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PREFACE 

This volume presents a collection of scholarly contributions that 

examine contemporary challenges and innovations in sustainable agriculture 

and food systems. The chapters collectively address the efficient use of 

resources, environmental sustainability, and technological advancement, 

offering interdisciplinary perspectives that link local practices with broader 

global sustainability frameworks. 

At the local and agroecological level, the chapter on the self-

consumption of compost derived from household organic waste in South 

Borgou, Benin, investigates circular approaches to soil fertility management 

and waste valorization. It provides empirical insights into how household-

based composting can enhance market gardening productivity while 

contributing to environmental conservation and rural livelihoods. 

The volume further explores structural and technological 

transformations within food systems. The chapter on plant-based milk 

analyzes its role as a complementary component of sustainable food systems, 

while the contribution on precision spraying and plant-by-plant AI 

management examines data-driven agricultural technologies aimed at 

improving input efficiency, reducing environmental externalities, and 

increasing production accuracy. 

Concluding the volume, the chapter on sustainable agriculture with an 

emphasis on livestock husbandry addresses integrated and responsible 

livestock management practices. It situates livestock systems within a 

sustainability framework that balances productivity, animal welfare, and 

environmental impact, thereby reinforcing the need for holistic approaches 

to agricultural development. 

 

 

Editorial Team  

January 26, 2026  

Türkiye 
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INTRODUCTION 

Organic waste disposal methods, particularly landfilling, not only 

deplete resources but also contribute to environmental challenges (Kharola et 

al., 2022). Unprecedented population growth, economic growth, and 

urbanization, particularly in low- and middle-income countries, combined with 

extreme weather conditions, the high environmental footprint of agricultural 

practices, and disposal-oriented waste management practices, require 

significant changes in methods for managing large quantities of organic waste 

(Surendra et al., 2020). Recent findings underscore the imperative of 

integrating advanced technologies and holistic environmental considerations 

into organic waste management. Furthermore, understanding the techno-

economic dynamics reveals the potential for sustainable practices, indicating a 

shift toward circular economies (Sharma et al., 2024). Effective organic waste 

management is imperative to address global challenges related to waste 

accumulation, deteriorating environmental conditions, and rising healthcare 

costs (Kumareswaran et al., 2024). 

Food, energy, and water security are increasingly challenging to manage. 

Composting is one waste management method that offers a plausible approach 

to address this challenge by reusing organic waste and generating value-added 

products (Lin et al., 2018). Composting is the controlled conversion of 

degradable organic products and waste into stable products using 

microorganisms. It is a technology that has been used for a very long time 

(Ayilara et al., 2020). By valorizing these organic wastes through composting, 

waste is better managed, contributing to greenhouse gas mitigation and 

resource conservation while promoting community engagement and economic 

development. Integrating composting practices with sustainable agriculture 

initiatives offers synergistic opportunities to improve ecosystem services, 

climate resilience, and food security (Bremaghani, 2024). A properly carried-

out composting process and stable, mature compost guarantee a supply of 

macro- and micronutrients, which can replace chemical fertilizers. Compost 

also has other positive effects, such as the suppression of plant diseases (Sayara 

et al., 2020). Various effects, including the suppression of plant diseases, have 

been observed (Sayara et al., 2020).   
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The increased consumption of fruits and vegetables, driven by their 

health benefits, has also led to a rise in foodborne outbreaks (Macieira et al., 

2021). This increase in health complications, often due to the overuse of 

agricultural chemicals and the presence of residues exceeding maximum limits, 

has amplified the demand for organic farming, especially for vegetables due to 

their short pre-consumption retention period (Singh et al., 2024). Organic 

farming offers high-quality food while preserving land and environmental 

sustainability. The adoption of organic vegetable farming is crucial for 

agricultural sustainability by avoiding the indiscriminate use of synthetic 

chemicals (Sohail et al., 2021). According to Oyekale (2018), factors such as 

monthly income, marital status, race, willingness to pay for waste disposal, and 

the presence of recycling programs positively and significantly influence 

recycling behavior, while perceptions of financial benefits and the importance 

of recycling have a negative impact. Furthermore, Ekere et al. (2009) found that 

gender, peer influence, plot size, household location, and membership in an 

environmental organization are also influential." 

 

1. THEORETICAL FRAMEWORK  

This study, similar to Ekyaligonza et al. (2024), employs three theories 

to analyze the factors influencing the integration of compost from household 

organic waste into vegetable production. Firstly, Ajzen's (1991) theory of 

planned behavior is used, which posits that intentions to adopt behaviors are 

predicted by attitudes, subjective norms, and perceived behavioral control, 

which, in turn, influence actual behavior. Secondly, the technology acceptance 

model is applied, suggesting that an individual's decision to adopt a technology 

is based on perceived usefulness and ease of use (Michels et al. 2021). Finally, 

the rural technology acceptance model is incorporated, which integrates the 

technology acceptance model with variables like ease of use, social influence, 

and socio-demographic factors (Moosa, 2009; Tambotoh et al., 2015; 

Venkatesh & Davis, 1996). These three theories form the foundation for the 

econometric model and hypothesis formulation in this research. 
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1.1 Sustainable Agriculture Theory 

Sustainable agriculture emphasizes the optimization of natural resources 

with minimal environmental degradation, ensuring long-term productivity and 

ecological balance. According to this theory: 

 Composting transforms biodegradable household waste into a soil 

amendment that enhances soil fertility and structure. 

 Self-consumption of compost reduces dependence on chemical fertilizers 

and external inputs. 

 It aligns with principles of ecological intensification, agroecology, and 

resource recycling. 

This theory provides a foundation for understanding why farmers might 

prefer organic amendments from household waste over synthetic fertilizers in 

market gardening systems (Altieri, 1995; Gliessman, 2007). 

 

1.2 Circular Economy and Resource Dependency Theory 

The circular economy framework advocates for closing material loops, 

reducing waste, and increasing resource efficiency by transforming waste into 

useful products. Resource dependency theory suggests that farmers’ decisions 

are influenced by their dependence on external inputs and their capacity to 

leverage available resources. 

 Household organic waste → Compost → Soil amendment. 

 Reduced dependency on imported or costly chemical inputs. 

 Enhanced resilience through local resource utilization. 

This explains self-consumption not just as an environmental practice, but 

as a strategic adaptation to reduce external dependencies and enhance 

household resource autonomy (Ellen MacArthur Foundation, 2015; Pfeffer & 

Salancik, 1978). 

 

1.3 Technology Adoption and Innovation Diffusion (Rogers) 

Rogers’ Diffusion of Innovations theory explains how, why, and at what 

rate new ideas and practices spread within a social system: 

Key constructs relevant to compost self-consumption: 

 Relative advantage: Perceived benefits of compost over chemical 

fertilizer. 
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 Compatibility: Alignment with farmers’ values, practices, and market 

gardening systems. 

 Complexity: Ease of compost production and use. 

 Trialability: Ability to experiment on small plots. 

 Observability: Visibility of results to others in the community. 

This framework helps identify socio-cultural and cognitive factors 

influencing the uptake of compost self-consumption by market gardeners in 

South Borgou (Rogers, 2003). By integrating sustainable agriculture, circular 

economy, adoption theory, and behavioral perspectives, the framework captures 

both structural and behavioral determinants. South Borgou’s agro-ecological 

conditions, waste generation patterns, and market gardening dynamics make 

the framework appropriate and grounded.The relationships and constructs can 

be operationalized into measurable variables for quantitative and qualitative 

analysis. 

 

2. METHODOLOGY 

2.1 Study Area 

This research focuses on three municipalities: Parakou, Tchaourou, and 

N'Dali. These municipalities were selected for two primary reasons. Firstly, 

they are significant centers for market gardening. Urban and peri-urban 

agriculture is a key activity in Parakou, located in northern Benin (Agossou et 

al. 2014). Secondly, these municipalities are large urban areas with high organic 

waste production. 

All the three municipalities - Parakou, Tchaourou, and N'Dali - are 

situated in the Department of Borgou. Parakou is centrally located in Benin, 

between 9°2' north latitude and 2°36' east longitude. It spans 441 square 

kilometers, with approximately 30 square kilometers urbanized. It is bordered 

to the north by N'Dali and to the south, east, and west by Tchaourou. The city 

experiences a Sudano-Guinean climate, characterized by a rainy season from 

April to October and a dry season from mid-October to mid-April. Annual 

rainfall varies between 1,000 mm and 1,500 mm, distributed over 75 to 140 

rainy days. The lowest temperatures occur in December and January. The 

commune of Tchaourou is located in southern Borgou, northern Benin, between 

8°45' and 9°20' North latitude and 2°10' and 3°40' East longitude.  
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 It covers an area of 7,256 square kilometers, representing 28% of the 

Borgou department and 6.5% of the national territory. Tchaourou experiences a 

Sudanese climate with a single, major rainy season lasting approximately seven 

months. Annual rainfall ranges from 900 to 1,300 mm. 

The commune of N'Dali is also located in the Borgou department of 

northern Benin. It is bordered to the north by the communes of Bembèrèkè and 

Sinendé, to the south by Parakou and Tchaourou, to the east by Nikki and 

Pèrèrè, and to the west by Djougou and Péhunco. The climate is Sudano-

Guinean continental, characterized by a rainy season (April to October) and a 

dry season (October to April). Average rainfall is between 1100 and 1200 mm, 

but can be as low as 900 mm, making it well-suited for soybean cultivation, 

particularly considering the temperature." 

 

2.2 Sampling 

To determine the sample size for this study, the Cochran formula (1997) 

was adopted to ensure robust results. This formula is: 

(Eq. 1) 

Where; n: minimum sample size to obtain significant results; t: 

confidence level (the value corresponding to the 95% confidence level is 1.96); 

p = estimated proportion of the population that incorporates compost from their 

household organic waste (when unknown, p = 0.25 can be used, which 

corresponds to the case where very few market gardeners adopt this practice); 

m = permissible margin of error (for example, we want to know the actual 

proportion to within 5%) 

Thus, to calculate the sample size for this research, with a 95% 

confidence level, an estimated proportion of 0.25 and a margin of error of 5%. 

=288.12 

 

2.3 Data 

The data were obtained in two stages: an exploratory phase and a detailed 

survey phase. The survey phase involved market gardeners in the municipalities 

of Parakou, N'Dali, and Tchaourou, regardless of whether they used compost 

made from their household organic waste.   
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The data collected were primarily primary data, gathered through the 

KoboCollect application via face-to-face interviews with the market gardeners 

included in this research. The interviews with the market gardeners took place 

between March and April 2025. The questionnaire covered several topics, 

including socio-demographic characteristics (age, gender, education level, 

literacy, household size) and economic characteristics of the household, organic 

household waste management, current household waste management practices, 

composting adoption, willingness to pay for training and composting adoption, 

yield estimation and economic impact assessment, and environmental and 

social perception. 

 

2.4 Data Analysis 

To analyze the factors influencing market gardeners' integration of 

compost from household organic waste, a logit model was adopted in this study. 

As explained above, the integration of compost depends on the utility the 

market gardener derives from this adoption; thus, the utility model is relevant. 

The empirical model can then be specified as follows: 

Where yi corresponds to the dependent variable, taking the value 1 when 

the market gardener integrates compost from the processing of their household 

organic waste and 0 otherwise. εi corresponds to the error term; β0 to β9 are the 

parameters to be estimated. The other variables are the explanatory factors 

defined as follows: 

 

Marital 

Represents the producer's marital status. This categorical variable has 

three categories: 0 for single, 1 for married, and 2 for divorced/widowed. 

Marital status can influence the integration of household-produced compost 

into market gardening production. Several authors have found that marital 

status influences the adoption of compost (Ali et al., 2018; Mensah et al., 2018). 

Gender: Gender is a variable that can positively or negatively influence 

the adoption of integrating compost from the market gardener's household 

waste. This binary variable can take 0 for female and 1 for male. In the 

literature, authors have used it in their research (Bagagiolo et al., 2022; 

Kabasiita et al., 2021; Mukai, 2017). 
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Income 

This variable is categorical, with four categories: 1 for incomes below 

50,000 CFA francs, 2 for incomes between 50,000 and 100,000 CFA francs, 3 

for incomes between 100,000 and 200,000 CFA francs, and 4 for incomes above 

200,000 CFA francs. This variable represents the household's approximate 

monthly income in CFA francs and can positively or negatively influence the 

adoption of compost integration from the market gardener's household organic 

waste. Authors such as Mashi et al. (2025) and Zhou et al. (2018) have also 

included this variable in their logistic regression models. 

 

Size 

This variable indicates the household size. It is also a categorical variable 

that takes five categories: 1 = 1 person, 2 = 2-3 people, 3 = 4-5 people, 4 = 6-7 

people, and 5 = more than 7 people. It can have a positive or negative influence 

on adoption. Previous research has also used it in models (Mashi et al., 2025; 

Ullah et al., 2018). 

 

Actprin  

The main activity is a factor that may or may not motivate the 

transformation of household organic waste into compost for use in market 

gardening. Several types of activities were defined in this research, including: 

1 = Farmer, 2 = Trader, 3 = Civil Servant, 4 = Worker, 5 = Craftsman, 6 = Self-

employed, and 7 = Unemployed. Bagagiolo et al. (2022) and Kabasiita et al. 

(2021) also used it in their logistic regression models to identify the 

determinants of compost adoption from the organic part. 

 

Area 

This factor represents the area over which the market gardener applies 

compost derived from the processing of their household's organic waste. It can 

positively or negatively influence adoption. Similar to Mashi et al. (2025), this 

variable will be used in the logistic regression model. 
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Systems 

This variable indicates the household's attitude toward the organic waste 

management system. It is assigned a value of 0 if the household does not have 

an organic waste management system. In similar studies, attitude has been 

considered a variable in studies of the adoption of compost integrated into 

agricultural production (Rastegari et al., 2023). 

Waste Management Training: Training on organic waste management is 

a factor that can positively or negatively influence the adoption of compost 

derived from the processing of household organic waste. This training is 

provided through agricultural extension programs or project interventions 

(Abebe and Debebe, 2019; Mashi et al., 2025). 

Table 1 presents the set of explanatory variables introduced into the Logit 

model to analyze the determinants of the probability that households adopt the 

practice under study. The choice of the Logit model is justified by the binary 

nature of the dependent variable, which takes the value 1 when the household 

adopts the practice and 0 otherwise. This model allows for the estimation of the 

effects of socio-economic, professional, and institutional characteristics on the 

probability of adoption. 

Socio-demographic variables, including marital status, gender, and 

household size, are included to capture the influence of individual and family 

characteristics on household behavior. The expected signs of these coefficients 

are a priori ambiguous, reflecting the mixed empirical evidence reported in the 

literature. Economic and professional variables, such as household income and 

primary activity, are assumed to influence the adoption decision through 

financial capacity and the nature of economic activities. However, their effects 

on the probability of adoption remain indeterminate, as these factors may either 

promote or hinder adoption depending on the context. Variables related to 

human capital, particularly professional and technical training as well as access 

to specific training in organic waste management, play a central role in the 

model. A positive coefficient associated with these variables indicates an 

increase in the probability of adoption, reflecting the role of training in 

improving household knowledge and practices. Accordingly, access to training 

in organic waste management is expected to have a positive effect on the 

probability of adoption.  
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Table 1. Empirical review of the variables introduced into the model 

Variable Description Variable Type 
Expected 

sign 

Marital Marital status  ± 

Gender 
The gender of the person 

being investigated 
Binary (1=man, 0=wife) ± 

Income Provider income  ± 

Taillm Houshold size Continue ± 

Actprin 
Principal activity 

investigated 

1= farmer, 2= trader, 3= 

civil servant, 3= worker, 

4= craftsman, 5= self-

employed worker, 6= 

unemployed 

± 

Principale Activity: 

Agriculture 

Agriculture as your 

principal activity 

Binary (1= yes and 0= 

No) 
± 

Profesional and 

Technical Training 

Has followed a 

professional and 

technical training 

Binary (1= yes and 0= 

No) 
± 

Area The area Continious ± 

Systges 

Existence of a household 

waste management 

system 

Binary (1= yes and 0= 

No) 
± 

Waste  Management 

Access to training on 

organic waste 

management 

Binary (1= yes and  0= 

No) 
+ 

Size Household 4-5 

Person 

The size of the houshold 

between 4 and 5 
Binary (1= yes  et 0= No) + 

Size Houshold 6-7 

Person 

The size of the houshold 

between 6 and 7 

Binary (1= yes and 0= 

No) 
+ 

 

3. RESULTS AND DISCUSSION 

3.1 Socio-demographic Characteristics 

Table 2 presents the socio-demographic characteristics of the market 

gardeners interviewed for this research. According to the table, the sample 

comprised 38.80% women and 61.20% men. The majority of the sample in this 

research was men, representing nearly a third of the total. Among these, 87.63% 

of the men had incorporated compost from household waste into their market 

gardening production, and 60.78% of the women had also incorporated 

compost from household waste into their market gardening production. 
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Furthermore, 82.26% of the sample were married and 17.74% were 

single. Regarding education, 28.63% reported having completed secondary 

school, while 71.37% reported having not. Still regarding the level of 

education, only 29.21% of producers who have reached secondary level 

integrate compost from their household waste and market gardening and 

70.79% who have not reached this level of education have also adopted this 

integration. Next in this table, 76.4% of respondents whose main activity is 

agriculture use compost from their household waste in market gardening. The 

presence of a household waste management system is also a socio-demographic 

characteristic measured in this study. Thus, 66.40% of interviewees have a 

waste management system, and 33.60% do not. Regarding access to 

information on the household waste management system, 63.16% of market 

gardeners reported having this information, while 36.84% did not. Concerning 

the number of people in the household, 44.31% reported having between 4 and 

5 people, and 12.60% reported having between 6 and 7 people. Regarding age, 

35.60% of the respondents were in the 30-39 age group. In this sample, 93.93% 

reported no household waste collection service, while only 6.07% reported 

having one. Finally, the average sown area in this sample was 1.337 ha. 

 

Determinants of Self-Consumption of Compost in Vegetable 

Production 

According to Table 3, the variables introduced in the logit model explain 

54.91% of the integration of compost from household organic waste into 

vegetable production. Therefore, the model is generally significant at the 1% 

level. 

Variables such as gender; having agriculture as a main activity; an 

approximate monthly household income (in CFA francs) between CFA francs 

50,000 and CFA francs 100,000; living in a household with an organic waste 

management system (composting, sorting, etc.); living in a household where 

leaves, branches, and other garden waste are the types of organic waste 

produced; and having access to information or local programs that encourage 

organic waste management (recycling, composting, etc.) significantly influence 

the integration of compost from household organic waste into one's own 

vegetable production. 
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Table 2. Socio-demographic characteristics 

Variable Modality 

Non-

Integration 

of compost 

Integration 

of compost 
together 

Gender 
wife 12.37 87.63 38.80 

man 39.22 60.78 61.20 

Maried 
No 28.17 13.56 17.74 

Yes 71.83 86.44 82.26 

Secondary education Level 
No 72.86 70.79 71.37 

Yes 27.14 29.21 28.63 

Agriculture as  main activity 
No 34.72 19.10 23.60 

Yes 65.28 80.90 76.40 

Income  between 50 and 100 

thousand 

No 26.39 27.53 27.20 

Yes 73.61 72.47 72.80 

Possession of a household 

waste management system 

No 84.06 14.04 33.60 

Yes 15.94 85.96 66.40 

Access to training on the 

household waste 

management system 

No 47.89 32.39 36.84 

Yes 52.11 67.61 63.16 

Food waste produced as 

garbage of household 

No 1.39 2.25 2.00 

Yes 98.61 97.75 98.00 

Branch left produced as 

household waste 

No 52.78 9.55 22.00 

Yes 47.22 90.45 78.00 

Access to information or 

programs on household 

waste management 

No 62.50 37.08 44.40 

Yes 37.50 62.92 55.60 

Number of people in the 

household between 4 and 5 

No 52.94 56.74 55.69 

Yes 47.06 43.26 44.31 

Number of people in the 

household between 6 and 7 

No 92.65 85.39 87.40 

Yes 7.35 14.61 12.60 

Age between 30 and 39 
No 73.61 60.67 64.40 

Yes 26.39 39.33 35.60 

No household waste 

collection service 

No 2.86 7.34 6.07 

Yes 97.14 92.66 93.93 

Surface area on which the 

compost is used 
 0.0843(0.360) 0.349(1.033) 1.337(3.264) 
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Indeed, gender has a negative and significant influence on the integration 

of compost from household waste into market gardening. More specifically, 

being a man increases the probability of adopting the integration of compost 

from household waste into market gardening by 12.4% at the 1% threshold. 

Gender has no influence on the integration of compost into market gardening 

(Bagagiolo et al., 2022). 

Main occupation also significantly influences the integration of compost 

from household waste into market gardening, but in a positive way. According 

to the results, having agriculture as a main occupation increases the probability 

of integrating compost from one's waste into one's market gardening field by 

11.3 percentage points at the 5% threshold. 

On the other hand, having a monthly income between CFA francs 50,000 

FCFA and CFA francs 100,000 significantly reduces the probability of adopting 

compost from the household in one's market gardening by 11.3% at the 5% 

threshold. Income positively and significantly influences the use of compost in 

one's market gardening (Kabasiita et al., 2021). 

Having an organic waste management system (composting, sorting, etc.) 

has a significant and positive impact on the adoption of household compost in 

market gardening. Indeed, having such a system increases the likelihood of this 

adoption by 27.9% at the 1% threshold. Attitudes toward organic waste 

management have a positive and significant impact on the use of compost 

produced from household waste in market gardening (Rastegari et al., 2023). 

Producing leaves, branches, and other garden waste also has a positive 

and significant impact on the integration of household-produced compost into 

market gardening. This increases the likelihood of integrating household-

produced compost into market gardening in South-Borgou by 13.8% at the 1% 

threshold. Finally, access to information or local programs that encourage 

organic waste management (recycling, composting, etc.) also significantly and 

positively influences, at the 5% threshold, the integration of compost produced 

with household organic waste into market gardening production. Access to this 

information increases the probability of this integration by 12%. For Rastegari 

et al. (2023), information has an influence on the integration of compost 

produced within the household into market gardening production.   
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Contact with projects/programs positively and significantly influences 

the adoption of compost produced in one's household and its use in one's market 

gardening operation (Abebe & Debebe, 2019). 

 

Table 3.Determinants of the integration of compost from household organic waste 

into one's own market gardening production 

Use of the compost produced in your 

garden or for agricultural activities 

Coeffi

cient 

Marginal

s effect 

Stand

ard 

Error 

z P>|z| 

Sex -1.616 -0.124 0.591 -2.730 0.006 

Marital status: Married 0.470 0.036 0.667 0.700 0.481 

Secondary education level 0.916 0.070 0.581 1.580 0.115 

Agriculture as main activity 1.482 0.113 0.590 2.510 0.012 

Approximate monthly income of 

household (in FCFA) 50 000-100 000 
-1.473 -0.113 0.633 -2.330 0.020 

The household has an organic waste 

management system (compostage) 
3.647 0.279 0.610 5.980 0.000 

The household has access to training 

or information on waste organic 

management 

-1.227 -0.094 0.747 -1.640 0.100 

Food waste the type of waste product 1.583 0.121 1.753 0.900 0.367 

Leaves, branches and other garden 

waste as a type of waste produced 
1.800 0.138 0.577 3.120 0.002 

Access to information or local 

programs that encourage the 

management of organic waste 

1.658 0.127 0.722 2.300 0.022 

Household constitute from 4 to 5 

persons 
-0.464 -0.036 0.614 -0.760 0.450 

Household constitute from  6 to 7 

persons 
-0.807 -0.062 1.016 -0.790 0.427 

Surface area on which the compost is 

used 
0.855 0.065 0.655 1.310 0.192 

Age of the household chief between 

30-39 years hold 
0.474 0.036 0.549 0.860 0.388 

No pickup service of household waste -1.078 -0.083 1.000 -1.080 0.281 

Constant -2.436  2.184 -1.120 0.265 
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CONCLUSION 

The objective of this study is to analyze the factors influencing the self-

consumption of compost from household organic waste in market gardening in 

South Borgou, Benin. The results show that gender and having agriculture as a 

main activity influenced this self-consumption of compost in market gardening 

by 1% and 5%, respectively. Also, producing leaves, branches, and other garden 

waste and having access to information or local programs that encourage 

organic waste management, such as recycling and composting, had an impact 

on the use of self-produced compost in market gardening at the thresholds of 

1% and 5%, respectively. Future studies could examine the influence of 

agricultural policies on the adoption of composting in market gardening.  
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INTRODUCTION 

Worldwide  there has been a marked  shift towards plant-based diets, 

driven by changing consumer preferences regarding health, greenhouse gas 

emissions GHG emissions, animal welfare, and  many ethical or religious 

considerations. This shift  is reflected in the increasing prevalence of 

vegetarianism,  and flexitarian feeding patterns across both developed and 

developing countries . A plant-based diet primarily includes foods derived from 

plant sources, i.e. fruits, vegetables, legumes, nuts, seeds, and whole grains, 

while not completely excluding foods derived from animal sources. Therefore, 

the term “plant-based” represents a broad  range of foods rather than a stringent 

classification (Cramer et al.,2017). 

The increasing adoption of plant-based foods has stimulated rapid 

innovation within the plant-based substitutes in food  industry, primarily  in 

products formulated to replicate conventional animal -derived foods. Among 

these, plant-based milk substitutes also referred to as ‘plant-based beverages, 

have gained substantial market popularity. However, increased consumption of 

plant-based products did not change  consumers  perceptions and  value to 

sensory attributes associated with dairy milk i.e.  flavor, texture, mouthfeel, and 

satiety. This demand has encouraged the food industry in the development of 

plant-based milk substitutes formulated to closely mimic the functional and 

sensory properties of conventional  dairy milk (McDermott et al.,2021). 

According to   market perspective , plant-based foods represent one of 

the rapidly growing components  of the  food industry worldwide. Retail sales 

of plant-based food products, primarily milk substitutes, have expanded rapidly 

and are estimated to reach unprecedented high  levels in the coming decades. 

This  growth reflects not only high consumer demand but also broad structural 

pressures on world food systems. Rapid increase in world population , 

urbanization, rising incomes, and dietary pattern  transitions are further 

intensifying stress on food supply chains. Moreover, recent  spectrum of turmoil  

including pandemics, geopolitical conflicts, and climate variability have further 

exposed the  vulnerabilities in conventional dairy food production systems 

(McClements &Grossmann,2021).   
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Consumer health preferences are one of the driving forces of the 

increasing  interest in plant-based milk. Increasing awareness about  nutrition 

associated  non-communicable diseases such as obesity, diabetes, 

cardiovascular disorders, and certain cancers has  sensitized consumers to 

reassess dietary choices. Plant-based foods are often associated with healthy 

nutritional profiles, i.e. low saturated fat content and high levels of  fiber and 

bioactive compounds. Within this perspective, plant-based milk substitutes are 

increasingly perceived as ‘functional foods’ capable of supporting healthy 

dietary patterns when appropriately formulated and consumed. 

Environmental sustainability represents another aspect promoting  the 

expansion of plant-based milk. Conventional dairy production industry  is 

associated with substantial greenhouse gas emissions (GHG),high water 

footprint, and extensive land use. However, plant-based milk substitutes exhibit 

a lower environmental footprint,  in terms of resource utilization and emissions. 

Therefore, Sustainable development goals (SDGs) associated with climate 

change, food security, and environmental protection are major drivers of 

expanding  plant-based milk industry and making it a   promising component 

of  sustainable food systems. 

Despite the growing popularity of  plant-based milk substitutes it  also 

remains a  subject to scientific, regulatory, and societal  debate forums . 

Nutritional profile, processing intensity,  composition, and bioavailability of 

essential nutrients continue to be actively discussed in scientific literature. 

Moreover, legal and regulatory challenges including  the use of dairy associated 

terminology  primarily  the term “milk” have generated a diversity in  

viewpoints among policymakers, food industry stakeholders, and consumer 

groups.  

Therefore, plant-based milk should not be viewed only through a 

competitive lens in relation to conventional dairy milk systems. Rather, it 

should be considered a complementary perspective and  should be  increasingly 

advocated by recognizing the potential role of plant-based milk in diversifying 

food choices, enhancing food resilience, and supporting sustainable 

consumption patterns. This chapter explores plant-based milk within the 

broader context of contemporary food and nutrition systems, providing a 

comprehensive overview of its evolution, significance, and prospects.  
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1. HISTORICAL EVOLUTION OF PLANT-BASED MILK  

Plant-based milk substitutes portray a long-standing human adaptation to 

dietary, cultural, ecological, and physiological requirements. Long before  

development of industrial food systems , milk-like substitutes were derived 

from plants and consumed across diverse  ancient civilizations. In English 

language, the term milk has been used to describe “milk-like plant juices” since 

as early as the 13th century, reflecting the historical acceptance of plant-derived 

juices as functionally  equivalent  to dairy milk. Historical evidence  describes 

that Indigenous communities in North America, such as the ‘Wabanaki’ and 

other native tribes prepared milk-like preparations from nuts  for infant feeding. 

Likewise, rice-based preparation such as ‘Amazake’ in Japan are  early 

examples of cereal-derived milk substitutes . This evidence  indicate that plant-

based milk evolved independently across regions according to availability of  

local resources, dietary patterns, and nutritional requirements. 

Among the earliest documented plant-based milk substitutes, almond 

milk holds a prominent position. It’s spread widely across Europe and  Middle 

East. Written records trace almond milk recipes back to the 13th century, as 

written in  Kitāb al-Ṭabīḫ (The Book of Dishes), authored in 1226 by 

Muhammad bin Hasan al-Baghdadi. Almond milk gained further popularity in 

medieval Europe due to religious  fasting laws, where animal products  

consumption were restricted. Therefore, almond milk became a widely 

accepted and  expensive substitute for dairy milk. Historical records  report that 

almond milk was sometimes prepared by blending in  wine portraying culinary 

sophistication of that period. Moreover, its use is further evidenced by its 

inclusion in Samuel Johnson’s Dictionary (1755) as almond milk mentioned 

alongside other plant-derived milks such as pistachio milk. 

Soy milk  is also one of the  ancient plant-based milk substitutes with 

deep cultural roots. Its use in China traces  back to  the 14th century. However, 

soy milk emerged from a general perception among  agrarians that  legumes are 

a  primary source of  proteins . Likewise, coconut milk also developed 

independently as a staple food  in South and Southeast Asian cuisines, where it 

remains central to traditional dishes such as curries. These regional plant-based 

milks were not consumed as milk  substitutes but rather integral components of  

their local food systems. 



24 
 

The modern shift of plant-based milk substitutes into world food markets 

began in the early 20th century, when soymilk consumption expanded  from 

Asia into European and North American food markets. Initially, its adoption 

was closely associated with lactose intolerance and religious or ethical dietary 

restrictions. Worldwide diffusion of soymilk laid  foundation to diversify  plant-

based milk substitutes and  also expanded consumer acceptance for  non-dairy 

milk. 

Although oat-based milk substitutes have historical evidence tracing 

back to the 18th century, commercial oat milk formulation emerged much later. 

In early 1990s , Rickard Oste, a Swedish food scientist  developed oat milk 

while addressing the  lactose intolerance issue  and sustainable food systems. 

This innovation flourished as ‘ Oatly’, the first commercial producer of oat 

milk. Today, oat milk is produced by multiple brands and is widely consumed 

(Newman,2018; Daas ,2022) . 

By 2021,approximately 17 different types of plant-based milk substitutes  

were available worldwide, with almond, oat, soy, coconut, and pea milk holding 

prominent place  among the highest-selling varieties. The rapid expansion of  

plant- based milk substitutes portray increase in consumer awareness about 

environmental sustainability, health preferences, and ethical concerns. 

Compared to dairy milk, the production of milk substitutes derived   primarily  

from soy, oat, and pea offers more advantages in terms of reduced greenhouse 

gas emissions and  land utilization  and also low water footprints, reinforcing 

their role in sustainable food systems. Plant-based beverages are generally  

referred  as plant-based milk or non-dairy milk. Despite their functional 

similarity to dairy milk, regulatory frameworks  particularly  European Union, 

restrict the commercial labeling of these beverages as “milk,” highlighting  

ongoing debates on  food identity and  nomenclature. These beverages are 

produced from cereals ( rice, oat,  corn, rye), legumes ( soy, cowpea), nuts ( 

almond,  walnut, pistachio, tiger nut,  hazelnut), pseudocereals (quinoa and 

amaranth), seeds (flax, sesame, hemp, sunflower) and from  fruits, and 

vegetables. Single plant source formulations,  and innovative blends i.e. 

soybean and almond, soybean and corn, chickpea and coconut,  peanut and 

melon seed combinations also have been developed to enhance protein content, 

sensory quality, and functional properties. 
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1. PROCESSING 

There are several methods for producing plant derived milk substitutes. 

Thermal Processing is used  primarily for  nuts   and grain-based  milk  

products. Heat treatment  increases the stability of emulsion and  protein 

solubility. To reduce the bitter taste by reducing benzaldehyde and pyrazine 

concentration  to less than 0.5 mg/L and to improve  taste, the process is started 

with thermal  treatment. According to the scientific literature thermal process 

lowers acid, total solids level, protein content , fat,  bitterness and  chalky flavor. 

In addition to nuts  finger millet, and moth beans can also be roasted for the 

same purpose (Ilyasoglu &Yilmaz, 2019; Zaaboul et al., 2019). 

Dehulling  Process requires  the use of acid or base for dehulling  nuts 

according to scientific literature. Water immersion can be applied but it 

prolongs the  processing  time . For example, dehulling of nuts  by soaking in 

water require at least  18–20 hours , however, when  two percent citric acid at 

90 °C is used the nuts, peel can be removed  within  2-3  minutes. Base 

solutions, such as 1% or 2%  sodium hydroxide (NaOH) are also used for 

dehulling of  nuts. Important step is to remove residual chemicals from the  

product . Dehulling  has the additional benefits of removing the toxic materials 

present in the skin and therefore neutralizing the bitter taste in the final product 

.For example, oxalic acid, a toxin  found in the sesame seed  hull can be 

removed by the peeling process(Alozie Yetunde & Udofia, 2015; Chen et al., 

2014 ). 

 

 Water Immersion 

It  is applied to a wide range of nuts legumes and cereals . During 

immersion process, the texture of the cereals and nuts are modified. Water  

immersion enables the rice kernel to convert into  soft textured product, and 

ultimately  the time required  for  next process of  blanching decreases (Padma 

et al., 2018).  It has been noted that the use of   sodium bicarbonate along with  

water  immersion reduces  undesirable flavor and increases the stability of  milk 

substitute (Kizzie-Hayford et al., 2016).  
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Blanching and Steaming 

Blanching is applied to nuts ,legumes and cereals. Blanching has several 

benefits by decreasing the microbial  hard and enzymes  activation. For 

example, blanching  reduces lipoxygenase activity which imparts  bean like  

flavor in soymilk substitutes. As an alternate  of blanching, steaming can also 

be applied  to increases the yield of  total solid content  and proteins  when 

compared to boiling and water immersion (Kohli et al.,2017; Kundu et 

al.,2018). 

 

 Wet Grinding 

Wet milling is applied to  nuts, legumes and cereals. In this  process, 

water is mixed in the plant raw material and then mixture  grinding is 

performed. The amount of  water, grinder type, temperature and  pH   are the 

factors that affect the yield of  final product. The amount of water added has a 

significant  impact on the yield of  milk substitute (Kohli et al.,2017; Zaaboul 

et al.,2019). 

 

 Straining/Microfiltration 

It  is applied to separate the  residual cake and the milk part of the grinded 

plant  material. Different filtration  materials are available i.e.  double-layered 

cheese cloth, muslin cloth (25 μm), and filtration  paper 150 mesh sieve, 180 

μm sieve, 4 μm-pore-size filter, and 100 μm pore-size  filter are used. (Anis et 

al.,2019; Naziri et al. 2017). 

 

Sterilization 

Sterilization  is done  to extend shelf  life and maintain  the product safety 

level high. Several methods can be applied i.e. pasteurization,  sterilization, and 

ultra-high sterilization. Sterilization takes place  at 121 °C for15–20 minutes. 

Moreover ,microfiltration,  a  sterilization method without thermal treatment, is 

also used    for inactivation of microorganisms and extending product  shelf life 

(Zaaboul et al.,2019). 
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Homogenization 

Homogenization is performed to increase the physical stability of the 

final product. However, homogenization has no effect on  viscosity and protein 

stability. Moreover, ultra-high pressure applied during the process reduces the 

particle size. While the product  yield can be increased by applying the process 

multiple times. Increase in   product temperature may take place by 5°C -10 °C 

during the homogenization process(Zaaboul et al., 2019).  

 

2. TECHNOLOGICAL INNOVATIONS IN PLANT-BASED 

MILK   

Evolution of plant-based milk has been closely associated with 

technological interventions  with the aim of improving quality, consumer 

acceptability, and nutritional adequacy. Research studies  have shown that 

plant-based beverages formulated  by using soy protein isolates exhibit 

improved sensory acceptance and enhanced nutritional value as compared to 

those made with soy flour.  Blending legume milk with cereal or nut-based milk 

has also proven effective in enhancing taste and consumer acceptability. 

Blending strategies have played a central role in addressing nutritional 

deficiencies of individual plant-based milk. Since different plants vary widely 

in their protein content, amino acid composition, minerals availability, and 

functional properties, combining two or more plant sources help in  the 

development of nutritionally balanced milk substitutes that are  more 

comparable to dairy milk. Historical efforts have shown the development of  

simulated milk formulations i.e. blends of soybean and sesame seed flour, and 

coconut meal, significantly  improved palatability, calcium content, essential 

amino acid balance, and product shelf life. These formulations contain high 

levels of lysine, methionine, calcium, iron, and unsaturated fats along with 

improved oxidative stability due to natural antioxidants (Deshpande et al. 

(2008); Singh & Bains ,1988). The diversity of plant sources used for 

preparation for milk further enhance  their sustainability. These include cereals 

, legumes , nuts , pseudocereals , seeds and even roots and tubers.   
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Innovative   blends of  soybean with almond, soybean with corn, 

chickpea with coconut, peanut and melon seed with coconut , and tiger nut milk  

with Moringa oleifera leaf extract portray  the adaptability of plant-based milks 

within evolving food systems. Blending has been recognized as a practical 

strategy for the development of  nutritionally enriched plant-based milk with 

improved sensory qualities. 

However, these   plant-based milk formulations  are  not nutritionally 

equivalent to dairy milk and therefore require fortification when used as  milk 

substitutes. Fortification of milk substitutes with protein, calcium, vitamins, 

and minerals is essential, particularly for vulnerable segments of populations. 

Calcium is a limiting nutrient in broad  range of cereal-based milks. Soy milk, 

although claimed to be rich in protein, contains only one-fifth the calcium of 

dairy milk. Fortification by using  calcium carbonate or tricalcium phosphate, 

along with  certain stabilizing agents has been widely adopted to improve 

mineral content and their  bioavailability. Moreover, nutrient losses during 

processing also necessitate enrichment to restore essential vitamins and 

minerals in plant-based milk substitutes (Chaiwanon et al., 2000). 

From a public health perspective, plant-based milk substitutes are not 

equivalent breast  milk, infant formula, or dairy milk during the first two years 

of life due to their low energy, protein, fat, and iron content. For children above 

two years of age who cannot consume dairy milk for medical reasons, fortified 

plant-based milk substitutes containing adequate protein levels are 

recommended. 

Labeling and marketing of plant-based milk remain complex challenges 

and is region-specific. International standards ‘ Codex General Standard for the 

Use of Dairy Terms’ discourage the use of dairy terminology for plant-based 

milk substitutes. However, the United States classifies these products as 

imitation milk by  subjecting them to specific composition, microbiological, 

and storage standards. These regulatory frameworks aim to protect consumers 

health while accommodating the growing role of plant-based milk in modern 

food. 
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3. ENVIRONMENTAL  FOOTPRINT OF MILK 

PRODUCTION SYSTEMS 

Worldwide food production systems exert multifaceted impacts on the 

environment, i.e. climate change, water footprints, land utilization, 

eutrophication, ecotoxicity, and loss of biodiversity . As  food demand 

continues to rise , focusing on environmental pressures and mitigating measures 

has become a major concern in the development of sustainable food systems. 

Among food systems,  dairy industry has been under  particular attention due 

to its broad range of  ecological footprints and its rapid growth over recent 

decades ( Naranjo et al., 2020). 

The environmental impacts of food production are generally quantified  

by using life cycle impact assessment (LCIA) approaches, which evaluate 

impacts across the entire supply chain from raw material cultivation  

processing, distribution, and  even waste management. Numerous LCIA-based 

studies have concluded that animal-based food systems, particularly dairy 

production contribute significantly to greenhouse gas (GHG) emissions, water 

footprint, and land utilization. Dairy products rank second in terms of global 

food production associated greenhouse gas emissions after meat products and  

accounting for nearly 4% of total emissions. Moreover, dairy production 

contributes nearly 10% of the global risk of anthropogenic eutrophication and 

around 6 % of acidification impacts. 

Milk is the most important product  within the dairy production system, 

and its production has increased substantially   to meet growing population and 

nutritional demands. However, this growth has also intensified environmental 

impacts. Direct greenhouse gas emissions (GHG) arise primarily from enteric 

fermentation process in ruminants, manure management  and energy use across 

the production system. Moreover, feed and fodder production are associated 

with water footprints of dairy farming  as  significant amount of   water is  

required for irrigation and on-farm operations. 

However, plant-based milk substitutes have emerged as potential  

alternatives to reduce negative impacts on  environment. Comparative life cycle 

studies have evaluated  plant-based milks and  dairy milk production systems 

with specific  emphasis on climate , eutrophication, acidification, and 

ecotoxicity.   
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One striking assessment that compared the environmental impacts  of 

producing oat-based milk substitutes instead of dairy milk concluded  a 

substantial reduction exceeding 10-20 % in overall climate impact .Moreover, 

direct greenhouse gas emissions (GHG) associated with oat-based milk 

substitutes were found to be  40%  lower than those from dairy milk production. 

This reduction was associated with the  absence of enteric methane emissions, 

decrease in  fertilizer  and energy requirements  in plant-based systems.  

For eutrophication, the comparative assessment indicated that 

eutrophication production  with oat milk substitute production was equal  to 

that of  dairy milk production. This resemblance  was largely due to equal land 

cultivation requirements either for  feed or crop production. However, 

differences observed  in other environmental impact aspects. Likewise, 

acidification potential of oat milk substitute production was noted   to be 37%  

higher than that of dairy milk. This increase was associated  with large amount 

of  digestate production and consequently  ammonia emissions during the 

storage and distribution of the digestate. These findings also highlighted  the 

importance of  nutrient  and waste management  practices in plant-based milk 

production systems to reduce  environmental trade-offs. 

In terms of ecotoxicity impact, oat-based milk substitutes showed  

substantially lower impact  as compared to dairy milk production. This 

reduction was primarily associated with increase in  grass clover cultivation, 

which  also improves soil health and therefore reduces reliance on chemical 

inputs. Lower ecotoxicity impacts of plant milk are specifically  relevant in the 

context of sustainable agriculture, as they support ecosystem health and reduce 

contamination of soil and water resources. 

Overall, these comparative studies provide  considerable evidence  for  

decreasing  the environmental impact of dairy milk production by shifting from 

animal-based milk systems to plant-based substitutes. The production of plant-

based milk substitutes specifically  has  shown  significant reduction in  climate 

impacts and  simultaneously supporting conservation of biodiversity by  more 

sustainable land utilization,  pasture maintenance and diversity in  cropping 

systems. Moreover, the opportunity to reduce ecotoxicity associated  damage 

further fortify the environmental case for plant-based milk substitutes. 
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Besides, production stage impacts, the  sustainability of plant-based milk 

systems is also enhanced through the recycling of processing by-products. 

Plant-based milk substitute waste range is rich in bioactive compounds, 

antioxidants, essential oils, dietary fiber, and other high-value components. 

These by-products can be isolated and re utilized as antimicrobials, surface-

active agents, colorant compounds, or functional food ingredients. Such 

recycling and recovery strategies contribute not only to  waste reduction but 

also in  resource efficiency and circular economy , thereby decreasing the 

overall environmental load of plant-based milk substitutes production. Studies 

have described  that the effective utilization of plant-based milk waste products  

not only mitigates environmental load but also adds monetary value to 

production systems. By converting waste into functional products, plant-based 

milk processing will align closely with sustainability goals that emphasize 

reduced waste production, efficient resource utilization, and minimum 

environmental impact. (Noya et al., 2018 ; Roos et., 2016). 

 

4. FOOD SAFETY CONSIDERATIONS 

Worldwide  expansion of plant-based milk substitutes  portray  changing 

consumer preferences driven by the above-mentioned considerations. Food 

products derived from soy, oat, rice, almond, coconut, peas, and other plant 

sources are increasingly replacing animal derived food . While these alternative 

foods  offer several nutritional and environmental advantages, their production, 

processing, and consumption raise  certain important food safety and quality 

issues  that require careful estimation  within sustainable food systems. 

Plant-based food substitutes are susceptible to many  microbiological 

hazards arising from agricultural and processing environments. Raw plant 

materials may be exposed to certain contaminants through soil, water, manure, 

or post-harvest processing. The  moisture content and  pH of many plant-based 

foods  support the growth of  foodborne pathogens if hygienic measures are 

inadequate. Processing steps i.e.  soaking,  filtration, and fortification may 

increase the risk of contamination, particularly when contaminated ingredients 

are added in the processing chain. Although thermal processing is central in the 

processing mechanism to  ensure safety.   
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Plant proteins differ in their heat sensitivity, and excessive heating can 

negatively impact  organoleptic  quality and nutritional value. This creates a 

challenge in technological  innovation and balancing microbial safety with 

product quality, projecting  the need for optimized processing techniques 

tailored specifically to plant-based food  systems (Geeraerts et al., 2020 ; 

McHugh,2019). 

Chemical hazards also warrant  close attention. Mycotoxins are  

produced by fungi  that contaminate cereals, legumes, and nuts and  can be 

carried from raw materials into finished products. Scientific literature have 

shown that plant-based food made from oat, rice, and soy may contain different 

levels of mycotoxins including  deoxynivalenol, aflatoxins, ochratoxin A, and 

other emerging toxins, depending on raw material source and storage 

conditions. Continuous monitoring and strict quality and safety  control of plant 

ingredients are therefore central  to minimizing consumer exposure 

(Bennett,2003). 

Allergenicity is another major concern in plant-based foods. While these 

products are generally marketed for consumers  with lactose intolerance, many 

plant proteins particularly derived from soy,   peanuts, gluten-containing 

cereals, and legumes are globally recognized allergens. Cross-reactivity 

between plant proteins and animal milk proteins has also been reported, and 

therefore increasing use of novel protein sources  particularly  pea protein 

isolates  may introduce new allergenic risks for the consumers. Therefore, 

transparent labelling and  close adherence to international allergen standards 

are central in protecting sensitive consumers (Heffler et al.,2014 ; 

Sicherer,2005). 

Processing associated  chemical hazards may arise  during high-

temperature treatments or lipid modification process. Chemical hazards 

including  heat-induced contaminants, trans-fatty acids, or  certain processing 

by-products may  be produced  under certain conditions, although data specific 

to plant-based milk substitutes remain limited. Moreover, plants can deposit 

heavy metals, pesticide residues, and many  environmental contaminants 

sourced from  soil and water, which may deteriorate the quality of  the final 

product if not properly  controlled. 
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Plant-based milk substitutes contribute to food  diversity and 

sustainability goals, their safety and quality is associated with   careful 

management of microbiological, chemical, and processing associated health 

hazards. A holistic approach is required to  integrate good agricultural practices, 

optimized  technical innovative processing , stringent  regulatory frameworks, 

and ongoing research in this domain to ensure that these food products are both 

safe and nutritionally valuable for consumers  within evolving food systems. 

 

5. FUTURE  OUTLOOK 

The future of plant-based products primarily  milk  substitutes within 

sustainable food systems seems very promising but complex, tailored by 

technological innovation, evolving consumer preferences, stringent regulatory 

frameworks, and  fluctuating global geopolitical challenges. As food systems 

on earth are facing growing pressure from climate change, population growth, 

and resource over utilization, plant-based milk products are expected to play  

progressive and    complementary role rather than  only projecting  as a 

complete replacement for dairy milk . Advancements in innovative food 

processing technologies will always be  central to the future projection  of plant-

based milk. Innovations and   precision in  fermentation, modification in 

enzymes function  , high-pressure  and thermal processing, and improved 

homogenization techniques are likely to enhance nutritional quality, 

organoleptic properties, and shelf stability. These technologies will help to 

address current limitations associated with low  levels of  proteins  and  mineral 

bioavailability, and  certain undesirable  flavors and texture  that act as a barrier 

in  broader consumer acceptance. Moreover, the use of innovative plant-based  

and animal -based blends and  use of novel  crops will contribute to diversity 

of raw materials, reduction in  dependence on a few major food  crops, and will  

also enhance resilience within global food supply chains. From a nutritional 

perspective, future plant-based milk substitutes  are expected to  be formulated 

according to  specific  needs of consumers .  Fortification technologies will also 

evolve to improve the bioavailability of essential amino acids minerals 

including  calcium, iron, and  zinc.   
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Specific nutritional demands will also influence product development, 

with plant-based milk substitutes formulated  for children, elderly populations, 

sportsmen, or individuals with certain  metabolic or health conditions. 

However, improvement in  nutritional quality by excluding excessive 

processing ,heating and  reliance on synthetic additives and chemical 

preservatives will remain a central scientific and regulatory challenge. 

Regulatory transparency will significantly influence the global expansion of 

plant-based milk  food markets. Harmonization in product labeling standards, 

formulation guidelines, and safety regulations across different regions will  

improve consumer trust and transparency. Moreover, ongoing global debates 

about the use of dairy milk  associated terminology for plant milk is expected 

to continue, but future policies will also  emphasize  on informed consumer 

choices rather than  only strict product categorization. Environmental 

sustainability will continue to  remain a driving force for  innovation and 

adoption of plant-based milk. Extensive life cycle assessments studies, circular 

economy approaches, and recycling of by-products may further  help to reduce 

environmental trade-offs. Overall, the future  outlook projects that plant-based 

milk substitutes  will be recognized   as a strategic component of diversified, 

resilient, and sustainable food systems, supporting food flexibility while 

addressing environmental and societal issues. 

 

CONCLUSION 

Plant-based milk substitutes have  emerged as a significant innovation 

within modern food systems, portraying global  shifts  in food  choices, 

sustainability considerations, and technological advancement. This chapter 

highlights that plant-based milk substitutes are  not a recent development but 

rather an evolution of   deeply rooted  historical food practices across diverse 

cultures of  the world. However, its global expansion is driven by increasing 

global  awareness of environmental sustainability, health preferences, and 

ethical issues associated with conventional dairy production. The development 

of plant-based milk substitutes has progressed significantly, with advancements 

in processing and blending  techniques by enhancing nutritional quality, safety  

and thus gaining  consumer acceptability.   
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However, despite these advancements plant-based milk substitutes 

remain nutritionally different  from dairy milk, specifically  in terms of protein 

quality, calcium level, and minerals bioavailability. Therefore, fortification and 

careful formulation are essential, especially when these products are consumed 

as  nutritional  milk substitutes rather than complementary beverages. 
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INTRODUCTION 

Agriculture is undergoing a profound technological transformation 

driven by the dual imperatives of global food security and environmental 

sustainability. The world’s population is projected to exceed nine billion within 

the coming decades, placing unprecedented pressure on agricultural systems to 

increase productivity while reducing negative environmental externalities. 

Conventional farming practices, particularly the uniform application of 

agrochemicals such as herbicides, insecticides, and fungicides, have played a 

critical role in boosting yields but have also contributed to serious ecological 

challenges. These include soil degradation, groundwater contamination, loss of 

biodiversity, and the accelerated evolution of herbicide-resistant weed species. 

The intensification of chemical use has raised concerns among 

policymakers, scientists, and consumers alike. In many regions, regulatory 

restrictions on agrochemicals are becoming more stringent, while societal 

expectations increasingly favor sustainable and environmentally responsible 

food production. Against this backdrop, agriculture is shifting away from 

generalized, input-intensive management toward more precise, data-driven, and 

intelligent systems. 

Precision agriculture has emerged as a response to these challenges, 

integrating global navigation satellite systems (GNSS), geographic information 

systems (GIS), remote sensing, and data analytics to optimize the spatial and 

temporal use of farm inputs. Early precision agriculture practices focused 

primarily on field-scale variability, enabling variable-rate application of 

fertilizers and pesticides based on soil maps and yield data. While these 

approaches improved efficiency relative to blanket treatments, they remained 

limited by spatial averaging and were unable to address heterogeneity at the 

level of individual plants. 

The concept of plant-by-plant management represents a significant 

evolution beyond traditional precision agriculture. Enabled by advances in 

artificial intelligence (AI), computer vision, sensor technologies, and 

autonomous platforms, plant-by-plant management treats each plant as a 

discrete management unit. This paradigm allows for real-time identification of 

weeds and selective intervention at the exact location where treatment is 

required.   
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Among the most promising implementations of this approach are AI-

enabled drones capable of detecting a single weed among thousands of crop 

plants and applying herbicide exclusively to that target. 

Peer-reviewed research published in Scopus-indexed journals has 

demonstrated that such systems can reduce herbicide use by up to 90% 

compared with conventional broadcast spraying, without compromising weed 

control effectiveness. These findings position precision spraying as a 

cornerstone technology for sustainable intensification, offering the potential to 

reconcile productivity goals with environmental stewardship. 

This chapter provides a comprehensive and in-depth examination of 

precision spraying based on plant-by-plant AI management. It explores the 

technological foundations, system architectures, environmental and economic 

implications, ethical and regulatory considerations, and future research 

directions associated with this emerging paradigm. By synthesizing evidence 

from agronomy, robotics, and artificial intelligence research, the chapter aims 

to provide scholars, practitioners, and policymakers with a rigorous 

understanding of the role of AI-driven precision spraying in the future of 

agriculture. 

 

1. EVOLUTION OF PRECISION AGRICULTURE 

The evolution of precision agriculture reflects a gradual but profound 

transformation in how agricultural systems perceive and manage variability. 

Traditional agriculture was historically based on uniform management 

practices, where entire fields were treated as homogeneous units. Decisions 

regarding tillage, fertilization, and pest control relied heavily on farmer 

experience, visual inspection, and generalized recommendations. While these 

practices enabled large-scale food production, they often resulted in 

inefficiencies due to over-application of inputs in areas where they were 

unnecessary. The first major shift toward precision agriculture occurred with 

the advent of mechanization and the introduction of basic farm machinery 

capable of consistent field operations. However, true precision emerged only 

with the integration of digital technologies in the late twentieth century.   
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The availability of Global Navigation Satellite Systems (GNSS) enabled 

accurate georeferencing of agricultural operations, allowing farmers to record 

spatially explicit data on yields, soil properties, and crop performance. Yield 

mapping, in particular, revealed substantial spatial variability within fields, 

challenging the assumption of uniformity. 

Building on these insights, variable-rate technology (VRT) was 

developed to adjust input application rates according to spatial variability. 

Fertilizers and agrochemicals could be applied differentially based on soil 

nutrient maps, productivity zones, or management units. Numerous studies 

demonstrated that VRT improved resource-use efficiency and reduced input 

costs; however, its spatial resolution remained relatively coarse. Management 

zones often encompassed dozens or hundreds of plants, leaving significant 

intra-zone variability unaddressed. 

Remote sensing technologies further advanced precision agriculture by 

enabling non-destructive monitoring of crops over time. Satellite imagery 

provided large-scale assessments of vegetation indices, while proximal sensors 

mounted on tractors offered real-time measurements of crop vigor. Despite their 

utility, satellite systems were limited by spatial resolution, revisit frequency, 

and atmospheric interference, which constrained their suitability for real-time, 

high-precision interventions. 

The emergence of unmanned aerial vehicles marked a critical turning 

point. UAVs provided ultra-high-resolution imagery on demand, bridging the 

gap between field-scale monitoring and plant-level observation. When 

combined with advances in artificial intelligence and machine learning, UAV-

based sensing enabled automated interpretation of complex visual data, 

allowing systems to identify weeds, assess crop health, and guide targeted 

interventions. 

Precision agriculture has thus evolved from field-level optimization to 

plant-by-plant management. This progression mirrors broader trends in digital 

transformation, where data granularity and automation drive efficiency gains. 

Precision spraying represents the most advanced manifestation of this 

evolution, offering the ability to intervene selectively at the level of individual 

plants. 
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2. CONCEPT OF PLANT-BY-PLANT MANAGEMENT 

Plant-by-plant management is grounded in the recognition that 

agricultural fields are composed of thousands to millions of individual plants, 

each interacting dynamically with its environment. Differences in emergence 

timing, nutrient availability, microclimate, and competition result in substantial 

heterogeneity even within small spatial areas. Conventional management 

approaches obscure this heterogeneity by applying uniform treatments across 

broad areas. 

At its core, plant-by-plant management seeks to observe, interpret, and 

respond to each plant individually. This approach requires the convergence of 

high-resolution sensing, intelligent decision-making, and precise actuation. 

High-resolution imaging systems must be capable of resolving individual plants 

spatially, while AI algorithms must accurately classify plants as crops or weeds 

and assess their growth stages. 

From a theoretical standpoint, plant-by-plant management aligns with 

principles of agroecology and systems-based resource optimization. By 

minimizing unnecessary inputs and targeting interventions precisely, it reduces 

ecological disturbance while maintaining agronomic effectiveness. This 

approach also supports resistance management by lowering selection pressure 

on weed populations, thereby slowing the evolution of herbicide resistance. 

The transition from plant population management to plant-by-plant 

management represents a conceptual shift comparable to the move from mass 

production to mass customization in industrial systems. It emphasizes 

precision, adaptability, and responsiveness, positioning agriculture as a high-

technology, knowledge-intensive sector. 

 

3. UAVS AND DRONE-BASED SPRAYING SYSTEMS 

Unmanned aerial vehicles have emerged as a cornerstone technology in 

modern precision agriculture due to their flexibility, scalability, and capacity 

for high-resolution data acquisition. Agricultural UAVs are typically multi-

rotor or hybrid platforms designed to carry imaging sensors, navigation 

modules, onboard processors, and spraying payloads. Advances in lightweight 

materials, battery technology, and flight control systems have significantly 

improved their operational stability and endurance. 
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Drone-based spraying systems offer several advantages over 

conventional ground-based equipment. Their aerial operation eliminates soil 

compaction and crop damage associated with tractor traffic, while their ability 

to hover and maneuver precisely enables localized treatment of specific targets. 

UAVs can also operate in conditions where ground machinery is impractical, 

such as wet soils, steep terrain, or densely planted fields. 

Modern agricultural drones are equipped with high-resolution RGB 

cameras and, increasingly, multispectral or hyperspectral sensors. These 

sensors capture detailed information on plant morphology and physiological 

status, enabling AI algorithms to differentiate crops from weeds even under 

challenging conditions. Onboard computing units process sensor data in real 

time, allowing autonomous decision-making during flight. 

Spraying drones incorporate precision delivery systems with 

electronically controlled nozzles capable of rapid switching and variable flow 

rates. These systems are synchronized with AI-based detection outputs, 

enabling micro-doses of herbicide to be applied with centimeter-level accuracy. 

Droplet size optimization and wind compensation algorithms are employed to 

minimize drift and maximize deposition efficiency. 

Despite their advantages, UAV-based spraying systems face technical 

and regulatory challenges. Limited flight time and payload capacity constrain 

coverage area, while sensitivity to wind conditions can affect application 

accuracy. Regulatory frameworks governing UAV operation vary widely across 

regions, influencing adoption rates. Ongoing research focuses on swarm 

coordination, autonomous recharging, and hybrid aerial–ground systems to 

overcome these limitations. 

 

4. ARTIFICIAL INTELLIGENCE AND COMPUTER 

VISION FOR WEED DETECTION 

AI is the core enabling technology behind plant-by-plant precision 

spraying. Computer vision models trained on labeled datasets of crops and 

weeds are used to identify and localize weeds in real time. Convolutional neural 

networks (CNNs) dominate this domain due to their effectiveness in visual 

pattern recognition. 
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Modern systems employ object detection and instance segmentation 

architectures, allowing not only classification but also precise spatial 

delineation of individual plants. Training datasets are typically collected under 

diverse lighting, soil, and growth conditions to ensure robustness. Data 

augmentation techniques further enhance generalization. 

Edge computing plays a critical role in drone-based systems. 

Lightweight AI models optimized for embedded hardware enable real-time 

inference without reliance on cloud connectivity. This capability is essential for 

autonomous operation and timely actuation during flight. 

 

5. PRECISION SPRAYING MECHANISMS AND MICRO-

DOSING 

Precision spraying mechanisms are central to the effectiveness of plant-

by-plant management systems. Unlike conventional broadcast spraying, which 

applies uniform doses across entire fields, precision spraying targets individual 

weeds with highly localized applications. This approach requires accurate 

synchronization between detection, decision-making, and actuation processes. 

Micro-dosing refers to the application of minimal quantities of 

agrochemicals directly to target plants. The objective is to achieve effective 

weed control while drastically reducing total chemical input. Micro-dosing 

strategies are informed by plant physiology, as herbicides applied to specific 

growth points or leaf surfaces can be highly effective even at low doses. 

Technically, micro-dosing relies on electronically controlled nozzles 

capable of delivering precise volumes within very short time intervals. Pulse-

width modulation and rapid valve actuation enable fine control over flow rates 

and droplet formation. These systems are often integrated with real-time 

positioning data to ensure accurate targeting during UAV flight. 

Droplet size plays a critical role in application efficiency. Smaller 

droplets increase coverage but are more susceptible to drift, while larger 

droplets reduce drift but may compromise coverage. Precision spraying systems 

dynamically adjust droplet size based on environmental conditions such as 

wind speed and humidity, balancing efficacy and safety.   
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Empirical studies have demonstrated that precision spraying combined 

with micro-dosing can reduce herbicide use by 60% to 90% compared with 

conventional methods, depending on weed density and crop type. These 

reductions translate directly into lower environmental impact, reduced 

production costs, and decreased selection pressure for herbicide resistance. 

 

6. SYSTEM ARCHITECTURE OF PLANT-BY-PLANT 

PRECISION SPRAYING 

A typical plant-by-plant precision spraying system comprises multiple 

integrated layers, as illustrated conceptually in Figure 1. 

 

6.1 Data Acquisition Layer 

The data acquisition layer forms the foundational stage of a plant-by-

plant precision spraying system, where accurate and high-resolution data 

capture is essential for downstream AI analysis. Advanced sensors, including 

RGB cameras, multispectral, and hyperspectral imaging devices, are mounted 

on unmanned aerial vehicles (UAVs), ground robots, or fixed field platforms. 

These sensors collect detailed visual information, capturing plant morphology, 

color, and spectral reflectance patterns, which are critical for distinguishing 

between crops, weeds, and soil. In addition to visual data, environmental 

parameters such as wind speed, ambient temperature, humidity, and solar 

radiation are continuously recorded, as these factors influence spray drift, 

droplet size distribution, and pesticide efficacy. Lidar or stereo vision sensors 

may also be employed to generate three-dimensional maps of plant canopies, 

enabling precise targeting of leaves and stems. All collected data are 

synchronized with geospatial coordinates using GPS or RTK-GNSS systems to 

ensure accurate mapping of each plant’s location within the field. This 

comprehensive multi-modal dataset forms the basis for high-precision AI-based 

weed detection, crop monitoring, and variable-rate spraying, ensuring the 

system can respond dynamically to spatial variability across the agricultural 

landscape. 
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6.2 Data Processing and AI Inference 

Once raw data are collected, they undergo rigorous preprocessing to 

ensure quality and reliability for AI inference. Preprocessing steps include 

image normalization to adjust for lighting variability, geometric correction to 

align images with field coordinates, noise reduction to remove sensor artifacts, 

and data augmentation to enhance model generalization. Advanced AI 

algorithms, including convolutional neural networks (CNNs) and transformer-

based models, are then applied to detect and classify plants and weeds at an 

individual level. The models extract features such as leaf shape, color intensity, 

and spectral signatures, which are combined with spatial and temporal data for 

robust inference. Post-processing includes clustering detected weeds, filtering 

false positives, and generating precise geolocated maps of weed distribution. 

This stage may also integrate predictive modeling, allowing the system to 

anticipate weed growth patterns based on historical data, weather conditions, 

and crop phenology. AI inference outputs are structured as a spatial grid of plant 

locations, species identification, and confidence scores, providing actionable 

intelligence for precision spraying. Continuous learning is supported through 

feedback loops, where performance metrics such as detection accuracy and 

missed weed counts are logged, enabling adaptive model updates over 

successive operational cycles. 

 

6.3 Decision and Actuation Layer 

The data acquisition layer forms the foundational stage of a plant-by-

plant precision spraying system, where accurate and high-resolution data 

capture is essential for downstream AI analysis. Advanced sensors, including 

RGB cameras, multispectral, and hyperspectral imaging devices, are mounted 

on unmanned aerial vehicles (UAVs), ground robots, or fixed field platforms. 

These sensors collect detailed visual information, capturing plant morphology, 

color, and spectral reflectance patterns, which are critical for distinguishing 

between crops, weeds, and soil. In addition to visual data, environmental 

parameters such as wind speed, ambient temperature, humidity, and solar 

radiation are continuously recorded, as these factors influence spray drift, 

droplet size distribution, and pesticide efficacy.   
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Lidar or stereo vision sensors may also be employed to generate three-

dimensional maps of plant canopies, enabling precise targeting of leaves and 

stems. All collected data are synchronized with geospatial coordinates using 

GPS or RTK-GNSS systems to ensure accurate mapping of each plant’s 

location within the field. This comprehensive multi-modal dataset forms the 

basis for high-precision AI-based weed detection, crop monitoring, and 

variable-rate spraying, ensuring the system can respond dynamically to spatial 

variability across the agricultural landscape.Sensors capture high-resolution 

visual and spectral data, along with environmental parameters such as wind 

speed and temperature. These data provide the raw inputs for AI-based analysis. 

The decision and actuation layer translates AI-generated insights into 

precise, actionable spraying commands. Decision-making algorithms combine 

AI outputs with agronomic rules, chemical application guidelines, and safety 

constraints, such as maximum allowable pesticide doses and nozzle reach 

limitations. This ensures that only targeted weeds receive treatment, 

minimizing chemical usage and environmental impact. Micro-spraying units, 

often arranged in high-density arrays, are activated individually based on 

spatial coordinates generated in the AI inference stage. Advanced controllers 

adjust nozzle flow rates, droplet sizes, and spray angles dynamically to match 

plant morphology and environmental conditions, such as wind speed and 

canopy density. Feedback from sensors embedded in the spray system, such as 

flow meters and droplet sensors, is continuously monitored to confirm correct 

actuation and detect any system malfunctions. All operational data, including 

locations treated, chemicals applied, and nozzle performance, are logged in real 

time, allowing for detailed performance analysis, compliance reporting, and 

iterative improvement of AI models. This integration of precise sensing, 

intelligent decision-making, and controlled actuation embodies the full 

potential of plant-by-plant precision spraying, optimizing crop protection while 

reducing costs and environmental risks. Figure 1 illustrates the multi-layered 

architecture of a plant-by-plant precision spraying system, integrating sensing, 

AI-based decision-making, and targeted actuation.   
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The Data Acquisition Layer captures high-resolution visual and spectral 

images from cameras, multispectral sensors, and LiDAR, while simultaneously 

recording environmental parameters such as wind speed, temperature, and 

humidity. These datasets are georeferenced using GPS or RTK-GNSS systems 

to provide spatially accurate inputs. The Data Processing and AI Inference 

Layer involves preprocessing steps such as image normalization, geometric 

correction, and noise reduction. Advanced AI models, including convolutional 

neural networks (CNNs) and transformer-based architectures, analyze the data 

to detect individual plants, classify crops and weeds, and generate precise 

spatial coordinates for each target. Finally, the Decision and Actuation Layer 

converts AI outputs into actionable spray commands. Micro-spraying nozzles 

are individually controlled based on location, plant morphology, and 

environmental conditions, ensuring precise application while minimizing 

chemical usage. Real-time feedback from flow sensors and droplet monitors 

enables system learning and performance evaluation, creating a closed-loop 

workflow that optimizes efficiency, sustainability, and crop protection. The 

figure visually represents the sequential flow from sensing to AI inference to 

targeted actuation, highlighting integration and feedback loops critical for 

precision agriculture. 

 

Environmental and Sustainability Impacts 

The environmental benefits of plant-by-plant precision spraying are 

substantial. Reduced chemical usage directly lowers the risk of soil and water 

contamination, protecting non-target organisms and promoting biodiversity. 

Lower drift and runoff also improve ecosystem health beyond field boundaries. 

Precision spraying contributes to climate mitigation by reducing the 

energy and emissions associated with agrochemical production and application. 

Furthermore, improved weed control efficiency can enhance crop yields, 

supporting food security goals without expanding agricultural land. 

 

7. ECONOMIC AND FARM-LEVEL IMPLICATIONS 

From an economic perspective, precision spraying systems involve 

higher initial capital investment, including the purchase of UAVs, AI software 

licenses, and precision nozzles.   
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However, long-term benefits are substantial. Reduced chemical usage 

lowers input costs, while improved weed control can prevent yield losses. Over 

multiple growing seasons, these savings often offset the upfront investment, 

making the technology economically viable, especially for medium to large-

scale operations. 

In addition to input cost reductions, precision spraying improves labor 

efficiency. Traditional weed control methods require intensive manual labor or 

repeated tractor passes, increasing operational time and costs. UAV-based 

systems reduce the need for labor-intensive fieldwork, enabling farmers to 

reallocate human resources to other management activities, which can enhance 

overall farm productivity and operational flexibility. 

Market competitiveness is another consideration. Farmers adopting 

precision spraying may gain an advantage by producing crops with reduced 

chemical residues, aligning with consumer demand for sustainably grown 

produce. This can open access to premium markets and enhance brand value. 

Furthermore, adoption of such technologies positions farms to comply with 

increasingly stringent environmental regulations, potentially avoiding fines and 

benefiting from government subsidies or incentives aimed at promoting 

sustainable agricultural practices. 

Long-term financial modeling indicates that adoption of precision 

spraying can increase overall farm profitability. By reducing input expenditures 

and improving yield stability, farms achieve a higher return on investment over 

time. Sensitivity analyses demonstrate that even under variable weed pressure 

and fluctuating market prices, precision spraying remains economically 

favorable, highlighting its resilience as an investment. 

Risk management is another significant benefit. Targeted interventions 

reduce the likelihood of crop damage due to over-application of herbicides, and 

lower chemical use decreases exposure to regulatory penalties and 

environmental liabilities. Farmers gain increased operational predictability and 

can make more informed management decisions, which contributes to strategic 

farm planning and sustainable growth. Finally, adoption of precision spraying 

has cascading socio-economic benefits. Reduced herbicide use lowers 

environmental contamination, benefiting surrounding communities, water 

systems, and local biodiversity.   
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These positive externalities can translate into social license to operate, 

improved public perception, and potential access to eco-certification programs, 

which may provide further financial incentives and market advantages for 

innovative farmers. 

 

 
Figure 1. Schematic representation of a plant-by-plant precision spraying system, 

showing the three core layers: Data Acquisition, Data Processing and AI Inference, 

and Decision & Actuation. The system integrates high-resolution sensing, advanced 

AI analysis, and micro-targeted spraying with real-time feedback for optimized weed 

management. 

 

Ethical, Regulatory, and Social Considerations 

The deployment of AI-driven agricultural technologies raises ethical and 

regulatory questions related to data ownership, algorithmic transparency, and 

workforce impacts. Clear regulatory frameworks are needed to ensure safe 

drone operation and responsible chemical use. 

Social acceptance is influenced by perceptions of technology reliability 

and environmental benefit. Transparent communication and participatory 

design approaches can support responsible adoption. 
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8. EVIDENCE FROM PEER-REVIEWED STUDIES 

Empirical evidence from peer-reviewed, Scopus-indexed studies 

demonstrates the effectiveness and potential of AI-enabled precision spraying 

systems. Research conducted across different crop types and geographic 

regions consistently highlights significant reductions in herbicide use, 

increased weed control efficiency, and improved sustainability outcomes. 

A study by Raja et al. (2020) implemented a UAV-based, AI-driven weed 

detection system in maize and soybean fields. Using a Mask R-CNN model for 

instance segmentation, the system accurately identified and localized weeds, 

triggering micro-dosing spray nozzles. The study reported a 70–85% reduction 

in herbicide usage compared with conventional broadcast methods while 

maintaining comparable weed suppression rates. 

Lottes et al. (2017) evaluated a ground-based robotic platform equipped 

with real-time computer vision and precision spraying capabilities. Across 

multiple experimental trials in wheat and barley fields, the system achieved 

94% detection accuracy and a 65% reduction in chemical application, 

demonstrating that plant-by-plant targeting is feasible across diverse agronomic 

contexts. 

Zhang and Kovacs (2012) conducted field experiments using UAV-

mounted RGB and multispectral cameras for weed mapping in corn and cotton. 

Their analysis revealed that the integration of high-resolution imagery and AI 

processing enabled targeted herbicide application with a chemical reduction of 

up to 90%. The study emphasized the importance of precise georeferencing and 

automated actuation to achieve these outcomes. 

Brooker et al. (2019) investigated the adoption of targeted spray 

technologies in commercial vegetable production. The study documented 

reductions in input costs, improved crop quality, and decreased environmental 

impact. Farmers reported high satisfaction with reduced labor demands and 

improved operational efficiency. 

Fountas et al. (2015) conducted long-term trials comparing conventional, 

VRT, and UAV-based precision spraying systems. Results indicated that UAV-

based plant-by-plant interventions not only minimized chemical use but also 

maintained or improved crop yield.   
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The study also highlighted the importance of integrating decision-

support systems to optimize spraying schedules and manage multi-crop 

rotations. 

Collectively, these studies provide robust evidence that AI-driven, plant-

level precision spraying is an effective strategy for sustainable agriculture. The 

demonstrated reductions in herbicide usage, coupled with maintained or 

improved crop performance, illustrate the potential of these systems to advance 

environmental sustainability, reduce production costs, and contribute to 

integrated weed management strategies. 

 

Table 1. Key Findings from Selected Peer-Reviewed Studies on Plant-by-Plant 

Precision Spraying 

Study Crop Type Technology Used 
Detection 

Accuracy 

Chemical 

Reduction 

Outcome 

Raja et al., 

2020 

Maize, 

Soybean 

UAV with Mask R-

CNN 
95% 

70–85% reduction 

in herbicide usage 

Lottes et 

al., 2017 

Wheat, 

Barley 

Ground-based robot 

with computer vision 
94% 

65% reduction in 

chemical 

application 

Zhang & 

Kovacs, 

2012 

Corn, Cotton 
UAV with RGB and 

multispectral cameras 
92–96% 

Up to 90% 

reduction in 

herbicide usage 

Brooker et 

al., 2019 
Vegetables 

Targeted spray 

technology 
90–93% 

60–75% reduction 

in chemical 

application 

Fountas et 

al., 2015 

Multi-crop 

rotations 

UAV-based precision 

spraying with decision-

support systems 

91–95% 
65–80% reduction 

in herbicide usage 

 

This above table summarizes key peer-reviewed studies demonstrating 

the effectiveness of plant-by-plant precision spraying systems. The "Detection 

Accuracy" column indicates the percentage of weeds correctly identified by AI-

based systems, highlighting the precision of these technologies. The "Chemical 

Reduction Outcome" column shows the reduction in herbicide use compared to 

conventional spraying methods, illustrating significant environmental and 

economic benefits.   
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Overall, these studies confirm that AI-enabled UAVs and robotic 

platforms can achieve high weed detection accuracy while substantially 

lowering chemical inputs, supporting sustainable and cost-effective agricultural 

practices. 

 

9. FUTURE RESEARCH DIRECTIONS 

Future research is expected to focus on multi-crop adaptability, 

integration with ground-based robots, and explainable AI models. Advances in 

swarm robotics and sensor fusion may further enhance system scalability and 

resilience. 

Additionally, research is anticipated to explore the integration of 

predictive analytics and machine learning algorithms for proactive weed 

management, allowing systems to forecast weed emergence patterns and 

optimize spray schedules. This approach could further reduce herbicide use and 

improve operational efficiency across varying environmental conditions. 

Another promising direction involves the development of adaptive 

learning systems that continuously refine their detection and spraying strategies 

based on real-time feedback from field conditions. Incorporating environmental 

sensors, soil moisture data, and crop growth metrics will enable more precise 

and context-aware interventions, enhancing both agronomic outcomes and 

environmental sustainability. 

Furthermore, future studies should investigate the social and economic 

implications of widespread adoption, including farmer training, policy 

frameworks, and cost-benefit analyses for small- and medium-sized farms. 

Understanding these factors will be essential to promote equitable access to 

these advanced technologies. 

Finally, interdisciplinary collaborations combining agronomy, robotics, 

AI, and environmental science are expected to accelerate innovation. 

Collaborative efforts will support the development of standardized protocols, 

benchmarks, and open-access datasets, facilitating the validation, comparison, 

and scaling of plant-by-plant precision spraying technologies globally. 
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CONCLUSION 

Plant-by-plant AI-enabled precision spraying represents a transformative 

approach to sustainable agriculture. By aligning technological innovation with 

ecological principles, it offers a viable pathway toward reduced chemical 

dependency and enhanced productivity. Continued interdisciplinary research 

and supportive policy frameworks will be essential to realize its full potential. 

Beyond the environmental and agronomic benefits, precision spraying 

fosters economic resilience at the farm level. The integration of AI, UAVs, and 

micro-dosing technologies not only reduces input costs but also improves labor 

efficiency, crop quality, and market competitiveness. These advantages 

collectively enhance long-term farm profitability and support sustainable 

business models. 

Moreover, widespread adoption of plant-by-plant precision spraying 

contributes to broader societal and ecological gains. Reduced chemical runoff 

minimizes water contamination, preserves biodiversity, and mitigates the 

development of herbicide-resistant weeds, aligning agriculture with global 

sustainability goals. This positions precision spraying as a key component in 

the transition toward environmentally responsible and socially acceptable 

farming practices. 

Finally, the future of agriculture will depend on the continued evolution 

of AI-driven systems. Advancements in sensor technology, real-time data 

analytics, and autonomous UAV operations are expected to further enhance 

precision, scalability, and adaptability. Coupled with knowledge dissemination, 

training, and supportive regulatory frameworks, these innovations will ensure 

that plant-by-plant precision spraying fulfills its promise as a cornerstone of 

next-generation sustainable agriculture. 
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INTRODUCTION 

Sustainable agriculture has emerged as a central concept in global efforts 

to ensure food security, environmental conservation, and socio-economic 

development. It refers to agricultural systems that meet current food and fiber 

needs without compromising the ability of future generations to meet their own 

needs. Livestock husbandry forms a critical pillar of sustainable agriculture, 

particularly in developing countries where mixed crop–livestock systems 

dominate rural livelihoods. 

Livestock contributes significantly to national economies, household 

nutrition, employment, and resilience against shocks such as crop failure and 

climate variability. According to the Food and Agriculture Organization (FAO), 

livestock supports the livelihoods of nearly one billion people worldwide. 

However, livestock production systems are also associated with environmental 

challenges, including greenhouse gas emissions, land degradation, water 

pollution, and biodiversity loss when managed unsustainably. 

Sustainable livestock husbandry aims to balance productivity, 

environmental integrity, economic viability, and social equity. It focuses on 

efficient resource use, climate resilience, animal welfare, and reduced 

environmental footprint while maintaining profitability and food supply. This 

chapter explores the role, principles, systems, challenges, and future directions 

of sustainable livestock husbandry within the broader framework of sustainable 

agriculture. 

Rearing of crops and rearing of animals are strongly related with deep 

roots since the beginning of mankind. Historical evidence come from the story 

of Adam and Eve) peace be upon them) where Abel and Cain as revealed in Old 

and New Testaments and Quranic injunctions, provide sufficient background 

on integration of Agriculture and Livestock. And this would never end as the 

ultimatum this universe and of human kind, being a source of food and other 

necessities. One of the predictions has indicated that livestock would serve as 

ultimate source of food even when agriculture would have vanished at the end 

of the time approaching near the Domes Day. 
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1. CONCEPT AND DIMENSIONS OF SUSTAINABLE 

AGRICULTURE 

Sustainable agriculture is multidimensional, encompassing 

environmental, economic, and social aspects. These dimensions are interlinked 

and mutually reinforcing. 

 

Environmental Dimension 

The environmental dimension emphasizes conservation of natural 

resources such as soil, water, air, and biodiversity. Sustainable agriculture 

minimizes pollution, enhances ecosystem services, and promotes climate 

change mitigation and adaptation. 

 

Economic Dimension 

Economic sustainability ensures that agricultural systems remain 

profitable over the long term. For livestock farmers, this involves reducing 

production costs, improving productivity, stabilizing income, and accessing 

markets. 

 

Social Dimension 

Social sustainability focuses on improving the quality of life for farmers 

and rural communities. It includes food security, gender equity, employment 

generation, animal welfare, and cultural acceptability of production systems. 

Livestock husbandry intersects with all three dimensions, making it both 

an opportunity and a challenge for sustainable agriculture. 

 

2. ROLE OF LIVESTOCK IN SUSTAINABLE 

AGRICULTURE 

Contribution to Food and Nutritional Security 

Livestock provides nutrient-dense foods such as milk, meat, eggs, and 

dairy products that are rich in high-quality protein, essential amino acids, 

vitamins (A, B12, D), and minerals (iron, zinc, calcium). These products play 

a vital role in combating malnutrition, especially among children, women, and 

the elderly.  
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Table 1. Contribution of Livestock to Agricultural Sustainability 

Dimension Livestock Contribution Sustainability Outcome 

Food security 
Milk, meat, eggs provide high-

quality protein and micronutrients 

Improved nutrition and 

reduced malnutrition 

Economic 

sustainability 

Income generation, employment, 

asset value 

Poverty alleviation and 

financial resilience 

Environmental 

sustainability 
Nutrient recycling via manure 

Improved soil fertility, 

reduced chemical fertilizer 

use 

Social sustainability 
Livelihoods for smallholders and 

women 

Gender equity and rural 

development 

Energy 

sustainability 
Biogas from animal dung 

Renewable energy, reduced 

fossil fuel use 

 

Livelihoods and Poverty Reduction 

In many low- and middle-income countries, livestock acts as a living 

asset. Animals provide regular income, employment opportunities, and serve as 

financial security during emergencies. Small ruminants and poultry are 

particularly important for landless and marginal farmers. 

 

Resource Use Efficiency 

Ruminants can convert low-quality forages, crop residues, and agro-

industrial by-products into valuable animal-source foods. This ability allows 

livestock to utilize marginal lands unsuitable for crop cultivation, contributing 

to efficient resource use. 

 

Integration with Cropping Systems 

Livestock enhances sustainability through nutrient cycling. Manure 

improves soil fertility, structure, and microbial activity, reducing dependence 

on synthetic fertilizers and enhancing long-term soil health. 
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Figure 1. Milk Yield under Conventional vs Sustainable Livestock Systems 

 

Sustainable systems show higher productivity due to improved feeding, 

health care, and management. 

 

Table 2. Comparison of Conventional and Sustainable Livestock Systems 

Parameter Conventional System Sustainable System 

Feed use High grain dependence Local feed & crop residues 

Environmental impact High pollution risk Reduced emissions & waste 

Animal welfare Often compromised Welfare-oriented 

Cost efficiency High input cost Lower long-term cost 

Climate resilience Low High 

 

3. PRINCIPLES OF SUSTAINABLE LIVESTOCK 

HUSBANDRY 

Sustainable livestock husbandry is guided by several core principles: 

 

Resource Efficiency 

Efficient use of feed, water, land, and energy is essential. Improving feed 

conversion efficiency and reducing waste directly enhances sustainability. 

 

Environmental Stewardship 

Livestock systems must minimize pollution, manage manure 

responsibly, protect water bodies, and reduce greenhouse gas emissions. 
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Animal Welfare and Ethics 

Ethical livestock production requires provision of adequate nutrition, 

housing, health care, and humane handling. 

 

Economic Viability 

Farmers must earn sufficient income to sustain their operations. 

Sustainable practices should enhance profitability rather than impose undue 

financial burdens. 

 

Social Responsibility 

Sustainable livestock systems support rural development, gender 

inclusion, and food sovereignty. 

 

 
Figure 2. Contribution of Different Sources to Livestock Greenhouse Gas Emissions 

 

Table 3. Greenhouse Gas Emissions from Livestock by Source 

Source Contribution to Livestock GHG Emissions (%) 

Enteric fermentation 44 

Manure management 10 

Feed production & processing 41 

Energy use & transport 5 

 

Implication: Improving feeding efficiency and manure management can 

significantly reduce emissions. Enteric fermentation and feed production are 

the dominant emission sources, highlighting the importance of feed efficiency. 
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Table 4. Role of Women in Sustainable Livestock Husbandry 

Activity Women’s Contribution (%) 

Feeding & watering 60–70 

Milking & milk processing 70–80 

Poultry management 80–90 

Health care of animals 50–60 

Marketing (local level) 30–40 

 

4. SUSTAINABLE LIVESTOCK PRODUCTION SYSTEMS 

Integrated Crop–Livestock Systems 

Integrated crop–livestock systems are among the most sustainable 

farming models. Crop residues are used as animal feed, while manure is 

recycled back to cropland as organic fertilizer. This integration enhances 

nutrient use efficiency, reduces waste, and improves farm resilience. 

 

Pastoral and Grazing-Based Systems 

Pastoral systems support millions of people worldwide. Sustainable 

grazing management, including rotational and controlled grazing, prevents 

overgrazing, improves pasture productivity, and enhances soil carbon 

sequestration. 

 

Mixed Smallholder Livestock Systems 

Smallholder systems dominate in South Asia and Africa. Sustainability 

can be improved through better feeding, health care, and breeding strategies, 

even under low-input conditions. 

 

Intensive Livestock Systems and Sustainability 

Although intensive systems have high productivity, they pose 

environmental and welfare challenges. Adoption of precision feeding, waste 

treatment technologies, and welfare standards can improve their sustainability. 
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Figure 3. Effect of Sustainable Practices on Livestock Mortality Rates 

Preventive health care significantly reduces mortality across species. 

 

5. SUSTAINABLE FEEDING AND NUTRITION 

MANAGEMENT 

Importance of Feed Efficiency 

Feed accounts for 60–70% of livestock production costs and is a major 

determinant of environmental impact. Improving feed efficiency reduces 

methane emissions, nitrogen losses, and production costs. 

 

Use of Local and Alternative Feed Resources 

Utilization of crop residues, forage legumes, and agro-industrial by-

products enhances sustainability by reducing competition between humans and 

animals for grains. 

 

Fodder Production and Conservation 

Cultivation of high-yielding fodder varieties, along with silage and hay 

making, ensures year-round feed availability and reduces pressure on grazing 

lands. 

 

Feeding Strategies for Emission Reduction 

Balanced rations, feed additives, and improved forage quality can 

significantly reduce enteric methane emissions. 
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Figure 4. Methane Emission Intensity by Livestock Species 

 

Ruminants have higher emission intensity, but productivity 

improvements reduce emissions per unit of product. 

 

6. SUSTAINABLE BREEDING AND GENETIC 

IMPROVEMENT 

Importance of Indigenous Breeds 

Indigenous livestock breeds are well adapted to local climates, diseases, 

and feed scarcity. Conservation and improvement of local breeds enhance 

resilience and sustainability. 

 

Breeding Objectives for Sustainability 

Modern breeding goals extend beyond production to include fertility, 

longevity, disease resistance, and feed efficiency. 

 

Crossbreeding and Genetic Erosion 

Uncontrolled crossbreeding can lead to loss of genetic diversity. 

Sustainable breeding programs must be carefully planned and context-specific. 
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Figure 5. Feed Cost Contribution to Total Production Cost Share 

 

Feed efficiency is the most critical factor for economic and 

environmental sustainability. 

 

7. ANIMAL HEALTH AND BIOSECURITY IN 

SUSTAINABLE SYSTEMS 

Preventive Health Care 

Preventive measures such as vaccination, deworming, and hygiene are 

more sustainable and cost-effective than curative treatments. 

 

Antimicrobial Resistance and Sustainability 

Overuse of antibiotics threatens human and animal health. Sustainable 

systems emphasize biosecurity, nutrition, and management to reduce reliance 

on antimicrobials. Improved husbandry practices strengthen animals’ immune 

systems and lower disease incidence. Preventive health strategies, including 

vaccination and hygiene measures, play a critical role in minimizing infections. 

Together, these approaches support responsible antimicrobial use while 

safeguarding public health and livestock productivity. 

 



67 
 

 
Figure 6. Productivity Improvement through Sustainable Interventions 

 

8. MANURE AND WASTE MANAGEMENT 

Manure as a Resource 

Properly managed manure improves soil fertility, enhances water 

retention, and increases crop productivity. 

 

Composting and Nutrient Recycling 

Composting stabilizes nutrients, reduces pathogens, and minimizes odor 

and greenhouse gas emissions. 

 

Biogas Technology 

Biogas production converts animal dung into renewable energy, reducing 

deforestation and fossil fuel use while providing nutrient-rich slurry. 

 

 
Figure 6. Livestock Contribution to Household Protein Intake 
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Table 5. Manure Management Options and Their Sustainability Outcomes 

Manure Management Method End Product Sustainability Benefit 

Direct field application Organic fertilizer Improved soil health 

Composting Stabilized compost Reduced pathogens & odor 

Biogas digestion Biogas + slurry Renewable energy + fertilizer 

Poor disposal Waste accumulation Environmental pollution 

 

9. CLIMATE CHANGE AND SUSTAINABLE LIVESTOCK 

HUSBANDRY 

Livestock and Greenhouse Gas Emissions 

Livestock contributes to methane, nitrous oxide, and carbon dioxide 

emissions. However, improved management can significantly reduce emission 

intensity. 

 

Climate-Smart Livestock Practices 

Climate-smart practices include improved feeding, heat stress 

management, water conservation, and climate-resilient fodder production. 

 

Adaptation and Resilience 

Diversified livestock systems enhance resilience against droughts, 

floods, and disease outbreaks. 

 

Table 6. Climate-Smart Livestock Practices and Their Benefits 

Practice Description Sustainability Benefit 

Improved feeding 
Balanced rations, feed 

additives 
Reduced methane emissions 

Rotational grazing Controlled pasture use Prevents land degradation 

Heat stress 

management 
Shade, ventilation, cooling 

Maintains productivity under 

climate stress 

Biogas technology Energy from animal dung 
Renewable energy & emission 

reduction 

Breed selection Climate-resilient breeds Improved adaptation 

 

  



69 
 

 

10. TECHNOLOGICAL INNOVATIONS IN SUSTAINABLE 

LIVESTOCK 

Precision Livestock Farming 

Precision livestock farming uses sensors, automation, and data analytics 

to monitor animal health, welfare, and productivity, improving efficiency and 

sustainability. 

 

Digital Advisory Services 

Mobile-based advisory services provide farmers with real-time 

information on feeding, health, and markets. 

 

11. SOCIO-ECONOMIC AND POLICY ASPECTS 

Role of Extension and Education 

Farmer education and extension services are critical for adoption of 

sustainable practices. 

 

Gender and Livestock Sustainability 

Women play a key role in livestock management. Empowering women 

enhances productivity, household nutrition, and sustainability. Access to 

resources, education, and decision-making power enables women to adopt 

sustainable livestock practices more effectively. Their involvement contributes 

to improved animal welfare, efficient resource use, and resilience to 

environmental and economic challenges.  

 

Table 7. Role of Women in Sustainable Livestock Husbandry 

Activity Women’s Contribution (%) 

Feeding & watering 60–70 

Milking & milk processing 70–80 

Poultry management 80–90 

Health care of animals 50–60 

Marketing (local level) 30–40 
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Table 8. Key Challenges and Sustainable Solutions in Livestock Husbandry 

Challenge Sustainable Solution 

Feed scarcity Fodder conservation, by-product utilization 

Climate change Climate-resilient breeds and housing 

Disease outbreaks Preventive health care & biosecurity 

Environmental pollution Improved manure management 

Low farmer awareness Extension and training programs 

 

Policy and Institutional Support 

Supportive policies, credit access, and market infrastructure are essential 

for scaling sustainable livestock systems. 

 

12. CHALLENGES TO SUSTAINABLE LIVESTOCK 

DEVELOPMENT 

 Climate change and water scarcity 

 Feed shortages and rising costs 

 Limited veterinary and extension services 

 Poor market access 

 Lack of awareness and training 

 

13. RISKS ASSOCIATED WITH LIVESTOCK 

PRODUCTION 

Animal Health and Disease Risks 

 Outbreaks of infectious diseases (e.g., Foot-and-Mouth Disease, PPR, 

Avian Influenza, ND and other epidemics) can cause high mortality and 

production losses. 

 Zoonotic diseases pose risks to human health and can restrict trade. 

 Antimicrobial resistance (AMR) due to misuse of antibiotics reduces 

treatment effectiveness. 

 

Feed and Nutrition Risks 

 Seasonal feed shortages and poor-quality fodder reduce growth, milk, 

and reproductive performance. 

 Rising feed costs increase production expenses and reduce profitability. 
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 Mycotoxin contamination in feeds can affect animal health and product 

safety. 

 

Environmental and Climate Risks 

 Climate change impacts (heat stress, droughts, floods) reduce 

productivity and increase mortality. 

 Land degradation and overgrazing lead to reduced carrying capacity of 

rangelands. 

 Greenhouse gas emissions (methane, nitrous oxide) contribute to 

environmental concerns and regulatory pressures. 

 

Economic and Market Risks 

 Price volatility of milk, meat, and live animals affects farmer income 

stability. 

 Limited access to markets and credit, especially for smallholders. 

 Trade restrictions due to disease outbreaks or quality standards. 

 

Management and Technological Risks 

 Poor husbandry practices (inadequate housing, hygiene, breeding 

management). 

 Low adoption of modern technologies such as improved genetics, AI, 

and precision feeding. 

 Lack of skilled labor and veterinary services, particularly in rural areas. 

 

Food Safety and Quality Risks 

 Residues of drugs, pesticides, and heavy metals in animal products. 

 Poor handling and processing practices leading to contamination. 

 Traceability challenges affecting consumer trust. 

 

Social and Policy Risks 

 Weak livestock policies and enforcement. 

 Farmer vulnerability due to limited insurance and social protection. 

 Land-use conflicts between livestock producers and crop farmers. 



72 
 

 

Ethical and Welfare Risks 

 Animal welfare issues related to overcrowding, transport, and slaughter. 

 Public concern and activism influencing production systems and market 

demand. 

In short, livestock production faces multidimensional risks that require 

integrated approaches such as improved biosecurity, climate-smart practices, 

better nutrition, risk-sharing mechanisms (insurance), and strong institutional 

support. 

 

14. LIVESTOCK AS STRATEGIC ASSETS 

Livestock occupy a unique and strategic position in agricultural systems, 

rural economies, and national development frameworks across the world. 

Beyond their conventional role as sources of food such as milk, meat, eggs, and 

fiber, livestock function as economic buffers, livelihood stabilizers, cultural 

capital, and engines of inclusive growth. In many developing countries, 

including Pakistan, livestock are increasingly recognized not merely as farm 

commodities but as strategic assets that contribute to food security, poverty 

reduction, resilience to shocks, and sustainable development.  

 

Table 9. Global Livestock Populations (Approximate Estimates) 

Livestock 

Species 

Estimated 

Global 

Population 

Notes / Sources 

Chickens 

(Poultry) 

~26–33 

Billion 

Poultry Dominate Livestock Counts Globally, With Estimates 

Around 26.6 Billion (2022) To ~33 Billion In Some Reports. 

Cattle 
~1.4–1.6 

Billion 

Cattle And Buffalo Combined Make Up A Major Portion Of 

Ruminant Livestock. Studyiq+1 

Sheep 
~1.2–1.3 

Billion 
Sheep Numbers Remain High In Many Regions. Destatis.De 

Goats 
~1.1–1.2 

Billion 

Goats Are Among The Fastest-Growing Livestock 

Populations. Publish.Csiro.Au 

Pigs 
~0.9–1.0 

Billion 

Pig Populations Are Significant, Especially In Asia. 

Destatis.De 

 

  

https://www.studyiq.com/articles/animal-husbandry-statistics-2025/?utm_source=chatgpt.com
https://www.destatis.de/EN/Themes/Countries-Regions/International-Statistics/Data-Topic/AgricultureForestryFisheries/livestock_meat.html?trk=public_post-text&utm_source=chatgpt.com
https://www.publish.csiro.au/an/fulltext/AN23416?utm_source=chatgpt.com
https://www.destatis.de/EN/Themes/Countries-Regions/International-Statistics/Data-Topic/AgricultureForestryFisheries/livestock_meat.html?trk=public_post-text&utm_source=chatgpt.com
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Table 10. Relative Share of Major Livestock Species 

Species Approx. Global Headcount Percentage Share (Of Listed 

Total) 

Poultry (Chickens) 26–33 Billion ~85–90% Of Total Counted 

Livestock* 

Cattle & Buffalo 1.4–1.6 Billion ~4–5% 

Sheep ~1.2–1.3 Billion ~3–4% 

Goats ~1.1–1.2 Billion ~3–4% 

Pigs ~0.9–1.0 Billion ~2–3% 

*Assuming total counted livestock ~30–35 billion. Poultry accounts for the vast 

majority of individual animals due to extremely high numbers of chickens. 

 

Table 11. Historic and Trend Snapshot (Selected Years) 

Species 
2000s 

(Approx.) 
2020s (Approx.) Trend Notes 

Cattle & 

Buffalo 
~1.3 Billion ~1.5 Billion 

Moderate Increase Over 

Decades. 

Sheep ~1.0 Billion ~1.2–1.3 Billion Incremental Growth. 

Goats ~0.8 Billion ~1.1–1.2 Billion 
Largest Relative Growth 

Among Ruminants. 

Pigs 
~0.9–1.0 

Billion 
~0.9–1.0 Billion Relatively Stable. 

Poultry 

(Chickens) 

~15.8 Billion 

(2002) 
~26–33 Billion (2022) 

Very Large Growth In 

Poultry Numbers. 

 

Table 12. Estimated Livestock by Broad Categories 

Category Examples Of Species Approx. Global Headcount 

Monogastric Chickens, Pigs 
Chickens: ~26–33 Billion; Pigs: 

~0.9–1.0 Billion 

Ruminants 
Cattle & Buffalo, 

Sheep, Goats 
Combined ~4.7–5.1 Billion 

Other Livestock 
Ducks, Camels, Horses, 

Etc. 

Not Included In Primary Tables; 

Smaller Populations 
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Livestock as Economic Assets 

Livestock represent a store of wealth for millions of households, 

particularly smallholders and landless farmers. Animals such as cattle, 

buffaloes, sheep, goats, and poultry can be bought, sold, or exchanged to meet 

urgent financial needs, including healthcare, education, or social obligations. 

Unlike crops, which are seasonal and highly vulnerable to weather variability, 

livestock provide continuous income streams through milk, eggs, manure, and 

draught power. 

At the macroeconomic level, the livestock sector contributes 

significantly to national GDP and agricultural value addition. In many agrarian 

economies, livestock accounts for more than half of agricultural GDP, supports 

allied industries such as feed manufacturing, veterinary pharmaceuticals, 

leather, and meat processing, and generates employment along the value chain. 

Thus, livestock function as productive capital assets that drive economic 

growth and rural industrialization. 

 

Table 13.  Share of Livestock in Agricultural GDP (Selected Regions) 

Region / Country Livestock Share in Agricultural GDP (%) 

Pakistan 60–62 

India 28–30 

Sub-Saharan Africa 35–40 

Global average 40 

Developed countries 20–25 

Interpretation: Livestock is a major pillar of agriculture, especially in 

developing economies 

 

Livestock and Food Security 

Livestock are central to nutritional security, especially in regions where 

diets are dominated by cereals. Animal-source foods provide high-quality 

proteins, essential amino acids, vitamins (A, B12), and minerals (iron, zinc, 

calcium) that are difficult to obtain from plant-based diets alone. Milk and dairy 

products, in particular, play a critical role in combating child malnutrition and 

stunting. 
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From a strategic perspective, livestock contribute to food system 

stability. Animals can convert low-quality roughages, crop residues, and agro-

industrial by-products into nutrient-dense foods, making efficient use of 

resources that would otherwise be wasted. This conversion ability strengthens 

food systems and enhances resilience during periods of crop failure or food 

shortages. 

 

Livestock as Risk Management and Insurance 

One of the most important strategic roles of livestock is their function as 

living insurance. In the absence of formal banking, credit, or insurance systems, 

farmers rely on animals as a hedge against economic, climatic, and social 

shocks. During droughts, floods, or crop failures, livestock can be sold to 

smooth consumption and prevent households from falling into extreme poverty. 

This buffering role is particularly critical under climate change, where 

increased frequency of extreme weather events threatens agricultural 

livelihoods. Diversified livestock portfolios (e.g., combining large and small 

ruminants) enhance household resilience by spreading risk across species with 

different feed requirements and climatic tolerance. 

 

Livestock and Sustainable Agricultural Systems 

Livestock are integral components of mixed crop–livestock systems, 

which dominate smallholder agriculture. Manure from animals improves soil 

fertility, enhances organic matter, and reduces dependence on synthetic 

fertilizers. Draught animals provide power for land preparation and transport, 

reducing fossil fuel use and production costs. When managed sustainably, 

livestock contribute to circular bioeconomy models, where nutrients and energy 

flow efficiently within the farming system. Rangelands and grazing systems, if 

properly managed, support biodiversity, carbon sequestration, and ecosystem 

services. Thus, livestock are not only productive assets but also ecological 

assets within sustainable land-use systems. 

 

Livestock as Social and Cultural Assets 

Livestock carry profound social and cultural significance. In many 

societies, animals symbolize status, prestige, and social identity.   
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They are central to cultural ceremonies, dowries, festivals, and religious 

practices. Ownership of livestock often enhances social standing and 

strengthens community networks. 

Importantly, livestock empower women and marginalized groups. Small 

livestock such as poultry, goats, and sheep are often managed by women, 

providing them with independent income, decision-making power, and 

improved household nutrition. From a development perspective, investing in 

livestock is a strategic pathway for gender inclusion and social equity. 

 

Livestock and Employment Generation 

The livestock sector is a major source of employment, particularly in 

rural and peri-urban areas. Jobs are created not only on farms but also across 

extended value chains, including input supply, animal health services, milk 

collection, processing, transportation, marketing, and export industries. 

As urbanization and income growth increase demand for animal-source 

foods, livestock offer significant opportunities for youth employment and 

entrepreneurship. Dairy farming, meat processing, feed formulation, and 

livestock-based agribusinesses can absorb labor and reduce rural–urban 

migration, making livestock a strategic tool for demographic and economic 

stability. 

 

Livestock in National Development and Trade 

From a policy standpoint, livestock are strategic assets for national food 

sovereignty and trade competitiveness. Countries with strong livestock sectors 

can reduce reliance on imports, stabilize domestic food prices, and earn foreign 

exchange through exports of meat, dairy products, hides, skins, and wool. 

Livestock development also supports several Sustainable Development 

Goals (SDGs), including SDG 1 (No Poverty), SDG 2 (Zero Hunger), SDG 3 

(Good Health and Well-being), SDG 8 (Decent Work and Economic Growth), 

and SDG 13 (Climate Action). Recognizing livestock as strategic assets 

encourages governments to prioritize investments in animal health, genetics, 

feed resources, and climate-smart practices. 
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Challenges and the Need for Strategic Management 

Despite their strategic importance, livestock assets are vulnerable to 

diseases, feed scarcity, climate stress, market volatility, and weak governance. 

Poor management can turn livestock from assets into liabilities, contributing to 

environmental degradation and public health risks. 

Therefore, realizing the full strategic value of livestock requires 

supportive policies, research and innovation, extension services, biosecurity, 

insurance mechanisms, and sustainable intensification approaches. Strategic 

investment in livestock systems enhances productivity while minimizing 

environmental and social risks. 

Livestock are far more than sources of food; they are multifunctional 

strategic assets that underpin livelihoods, economies, cultures, and ecosystems. 

Their roles as wealth holders, risk buffers, nutritional providers, employment 

generators, and sustainability enablers make them indispensable to rural 

development and national resilience. In an era of climate uncertainty, 

population growth, and food system transformation, recognizing and 

strengthening livestock as strategic assets is essential for achieving inclusive, 

resilient, and sustainable development. 

 

15. FUTURE PROSPECTS AND WAY FORWARD 

The future of sustainable agriculture depends heavily on transforming 

livestock systems. Integrated approaches combining technology, indigenous 

knowledge, policy support, and farmer participation are essential. Research and 

innovation must focus on low-cost, climate-resilient, and inclusive livestock 

solutions. 
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CONCLUSION 

Sustainable livestock husbandry is a cornerstone of sustainable 

agriculture. When managed responsibly, livestock systems contribute to food 

security, environmental conservation, and rural development. Achieving 

sustainability requires a holistic approach that balances productivity with 

environmental and social responsibility. Adoption of sustainable livestock 

practices is not only a necessity but an opportunity to ensure a resilient and 

equitable agricultural future.  



79 
 

REFERENCES 

Adesogan, A. T., Gebremikael, M. B., Varijakshapanicker, P., & Vyas, D. 

(2025). Climate-smart approaches for enhancing livestock productivity, 

human nutrition, and livelihoods in low- and middle-income countries. 

Animal Production Science. https://doi.org/10.1071/AN24215 

Adesogan, A. T., Gebremikael, M. B., Varijakshapanicker, P., & Vyas, D. 

(2025). Climate-smart approaches for enhancing livestock productivity, 

human nutrition, and livelihoods in low- and middle-income countries. 

Animal Production Science. doi:10.1071/AN24215 

Adesogan, A. T., Gebremikael, M. B., Varijakshapanicker, P., & Vyas, D. 

(2025). Climate-smart approaches for enhancing livestock productivity, 

human nutrition, and livelihoods in low- and middle-income countries. 

Animal Production Science. doi:10.1071/AN24215 — Highlights 

climate-smart livestock strategies for productivity and resilience. 

Afshar, M. Z., & Hussain Shah, M. (2025). Resilient livestock supply chains in 

Pakistan: Adaptive strategies for climate-smart agriculture and food 

security. Frontiers in Food Science and Technology, 5, 1658625. 

https://doi.org/10.3389/frfst.2025.1658625 

Afshar, M. Z., & Hussain Shah, M. (2025). Resilient livestock supply chains in 

Pakistan: adaptive strategies for climate-smart agriculture and food 

security. Frontiers in Food Science and Technology, 5, 1658625. 

doi:10.3389/frfst.2025.1658625 — Explores strategies for building 

climate-resilient livestock supply chains in Pakistan. 

Afshar, M. Z., & Hussain Shah, M. (2025). Resilient livestock supply chains in 

Pakistan: Adaptive strategies for climate-smart agriculture and food 

security. Frontiers in Food Science and Technology, 5, 1658625. 

doi:10.3389/frfst.2025.1658625. 

Arshad, M., & Abdulai, A. (2025). Drivers of adoption and impacts of climate-

smart agricultural practices on livestock farmers’ welfare in Pakistan. 

Frontiers in Sustainable Food Systems, 9, 1604899. 

https://doi.org/10.3389/fsufs.2025.1604899 

Arshad, M., & Abdulai, A. (2025). The drivers of adoption and impact of 

climate-smart agricultural practices on livestock farmers’ household 

welfare in Pakistan. Frontiers in Sustainable Food Systems, 9, 1604899. 



80 
 

doi:10.3389/fsufs.2025.1604899 — Analyzes adoption of climate-smart 

livestock practices and their socio-economic effects. 

Arshad, M., & Abdulai, A. (2025). The drivers of adoption and impact of 

climate-smart agricultural practices on livestock farmers’ household 

welfare in Pakistan. Frontiers in Sustainable Food Systems, 9, 1604899. 

doi:10.3389/fsufs.2025.1604899. 

Aziz, W. (2024). Impact of environmental regulations on sustainable livestock 

farming practices in Pakistan. American Journal of Livestock Policy, 

4(2), 36–47. doi:10.47672/ajlp.2232 

Aziz, W. (2024). Impact of environmental regulations on sustainable livestock 

farming practices in Pakistan. American Journal of Livestock Policy, 

4(2), 36–47. doi:10.47672/ajlp.2232 — Examines effects of policy on 

sustainable livestock practices in Pakistan. 

Doyle, R. (2024). The sustainable livestock transformation framework: 

Perspectives on how to transform livestock systems. International 

Livestock Research Institute (ILRI). 

Faraz, A. (2020). Food security and socio-economic uplift of camel herders in 

Southern Punjab, Pakistan. Land Sciences, 2(2), 8–11. 

https://doi.org/10.30560/ls.v2n2p8 

Faraz, A., Tauqir, N. A., Ishaq, H. M., Hussain, S. M., Ismail, A., Waheed, A., 

Sameen, A., & Akbar, M. A. (2023). Role of livestock for disaster risk 

reduction. In M. Ahmed & S. Ahmad (Eds.), Disaster risk reduction in 

agriculture (Disaster resilience and green growth). Springer, Singapore. 

https://doi.org/10.1007/978-981-99-1763-1 

Faraz, A., Waheed, A., Ishaq, H. M., & Mirza, R. H. (2019). Rural development 

by livestock extension education in Southern Punjab. Journal of Fisheries 

and Livestock Production, 7(1), 287. doi:10.4172/2332-2608.1000287 

Faraz, A., Waheed, A., Mirza, R. H., & Ishaq, H. M. (2019). Socio-economic 

status and associated constraints of camel production in desert Thal 

Punjab, Pakistan. Journal of Fisheries and Livestock Production, 7(1), 

288. doi:10.4172/2332-2608.1000288 

Food and Agriculture Organization of the United Nations. (2023). Pathways 

towards lower emissions livestock. FAO. 



81 
 

Himu, H. A., & Raihan, A. (2024). Precision livestock farming technologies for 

digitalizing animal husbandry toward sustainability. Global 

Sustainability Research, 3(3), 1–14. 

https://doi.org/10.56556/gssr.v3i3.954 

Himu, H. A., & Raihan, A. (2024). An overview of Precision Livestock Farming 

(PLF) technologies for digitalizing animal husbandry toward 

sustainability. Global Sustainability Research, 3(3), 1–14. 

doi:10.56556/gssr.v3i3.954 

Mohammadzadeh, M., Hayati, D., & Valizadeh, N. (2025). Behavioral factors 

linking sustainability and animal welfare in dairy farming. Scientific 

Reports, 15, 26042. https://doi.org/10.1038/s41598-025-10260-2 

Mohammadzadeh, M., Hayati, D., & Valizadeh, N. (2025). Behavioral factors 

linking sustainability and animal welfare in dairy farming. Scientific 

Reports, 15, 26042. doi:10.1038/s41598-025-10260-2 

Morales-Reyes, Z., Barbosa, J. M., Sánchez-Zapata, J. A., et al. (2025). Farmer 

perceptions of vulnerabilities of traditional livestock farming systems 

under global change. Ambio, 54, 1353–1371. 

https://doi.org/10.1007/s13280-025-02150-8 

Morales-Reyes, Z., Barbosa, J. M., Sánchez-Zapata, J. A., et al. (2025). Farmer 

perceptions of the vulnerabilities of traditional livestock farming systems 

under global change. Ambio, 54, 1353–1371. doi:10.1007/s13280-025-

02150-8 

Thornton, P. K., & Herrero, M. (2022). Climate change adaptation in mixed 

crop–livestock systems. Agricultural Systems, 198, 103364. 

 

 




