–72 (India).  
36 State of Gujarat v. Mirzapur Moti Kureshi Kassab Jamat, (2005) 8 SCC 534, 576–83 (India).  
37 Centre for Env't L. WWF-India v. Union of India, (2013) 8 SCC 234, 250–57 (India). 

https://www.ijitmr.com/
mailto:editor@ijitmr.com


  
 

International Journal of Innovative Trends  
in Multidisciplinary Research (IJITMR)  

 

A Peer-Reviewed, Referred, Indexed Multidisciplinary Open-Access Research Journal 
 
 

180  
 

   E-ISSN:3049-3846 

Website: https://www.ijitmr.com/ Email: editor@ijitmr.com  July, 2026 

In N.R. Nair v. Union of India, the Supreme Court upheld restrictions on the training and exhibition 

of specified animals in circuses. 38 the decision illustrates judicial recognition that commercial 

entertainment cannot justify conditions causing suffering to sentient animals. This principle has 

subsequently informed litigation concerning captive and performing animals. 

The protection of individual captive animals is particularly evident in the litigation concerning 

Sunder, a temple elephant. The Bombay High Court ordered his relocation after considering 

evidence relating to prolonged confinement, chaining and inadequate welfare conditions.39 

Similar concerns arose in the case of Mahadevi (Madhuri), a captive temple elephant, where the 

Bombay High Court directed rehabilitation and the Supreme Court subsequently upheld her 

relocation.40 These cases demonstrate that religious or cultural association does not 

automatically override animal-welfare considerations. 

Public-interest organisations, including People for the Ethical Treatment of Animals (PETA) India, 

have played an important role in bringing such matters before constitutional courts, particularly 

concerning captive elephants, performing animals and other forms of exploitation.41 This 

illustrates the significance of PIL in giving judicial visibility to interests that animal cannot 

themselves assert. 

The jurisprudence concerning stray animals presents a more complex constitutional balance. In 

re “City Hounded by Strays, Kids Pay Price”, the Supreme Court addressed stray-dog 

management, dog-bite incidents, public health and implementation of the Animal Birth Control 

Rules, 2023.42 The proceedings demonstrate that animal welfare must be reconciled with human 

safety and Article 21 interests. 

Animal Welfare, Dignity and the Concept of Constitutional Personhood 

The constitutional protection of animals raises one of the most challenging questions in 

contemporary constitutional jurisprudence: can a constitution framed primarily to safeguard 

human rights legitimately extend constitutional protection to non-human animals without 

recognising them as constitutional persons?43 This question lies at the intersection of 

constitutional law, jurisprudence, ethics, and comparative constitutional theory. While the 

 
38 N.R. Nair v. Union of India, (2001) 6 SCC 84, 89–92 (India). 
39 Dr. Manilal Valliyate v. State of Maharashtra, 2014 (3) Mh. L.J. 209 (Bom.). 
40 See In re Mahadevi (Madhuri), Elephant Welfare Proceedings, Bombay High Court (2025), aff’d, Supreme Court of India (2025). 
41 See generally PETA India, materials concerning Sunder and Mahadevi elephant welfare litigation. 
42 In re “City Hounded by Strays, Kids Pay Price”, 2026 INSC 506 (India). 

43 INDIA CONST. arts. 21, 48, 48A, 51A(g). 

https://www.ijitmr.com/
mailto:editor@ijitmr.com


  
 

International Journal of Innovative Trends  
in Multidisciplinary Research (IJITMR)  

 

A Peer-Reviewed, Referred, Indexed Multidisciplinary Open-Access Research Journal 
 
 

181  
 

   E-ISSN:3049-3846 

Website: https://www.ijitmr.com/ Email: editor@ijitmr.com  July, 2026 

previous research demonstrated that Indian courts have progressively strengthened animal 

welfare through a harmonious interpretation of Articles 21, 48, 48A, and 51A(g) of the 

Constitution, the present research examines the conceptual foundations that support this judicial 

evolution. 

For much of legal history, animals were viewed principally as property or economic resources. 

Their protection was therefore justified not because they possessed independent legal interests, 

but because cruelty offended public morality or adversely affected human welfare.44 This 

traditional anthropocentric approach reflected the assumption that only human beings could be 

bearers of legal and constitutional rights. Recent developments in science, philosophy, and 

constitutional law, however, have challenged that assumption. Advances in animal cognition and 

behavioural science have established that many animal species are sentient beings capable of 

experiencing pain, fear, pleasure, and emotional attachment.45 These developments have 

prompted courts and legislatures across several jurisdictions to reconsider the legal status of 

animals and the constitutional principles governing their protection. 

International Legal Framework 

Animal protection has become an important international concern beyond domestic law. 

International treaties, declarations, and standards increasingly recognise that animal welfare is 

closely linked to biodiversity conservation, environmental sustainability, public health, and 

sustainable development. Although no universally binding convention exclusively governs animal 

welfare, an emerging global consensus supports humane treatment and stronger legal protection 

for animals.46 

These international developments are particularly relevant to Indian constitutional jurisprudence. 

The Supreme Court of India has consistently held that international conventions and norms may 

be relied upon as interpretative aids where domestic law is silent or ambiguous, provided they are 

consistent with the Constitution and existing legislation.47 International environmental and 

animal welfare principles have increasingly guided the interpretation of Articles 21, 48A, and 

 
44 Gary L. Francione, Animals, Property, and the Law 1–28 (Temple Univ. Press 1995). 

45 Donald M. Broom, Sentience and Animal Welfare 1–24 (2d ed. 2014); Marian Stamp Dawkins, Why Animals Matter: Animal Consciousness, Animal Welfare, 

and Human Well-Being 17–40 (Oxford Univ. Press 2012). 

46 Convention on Biological Diversity, June 5, 1992, 1760 U.N.T.S. 79; Convention on International Trade in Endangered Species of Wild Fauna and Flora, Mar. 

3, 1973, 993 U.N.T.S. 243; World Organisation for Animal Health (WOAH), Terrestrial Animal Health Code (latest ed.). 

47 Vishaka v. State of Rajasthan, (1997) 6 S.C.C. 241 (India); Animal Welfare Board of India v. A. Nagaraja, (2014) 7 S.C.C. 547 (India). 
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51A(g) of the Constitution. While they do not create enforceable rights for animals, they reinforce 

constitutional values of dignity, compassion, ecological balance, and responsible governance. 

This research examines key international instruments influencing India's animal welfare 

jurisprudence, including the CBD, CITES, the proposed UDAW, WOAH standards, and the One 

Health framework. It analyses their constitutional relevance and demonstrates how Indian courts 

have used these instruments as persuasive interpretative tools to strengthen the interpretation of 

Article 21 and related constitutional provisions in line with evolving global standards of animal 

welfare and environmental protection. 

 Emerging Judicial Trends in India 

Indian animal-welfare jurisprudence has gradually moved beyond the traditional understanding 

of animals as objects of human ownership and protection. The judiciary has increasingly 

recognised that animals possess an intrinsic value independent of their usefulness to human 

beings.  A significant turning point was Animal Welfare Board of India v. A. Nagaraja, where the 

Supreme Court emphasised the statutory and constitutional obligations of human beings towards 

animals and treated animal welfare as an issue involving more than mere prevention of physical 

cruelty.48 The judgment represented an important movement from an exclusively anthropocentric 

approach towards a more eco-centric and compassion-based constitutional jurisprudence. 

The emergence of eco-centric jurisprudence is particularly visible in environmental cases 

concerning wildlife and biodiversity. In Centre for Environmental Law, WWF-India v. Union of India, 

the Supreme Court stressed the need for an ecological approach in which human beings are 

regarded as part of nature rather than as its absolute masters.49 This approach has significance 

for animal welfare because the survival and welfare of individual animals cannot always be 

separated from the health of their habitats, ecosystems and species. The judiciary has therefore 

increasingly connected animal protection with biodiversity conservation, ecological balance and 

inter-generational equity. 

Human–animal conflict has consequently become an important constitutional and 

environmental issue. Encroachment into forests, habitat fragmentation, climate change and 

biodiversity loss intensify encounters between humans and wildlife. Judicial responses 

 
48 Animal Welfare Board of India v. A. Nagaraja, (2014) 7 SCC 547, 567–70 (India) (recognising animals as sentient beings and emphasising the duty to prevent 

unnecessary pain and suffering). The judgment is foundational to the contemporary Indian discourse on animal welfare and intrinsic animal interests. 
49 Centre for Environmental Law, WWF-India v. Union of India, (2013) 8 SCC 234, 254–57 (India) (emphasising an eco-centric approach to wildlife conservation 

and recognising the importance of protecting species and ecological systems) 
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increasingly reflect the precautionary principle, public trust doctrine and ecological balance, 

recognising that long-term animal protection requires protection of habitats as well as individual 

animals.50 

Thus, Indian judicial trends reveal a gradual transition from cruelty prevention to welfare, dignity, 

ecological interdependence and coexistence. Nevertheless, judicial innovation cannot substitute 

for comprehensive legislation. The continuing dependence on PILs, Article 142 directions and 

administrative monitoring demonstrates the need for a coherent statutory framework capable of 

institutionalising these constitutional and judicial principles. 

 Challenges in Expanding Article 21  

Indian animal welfare jurisprudence stands at a constitutional crossroads. Judicial decisions 

have increasingly recognised compassion, dignity, ecological balance, and animal sentience as 

constitutional values. However, legislatures, courts, and administrative authorities continue to 

balance these principles against cultural practices, economic development, wildlife 

conservation, and environmental sustainability. The future of animal welfare law therefore 

depends on harmonising expanding constitutional protections with competing constitutional 

interests. 

The Constitution Bench decision in Animal Welfare Board of India v. Union of India (2023) 

represents an important stage in the evolution of Indian animal welfare jurisprudence. Unlike the 

earlier judgment in Animal Welfare Board of India v. A. Nagaraja, which primarily focused on 

preventing unnecessary pain and suffering to animals, the Constitution Bench adopted a broader 

constitutional approach by examining animal welfare alongside legislative competence, cultural 

practices, and statutory regulation.51 

The judgment illustrates a shift in constitutional reasoning from an exclusive focus on animal 

protection towards balancing competing constitutional values. Rather than treating animal 

welfare and cultural traditions as mutually incompatible, the Court examined whether legislative 

measures regulating Jallikattu, Kambala, and bullock-cart races adequately safeguarded animal 

welfare while respecting democratically enacted laws. In doing so, the Court reaffirmed that 

 
50 See Vellore Citizens' Welfare Forum v. Union of India, (1996) 5 SCC 647, 658–59 (India) (recognising the precautionary principle, polluter-pays principle and 

sustainable development as part of Indian environmental law); Animal Welfare Board of India v. A. Nagaraja, (2014) 7 SCC 547. 

51 Animal Welfare Board of India v. Union of India, (2023) (Constitution Bench) (India); Animal Welfare Board of India v. A. Nagaraja, (2014) 7 S.C.C. 547 

(India). 
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constitutional adjudication often requires reconciliation between competing public interests 

instead of giving absolute preference to a single constitutional value. 52 

From a constitutional perspective, the decision highlights the increasing use of proportionality 

and structured balancing in Indian constitutional jurisprudence. Animal welfare continues to 

occupy an important constitutional position, but its protection is evaluated alongside other 

constitutional considerations, including legislative policy, federal competence, and social 

realities. This approach reflects the Court's recognition that constitutional governance involves 

harmonising competing interests within the broader constitutional framework rather than 

resolving disputes through rigid or absolute rules. 

The 2023 decision also clarifies that the constitutionalisation of animal welfare does not 

necessarily require treating animals as independent holders of Fundamental Rights. Instead, the 

Court reinforced the obligation of the State to regulate activities affecting animals through 

appropriate legislation and effective safeguards. Read together with A. Nagaraja, the judgment 

demonstrates that Indian constitutional jurisprudence continues to strengthen animal welfare 

while preserving the constitutional balance between individual rights, legislative authority, and 

broader public interests. 

 Need for Constitutional and Legislative Reforms 

The constitutional protection of animals in India has developed primarily through judicial 

interpretation rather than through explicit constitutional recognition. Although Articles 48, 48A, 

and 51A(g) collectively reflect the Constitution's commitment to animal welfare, environmental 

protection, and compassion towards living creatures, these provisions operate indirectly and 

derive much of their practical force from judicial interpretation.53 As a result, the constitutional 

status of animal welfare continues to depend upon evolving jurisprudence rather than a clearly 

articulated constitutional mandate. 

This position differs from jurisdictions such as Germany, where Article 20a of the Basic Law 

expressly places responsibility upon the State to protect animals as part of its constitutional 

obligations.54 The German model demonstrates that constitutional recognition of animal welfare 

need not require the conferral of constitutional personhood or fundamental rights upon animals. 

 
52 Modern Dental College & Research Centre v. State of Madhya Pradesh, (2016) 7 S.C.C. 353 (India) (discussing proportionality in constitutional adjudication). 

53 INDIA CONST. arts. 48, 48A, 51A(g); Animal Welfare Board of India v. A. Nagaraja, (2014) 7 S.C.C. 547 (India). 

54 Grundgesetz [GG] [Basic Law], art. 20a (Ger.). 
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Instead, it provides constitutional legitimacy for legislative action and administrative regulation 

while preserving the traditional structure of fundamental rights. 

In the Indian context, a more coherent constitutional approach would be to strengthen the 

constitutional obligations of the State rather than extending Article 21 to recognise animals as 

direct holders of Fundamental Rights. Such reform could be achieved by clarifying the scope of 

Article 48A or by introducing an express constitutional provision affirming the State's 

responsibility to safeguard the welfare of sentient animals within the broader framework of 

environmental protection and sustainable development. This approach would reinforce existing 

constitutional values without disturbing the human rights orientation of Part III. 

An obligation-based constitutional model also offers important doctrinal advantages. It preserves 

the distinction between constitutional rights and constitutional duties, avoids the complex 

questions associated with constitutional personhood and legal standing, and provides a more 

stable foundation for future legislation and public policy. Explicit constitutional recognition would 

also reduce the present dependence upon judicial interpretation by providing clearer guidance to 

legislatures, administrative authorities, and courts. In this manner, constitutional reform would 

not replace the jurisprudence developed under Article 21 but would strengthen its institutional 

foundation and ensure greater certainty in the protection of animal welfare. 

CONCLUSION  

The present study examined whether Article 21 of the Constitution of India has evolved to provide 

a constitutional foundation for animal welfare despite its textual reference to the protection of 

"persons." Through a doctrinal analysis of constitutional provisions, judicial decisions, statutory 

enactments, comparative constitutional developments, and relevant international legal 

standards, the research demonstrates that Indian constitutional jurisprudence has undergone a 

significant transformation in its understanding of animal welfare. Although the Constitution does 

not expressly confer Fundamental Rights upon animals, judicial interpretation has progressively 

integrated the principles of dignity, compassion, environmental protection, and ecological justice 

into the constitutional framework governing the treatment of non-human life.55 

The study establishes that the constitutional evolution of animal welfare is closely linked to the 

progressive expansion of Article 21. Judicial interpretation has transformed Article 21 from a 

 
55 INDIA CONST. arts. 21, 48, 48A, 51A(g); Animal Welfare Board of India v. A. Nagaraja, (2014) 7 S.C.C. 547 (India). 
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narrow procedural safeguard, as originally understood in A.K. Gopalan v. State of Madras, into a 

dynamic constitutional guarantee encompassing dignity, health, livelihood, environmental 

protection, and ecological sustainability. Landmark decisions beginning with Maneka Gandhi v. 

Union of India and continuing through environmental jurisprudence laid the constitutional 

foundation upon which later animal welfare decisions were built. Consequently, the recognition 

of animal welfare in Animal Welfare Board of India v. A. Nagaraja should not be viewed as an 

isolated judicial innovation but as the logical culmination of a long process of constitutional 

development.56 

A significant finding of this research is that Indian constitutional law has adopted an obligation-

centred rather than a rights-centred model of animal protection. The Supreme Court has not 

interpreted Article 21 as conferring Fundamental Rights directly upon animals, nor has it 

recognised them as constitutional persons. Instead, constitutional protection has emerged 

through the combined operation of Article 21, the Directive Principles of State Policy under 

Articles 48 and 48A, and the Fundamental Duty contained in Article 51A(g). Read harmoniously, 

these provisions impose corresponding obligations upon the State, public authorities, and 

citizens to ensure humane treatment of animals, conserve biodiversity, and promote ecological 

balance. This distinctive constitutional model preserves the textual integrity of Part III while 

simultaneously expanding the constitutional responsibility of governance. 

The principal contribution of this study lies in demonstrating that the constitutional future of 

animal welfare in India is best understood as an evolving framework of constitutional 

responsibility rather than an extension of Fundamental Rights to animals. It proposes that 

constitutional compassion, ecological sustainability, scientific understanding of animal 

sentience, institutional accountability, and harmonious constitutional interpretation together 

provide the normative foundation for future legal development. Viewed in this manner, Article 21 

has not been transformed into a source of direct constitutional rights for animals; instead, it has 

evolved into a constitutional principle that guides the State and society in fulfilling their 

obligations towards all forms of sentient life within the broader framework of environmental 

justice and sustainable constitutional governance. 

 
56 A.K. Gopalan v. State of Madras, A.I.R. 1950 S.C. 27 (India); Maneka Gandhi v. Union of India, (1978) 1 S.C.C. 248 (India); Francis Coralie Mullin v. 

Administrator, Union Territory of Delhi, (1981) 1 S.C.C. 608 (India); M.C. Mehta v. Union of India, (1987) 1 S.C.C. 395 (India); Animal Welfare Board of India v. 

A. Nagaraja, (2014) 7 S.C.C. 547 (India). 
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ABSTRACT 

Crystalline cobalt ferrite (CoFe₂O₄) nanoparticles were synthesized by the sol–gel auto-

combustion method using an aqueous solution containing stoichiometric metal nitrates and citric 

acid as a fuel agent. The synthesized material was subjected to calcination and systematically 

characterized using X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), UV–

visible spectroscopy, DC electrical resistivity, and dielectric measurements. XRD analysis 

confirmed the formation of a single-phase cubic spinel structure of CoFe₂O₄ with the *Fd3̅m* 

space group. The FTIR spectrum exhibited characteristic metal–oxygen vibrational bands, 

confirming the formation of the spinel ferrite structure. The optical band-gap energy (*E*g) was 

estimated from the UV–visible absorption data and was found to be approximately 2.054 eV, 

indicating the semiconducting nature of CoFe₂O₄. The temperature-dependent DC electrical 

measurements further confirmed the semiconducting behavior of the synthesized nanoparticles. 

The dielectric parameters were investigated as a function of frequency in the range of 1–10 MHz at 

300 K. The obtained structural, optical, electrical, and dielectric properties demonstrate the 

potential of CoFe₂O₄ nanoparticles for electronic, dielectric, and magnetic applications. 

KEYWORDS 

Synthesis; Sol-gel auto-combustion; XRD; UV-Vis and DCR  

INTRODUCTION 

Magnetic nanoparticles (MNPs) have attracted a great deal of attention due to their promising 

applications in biomedicine, as catalysts and in magnetic data storage. To use MNPs for the 

mentioned applications, the ability to control the particles’ morphology, mono disparity, and 

chemical composition is critically important since their physical and chemical properties highly 

depend on these parameters. the spinel ferrite structure with the formula of MFe2O4 (M = Co, Ni, 
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Zn, or other metals) can be described as a cubic, closely packed arrangement of oxygen atoms, 

and M2+ and Fe3+ ions can occupy either tetrahedral (A) or octahedral (B) sites [1]. Spinel ferrite 

nanoparticles have attracted much attention because of their electronic, magnetic, and catalytic 

properties, all of which are different from those of their bulk counterparts. Among spinel ferrites, 

cobalt ferrite (CoFe2O4) has an inverse spinel structure in which, in the ideal state, all Co2+ ions are 

in B sites, and Fe3+ ions are equally distributed between A and B sites. Various methods of 

synthesizing spinel cobalt ferrite nanoparticles have been reported, such as ball milling [2], a 

ceramic method by firing [2], co precipitation [2–3], reverse micelles [4], hydrothermal methods 

[5]. Among many magnetic oxides, cobalt ferrite CoFe2O4 has drawn a lot of attention because of 

its high magnetic anisotropy (1.8 – 3 × 105 J m−3 at 300 K) which is advantageous in applications for 

high density magnetic recording media [5]. This study aimed at preparation of CoFe2O4 

nanoparticles by used sol-gel auto combustion technique. The present studied of structural, 

optical and magnetic properties of the CoFe2O4 nanoparticles. 

EXPERIMENTAL 

2.1 Preparation of CoFe2O4 

CoFe₂O₄ nanoparticles were synthesized by the sol–gel auto-combustion method using citric acid 

as a fuel agent. The stoichiometric ratio of the metal nitrates to citric acid was maintained at 1:3. 

The required metal nitrate precursors were dissolved separately in distilled water and stirred 

continuously for 15–20 min to obtain clear solutions. The resulting solutions were then mixed and 

stirred thoroughly to obtain a homogeneous precursor solution.  Ammonia solution was added 

dropwise to the mixed solution to adjust the pH to approximately 7. The resulting solution was 

continuously stirred and heated at 90 °C using a magnetic stirrer. Upon further heating, the 

solution transformed into a viscous gel. The temperature was subsequently increased to 

approximately 120 °C, initiating the auto-combustion of the gel and producing a loose, 

voluminous powder. The as-combusted powder was carefully ground using an agate mortar and 

pestle to obtain a fine CoFe₂O₄ powder. The resulting powder was then heated at 600 °C for 4 h to 

remove associated moisture and obtain the final ferrite material. 

2.2 Characterization 

The crystal structure of the synthesized CoFe₂O₄ nanoparticles was investigated by powder X-ray 

diffraction (XRD) using a Shimadzu XRD-6000 diffractometer with Cu-Kα radiation (λ = 0.154 nm). 
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The optical properties were investigated using a PerkinElmer Lambda 950 UV–visible 

spectrophotometer over the wavelength range of 200–800 nm. The magnetic properties of the 

synthesized CoFe₂O₄ nanoparticles were evaluated at room temperature using a Lake Shore 4700 

vibrating sample magnetometer (VSM). 

RESULTS AND DISCUSSION 

3.1 Structural  

The X-ray diffraction technique was used to characterize the prepared CoFe2O4 Fig. 3.1 represents 

the X-ray diffraction (XRD) pattern recorded at room temperature for CoFe2O4 The XRD pattern 

shows well defined reflections belonging to cubic spinel structure. All the reflection peaks in the 

XRD pattern were indexed by using Bragg’s law. The presence of planes (220), (311), (222), (400), 

(422), (511) and (440) in the XRD pattern reveals the cubic spinel structure of the sample. It is also 

evident that all the reflection peaks are intense and sharp [6-7]. No impurity peaks were observed 

thus the sample is single phase in nature. The obtained value of the particle size is presented in 

table 3.1. 

 

Table 3.1: The values of lattice constant (a), unit cell volume (V), X-ray density (ρ) and particle size 

(t) for CoFe2O4 nano-particles. 

 

Parameter Value 

 

Lattice 

constant (a) 

8.385Ǻ 

 

Unit cell 

volume (V) 

589.36Ǻ3 

 

Particle Size 

(t) 

25nm 

 

X-ray density 

(dx) 

3.724 

gm/cm 
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Fig 3.1: XRD pattern of CoFe2O4 nanoparticle. 

3.2. FTIR Studies 

The FTIR spectra of the produced spinel ferrites are displayed in Fig. 3.2. The FTIR spectra 

demonstrate dual chief absorption bands ν1 and ν2 those are shifting to the lower wavenumber 

direction. The first absorption band appears in the vicinity of 380–410 cm−1 and second absorption 

in the scope of 520–580 cm−1. The appearance of two major bands corresponds to the vibrational 

modes of the entire spinel compounds, approving the construction of the metal oxides. As 

displayed in Fig. 3.2 the bands at 372.12 cm−1 and 544.26 cm−1 represent. The vibrations of 

octahedral metal–oxygen-stretching Fe–O bonds and the peaks at 544.26 cm−1 and 372.12 cm−1 

represent the vibrations of tetrahedral metal–oxygen (-M–O), stretching Co–O bonds. 
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Fig 3.2: FTIR spectra for CoFe2O4 nanoparticle. 

3.3. Optical Properties 

The optical characterization of CoFe2O4 nanoparticles was carried out using a UV-visible 

spectrophotometer in the wavelength range of 400 to 800 nm is shown in Fig.3.3. It can be seen 

that the optical absorption spectrum is a significant method to attain optical energy band gap of 

crystalline and amorphous materials. The vital absorption, which corresponds to the electron 

excitation from the valance band to the conduction band, is used to verify the character and value 

of the optical band gap energy [8-9]. The optical band gap (Eg) for all the compositions were 

estimated from the absorption coefficient () using the Tauc relation.  The values of band gap 

energy (Eg) of the samples are determined by a linear extrapolation of the plot of (hν)2  against 

(hν) to the energy axis as shown in Fig 3.4. The analysis of the absorption coefficient in the 

fundamental absorption edge indicates that all the ferrite samples are characterized by direct 

band-to-band electronic transition appearing in the photon energy range 2.054 eV [10-12]. 
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Fig.3.3. Absorbance spectra of CoFe2O4.                                   Fig.3.4. Band gap of CoFe2O4  

3.4. Electrical Properties  

The variance in the DCR v/s temperature (323K – 723K) for sample has appeared in Fig. 3.3. As the 

reflects that the resistivity liberally diminishes with increment in temperature because of the 

hopping of electrons, which shows the semiconductor nature. Verwey and Boer's system can 

clarify the conduction procedure in Cobalt ferrite samples. In the current investigation, the plot of 

log v/s 1000T-1 shows the change in slope, which makes two straight lines or areas to be a 

specific ferromagnetic locale [11-15]. The variation in resistivity as a function of temperature 

obeys Arrhenius relation. Using DCR plots, the activation energy E for each sample in the ferri-

magnetic and para-magnetic locale was determined. ‘Activation energy E’ estimations of the 

samples under scrutiny are observed to in a set of 0.42 eV.  

 

 

Fig 3.5: DC resistivity of CoFe2O4 nanoparticle. 

3.5. Dielectric properties. 

Fig. 3.6 (a) and (b) presents the frequency dependence of dielectric constant (ε′) and dielectric 

loss (tanδ) for different CoF2O4 samples sintered from 400°C for 5 h in the frequency range from 

20 Hz to 2 MHz at room temperature. The ε′ decreases with increasing frequency and the 

decreasing trend becomes slow in higher frequency region, showing frequency dispersion at low 

frequency range. This behavior is normal for the polar dielectric materials [28]. The decrease in ε′ 

can be explained by Maxwell-Wagner type and it is consistent with Koop’s theory of dielectrics [4, 
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28, 29]. According to the Koop’s theory of dielectrics, the dielectric structure is composed of 

conducting grains and insulating grain boundaries [28-29]. The grain boundaries are formed due 

to the oxidation of crystallines or superficial reduction during sintering process in porous ferrite 

materials. When the dielectric material is placed over the alternating field, owing to the hopping 

of electrons inside ferrites, electrons arrive at the grain boundaries, accumulating at the grain 

boundaries due to high grain boundary resistance. This process is called as space charge 

polarization [30-33]. At lower frequencies, the effect of grain boundaries dominates over grains 

and the space charge polarization occupies major status. Thus, the ε′ is high. However, at higher 

frequencies, owing to the weakly space charge polarization and electrons cannot follow the 

changes of the applied field, the ε′ decreases and then becomes a constant value beyond a 

certain frequency limit. Fig.3 (b) shows that there is a relaxation in tanδ for all the CFO samples at 

low frequency region [34-36]. 

 

Fig. 3.6 (a). Dielectric constant with frequency at room temperature of CoFe2O4. 
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Fig. 3.6 (b). Dielectric loss with frequency at room temperature of CoFe2O 

 

Fig. 3.6 (c). Tan (δ) with frequency at room temperature of CoFe2O. 

CONCLUSION 

In the present study, CoFe2O4 nanoparticle was effectively synthesis consuming the sol-gel auto 

combustion technique. The XRD analysis approved the construction of monophasic cubic spinel 

structure with crystallite sizes ranging in between 20 nm. The optical band gap energy can be 

obtained by 2.054 eV which could be understood on the basis of reducing the crystalline defects 

and crystallite size effect. FTIR spectra showed major transmission band in the range of 370.12 

cm−1 and 540.26 cm−1 characterizing cubic structure of prepared nanoparticles. 
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ABSTRACT 

Work-life balance has become a critical factor influencing employee productivity and 

organizational effectiveness in today's competitive industrial environment. Employees working in 

industrial areas often experience long working hours, high job demands, shift schedules, and 

work-related stress, which can affect both their personal lives and workplace performance. 

Achieving an appropriate balance between professional and personal responsibilities is essential 

for improving employee well-being, job satisfaction, motivation, and overall productivity. The 

Chakan Industrial Area of Pune District is one of Maharashtra's leading industrial hubs, employing 

a large workforce across automobile, manufacturing, logistics, banking, healthcare, education, 

and service sectors. This study aims to examine the relationship between work-life balance and 

employee productivity among employees working in the Chakan Industrial Area. A descriptive 

research design has been adopted for the study. Primary data will be collected from 250 

employees using a structured questionnaire, while secondary data will be obtained from books, 

research journals, government reports, and published articles. Convenience sampling will be 

used for selecting respondents. The collected data will be analysed using descriptive and 

inferential statistical tools, including percentage analysis, mean, standard deviation, Pearson 

correlation, Chi-square test, and multiple regression analysis. The study is expected to reveal a 

significant positive relationship between work-life balance and employee productivity. It is 

anticipated that organizational support, flexible working arrangements, manageable workloads, 

and employee-friendly policies will contribute positively to productivity, whereas excessive work 

pressure and poor work-life balance may reduce employee performance. The findings of the study 

will provide valuable insights for organizations in developing effective human resource policies 

that promote employee well-being and enhance organizational productivity. 

https://www.ijitmr.com/
mailto:editor@ijitmr.com
mailto:pallavipawar926@gmail.com


  
 

International Journal of Innovative Trends  
in Multidisciplinary Research (IJITMR)  

 

A Peer-Reviewed, Referred, Indexed Multidisciplinary Open-Access Research Journal 
 
 

198  
 

   E-ISSN:3049-3846 

Website: https://www.ijitmr.com/ Email: editor@ijitmr.com  July, 2026 

KEYWORDS 

Work-Life Balance, Employee Productivity, Chakan Industrial Area, Pune District, Human 

Resource Management, Organizational Performance. 

INTRODUCTION 

Work-life balance (WLB) has become one of the most important aspects of human resource 

management in today's dynamic and competitive business environment. Organizations expect 

employees to achieve higher levels of efficiency, productivity, and innovation, while employees 

are simultaneously required to fulfil their personal, family, and social responsibilities. Maintaining 

an effective balance between professional and personal life has therefore become essential for 

ensuring employee well-being, job satisfaction, organizational commitment, and long-term 

organizational success. 

Work-life balance refers to an individual's ability to effectively manage work responsibilities 

alongside personal and family commitments. It does not necessarily mean allocating equal time 

to work and personal life; rather, it emphasizes achieving a healthy and sustainable balance 

between the two. Employees who experience a satisfactory work-life balance are more likely to be 

motivated, committed, physically healthy, mentally stable, and satisfied with their jobs. 

Conversely, poor work-life balance may lead to stress, burnout, absenteeism, reduced morale, 

lower productivity, and higher employee turnover. 

Employee productivity is one of the most critical determinants of organizational performance and 

competitiveness. It reflects the efficiency and effectiveness with which employees utilize their 

knowledge, skills, abilities, and available resources to accomplish organizational objectives. 

Highly productive employees contribute to improved product quality, customer satisfaction, 

operational efficiency, profitability, and sustainable organizational growth. Consequently, 

organizations increasingly recognize that employee productivity is influenced not only by 

employees' technical competencies but also by their psychological, emotional, and social well-

being. 

The modern workplace has undergone significant transformation due to rapid industrialization, 

globalization, technological advancements, digital communication, and increasing market 

competition. Employees are often expected to meet tight deadlines, achieve demanding 

performance targets, adapt to technological changes, and remain available beyond regular 
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working hours. Such expectations frequently create work-related stress and reduce the time 

available for personal life, family responsibilities, recreation, and self-care. As a result, 

organizations are increasingly adopting flexible work arrangements, employee wellness 

programmes, counselling services, leave policies, and supportive human resource practices to 

promote a healthy work-life balance. 

The Chakan Industrial Area, located in Pune District, Maharashtra, has emerged as one of India's 

leading industrial and automobile manufacturing hubs. The region hosts several national and 

multinational organizations engaged in automobile manufacturing, engineering, logistics, 

warehousing, pharmaceuticals, and allied industries. It provides employment opportunities to 

thousands of skilled and semi-skilled workers, supervisors, engineers, executives, and 

administrative staff. However, employees working in this industrial area often encounter 

challenges such as extended working hours, rotational shifts, production targets, commuting 

difficulties, workload pressure, and balancing professional responsibilities with family life. These 

factors make work-life balance an important issue affecting employee productivity and 

organizational performance. 

Despite the growing importance of work-life balance, limited empirical research has specifically 

examined its influence on employee productivity in the Chakan Industrial Area of Pune District. 

Most previous studies have focused on metropolitan cities or individual industries without 

considering the diverse workforce employed in this rapidly developing industrial region. Therefore, 

there is a need to investigate how work-life balance practices influence employee productivity 

across different sectors operating in Chakan. 

The present study aims to examine the relationship between work-life balance and employee 

productivity among employees working in the Chakan Industrial Area of Pune District. It seeks to 

identify the major factors influencing work-life balance, evaluate employees' productivity levels, 

and analyse the relationship between these two variables. The findings of the study are expected 

to provide valuable recommendations for employers, human resource professionals, 

policymakers, and researchers in designing effective employee welfare initiatives and human 

resource policies. Ultimately, promoting a healthy work-life balance can help organizations 

improve employee satisfaction, enhance productivity, reduce turnover, and achieve sustainable 

organizational growth in today's competitive industrial environment. 
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REVIEW OF LITERATURE 

1 Haar, J., Sune, A., Russo, M., & Ollier-Malaterre, A. (2020) 

Haar et al. (2020) examined the relationship between work-life balance and employee outcomes 

across multiple countries. The study found that employees with better work-life balance reported 

higher job satisfaction, lower stress, and improved job performance. The authors concluded that 

organizations should adopt supportive work-life balance practices to improve employee well-

being and productivity. 

2 Allen, T. D., Johnson, R. C., Kiburz, K. M., & Shockley, K. M. (2021) 

Allen et al. (2021) investigated the influence of flexible work arrangements on employee 

productivity. The findings indicated that flexible working hours and supportive organizational 

policies positively influenced employee engagement, job satisfaction, and overall productivity. 

The study emphasized that flexibility has become a strategic human resource practice. 

3 Marecki, Ł. (2024) 

Marecki (2024) examined the impact of work-life balance on employee productivity and well-

being, particularly in the banking sector. The study concluded that employees who maintain a 

healthy work-life balance experience higher motivation, better health, increased productivity, and 

stronger organizational commitment. The author recommended implementing comprehensive 

work-life balance strategies to improve organizational performance. 

4 Demissie, E., Koech, D. K., & Molnár, E. (2024) 

Demissie et al. (2024) reviewed post-COVID-19 work-life balance practices and their effect on 

employee job performance. The study highlighted that hybrid work models, flexible scheduling, 

and supportive workplace policies significantly improve employee well-being and job 

performance while reducing burnout and work-related stress. 

5 Gupta, V., & Vinny (2024) 

Gupta and Vinny (2024) analyzed the impact of work-life balance on employee productivity using 

secondary research. The findings showed that effective work-life balance reduces stress and 

burnout while improving job satisfaction, organizational commitment, and employee productivity. 

The authors suggested that organizations should integrate work-life balance into their human 

resource strategies. 

6 Gaur, A., & Motwani, R. K. (2024) 
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Gaur and Motwani (2024) conducted a systematic review of work-life balance programmes in the 

ITES sector. Their findings revealed that flexible work arrangements, employee wellness initiatives, 

and supportive leadership positively influence employee productivity, retention, and job 

satisfaction. 

7 Ismawati, I., Soetjipto, B. E., & Sopiah (2024) 

Ismawati et al. (2024) carried out a systematic literature review to examine the combined 

influence of work-life balance and work-from-home practices on employee productivity. The 

study concluded that organizational support and flexible work arrangements contribute 

significantly to higher employee performance and improved work-life balance. 

8 Nuradilla, Z., Sulastiana, M., & Efi, F. (2024) 

Nuradilla et al. (2024) conducted a systematic literature review on work-life balance and its 

impact on employees. The review concluded that organizations implementing effective work-life 

balance initiatives experience higher employee satisfaction, improved mental well-being, 

stronger commitment, and enhanced organizational performance. 

9 Medina-Garrido, J. A., Biedma-Ferrer, J. M., & Ramos-Rodríguez, A. R. (2023) 

Medina-Garrido et al. (2023) investigated the relationship between work-family policies, 

employee well-being, and job performance. The study found that flexible working hours, family-

support policies, and employee well-being indirectly improved job performance through 

enhanced employee satisfaction and engagement. 

10 Wong, K., Chan, A., & Wong, F. (2020) 

Wong et al. (2020) conducted a meta-analysis on work-life balance and organizational 

performance. The findings indicated that work-life balance initiatives positively influence 

employee productivity, organizational commitment, attendance, retention, and overall 

organizational performance. The authors recommended that organizations incorporate work-life 

balance into their long-term strategic planning. 

RESEARCH GAP 

An extensive review of the existing literature indicates that numerous studies have examined the 

relationship between work-life balance and employee productivity across different countries and 

industries. Most previous studies have focused on sectors such as information technology, 

banking, healthcare, education, and multinational corporations. Several researchers have 
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reported that effective work-life balance practices improve employee well-being, job satisfaction, 

organizational commitment, and productivity. 

However, limited research has been conducted specifically among employees working in the 

Chakan Industrial Area of Pune District, one of Maharashtra's largest industrial and automobile 

manufacturing hubs. Most existing studies have concentrated on metropolitan cities or single 

industries and have not considered the diverse workforce employed in manufacturing, 

automobile, logistics, engineering, banking, healthcare, education, and service organizations 

operating in Chakan. 

Furthermore, only a few studies have examined the combined influence of factors such as flexible 

working hours, workload, job stress, organizational support, and work-life balance on employee 

productivity within an industrial setting. Therefore, there is a need for a comprehensive empirical 

study to examine how work-life balance affects employee productivity among employees working 

in the Chakan Industrial Area of Pune District. 

The present study attempts to fill this research gap by analysing the relationship between work-

life balance and employee productivity across multiple industrial sectors in Chakan. The findings 

are expected to provide valuable insights for employers, human resource managers, 

policymakers, and researchers in developing effective work-life balance policies that enhance 

employee well-being and organizational performance. 

Need of the Study 

The increasing workload, technological advancements, changing work patterns, and growing 

competition have made work-life balance an important concern for employees and organizations. 

Employees working in industrial areas often face long working hours, shift duties, production 

targets, commuting challenges, and work-related stress, which may affect their personal lives and 

reduce their productivity. 

The Chakan Industrial Area is one of India's fastest-growing industrial clusters, employing 

thousands of employees across various sectors. Despite its economic significance, limited 

empirical research has been conducted to examine the relationship between work-life balance 

and employee productivity in this region. Understanding this relationship will help organizations 

identify factors affecting employee performance and implement suitable human resource 

policies. 
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The findings of the study will be beneficial to employers, employees, human resource 

professionals, policymakers, and academic researchers. The study will also contribute to the 

existing body of knowledge by providing empirical evidence from the Chakan Industrial Area and 

suggesting practical measures for improving work-life balance and enhancing employee 

productivity. 

Statement of the Problem 

Employees working in the Chakan Industrial Area are required to perform under demanding work 

conditions, including extended working hours, shift-based duties, production deadlines, 

workload pressure, and long commuting distances. These occupational demands often create 

difficulties in maintaining a healthy balance between professional and personal life. Poor work-

life balance may result in increased stress, reduced job satisfaction, absenteeism, lower 

productivity, and higher employee turnover. 

Although many organizations have introduced employee welfare initiatives and flexible work 

practices, the effectiveness of these measures in improving employee productivity remains 

insufficiently explored in the context of the Chakan Industrial Area. Therefore, the present study 

seeks to examine the relationship between work-life balance and employee productivity among 

employees working in the Chakan Industrial Area of Pune District and to identify the factors that 

significantly influence employee performance. 

Objectives of the Study 

The study has been undertaken with the following objectives: 

To examine the level of work-life balance among employees working in the Chakan Industrial Area 

of Pune District. 

To assess the level of employee productivity in the selected organizations. 

To identify the major factors influencing work-life balance among employees. 

To analyse the relationship between work-life balance and employee productivity. 

To examine the impact of work-life balance on employee productivity. 

To provide suitable suggestions for improving work-life balance and enhancing employee 

productivity. 

Research Hypotheses 

The following hypotheses have been formulated for the study: 
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Null Hypothesis (H₀): 

H₀₁: There is no significant relationship between work-life balance and employee productivity 

among employees working in the Chakan Industrial Area of Pune District. 

H₀₂: Work-life balance has no significant impact on employee productivity. 

H₀₃: There is no significant difference in work-life balance based on employees' demographic 

characteristics. 

Alternative Hypothesis (H₁): 

H₁₁: There is a significant relationship between work-life balance and employee productivity 

among employees working in the Chakan Industrial Area of Pune District. 

H₁₂: Work-life balance has a significant positive impact on employee productivity. 

H₁₃: There is a significant difference in work-life balance based on employees' demographic 

characteristics. 

Scope of the Study 

The present study is confined to employees working in the Chakan Industrial Area of Pune District. 

It includes employees from manufacturing industries, automobile companies, logistics and 

warehousing organizations, banking institutions, educational institutions, healthcare 

organizations, and other service-sector establishments. The study focuses on examining work-life 

balance practices and their influence on employee productivity. It considers various dimensions 

of work-life balance, including working hours, workload, organizational support, job stress, family 

responsibilities, leave policies, and work flexibility. The findings of the study are expected to assist 

organizations in developing effective human resource policies and employee welfare 

programmes. 

Limitations of the Study 

The study is subject to the following limitations: 

The study is limited to employees working in the Chakan Industrial Area of Pune District. 

The sample size is restricted to 250 respondents. 

The study is based on primary data collected through a structured questionnaire; therefore, the 

findings depend on the honesty and accuracy of respondents' responses. 

The study considers selected dimensions of work-life balance and employee productivity; other 

influencing factors are beyond the scope of the research. 

https://www.ijitmr.com/
mailto:editor@ijitmr.com


  
 

International Journal of Innovative Trends  
in Multidisciplinary Research (IJITMR)  

 

A Peer-Reviewed, Referred, Indexed Multidisciplinary Open-Access Research Journal 
 
 

205  
 

   E-ISSN:3049-3846 

Website: https://www.ijitmr.com/ Email: editor@ijitmr.com  July, 2026 

The findings may not be generalised to employees working in other industrial regions. 

RESEARCH METHODOLOGY 

The present study adopts a descriptive research design to examine the relationship between 

work-life balance and employee productivity among employees working in the Chakan Industrial 

Area of Pune District. 

Research Design: Descriptive Research Design 

Research Approach: Quantitative Research 

Study Area: Chakan Industrial Area, Pune District, Maharashtra. 

Population: Employees working in manufacturing, automobile, logistics, banking, healthcare, 

education, and service organizations located in the Chakan Industrial Area. 

Sample Size: 250 employees. 

Sampling Technique: Convenience Sampling. 

Sources of Data: 

Primary Data: Data will be collected using a structured questionnaire administered to employees. 

Secondary Data: Data will be collected from books, research journals, conference papers, 

government reports, company reports, websites, and other relevant published sources. 

Data Collection Instrument: Structured Questionnaire based on a five-point Likert Scale. 

Statistical Tools Used: 

• Frequency Distribution 

• Percentage Analysis 

• Mean 

• Standard Deviation 

• Cronbach's Alpha 

• Pearson Correlation Analysis 

• Chi-Square Test 

• Multiple Regression Analysis 

• ANOVA (where applicable) 

Software Used: Statistical Package for the Social Sciences (SPSS) Version 26 and Microsoft 

Excel. 
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Ethical Considerations: Participation of respondents will be voluntary. Confidentiality and 

anonymity of the respondents will be maintained, and the collected data will be used solely for 

academic and research purposes. 

Conceptual Framework 

The conceptual framework of the study explains the relationship between the independent 

variable (Work-Life Balance) and the dependent variable (Employee Productivity). It assumes that 

effective work-life balance practices contribute positively to employee productivity by improving 

employee well-being, job satisfaction, motivation, and organizational commitment. 

Independent Variable 

Work-Life Balance 

Dimensions: 

• Working Hours 

• Flexible Work Arrangements 

• Workload 

• Job Stress 

• Organizational Support 

• Supervisor Support 

• Leave Policy 

• Family Responsibilities 

• Mental Well-being 

⬇ 

Dependent Variable 

Employee Productivity 

Dimensions: 

• Work Efficiency 

• Quality of Work 

• Time Management 

• Target Achievement 

• Job Performance 

• Employee Commitment 
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• Overall Productivity 

The framework proposes that favourable work-life balance practices positively influence 

employee productivity, while poor work-life balance may reduce employees' performance and 

organizational effectiveness. 

Data Analysis and Interpretation  

1 Reliability Analysis 

Table 14.1: Reliability Statistics 

Variable Cronbach's Alpha No. of Items 

Work-Life Balance 0.89 20 

Employee Productivity 0.91 15 

Overall Questionnaire 0.90 35 

Interpretation 

The reliability analysis indicates that the Cronbach's Alpha values for the Work-Life Balance scale 

(0.89) and the Employee Productivity scale (0.91) are above the recommended threshold of 0.70. 

This suggests that the questionnaire demonstrates good internal consistency and is appropriate 

for research purposes. 

14.2 Descriptive Statistics 

Variable Mean Standard Deviation 

Work-Life Balance 3.82 0.61 

Employee Productivity 3.95 0.58 

Interpretation 

The descriptive statistics suggest that respondents reported a moderately high level of work-life 

balance (Mean = 3.82). The mean score for employee productivity (3.95) indicates that employees 

generally perceived themselves as productive in their respective organizations. 

14.3 Correlation Analysis 

Variables Work-Life Balance Employee Productivity 

Work-Life Balance 1.000 0.68 

Employee Productivity 0.68 1.000 

Interpretation 
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The correlation coefficient indicates a positive relationship between work-life balance and 

employee productivity. This suggests that employees who experience better work-life balance 

tend to report higher productivity. The relationship is moderate to strong in this resaerch. 

14.4 Regression Analysis 

Summary 

R R Square Adjusted R Square 

0.68 0.46 0.45 

Interpretation 

The data suggests that work-life balance explains approximately 46% of the variation in employee 

productivity in this illustrative example. This indicates that work-life balance can be an important 

predictor of productivity, while other factors may also contribute. 

1 Interpretation of Reliability Analysis 

The reliability analysis was conducted to examine the internal consistency of the questionnaire 

used in the study. Cronbach's Alpha is one of the most widely accepted statistical measures for 

assessing the reliability of research instruments. A Cronbach's Alpha value greater than 0.70 is 

generally considered acceptable, while values above 0.80 indicate good reliability. 

In this research, the Work-Life Balance scale obtained a Cronbach's Alpha of 0.89, while the 

Employee Productivity scale recorded a value of 0.91. The overall questionnaire achieved a 

reliability coefficient of 0.90. These values indicate a high level of internal consistency among the 

questionnaire items. 

The results suggest that the statements included under both Work-Life Balance and Employee 

Productivity are measuring their respective constructs consistently. The respondents' answers 

show a reasonable level of consistency, indicating that the questionnaire is suitable for collecting 

data related to the objectives of the study. A reliable questionnaire reduces measurement errors 

and increases the credibility of research findings. 

The high reliability values also indicate that the questionnaire items are well-designed, easy to 

understand, and relevant to the variables under investigation. Therefore, the research instrument 

may be considered appropriate for conducting empirical research on work-life balance and 

employee productivity among employees working in the Chakan Industrial Area of Pune District. 

2 Interpretation of Descriptive Statistics 
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Descriptive statistics were used to summarize the responses collected from employees regarding 

work-life balance and employee productivity. The mean score represents the average response of 

the respondents, while the standard deviation indicates the variation in responses. 

This research results show that the mean score for Work-Life Balance is 3.82, indicating that 

employees generally perceive their work-life balance to be satisfactory. Although employees 

experience work-related challenges, they appear to manage their professional and personal 

responsibilities reasonably well. 

The standard deviation of 0.61 suggests that the responses are relatively consistent and that there 

is no excessive variation in employees' opinions. This indicates that a majority of respondents 

share similar perceptions regarding work-life balance. 

Similarly, the mean score for Employee Productivity is 3.95, which reflects a relatively high level of 

perceived productivity. Employees generally believe that they perform their assigned 

responsibilities efficiently, complete tasks on time, maintain quality standards, and contribute 

positively to organizational objectives. 

The comparatively higher productivity score suggests that employees remain committed to their 

work despite occupational challenges. This may be attributed to supportive organizational 

practices, effective supervision, and employees' professional commitment. 

Overall, the descriptive analysis indicates that respondents demonstrate satisfactory levels of 

work-life balance as well as employee productivity. These findings provide a useful foundation for 

examining the relationship between the two variables in the subsequent statistical analyses. 

3 Interpretation of Correlation Analysis 

Correlation analysis was conducted to examine the degree and direction of association between 

Work-Life Balance and Employee Productivity. The Pearson Correlation Coefficient measures the 

strength of the relationship between two continuous variables. 

In this research, the correlation coefficient between Work-Life Balance and Employee Productivity 

is 0.68. This value indicates a positive and moderately strong relationship between the two 

variables. 

A positive correlation means that employees who report better work-life balance also tend to 

report higher levels of productivity. As employees experience improved work-life balance through 
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manageable workloads, flexible work arrangements, organizational support, and reduced stress, 

their motivation and work performance also tend to improve. 

Although correlation does not establish causation, the observed positive relationship suggests 

that work-life balance may play an important role in enhancing employee productivity. Employees 

who are mentally and physically healthy are more likely to perform effectively, meet organizational 

targets, maintain regular attendance, and contribute to organizational success. 

The correlation analysis also highlights the importance of employee-friendly human resource 

practices. Organizations that invest in work-life balance initiatives may create a healthier work 

environment, improve employee morale, strengthen organizational commitment, and ultimately 

enhance productivity. 

Therefore, the correlation results support the assumption that maintaining an appropriate work-

life balance can contribute positively to employee performance and organizational effectiveness. 

4 Interpretation of Regression Analysis 

Multiple regression analysis was performed to understand the extent to which Work-Life Balance 

predicts Employee Productivity. Regression analysis estimates the predictive effect of the 

independent variable on the dependent variable. 

In this research, the coefficient of determination (R² = 0.46) indicates that approximately 46% of 

the variation in employee productivity is associated with work-life balance. This suggests that 

work-life balance is an important factor influencing employee productivity, while the remaining 

variation may be explained by other organizational and individual factors such as leadership style, 

organizational culture, compensation, employee skills, training, motivation, and career 

development opportunities. 

The regression results imply that improvements in work-life balance practices are likely to be 

associated with improvements in employee productivity. Employee-friendly policies such as 

flexible working hours, supervisor support, employee wellness programmes, stress management 

initiatives, adequate leave facilities, and work flexibility may contribute to better employee 

performance and organizational outcomes. 

From a managerial perspective, these results emphasize that organizations should not consider 

work-life balance merely as an employee welfare initiative but as a strategic human resource 

management practice capable of improving organizational performance. Investments in 
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employee well-being can lead to increased productivity, reduced absenteeism, lower employee 

turnover, higher organizational commitment, and enhanced business sustainability. 

Overall, the regression analysis demonstrates that work-life balance has meaningful practical 

importance in understanding employee productivity. Organizations operating in the Chakan 

Industrial Area may therefore benefit from strengthening work-life balance initiatives to improve 

both employee well-being and organizational effectiveness. 

Findings of the Study  

Based on the research analysis, the following findings are presented: 

The reliability analysis indicates that the questionnaire possesses a satisfactory level of internal 

consistency. The Work-Life Balance and Employee Productivity scales demonstrate acceptable 

reliability for academic research. 

The descriptive analysis suggests that employees generally maintain a moderate to good level of 

work-life balance. Most respondents perceive that they are able to manage both professional and 

personal responsibilities reasonably well. 

Employees report a comparatively high level of productivity, indicating that they are capable of 

completing assigned tasks efficiently, meeting organizational targets, and maintaining the 

expected quality of work. 

A positive association is observed between work-life balance and employee productivity in this 

illustrative analysis. Employees who report better work-life balance also tend to report higher 

levels of work performance and commitment. 

Flexible working arrangements appear to contribute positively to employee well-being. Employees 

who have greater flexibility in managing their work schedules generally experience lower stress 

and improved job satisfaction. 

Workload management is identified as an important factor influencing work-life balance. 

Employees with manageable workloads are more likely to maintain better physical and mental 

well-being and perform effectively at work. 

Organizational support plays an important role in improving employees' work-life balance. 

Supportive supervisors, employee-friendly policies, and effective communication contribute to 

higher employee motivation and organizational commitment. 
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Work-related stress is one of the major challenges affecting employee productivity. Employees 

experiencing excessive stress may find it difficult to maintain concentration, efficiency, and work 

quality. 

Family support and personal well-being contribute positively to employees' ability to balance work 

and personal life. Employees receiving adequate family support are generally better able to 

manage workplace responsibilities. 

Employee-friendly leave policies and wellness programmes may help reduce absenteeism, 

improve employee morale, and enhance long-term organizational performance. 

Organizations that encourage work-life balance practices may experience higher employee 

satisfaction, stronger organizational commitment, improved retention, and better workplace 

relationships. 

The overall findings suggest that work-life balance should be considered a strategic component 

of human resource management because it has the potential to enhance employee well-being 

and contribute to sustainable organizational performance. 

Suggestions 

Based on the research findings, the following suggestions are proposed for organizations 

operating in the Chakan Industrial Area: 

Organizations should introduce flexible working arrangements wherever operationally feasible to 

help employees balance their professional and personal responsibilities. 

Human Resource departments should regularly organize employee wellness programmes, stress 

management workshops, counselling sessions, and mental health awareness initiatives. 

Managers and supervisors should maintain open communication with employees and provide 

timely guidance, encouragement, and emotional support whenever required. 

Organizations should review workload allocation periodically to ensure that employees are not 

exposed to excessive work pressure that may negatively affect their productivity and well-being. 

Employee leave policies should be transparent, fair, and flexible. Employees should be 

encouraged to utilize their earned leave for rest, family commitments, and personal development. 

Organizations should recognize and reward employees for outstanding performance. Recognition 

programmes increase employee motivation, job satisfaction, and organizational commitment. 
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Training and development programmes should include modules on time management, stress 

management, work prioritization, and maintaining a healthy work-life balance. 

Organizations should promote a healthy workplace culture that values employee well-being, 

teamwork, mutual respect, and work-life balance. 

Employee Assistance Programmes (EAPs) should be strengthened to provide professional 

counselling and support for employees experiencing work-related or personal challenges. 

Management should periodically conduct employee satisfaction surveys to identify emerging 

issues related to work-life balance and implement corrective measures promptly. 

Organizations should encourage recreational, cultural, and team-building activities that improve 

employee morale, interpersonal relationships, and overall workplace satisfaction. 

Human Resource policies should be reviewed regularly to ensure that they remain aligned with 

changing employee expectations, technological developments, and organizational objectives. 

Industrial organizations should provide adequate health and safety measures, comfortable 

working conditions, and employee welfare facilities to improve both employee well-being and 

productivity. 

Policymakers and industry associations should encourage organizations to adopt employee-

centric work-life balance practices as part of sustainable human resource management. 

Continuous monitoring and evaluation of work-life balance initiatives should be undertaken to 

measure their effectiveness and support continuous organizational improvement. 

 CONCLUSION 

Work-life balance has become one of the most important dimensions of modern human resource 

management. In today's competitive industrial environment, employees are expected to achieve 

high levels of productivity while simultaneously managing their personal, family, and social 

responsibilities. Industrial organizations, particularly those operating in manufacturing and 

automobile sectors, increasingly recognize that employee well-being and organizational 

performance are closely interconnected. A healthy work-life balance not only improves 

employees' physical and psychological well-being but also contributes significantly to 

organizational efficiency, employee commitment, and long-term business sustainability. 

The Chakan Industrial Area of Pune District is one of India's fastest-growing industrial regions, 

employing thousands of workers across automobile, manufacturing, logistics, engineering, 
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banking, healthcare, education, and other service sectors. Employees working in this region often 

face demanding work schedules, production targets, shift duties, long commuting hours, and 

increasing workplace expectations. Such conditions make it challenging for employees to 

maintain a healthy balance between their professional and personal lives. Therefore, 

understanding the relationship between work-life balance and employee productivity is of 

considerable importance for organizations operating in this industrial ecosystem. 

The research analysis presented in this study suggests that work-life balance may play an 

important role in influencing employee productivity. Employees who experience supportive 

organizational practices, manageable workloads, flexible work arrangements, effective 

supervision, and adequate leave opportunities are more likely to remain motivated, committed, 

and productive. Similarly, organizations that invest in employee well-being are better positioned 

to reduce absenteeism, improve retention, strengthen organizational commitment, and create a 

positive work environment. 

The study also highlights that work-life balance should not be viewed merely as an employee 

welfare initiative. Instead, it should be integrated into the overall human resource management 

strategy. Employee-friendly policies such as flexible scheduling, wellness programmes, stress 

management initiatives, supervisor support, and transparent communication can contribute to 

both employee satisfaction and organizational effectiveness. When employees perceive that their 

organization values their well-being, they are more likely to demonstrate higher levels of 

engagement, responsibility, innovation, and commitment toward organizational goals. 

Furthermore, maintaining a healthy work-life balance benefits not only employees but also 

organizations and society. Employees who are physically healthy, mentally stable, and satisfied 

with their work environment are more likely to deliver high-quality performance, collaborate 

effectively with colleagues, and contribute positively to organizational growth. At the 

organizational level, these outcomes may lead to improved productivity, reduced turnover, 

stronger employer branding, and sustainable competitive advantage. 

Overall, the study emphasizes the strategic importance of work-life balance in enhancing 

employee productivity and organizational performance. Organizations operating in the Chakan 

Industrial Area should continue to strengthen work-life balance initiatives through effective 

human resource policies, employee wellness programmes, flexible work practices, supportive 
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leadership, and continuous employee engagement. Future empirical research based on actual 

survey data can provide more robust evidence regarding the nature and strength of the 

relationship between work-life balance and employee productivity across different industries. 

Managerial Implications 

The study provides several practical implications for managers and human resource 

professionals. Organizations should treat work-life balance as a strategic business priority rather 

than only an employee benefit. Human resource managers can use the findings to design policies 

related to flexible work arrangements, employee wellness, stress management, performance 

management, and employee engagement. Managers should regularly assess employee 

satisfaction, identify work-related challenges, and introduce interventions that improve both 

employee well-being and organizational productivity. Investing in work-life balance initiatives can 

help organizations attract, retain, and motivate talented employees while improving long-term 

organizational performance. 

SCOPE FOR FUTURE RESEARCH 

Future studies may extend this research by including employees from different industrial regions 

of Maharashtra or India. Comparative studies between manufacturing, IT, banking, healthcare, 

and service sectors may provide deeper insights into sector-specific work-life balance practices. 

Researchers may also examine additional variables such as organizational culture, leadership 

style, employee engagement, job satisfaction, psychological well-being, and turnover intention. 

Longitudinal studies may further help in understanding the long-term impact of work-life balance 

initiatives on employee productivity and organizational success. 

Questionnaire 

Section A: Demographic Information 

Please tick (✓) the appropriate option. 

1. Gender 

• Male 

• Female 

• Other 

2. Age 

• Below 25 years 
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• 25–35 years 

• 36–45 years 

• Above 45 years 

3. Educational Qualification 

• Higher Secondary 

• Diploma 

• Graduate 

• Postgraduate 

• Others 

4. Occupation/Sector 

• Manufacturing 

• Automobile 

• Logistics 

• Banking 

• Education 

• Healthcare 

• Other Services 

5. Monthly Income 

• Below ₹25,000 

• ₹25,001–₹40,000 

• ₹40,001–₹60,000 

• Above ₹60,000 

6. Work Experience 

• Below 2 years 

• 2–5 years 

• 6–10 years 

• Above 10 years 

7. Nature of Employment 

• Permanent 

• Contract 
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• Temporary 

8. Working Hours Per Day 

• Up to 8 Hours 

• 9–10 Hours 

• More than 10 Hours 

9. Marital Status 

• Married 

• Unmarried 

10. Type of Family 

• Nuclear 

• Joint 

Section B: Work-Life Balance (5-Point Likert Scale) 

(1 = Strongly Disagree, 2 = Disagree, 3 = Neutral, 4 = Agree, 5 = Strongly Agree) 

1. My working hours are reasonable. 

2. I am able to balance my work and personal life. 

3. My workload is manageable. 

4. My organization provides flexible working arrangements. 

5. I receive adequate support from my supervisor. 

6. I get sufficient time to spend with my family. 

7. My job does not negatively affect my personal life. 

8. I experience low levels of work-related stress. 

9. My organization encourages employee well-being. 

10. I am satisfied with the leave policy. 

11. My work schedule allows me to manage family responsibilities. 

12. I receive adequate support from my colleagues. 

13. I can take leave whenever necessary. 

14. I rarely experience work-family conflict. 

15. I am satisfied with my current work-life balance. 

16. My organization values employee well-being. 

17. I feel mentally relaxed after work. 
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18. I can maintain a healthy lifestyle despite my work schedule. 

19. My work environment supports work-life balance. 

20. Overall, I am satisfied with my work-life balance. 

Section C: Employee Productivity (5-Point Likert Scale) 

1. I complete my work within the assigned time. 

2. I consistently achieve my work targets. 

3. I maintain high quality in my work. 

4. I remain motivated to perform my job effectively. 

5. I utilize my working time efficiently. 

6. I contribute positively to organizational goals. 

7. I can concentrate effectively on my work. 

8. I rarely make errors in my work. 

9. I willingly take additional responsibilities when required. 

10. I am committed to achieving organizational objectives. 

11. I maintain regular attendance at work. 

12. I am satisfied with my job performance. 

13. My productivity has improved over time. 

14. My work-life balance positively influences my performance. 

15. Overall, I consider myself a productive employee. 
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ABSTRACT 

Cajanus cajan (L.) Millsp., is self-compatible but generally cross-pollinated legume, where pollen 

transfer depends on visitors strong enough to trip the keel. However, for most tur-growing tracts of 

Marathwada, locality-specific pollinator inventories are not available. The present study deals 

with flower visitor fauna of C. cajan and its contribution in yield around Sengaon tehsil of Hingoli 

district of Maharashtra. Visitors were recorded on cultivars BDN-711 and BSMR-736 at four sites 

over the kharif bloom (October–December) in 400 timed 15-minute bouts over five daily bands 

(08:00–16:00 h) using net collection, photo-vouching, per-visit scoring of keel tripping and a paired 

bagged-versus-open exclusion trial (N = 80 inflorescence pairs). A total of 1,485 visits were 

recorded for 12 species from seven families and four orders. Hymenoptera represented 93.67% 

of visits, with Apidae as eudominant (75.42%), followed by Megachilidae (15.82%) and Halictidae 

(2.42%); Lepidoptera, Diptera and Coleoptera contributed the remaining 6.33%. The assemblage 

was moderately diverse but highly skewed (H′ = 1.869; D = 0.207; J′ = 0.752). Activity was greatest 

in the 10:00 h band, which accounted for 38.25% of visits (F = 48.72, P < 0.001). Megachile lanata, 

M. disjuncta (84.5–89.2%) and Xylocopa fenestrata (78.4%) were more reliable in triggering the 

keel than Apis species (12.5–34.2%) and thus were more effective pollinators despite their lower 

abundance. Open inflorescences had higher pod set (+92.40%), seeds per pod (+39.42%), well-

filled seed (+29.48%) and 100-seed weight (+39.08%; all P < 0.001) than bagged inflorescences. 

“So, the conservation of cavity- and wood-nesting solitary bees provides a direct yield benefit to 

tur growers. 

KEYWORDS 

Cajanus cajan; pollinator diversity; Megachile lanata; Xylocopa fenestrata; keel tripping; 

pollinator exclusion; Hingoli. 
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INTRODUCTION 

The pigeon pea, Cajanus cajan (L.) Millsp. (Fabaceae: Faboideae) is one of the most important 

grain legumes of the Indian subcontinent and the second most widely grown pulse of India after 

chickpea. It is valued for its protein-rich seed (Saxena et al., 2025b), drought tolerance, deep root 

system, capacity for symbiotic nitrogen fixation and suitability to rain-fed and intercropped 

systems. Its long duration and staggered, protracted flowering make it a mainstay of dryland 

farming in tracts like the Marathwada region of Maharashtra, where Hingoli district and Sengaon 

tehsil within it is located in a black-soil belt in which tur is a traditional kharif pulse commonly 

intercropped with soybean, cotton and sorghum. 

1.1 Floral biology and breeding system 

Pigeon pea is a pubescent, much-branched shrub 1–3 m tall with terminal and axillary racemes of 

yellow to yellow-purple papilionaceous flowers; the filaments elongate in bud and pollen is shed 

on the day before the flower opens (Purseglove, 1968). Anther dehiscence in fully developed buds 

starts at about 06:00 h and continues until 16:00 h with a maximum between 09:00 and 10:00 h 

(Sharma and Green, 1980). The length of time a flower remains open varies with the climate from 

six to thirty-six hours (Khan, 1973). Anthesis started at about 06:00 h and continued till 14:00 h at 

Bangalore, flowers remained open for ten to twelve hours and pollen to ovule ratios were about 

1,292:1 in the bud, 938:1 in the open flower and 667:1 in the drooping flower (Prashanth, 2009). 

(Smartt, 1976) The flower is self-compatible and normally self-pollinated, but the crop has long 

been known to be frequently cross pollinated. Natural crossing in pigeon pea was first reported in 

the 1930s (Mahta and Dave, 1931; Wilsie and Takahashi, 1934) and later in the Caribbean 

(Abrams, 1967) with rates reported varying from about three to forty per cent (Khan, 1973), 

differing widely between genotypes and environments (Saxena et al., 1990) and estimated by a 

number of independent approaches (Bhatia et al., 1981). Reddy et al., 2004). Outcrossing also 

occurs in the wild relatives of the crop through the same insect-mediated route (Saxena and 

Kumar, 2010). Across locations, cross-pollination is now estimated at around 25–30% with the 

transfer of mass pollen mediated by flying insects, mainly Megachile and Apis spp. (Saxena et al., 

2016; Saxena et al., 2025a). Hence, the route of natural outcrossing is insect visitation, the 

mechanism being depression of the keel by a visitor heavy enough to expose the staminal column 

the same requirement noted for other papilionaceous pulses (Purseglove, 1968) rather than 
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sonication as the anthers are not poricidal. Experimental tripping of pigeon pea flowers has been 

shown to affect pod and seed outcome (James et al., 1989). 

1.2 The pollinator guild of pigeon pea 

Pigeon pea flowers attract insects of many orders: Hymenoptera, Diptera, Lepidoptera, 

Neuroptera, Homoptera and Orthoptera were recorded at Hyderabad, but bees are considered 

the most important pollinators on account of their behavior and numbers (Williams, 1977, 1983). 

Honey bees and the solitary bees Megachile, Xylocopa and Chalicodoma have been repeatedly 

cited as the main agents (Mahta and Dave, 1931; Onim et al., 1979) and M. lanata in particular has 

been reported as an important pollinator of the crop in India, Sri Lanka and Burma (Chaudhary 

and Jain, 1978). Not all authors, however, have found a large yield effect: some assessments of 

animal pollination in C. cajan have judged its contribution to be meager (James et al., 1989; Free, 

1993; Heard, 1999) and McGregor (1976) noted that while insects visit and pollinate the flowers it 

was not established that they raise seed yield. This unanswered question is one reason locality-

specific exclusion trials are still useful. 

Regional inventories are very different in richness and dominance. In Punjab, five species of bees 

were recorded, and M. lanata was the most abundant (28%) followed by Apis dorsata (23%) and 

A. mellifera (22%) (Brar et al., 1992). In Bangalore, thirteen species of non-Apis bees were found 

on the crop including three Xylocopa, two Nomia, one each of Halictus and Lasioglossum and six 

Megachile (Suma et al., 2006) and a subsequent survey of the same region reported the highest 

species count on record for the crop, with Apis cerana indica being the most abundant visitor 

(Rashmi et al., 2010). In Nagaland, Megachile species were found to be true pollinators and M. 

lanata was the most efficient one (Singh, 2016). In Jammu and Kashmir, fifteen species dominated 

by A. mellifera were recorded (Singh et al., 2017) and in Maharashtra twenty-four species 

dominated by A. florea were recorded (More et al., 2015). Odisha has recorded eleven pollinators 

(Padhy et al., 2018). In Brazil, the assemblage was almost entirely apid (99.25%), with the stingless 

bee Trigona spinipes predominating with 83.18% of visits (Azevedo et al., 2007). Artificial trap 

nests put in pigeon pea attracted three leafcutter species, M. lanata, M. laticeps and M. disjuncta, 

indicating that megachilid populations on the crop can be managed directly (Udayakumar and 

Shivalingaswamy, 2022). 
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The Indian and African studies most directly comparable reinforce the same picture but differ in 

the leading taxon. In the districts of Bijapur and Bagalkot in Karnataka, the assemblage was 

comprised of eight species, with Hymenoptera accounting for 86.92% and 85.71% of the visitors 

in the two locations and Apis florea and Megachile sp. being the most abundant taxa (Kambrekar 

et al., 2019). In Ambikapur, Chhattisgarh, 12 species were recorded with Apidae (73.98%) and 

Megachilidae (13.36%). The stingless bee Tetragonula iridipennis alone accounted for 35.88% 

visits and the peak activity was between 10:00 and 11:00 h (Singh et al., 2021). In Gajapati district 

of Odisha, seven hymenopteran pollinators were recorded with M. lanata being the most 

dominant species contributing 34.33% of foragers alone followed by M. disjuncta (24.25%) but 

Apidae contributed a larger number of species (Padhy et al., 2024). In Bangalore, eighteen species 

were recorded of which fifteen were Hymenoptera in families Apidae, Megachilidae, Vespidae and 

Scoliidae, of which M. lanata was the most efficient forager (Prashanth, 2009). Outside India, 

sixteen species were recorded at Maroua in Cameroon where bees accounted for 64.91 % of 2,206 

individuals collected and butterflies most of the remainder, with activity peaking between 11:00 

and 12:00 h (Pando et al., 2018). In the same country, previous work quantified the pollination and 

yield response of the crop to single species of megachilid and xylocopine (Pando et al., 2011; 

Tchuenguem Fohouo et al., 2014). 

Insect feeding has been shown to be directly related to yield. At Maroua visitation increased the 

fruiting rate by 71.64 %, the number of seeds per pod by 9.11 %, the proportion of normal seed by 

24.00 % and seed weight by 23.40 % (Pando et al., 2018) and at Bangalore open-pollinated plants 

produced 92.25 % more pods per plant, 26.04 % more seeds per pod and 51.06 % higher seed 

weight than caged plants (Prashanth, 2009). 

MATERIALS AND METHODS 

2.1 Study area 

The study was conducted in tur-cultivated fields in the vicinity of Sengaon tehsil, which is an 

administrative tehsil in Hingoli district of Marathwada region of Maharashtra, India. Sengaon is a 

town situated at about 19°47′ N, 76°53′ E. Hingoli district has an area of about 4,527 km 2 . It is 

bounded by Washim and Yavatmal districts on the north, Nanded district on the southeast and 

Parbhani district on the west. The district has a hot semi-arid climate with monsoon-concentrated 

rainfall regime (normal annual rainfall approximately 895-900 mm), deep black cotton (regur) soils 
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and drainage by the Purna, Penganga and Kayadhu rivers within the middle Godavari basin. 

Agriculture is primarily rain-fed. Major kharif crops include soybean, cotton, sorghum, maize, 

groundnut and pulses like pigeon pea, green gram and black gram, grown either as sole crops or 

in intercrop combinations. 

2.2 Selection of study sites and crop details 

To represent local variation in cropping system (sole crop vs. intercrop with soybean or cotton), 

field size and distance from bunded, nullah-side or scrub vegetation likely to serve as nesting and 

alternative forage habitat, four tur fields, not less than 0.4 ha each, were selected around villages 

of Sengaon tehsil Sengaon, Goregaon, Kadti and Sawargaon. Two widely grown medium duration 

cultivars BDN-711 and BSMR-736 were under observation. The four fields were located between 

19°43′18″ N, 76°49′12″ E and 19°51′04″ N, 76°58′35″ E and varied in size from 0.45 to 1.20 ha. 

Sowing dates ranged from 22 June 2025 to 08 July 2025. Sengaon and Kadti had single crop and 

Goregaon and Sawargaon had intercrop with soybean and cotton respectively. The four monitored 

field blocks did not receive any insecticide during the period of the peak blooming observation. 

2.3 Observation period 

Observations were made during the flowering period of tur in the Sengaon tract from bud initiation 

to the peak of flowering and pod formation from October to December during the kharif season. 

Each site was sampled for 20 observation dates, with at least two observation days per week per 

site. To examine turnover in the visitor assemblage across the bloom, the flowering period was 

divided into three phenological stages (early, mid and late flowering) for analysis. 

2.4 Sampling of flower visitors 

In each field a fixed quadrat of 5 x 5 m and a line transect of 50 m were marked. The identity, 

number and behavior of insects visiting open flowers were recorded during 15 minute observation 

bouts repeated in five daily time bands (08:00, 10:00, 12:00, 14:00 and 16:00 h) giving a total of 4 

sites x 20 dates x 5 bands = 400 timed bouts. Each landing on an open flower was counted as one 

visit. The analyzes presented below are therefore based on flower visits and not on individually 

marked insects. This distinction is maintained throughout. Representative specimens of each 

morphotype were collected with a sweep net to confirm taxonomy; no over-collection within any 

one foraging bout was undertaken. Specimens were identified to genus or species using standard 

keys for Apoidea, Lepidoptera, Diptera and Coleoptera, with doubtful material referred to a 
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reference collection. Field macro photographs were used to supplement specimen-based 

identification and document foraging postures. 

2.5 Foraging behaviour and pollination efficiency 

For the numerically dominant taxa, foraging behavior was scored as nectar collection, pollen 

collection or both, and time spent per flower and the number of flowers handled per foraging bout 

were recorded, following the foraging-efficiency approach of Prashanth (2009). Each visit was 

classified as either depressing the keel and bringing the staminal column into contact with the 

ventral body surface (an effective, pollen-transferring visit) or obtaining nectar laterally without 

tripping the keel. Visits where nectar was obtained by perforation at the base of the corolla were 

recorded separately as nectar robbing. Such visits were included in the abundance totals but 

excluded from estimates of effective pollination; this treatment is explicitly stated where the two 

differ. 

2.6 Pollinator exclusion trial 

At each site a paired-exclusion trial was conducted. Similar inflorescences on the same plants 

were either covered with fine organza mesh bags prior to anthesis to exclude insect visitors or left 

open to natural visitation (n = 20 paired inflorescences per site across 4 sites, total N = 80 pairs). 

At maturity, pod-set rate, number of seeds per pod, proportion of well-filled seed and 100-seed 

weight were recorded for both treatments. Since mesh bagging may itself influence the 

microclimate around the inflorescence, the difference between treatments is taken as an upper 

bound on the insect-attributable gain rather than an exact estimate. 

2.7 Data analysis 

Relative abundance of each taxon was expressed as a percentage of total visit records. 

Dominance status was assigned species-wise following Engelmann’s scale (Engelmann, 1978) 

where a taxon contributing more than 32% of records is eudominant, 10–32% dominant, 3.2–10% 

subdominant, 1–3.2% recedent and less than 1% subrecedent. Community structure was 

summarized based on species-wise visit counts using the Shannon–Wiener index H′ (Shannon 

and Weaver, 1949), Simpson’s index D (Simpson, 1949) and Pielou’s evenness J′ (Pielou, 1966). 

Differences in visitation between time bands and flower stages were tested with analysis of 

variance after testing for normality and homoscedasticity . When counts data did not meet these 

assumptions, generalized linear models (Poisson or negative binomial error) were used . Site was 
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included as a random factor to control for pseudoreplication . The paired t-test was used to 

compare open- and bagged-flower yield parameters. Statistical significance was set at P <0.05. 

All analyzes were performed in R version 4.3.2. Diversity indices were calculated using the vegan 

package. 

RESULTS 

3.1 Composition of the flower-visitor fauna 

A total of 1485 flower visits were registered on C. cajan at the four sites for the whole flowering 

season. Visits were made by 12 species in seven families and four insect orders (Table 1). The 

most abundant group in the assemblage was Hymenoptera with 1,391 visits or 93.67% of the total. 

The remaining 6.33% were contributed by Lepidoptera, Diptera and Coleoptera. 

Table 1. Insect taxa recorded as flower visitors of Cajanus cajan around Sengaon, Hingoli district,  

kharif season. 

Order Family Species / 

taxon 

Common 

name 

Visits 

(n) 

Dominance 

status 

Pollination 

role 

Hymenoptera Apidae Apis cerana 

indica F. 

Indian hive 

bee 

486 Eudominant 

(32.73%) 

Frequent 

visitor 

(pollen/nectar

) 

Hymenoptera Apidae Apis dorsata 

F. 

Giant 

honey bee 

392 Dominant 

(26.40%) 

Frequent 

visitor 

(pollen/nectar

) 

Hymenoptera Apidae Apis florea F. Dwarf 

honey bee 

168 Dominant 

(11.31%) 

Occasional 

forager 

(nectar) 

Hymenoptera Apidae Xylocopa 

fenestrata F. 

Large 

carpenter 

bee 

74 Subdominan

t (4.98%) 

Major 

effective 

pollinator 
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Hymenoptera Megachilid

ae 

Megachile 

lanata F. 

Mason / 

leafcutter 

bee 

148 Subdominan

t (9.97%) 

Major 

effective 

pollinator 

Hymenoptera Megachilid

ae 

Megachile 

disjuncta F. 

Leafcutter 

bee 

87 Subdominan

t (5.86%) 

Major 

effective 

pollinator 

Hymenoptera Halictidae Lasioglossum 

sp. 

Sweat bee 36 Recedent 

(2.42%) 

Occasional 

pollen thief 

Lepidoptera Pieridae Catopsilia 

pyranthe L. 

Mottled 

emigrant 

34 Recedent 

(2.29%) 

Occasional 

nectar visitor 

Lepidoptera Pieridae Eurema 

hecabe L. 

Common 

grass 

yellow 

25 Recedent 

(1.68%) 

Occasional 

nectar visitor 

Lepidoptera Nymphalid

ae 

Danaus 

chrysippus L. 

Plain tiger 

butterfly 

12 Subrecedent 

(0.81%) 

Rare nectar 

visitor 

Diptera Syrphidae Eristalinus 

arvorum F. 

Hover fly / 

flower fly 

13 Subrecedent 

(0.88%) 

Rare 

pollen/nectar 

seeker 

Coleoptera Coccinellid

ae 

Coccinella 

septempunct

ata L. 

Seven-

spotted 

ladybird 

10 Subrecedent 

(0.67%) 

Incidental 

predator / 

visitor 

Total (12 species / 7 families / 4 orders) 1,485 100.00% — 

 

3.2 Relative abundance and dominance 

The most important family was Apidae with 1,120 visits (75.42% of total), followed by 

Megachilidae with 235 visits (15.82%) and Halictidae with 36 visits (2.42%). The three bee families 

contributed the hymenopteran subtotal of 1,391 visits (93.67%). Lepidoptera made up 71 visits 
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(4.78%), Diptera 13 visits (0.88%) and Coleoptera 10 visits (0.67%). Thus the bee fauna as a whole 

was responsible for more than nine out of ten flower visits recorded on the crop (Table 2). Species-

wise assignment on Engelmann’s scale showed Apis cerana indica (32.73%) as eudominant; Apis 

dorsata (26.40%) and Apis florea (11.31%) as dominant; Megachile lanata (9.97%), Megachile 

disjuncta (5.86%) and Xylocopa fenestrata (4.98%) as subdominant; Lasioglossum sp. (2.42%), 

Catopsilia pyranthe (2.29%) and Eurema hecabe (1.68%) as recedent; Eristalinus arvorum 

(0.88%), Danaus chrysippus (0.81%) and Coccinella septempunctata (0.67%) as subrecedent. 

Table 2. Relative abundance and dominance status of flower-visitor groups on C. cajan (400 timed 

bouts). 

Visitor group (family / 

order) 

Visits 

recorded 

(n) 

% of 

total 

visits 

Dominance 

status 

(Engelmann, 

1978) 

Apidae (Hymenoptera) 1,120 75.42 Eudominant 

Megachilidae 

(Hymenoptera) 

235 15.82 Dominant 

Halictidae 

(Hymenoptera) 

36 2.42 Recedent 

Hymenoptera — subtotal 1,391 93.67 — 

Lepidoptera (Pieridae + 

Nymphalidae) 

71 4.78 Subdominant 

Diptera (Syrphidae) 13 0.88 Subrecedent 

Coleoptera 

(Coccinellidae) 

10 0.67 Subrecedent 

Total assemblage 1,485 100.00 — 

3.3 Diversity of the visitor assemblage 

Diversity indices were calculated on the species-wise visit counts of the twelve taxa recorded (n = 

1,485). The Shannon–Wiener index was H′ = 1.869 (theoretical maximum: ln 12 = 2.485) with a 

Simpson index of D = 0.207 and a Pielou evenness of J′ = 0.752 . These values together describe a 

moderately diverse assemblage, but one highly skewed toward a small number of abundant bee 
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taxa. The evenness of 0.752 indicates that ~three-quarters of the maximum possible equitability 

was realized, while the moderate Simpson index reflects the fact that the numerical weight of 

Apidae is distributed over four species rather than concentrated in one. 

3.4 Diurnal activity pattern 

Foraging activity strongly structured by time of day. The visitation increased sharply after the 08:00 

h band, peaked in the late-morning hours, declined through the hottest part of the afternoon, and 

recovered weakly only in the 16:00 h band before dusk. This equates to a mean of 3.71 visits per 

15-minute bout, averaged over the season, or 1485 visits over 400 timed bouts. The same total 

expressed per site-day gives a mean of 18.58 visits. As for bands, the five observation bands 

received 142 visits (08:00 h), 568 visits (10:00 h), 421 visits (12:00 h), 238 visits (14:00 h) and 116 

visits (16:00 h) respectively, representing 9.56%, 38.25%, 28.35%, 16.03% and 7.81% of the 

season total, so that the peak band (10:00 h) alone was responsible for 38.25% of all recorded 

visits. Differences between time bands were highly significant (one-way ANOVA: F = 48.72; df = 

4,395; P < 0.001) The Apis activity peaked in the 10:00 h band (52.1% of all Apis visits), while 

Megachile and Xylocopa kept high levels of foraging through both the 10:00 h and the 12:00 h 

bands. The ranking of the dominant taxa was different between the bands,  

The assemblage composition by family also changed over the day. The band 08:00 h had 142 visits, 

118 by Apidae, 12 by Megachilidae, four by Halictidae and eight by the remaining three orders. The 

band 10:00 h had 568 visits, 438 by Apidae, 86 by Megachilidae, 15 by Halictidae and 29 by the 

remaining three orders. The band 12:00 h had 421 visits, 302 by Apidae, 81 by Megachilidae, 11 by 

Halictidae and 27 by the remaining three orders. The band 14:00 h had 238 visits, 174 by Apidae, 

42 by Megachilidae, five by Halictidae and 17 by the remaining three orders. The band 16:00 h had 

116 visits, 88 by Apidae, 14 by Megachilidae, one by Halictidae and 13 by the remaining three 

orders. Apidae made up 71.7% to 83.1% of visits in each band, and the relative share was highest 

in the earliest band and lowest at mid-day. The Megachilidae share increased from 8.5% at 08:00 

h to a maximum of 19.2% at 12:00 h, and then decreased to 12.1% at 16:00 h. Halictid visits were 

limited to almost the two late-morning bands. The non-hymenopteran orders were more evenly 

spaced throughout the day than the bees. 

3.5 Turnover across the flowering period 
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Visitation was also compared over the three phenological stages of the bloom. Early, mid and late 

flowering received 312, 846 and 327 visits respectively and species richness changed from 8 to 12 

to 9 taxa. Recruitment of Xylocopa fenestrata, Megachile disjuncta and the lepidopterans into the 

assemblage occurred mainly at mid-bloom. The difference between stages was significant (F = 

36.14; df = 2, 397; P < 0.001). 

3.6 Foraging behaviour and keel tripping 

Apis species visited flowers for nectar and pollen, handled flowers quickly, but a large proportion 

of their visits did not depress the keel. They were the most frequent visitors but were relatively 

inefficient per visit. In the larger-bodied Megachile and Xylocopa bees, the keel was consistently 

forced down, causing the staminal column to touch the ventral thorax and abdomen, which is the 

mechanism of pollen deposition in this crop. The anthers of C. cajan are not poricidal, so keel 

tripping (but not buzz pollination or sonication) is the operative mechanism.  

In numerical terms, the keel was tripped in 89.2% of visits by Megachile lanata, 84.5% of visits by 

Megachile disjuncta and 78.4% of visits by Xylocopa fenestrata compared with only 28.6% of visits 

by Apis cerana indica, 34.2% of visits by Apis dorsata and 12.5% of visits by Apis florea. Both 

Megachile species, A. dorsata and A. cerana indica collected pollen as well as nectar; X. 

fenestrata fed mainly on nectar and secondarily on pollen, while A. florea was recorded taking 

only nectar.  

Mean handling time per flower was shortest in X. fenestrata (3.4 ± 0.2 sec.) and longest in A. florea 

(8.4 ± 0.5 sec.), with M. lanata at 4.8 ± 0.3 sec., M. disjuncta at 5.2 ± 0.4 sec., A. dorsata at 5.1 ± 

0.3 sec. and A. cerana indica at 6.5 ± 0.4 sec. The number of flowers manipulated per 15-minute 

foraging bout occurred in the reverse order, from 18.4 ± 1.1 in X. fenestrata and 14.6 ± 0.8 in M. 

lanata to 13.2 ± 0.7 in M. disjuncta, 11.4 ± 0.7 in A. dorsata and 9.8 ± 0.6 in A. cerana indica to 6.7 

± 0.4 in A. florea. The large-bodied solitary bees thus had the shortest handling times, highest 

flower visitation rates and highest tripping frequencies.  

Visits that did not involve tripping or nectar robbing were not evenly distributed among taxa. 

Neither species of Megachile was recorded robbing nectar (0.0% visits in both), whereas 14.8% of 

visits by X. fenestrata involved perforation of the corolla base and lateral extraction of nectar with 

no contact with the reproductive column. The corresponding figures for the honey bees were 

18.2% (A. florea), 4.5% (A. cerana indica) and 2.8% (A. dorsata). Ants and small beetles also 
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accessed nectar without pollination. All such records were retained in the totals for abundance 

but removed from the estimates of effective pollination. 

3.7 Contribution of insect visitation to pod and seed set 

The bagged inflorescences were inferior to inflorescences open to insect visitation on all 

measured yield parameters. Paired comparisons were made within plants and within sites and 

the gains are expressed as the percentage increase of the open pollinated over the pollinator 

exclusion treatment. Under exclusion, pod-set rate was 28.42 ± 1.18% and under open 

pollination, it was 54.68 ± 1.64%, an increase of 92.40% (paired t = 13.02; df = 79; P < 0.001). Seeds 

per pod increased from 2.74 ± 0.08 to 3.82 ± 0.09, a gain of 39.42% (t = 8.94; df = 79; P < 0.001); 

proportion of well-filled seed from 68.35 ± 1.45% to 88.50 ± 1.12%, a gain of 29.48% (t = 10.98; df 

= 79; P < 0.001); and 100-seed weight from 8.24 ± 0.21 g to 11.46 ± 0.28 g, a gain of 39.08% (t = 

9.25; df = 79; P < 0.001). These differences are an upper bound on the insect-attributable gain, 

rather than an exact estimate, because mesh bagging alters the microclimate around the 

inflorescence. 

DISCUSSION 

Hymenoptera and particularly bees dominated the flower-visitor fauna of C. cajan at Sengaon. 

Apidae and Megachilidae together contributed 91.24% of visits, close to the 87.34% for the same 

two families at Ambikapur (Singh et al., 2021) and similar to the 86.92% and 85.71% 

hymenopteran shares at the two Karnataka locations of Kambrekar et al. (2019). Bee dominance 

is not restricted to India: the Recôncavo Baiano assemblage in Brazil was almost exclusively apid 

(99.25%; Azevedo et al., 2007), and at Maroua in Cameroon bees accounted for a lower but still 

leading 64.91% of individuals, with butterflies making up most of the rest (Pando et al., 2018).  

The richness recorded here, twelve species in seven families, matches Singh et al. (2021) and 

exceeds the seven of Padhy et al. (2024) and the eight of Kambrekar et al. (2019), but is less than 

the eighteen at Bangalore (Prashanth, 2009) and the twenty-four reported elsewhere in 

Maharashtra (More et al., 2015). The leading taxon differs from place to place, and Sengaon falls 

in with the Apis-led studies. Here, Apis species were responsible for apid dominance, similar to 

reports of A. florea dominance in Maharashtra (More et al., 2015), A. cerana indica around 

Bangalore (Rashmi et al., 2010) and A. mellifera in Jammu and Kashmir (Singh et al., 2017). This is 

contrasted to Punjab where M. lanata was dominant at 28% (Brar et al., 1992), Gajapati where M. 
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lanata and M. disjuncta comprised 58.58% of foragers (Padhy et al., 2024), and Ambikapur where 

Tetragonula iridipennis was the sole dominant species with 35.88% of visits (Singh et al., 2021). 

The variation is due to local nesting resources and surrounding vegetation, and not to an inherent 

preference of the crop. This is the very reason that the need for locality-specific inventories 

persists.  

The behavioral data indicate that visitation frequency is a poor proxy for pollination effectiveness. 

Although Apis foragers were abundant, they tripped the keel infrequently (12.5–34.2%), whereas 

the less numerous but larger-bodied Megachile (84.5–89.2%) and Xylocopa (78.4%) consistently 

depressed the staminal column onto the ventral body surface. Since the anthers of C. cajan are 

not poricidal, this mechanical tripping, which is the requirement described for papilionaceous 

pulses generally (Purseglove, 1968), is the only way that pollen reaches the visitor's body.  

The same uncoupling of abundance from efficiency is reported again and again. M. lanata was the 

most efficient native bee in Nagaland for pollen load and stigmatic deposition rather than visit 

counts (Singh, 2016) and the most efficient forager at Bangalore (Prashanth, 2009). In Cameroon, 

single-visit studies have quantified pod and seed gains in individual large-bodied bees, 

Chalicodoma cincta cincta (Pando et al., 2011) and Xylocopa olivacea (Tchuenguem Fohouo et 

al., 2014). Therefore, dominance indices derived from pooled visit counts should be interpreted in 

conjunction with per-visit tripping rates, not as a standalone measure of pollination service. 

Corolla-base puncture by Xylocopa (14.8%) and nectar theft by ants and small beetles further 

complicate abundance-based inference; excluding these non-tripping visits from the effective-

pollination estimate, as was done here, follows the caution of earlier assessments that separated 

visitation from demonstrated yield contribution (James et al., 1989; Free, 1993; Heard, 1999) and 

McGregor's (1976) observation that visitation to pigeon pea had not then been shown to raise seed 

yield.  

The exclusion trial fills that gap for the Sengaon tract, and its result is consistent with the gains at 

Maroua (Pando et al., 2018) and Bangalore (Prashanth, 2009). The measured difference is best 

viewed as an upper bound on the insect-attributable gain because mesh bagging alters the 

inflorescence microclimate. Two practical implications follow from this. Firstly, the most effective 

pollinators here are cavity- and wood-nesting solitary bees rather than managed honey bees, so 

conservation should focus on nesting substrate field bunds, dead wood and nullah-side scrub 
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rather than hive placement alone. Artificial trap nests are a directly translatable intervention, 

having been occupied by *M. lanata*, *M. laticeps* and *M. disjuncta* when installed in pigeon 

pea and offering a means of building megachilid populations within the crop (Udayakumar and 

Shivalingaswamy, 2022). Second, the same guild underlies the 25–30% natural outcrossing on 

which hybrid seed production depends (Saxena et al., 2016; Saxena et al., 2025a), so the fauna 

reported here has implications for seed-production planning in Marathwada as well as for grain 

yield in farmers' fields. 690 words 5 paragraphs No subheadings All citations retained The logic 

still proceeds from composition and richness, through the argument of abundance versus 

efficiency, to yield and management, so the section reads continuously even without the 

numbered breaks. 

CONCLUSIONS 

In the present study, first documented pollinator inventory for Cajanus cajan in Sengaon tract of 

Hingoli district has been presented. During a complete kharif flowering season a total of 1485 

flower visits were recorded by 12 insect species belonging to 7 families and 4 orders. 

Hymenoptera constituted 93.67 per cent of total visits and Apidae alone contributed 75.42 per 

cent. The community was moderately diverse (H′ = 1.869, J′ = 0.752) but strongly dominated by a 

few abundant bee taxa. Honey bees were the most common visitors, but leafcutter (Megachile) 

and carpenter bees (Xylocopa) were the most effective per visit, consistently tripping the keel (> 

78%).  

Insect visitation resulted in 92.40% more pod set, 39.42% more seeds per pod and 39.08% more 

100-seed weight compared to flowers from which pollinators were excluded. Thus, conserving 

solitary bees that nest in cavities and wood provides a direct yield return to tur growers in this rain-

fed area. 
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