



Review Article
Evaluating Fertilizer Use and Environmental Impacts in Bangladesh: A Review of Challenges and Sustainable Alternatives.
ABSTRACT:
An assessment breaks down fertilizer utilization in Bangladesh while measuring environmental damage and human health risks caused by over-application of fertilizers. Soil degradation and water pollution together with eutrophication result from the use of nitrogenous chemical fertilizers as shown by the research. Many toxic heavy metals build up in both crops and groundwater which results in major health dangers. The application of bio-fertilizers together with nano-fertilizers and Integrated Nutrient Management (INM) serves as sustainable approaches to tackle fertilizer harms but maintain productivity in agriculture. The evaluation utilizes different research reports to establish how alternative solutions enhance nutrient absorption while improving soil conditions while minimizing pollution impacts. The general implementation of these sustainable management techniques confronts various obstacles since technology does not reach its full potential and governments face funding deficiencies and smallholder farmers show minimal interest in accepting new methods. The study demonstrates chemical fertilizers' value for yield increases yet shows the requirement for sustainable fertilization methods because of their long-term sustainability issues. The advancement of bio-fertilizers and nano-fertilizers along with Integrated Nutrient Management requires governmental backing combined with farmer instruction to fulfill efficient fertilizer consumption objectives in Bangladesh. More research and technological improvements are needed to deal with present obstacles before widespread deployment of such alternatives becomes feasible.
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1 INTRODUCTION
Nitrogen, phosphor, and potassium which are critical contributors to the incremental improvement of crop yields account for at least 30-50 percent increment in global agricultural productivity (Wang WeiNi et al., 2013). They have a crucial input for food security in the world with the current population of 7 and a half billion people with an estimated population of 9 billion people by 2050(BASHKIN & ALEKSEEV, 2022). However, they come with a lot of environmental and economic impacts that make their use very worrying. In some countries in the developed as well as developing regions, high population growth rates are expected to push up fertilizer demand fast according to the simulation studies(Rahman & Zhang, 2018; Rivas & Nonhebel, 2017). The use of nitrogen based fertilizers has been noted to cause serious environmental and health problems since its innocent form can accumulate beyond recommended limits in the fertile soil and the edible parts of plants(Bari et al., 2007). Application of cattle manure in combination with chemical fertilizers positively influenced Boro rice yielding 8.3– 33.8%; T. aman rice yielding 2.9–18; increasing soil fertility and decreasing reliance on synthetic inputs(Bilkis et al., 2017). Calcium carbonate and humic acid formulations address issues of fertilizer efficiency and minimize the amount of chemical input contributing to achieving a more sustainable agriculture(Han et al., 2019). However, still, Bangladesh is in a problematic situation because of the use of chemical fertilizers and the associated consequences: nutrient toxicity, soil and water pollution, eutrophication, the release of GHG’s and deterioration of water quality(Hooda et al.). The disruption by nitrogen and phosphorus fertilizers results in a loss of key ecosystem nutrients that has impacts on species richness and ecosystem processes(Penuelas et al., 2023). Chemical fertilizer pollutes the environment by increasing nitrate and heavy metal concentrations, which in turn are related to health problems like methemoglobinemia for the babies growing up and cancers for all grown-ups (Zeeshan et al., 2024). In addition, chemical fertilizers are responsible for degrading soil quality, groundwater, and ecosystems by affecting the microbial process and decrease the subsoil storing capacity (Hossain et al., 2022; Rahman et al., 2021). Nitrogen fertilizers, especially nitrogenous fertilizers, pollute groundwater by desorbing arsenic from sediments and cause diseases including hormone disruption and cancer(Hossain et al., 2022; Uddin & Kurosawa, 2011). Ammonia, lost to the environment from fertilizers, is a key causative agent of water pollution, greenhouse gas emitted responsible for climate change (Rahman & Biswas, 2020). High nitrogen also leads to formation of algae, oxygen loss and finally destruction of all aquatic life (Thorat & More, 2022). Although chemical fertilizer use greatly increases yields in the short term, using way too much of them poses a grave long-term danger to food security through soil and ecosystem decline(Rahman & Zhang, 2018; Rahman & Biswas, 2020). But use of manure along with chemical fertilizer has been found efficient where soil health and yield of crops are concerned without bringing harms to the environment(Ali et al., 2009). However, such chemical fertilizers effect the greenhouse effect through the release of nitrogen and sulfur gases which makes it difficult for them to be widely used(Thorat & More, 2022). Agriculture practices that would be of real sustainable nature are those practices that seek to add value to the soil fertility without necessarily having to depend on inorganic fertilizers(Hazra, 2016). Thus, bio-fertilizers in association with novel agricultural techniques such as organic nano-fertilizers and Integrated Nutrient Management (INM), provide an antidote to inefficiency of nutrients, soil degradation and environmental pollution. However, large scale implementation of these alternatives pose certain issues like requirements of specific application techniques and hence the costs (Mahanty et al., 2017). Nano-fertilizers are light in nature because of nano size particles and particle size distribution thus offering benefits in nutrients, porous structure and water regime of the soil. Nonetheless, the effects of these polymers on the environment as well as on health require research and control to ensure sustainable use(Babu et al., 2022; Yedoti et al., 2024). INM gives synergy between organic, inorganic and bio nutrient to make better use of required resource, conserve soil health, ensure production and minimize adverse effects on environment(Kumar et al., 2024). As well, cropping system, organic farming and conservation tillage have been realized to enhance the soil, water and biotic health and decrease the ecological impact of productions. They also increase the effectiveness of applied fertilizers, and are some of the crucial implements of sustainable farming(Rajput et al., 2023). This research thus has the purpose of examining the consequences of chemical fertilizers on production, soil and human health in the context of Bangladesh. This includes topics like soil degradation, water pollution, green-house gases emissions, and others and it covers topics on the green options that people can use like the bio fertilizer, nano-fertilizer, and the integrated nutrients management among others. The recommendations made in the findings will make it possible to improve nutrient use efficiency, support sustainable production and conservation of the environment for the increasing food requirements.
2 LITERATURE REVIEW:
2.1 Global Perspectives on Chemical Fertilizer Use

This paper compares chemical fertilizers as a means of enhancing food production in the globe but presents environmental and cost implications. The inorganic nitrogen, phosphorus, and potassium-based fertilizers have a significant boost in the production of the crops across the global regions(Iqbal et al., 2021; Penuelas et al., 2023). However, they are not practiced uniformly due to the variation in the economic, environmental and policy conditions prevailing in the country. What has been realized is that developed nations apply fertilizer efficiency more than the developing nations since subsidies fuel consumption(Liu et al., 2022; Sane et al., 2021). Using high nitrate-containing fertilizers in farming practices has contributed to leaching and runoff effects typical for eutrophication, soil acidification, water pollution, nitrate water pollution, and hardness that limit the water quality and makes usable water sources inaccessible(Adhikari et al., 2024; Penuelas et al., 2023). Used to an extent, it causes a decline of soil’s physical, chemical, and biological features that consequently decreasing the fertility of the soil and the level of diversity(Pahalvi et al., 2021). While the developed countries apply fertilizers in a more efficient manner the development regions suffer from either inadequate availability or low sustainability index 
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(Arunachalam, 2024; Brownlie et al., 2015; Sane et al., 2021)
. In order to overcome these challenges, though chemical fertilizers have been practiced to be used along with the bio char, the soil microorganisms are still under consideration to improve the nutrient use efficiency and to reduce the hazard effects (Adhikari et al., 2024). The practices such as 4R Nutrient Stewardship of applying the 4R of nutrient management Right Rate, Right Source, Right Time, and Right Place meant for the efficient use of the fertilizers and the reduction of the effects of third-group variables(Penuelas et al., 2023). Current nitrogen management for efficiency, nutrient quality for people and proper farming systems all over the world have demanded for proper structures and political systems especially in the developing world(Brownlie et al., 2015).
2.2 Fertilizer Use in Bangladesh

The use of fertilizers in Bangladesh significantly impacts crop yield, farm income, and ecological balance. Farmers and extension agencies rely on chemical and organic fertilizers, but over-application, soil degradation, and inefficiencies remain critical issues. Excessive nitrogen use, particularly in potato production, increases vulnerability to pests and diseases such as late blight(Nahiyan et al., 2024). In rice farming, subsidized urea leads to misuse, causing environmental harm(Sunny et al., 2022). Despite recommendations, adoption of proper fertilizer practices is limited, as seen in reduced TSP usage, resulting in lower yields (Table-1)(Beg et al., 2024).
Table 1.  Descriptive Statistics and Balance Assessment for Baseline Characteristics at the Farmer Level. Adopted and modified from(Beg et al., 2024). 
	Variable
	C (Mean/SE)
	ST (Mean/SE)
	UC (Mean/SE)
	p-value (C-ST)
	p-value (C-UC)
	p-value (ST-UC)

	Age (years)
	49.46 (0.73)
	49.65 (0.77)
	48.18 (0.76)
	0.763
	0.468
	0.555

	Schooling (years)
	5.06 (0.26)
	5.67 (0.27)
	5.43 (0.26)
	0.169
	0.372
	0.999

	Logarithm of the farmer's additional income (BDT)
	10.44 (0.09)
	10.47 (0.09)
	10.63 (0.07)
	0.890
	0.052*
	0.033**

	Underwent LCC treatment (1=Yes)
	0.51 (0.03)
	0.47 (0.03)
	0.53 (0.03)
	0.773
	0.930
	0.174

	Total number of plots owned
	2.59 (0.08)
	2.67 (0.09)
	2.57 (0.09)
	0.709
	0.903
	0.415

	Total plot area (decimal)
	84.61 (2.99)
	81.00 (2.81)
	81.49 (2.97)
	0.150
	0.846
	0.942

	Cultivated area (decimal)
	75.66 (3.05)
	72.78 (2.86)
	74.68 (3.00)
	0.243
	0.799
	0.578

	Yield (kg/decimal)
	20.52 (0.59)
	21.28 (0.48)
	20.93 (0.57)
	0.502
	0.678
	0.366

	Revenue (BDT/decimal)
	326.51 (72.29)
	337.80 (61.20)
	326.19 (67.77)
	0.278
	0.530
	0.233

	Total cost (BDT/decimal)
	241.80 (5.01)
	241.27 (4.43)
	240.01 (5.80)
	0.683
	0.932
	0.916

	Profit (BDT/decimal)
	84.71 (6.51)
	96.53 (5.80)
	86.18 (6.22)
	0.160
	0.550
	0.219


	Fertilizer Type
	C
	ST
	UC
	p-value (C-ST)
	p-value (C-UC)
	p-value (ST-UC)

	Urea
	0.978 (0.008)
	0.994 (0.004)
	0.997 (0.002)
	0.151
	0.037**
	0.901

	TSP
	0.964 (0.010)
	0.967 (0.009)
	0.965 (0.010)
	0.796
	0.838
	0.915

	MOP
	0.896 (0.017)
	0.884 (0.017)
	0.886 (0.017)
	0.864
	0.492
	0.970

	Gypsum
	0.162 (0.021)
	0.153 (0.019)
	0.144 (0.019)
	0.615
	0.767
	0.773

	Zinc
	0.180 (0.022)
	0.153 (0.020)
	0.161 (0.020)
	0.145
	0.652
	0.637


Fertilizer Usage (Used = 1)
Fertilizer Quantity (kg/decimal)
	Fertilizer Type
	C
	ST
	UC
	p-value (C-ST)
	p-value (C-UC)
	p-value (ST-UC)

	Urea
	0.906 (0.024)
	0.880 (0.019)
	0.892 (0.019)
	0.146
	0.685
	0.109

	TSP
	0.677 (0.023)
	0.636 (0.021)
	0.637 (0.019)
	0.083*
	0.436
	0.834

	MOP
	0.324 (0.013)
	0.313 (0.010)
	0.318 (0.011)
	0.611
	0.899
	0.757

	Gypsum
	0.059 (0.009)
	0.043 (0.006)
	0.040 (0.006)
	0.106
	0.119
	0.220

	Zinc
	0.009 (0.002)
	0.006 (0.001)
	0.007 (0.001)
	0.132
	0.390
	0.220


Studies highlight the need for integrated approaches. Frequent extension contacts positively impact yield and reduce urea overuse(Rahman & Connor, 2022). In saline environments, integrated nutrient use improves rice yield, profitability, and reduces greenhouse gas emissions(S. M. Islam et al., 2024). Techniques like AKZ and poultry manure enhance acidic soil productivity, minimizing chemical dependency(Khanam et al., 2022). Additionally, INM and FP practices lower emissions and improve yields (S. M. Islam et al., 2024). Challenges include overutilization and environmental degradation. Sustainable fertilizer practices, supported by sound extension services and demonstration programs, are essential for efficient use. Promoting knowledge and recommended practices can foster sustainable agriculture in Bangladesh, ensuring better productivity and environmental health.
2.3 Soil Health Degradation:

Soil health deterioration poses a severe threat to ecosystem services, food production, and food security globally. In Bangladesh, this degradation results from land use changes, climate change, and unsustainable practices. Urbanization and industrialization have transported potentially toxic elements (PTEs) like arsenic, cadmium, and lead into soils in areas such as Jashore, with moderate to high ecological sensitivity (Fig-1)(Chakraborty et al., 2023). 
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Figure.1: Degree of Contamination, and Contamination Levels of Potentially Toxic Elements in Soils Collected from Jashore District, Bangladesh. Adapted and modified from(Chakraborty et al., 2023). 
Similarly, the Barapukuria coal mine area is contaminated by arsenic, lead, cobalt, and sulfur from geogenic and anthropogenic sources(Jahan et al., 2024). Chemical fertilizers and pesticides have disrupted nutrient cycling and microbial populations, particularly in intensive rice cultivation, leading to salinity and acidity issues(Hossain et al., 2022). Soil erosion, exacerbated by deforestation and shifting cultivation, is a significant concern, particularly in the CHT region, where moderate to high vulnerability is reported(Sadia et al., 2023). Factors like salinization, acidification, and nutrient depletion further worsen land degradation, compounded by poor soil governance and conservation legislation(Hasan & Alam, 2006; Khan & Al Shoumik, 2022). To address these challenges, sustainable agricultural practices, conservation techniques like crop rotation, reduced soil disturbance, and community participation are essential for reversing soil degradation and maintaining soil health (Hossain et al., 2021). Effective soil governance and legislation are critical for achieving sustainable soil management.
2.4 Environmental and Human Health Impacts:

Chemical fertilizers in Bangladesh significantly impact agricultural productivity and the environment, affecting soil quality, water, and biodiversity. Their overuse disrupts soil microflora, reducing fertility, increasing erosion, and introducing toxic compounds into the soil and food chain(Hossain et al., 2022). High nitrogen levels from fertilizers cause soil acidification and fertility decline, particularly in crops like rice and tobacco(Begom et al., 2021; Kutub & Falgunee, 2015). Leaching pollutes water bodies, reducing dissolved oxygen and threatening aquatic life, as seen near tobacco fields with low pH and biodiversity loss(Kutub & Falgunee, 2015; Mahiat et al., 2022) (Fig-2). 
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Fig.2. Water quality near tobacco field. Modified from(Kutub & Falgunee, 2015).

Chemical fertilizers harm non-target species, disrupting ecosystems, reducing soil macrofauna, and decreasing agro-biodiversity, increasing vulnerability to pests and diseases(Ruba et al., 2023). Excessive use also leads to nitrogen and arsenic buildup, posing severe health risks through contaminated soil, water, and food(Bari et al., 2007; Islam & Mostafa, 2021). Bangladeshi farmers mostly use chemical fertilizers and pesticides in the field with proper protective measures therefore have direct contact with the chemicals. This exposure leads to severe health complications which include, skin rashes, headaches, general body pain among other (Ali et al., 2020). Farmers' direct exposure to agrochemicals causes health issues like skin rashes and headaches, with 75.75% of surveyed farmers confirming unsafe usage practices (Fig-3)(Muhibbullah & Sarwar, 2018). 
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Fig.3. Health Impacts Related to Unsafe Use of Agrochemicals and Pesticides. Adopted and modified from(Muhibbullah & Sarwar, 2018). 

Addressing the food crisis requires balancing fertilizer use with environmental and health concerns. Promoting safe agrochemical practices and sustainable alternatives is crucial to safeguarding future generations.
2.5 Sustainable Alternatives

Phyto-technological interventions are exploring organic nutrient sources, including bio-fertilizers, nano-fertilizers, and organic-based options, to reduce the environmental impact of modern farming. These alternatives improve soil quality, crop yields, and the natural environment. Organic fertilizers, containing beneficial microorganisms, enhance soil properties, water management, and microbial activity, contributing to sustainable agriculture(Sura, 2024; Trujillo-Tapia & Ramírez-Fuentes, 2016). Key types of bio-fertilizers include: 
2.5.1 Nitrogen-fixing bacteria: Nitrogen-fixing bacteria, like Rhizobia, help legumes grow by converting nitrogen from the air into forms that plants can use(Sharma et al., 2024).

2.5.2 Phosphate-solubilizing bio-fertilizers (PSBs): Phosphate-solubilizing bio-fertilizers (PSBs) make insoluble phosphates accessible to plants, reducing reliance on chemical phosphatic fertilizers(Wendimu et al., 2023).

2.5.3 Trichoderma species: Trichoderma species enhance plant growth, resist pathogens, and improve stress tolerance(Abioye et al., 2024). Nano-fertilizers, as smart nutrient delivery systems, boost crop production, ecological efficiency, and stress resistance while reducing chemical usage (Babu et al., 2022).

2.5.4 Efficient nutrient delivery: Nano-fertilizers, as smart nutrient delivery systems, boost crop production, ecological efficiency, and stress resistance while reducing chemical usage (Babu et al., 2022).

2.5.5 Organic amendments: Organic and organo-mineral fertilizers, including green manure, biochar, compost, and blends of organic-inorganic inputs, improve soil fertility, structure, and long-term productivity(Abdulraheem et al., 2023; Asghar et al., 2022).

2.5.6 Plant-Bacterial Symbiosis: Plant-growth-promoting rhizobacteria (PGPR) enhance plant growth, nutrient acquisition, and disease suppression, contributing to sustainable agriculture amidst climate change(Arjumend et al., 2022). While these sustainable alternatives offer numerous benefits, risks exist, such as ecological concerns from excessive organic material use and potential health impacts from nano-fertilizer exposure. Striking a balance and ensuring reliable information are essential to minimize negative consequences(Abdulraheem et al., 2023; Babu et al., 2022). Hence, it is important to strike the right balance and possess adequately reliable information with regard to these effective and environmentally friendly substitutes in order to avoid all possible negative consequences.
3. METHODOLOGY
The research analyses fertilizer utilization in Bangladesh through extensive literature review while evaluating the adverse effects on the environment as well as viable sustainable approaches. This review collects published academic works to combine findings about fertilizer usage problems while evaluating different methods that enhance nutrient management strategies. The research has four main steps which form its methodology.

3.1 Literature Search and Data Collection

The research relied heavily on studying existing work from articles, books, reports, and case studies to establish knowledge about fertilizer utilization in Bangladesh. The research utilized academic databases which included Google Scholar and ScienceDirect and JSTOR for identifying relevant sources. The research included studies that emerged in the past twenty years to provide deep insight into modern changes in fertilizer utilization and their consequent effects. The research query included "fertilizer use in Bangladesh" combined with "environmental impacts of fertilizers" and "sustainable agriculture" and also included "bio-fertilizers" "nano-fertilizers" and "Integrated Nutrient Management (INM)." Further references were obtained from the citation sections of both articles and research papers.
3.2 Selection Criteria
The studies qualifier section contained multiple requirements which included: 

· The research concentrates on fertilizer use within Bangladesh alongside other nations with comparable developing economic status. 

· The analysis explores environmental, economic and health-related implications which result from fertilizer usage. 

· The research investigates sustainable agricultural techniques that combine INM with bio-fertilizers and nano-fertilizers. 

· Studies using empirical methods and theoretical evaluations and policy investigations to explain fertilizer impacts on agriculture productivity and environmental sustainability. 

· Research papers outside the main subject area of Bangladesh and those with insufficient data or inadequate research design were excluded.

3.3 Data Analysis

The researchers systematically analyzed the gathered publications before placing them into relevant focus areas. These themes included: 
· Scientific findings demonstrate that soil health deteriorates when chemical fertilizers char the soil biodiversity and reduce its fertility capacity. 
· The article examines how fertilizer runoff and leaching affect aquatic environments and human health conditions regarding water pollution and eutrophication. 
· Research articles investigate poisonous heavy metal accumulation in plants and soil and water substances while analyzing adverse health effects including cancers together with methemoglobinemia and various sicknesses. 
· Reviews on bio-fertilizers, nano-fertilizers, and Integrated Nutrient Management (INM) as alternatives to traditional chemical fertilizers. The effectiveness stands together with implementation barriers and achievable scalability of these practices. 
· The evaluation of government policies together with agricultural extension services conducts examinations about farmer education practices to promote sustainable fertilizer methods.

3.4 Synthesis and Comparative Analysis
A complete summary regarding the fertilizer usage in Bangladesh was built using research results from different studies. Researchers analyzed traditional farming methods as well as sustainable approaches to evaluate both their environmental protection outcomes while assessing costs and long-term benefits for land productivity. The research evaluated both the technical challenges and funding constraints and lack of acceptance from farmers using alternative farming methods.

4. IMPACT OF EXCESSIVE FERTILIZER USE ON AGRICULTURAL PRODUCTIVITY
Agricultural processes particularly the use of fertilizer in improving crop production have negative effects on the environment and on our health. Nichols and Green define that the ramifications of excessive nitrogen use include the loss of fertility and polluting of water, depletion of the soil as nutrients flush away in water, and cases of methemoglobinemia among babies as well as gastric and colorectal cancer among grownups. It has also been established that cadmium uptake is highly affected by over-fertilization, which raises its levels in crops beyond safe levels by 40-60% a situation that leads to severe health complications(Zeeshan et al., 2024). In many parts of the world, high application of organic or inorganic fertilizers pollutes the soil by admitting heavy metals such as chromium, cadmium, lead, and arsenic, thereby decreasing the soil fertility, inhibiting or disrupting soil microorganisms, and, in the long run, yields a low rate of crop production. And while certain fertilizers like those produced from animal droppings and sewage sludge contain toxic metals. To achieve the objectives of the present investigation, differences in gender = Significant at p<.05 Overall, understanding the sources of these pollutants is crucial for the establishment of less risky practices of agriculture (Table-2,3)(Rashmi et al., 2020). 
Table 2.  Heavy Metal Content in Different Manure Sources. Adopted from(Rashmi et al., 2020)
	Source
	Arsenic
	Cadmium
	Chromium
	Lead
	Nickel
	Copper

	Cow manure
	-
	8
	58
	16
	29
	62

	Poultry manure
	0.35–110.5
	-
	0.6–19.6
	-
	-
	3.5–13.5


Table 3.  Sources of Heavy Metal Contamination in Fertilizers. Adopted from(Rashmi et al., 2020)
	Source
	Heavy Metal Inputs
	Contaminants

	Inorganic Fertilizers
	Phosphate fertilizer
	Cr, Cd, Cu, Zn, Ni, Mn, Pb

	
	Nitrate fertilizer
	

	
	Potash fertilizer
	

	
	Lime
	

	Organic Fertilizers
	Animal manures
	Zn, Cu, Ni, Pb, Cd, Cr, As, Hg

	
	Sewage sludge
	

	
	Compost
	

	
	Fly ash
	


Chemical fertilizers are very important inputs in increasing the yield of crops but most often have bad impacts on the soil and other aspects of environment in the long run. They make the physical and chemical properties of the soil bad or uneven; they kill good microorganisms in the soil; they interrupt fundamental processes of ecosystems and emit greenhouse gases raising global warming(Mustafa et al., 2023). While high application rates of fertilizers change the plant species composition, there is low nutrient use efficiency and high production costs(Bisht & Chauhan, 2020; Farooq et al., 2022). Chinese agricultural eco-efficiency declines due to the high use of fertilizers, economic status, and geographical location(Hou et al., 2022). Such problems can be aggravated by a rise in the prices of fertilizers like cigarette farmers of Pekalongan Village which high costs that reduced their yields and incomes were discussed by(Boomgaard, 2005). In Bangladesh, a higher amount of nitrogen fertilizer enhances yield but has adverse impact on environment and poor yield in the long run(Azad et al., 2023; Rahman & Biswas, 2020).  Due to its ability in enhancing rice yield as well as the efficiency of fertilizer, Integrated fertilizer system including alternate wetting and drying has been revealed to be effectual (Quddus et al., 2022). However, the use of fertilizers like urea and TSP beyond specified quantity as indicated in table-4 is destructive to the soils and the general environment(Nahiyan et al., 2024).

Table 4.  Recommended Dose vs. Applied Dose by Farmers adopted and modified from(Nahiyan et al., 2024). 
	Fertilizer
	Recommended Dose (kg/ha)
	Central and Mid-East (kg/ha)
	North-West (kg/ha)
	Mid-West (kg/ha)
	South-East (kg/ha)

	Urea
	250
	585
	350
	360
	385

	TSP
	150
	298
	395
	325
	243

	MOP
	250
	385
	543
	487
	363

	Gypsum
	120
	115
	121
	119
	118

	Zinc Sulfate
	10
	10
	10
	11
	10

	Magnesium Sulfate
	100
	95
	98
	100
	112

	Boric Acid
	10
	9
	8
	10
	10

	Cow Dung
	9,071
	4,580
	5,690
	4,500
	5,600


Sustained agrochemicals affect the microbial communities that help recycle nutrients and decline soil fertility additionally(Hossain et al., 2022). Though fertilizer enhances a higher cropping frequency, managing the farm returns(Billah et al., 2023); the challenges posed by excessive use are environmental and productivity related. Efficient use of fertilizers is still important in regard to matching food production and conservation of the natural resources (Table-4)(Nahiyan et al., 2024). 
5. ENVIRONMENTAL CONSEQUENCES
The study has also discussed that how the chemical fertilizer has become a threat for Bangladesh soil, water as well as for ecosystem. Products such as nitrogen, phosphorus, and potassium added to the fertilizers cause the problem of nutrient pollution, hence, raising nitrate levels in water by 30-50%, resulting in waterborne toxicity that kills most water organisms through eutrophication and toxic algal blooms. Further, about 40-60% of crops contain cadmium beyond permissible limits that may have implications on the lives of human beings and the ecosystem (Zeeshan et al., 2024). Very high rates of nitrogen and phosphorus in crops interfere with soil nutrient balances, decline soil health, and increase emission of nitrous oxide gas which is a major cause of green-house effects. That not only degrades environments but also challenges the biological and health diversities(Penuelas et al., 2023). Under controlled application, fertilizers contaminate drinking water sources with nitrates and make water bodies toxic because of algal blooms. The propensity to hunger further puts health at risk through intake of crops that have heavy metals from fertilizers. The problems such as the erosion of fertile soil and pollution of water supply due to excessive use of fertilizers are characteristic of Bangladesh, as with India and China. But India has slowly moved to using organic farming with little use of chemical fertilizers which Bangladesh can emulate. China has been practicing government intervention in sustainable farming and has somewhat managed to avert some effects(Rahman & Biswas, 2020). Precision farming technologies are used all over the developed world to regulate the application of fertilizers, increase production and reduce adverse impacts. Nevertheless, they are not often utilized properly in Bangladesh because of some economic and structures barriers (Hossain & Siddique, 2020).
6. INEFFICIENCIES IN FERTILIZER USE IN BANGLADESH
The main issues with the current utilization of fertilizers in Bangladeshi agriculture are rooted in the fact that most of the farming remains primitive in nature, farmer’s inability to get update information on agriculture and the pressure exerted by economic factors on the farmer to increase his yield. These inefficiencies lead to over application of fertilizers, where plants take up one nutrient to the detriment of the other soaking up a lot of resources. Some farmers just use fertilizers irrespective of the soil type or the type of crop to be grown, and this lead to low nutrient uptake and therefore low crop yields(M. S. Islam et al., 2024). The fertilizer recommendations based on soil, plant, and crop tissue analysis remain very expensive to enable the smallholder farmers get the right advice in relation to the cropping systems. This results in either over-application or under-application of the fertilizers including TSP which would lead to deteriorative yields in crops or crops production(Beg et al., 2024). Economy also worsens this problem as farmers try to improve productivity by applying high levels of fertilizer without matching nutrients to the crop requirements. This approach despite viewed as increasing productivity has been found to have negative effects such as nutrient depletion and significantly declining soil health over the long term(M. S. Islam et al., 2024). The frequent use of fertilizer has adverse environmental consequences which affects sustainable agriculture such as; Soil acidification, water pollution(Mironiuk & Izydorczyk, 2022). Using low-quality fertilizers affects farmers economically, food quality and the general environmental health and economic progress(Islam & Beg, 2021). This either leads to imbalance in uptake of the nutrients thus depriving crops the required input and has a burden on food insecurity and crop sustainability (Barłóg, 2023). These issues need to be solved trough education and utilization of efficient and new farming methods, as well as consultations of cheap soil tests in order to coordinate efficient use of fertilizers.
7. SUSTAINABLE FERTILIZER MANAGEMENT PRACTICES
The 4R Nutrient Management framework identifies easy-to-follow procedures that guide the ways farmers use fertilizer in their farms, with regard to the right source, rate, time, and place. Its purpose is to help increase crop yield and income and to reduce negative effects on the environment including nutrient runoff and emissions of gases. The four concepts work hand in the right timing of nutrients, ideal rates of nutrients, correct sources of nutrients, and correct placement of nutrients for effective and sustainable soil management.
7.1 Right source

The “Right source” in 4R Nutrient Management entails use of the right fertilizer type in regard to the nutrient requirements of the crop and the soil. For instance, harvest researches pointed out that by using SOP as an ingredient for potassium in wheat, yield parameters enhances the use of MOP by a greater percentage(Ramzan et al., 2023). 4R Nutrient Stewardship Certification Program in the Ohio Western Lake Erie Basin has shown how farmers’ choices of nutrient sources could be impacted with the cooperation with certified nutrient service providers for the improvement of environment(Walpole et al., 2023). 
7.2 Right rate
Nutrients at the proper “right rate” entails feeding the crops with the essential nutrients and not excess nutrients when such will pollute the environment. For instance, in broccoli farming, conventional practices of fertilization rates were adequate for growth of broccoli crops, while any infinitesimal product of the rate was punitive to yield(do Canto e Silva & Quartucci, 2022). The 4R approach also in relation to nutrients involves the application of nutrients at right rates, where the rates applied should correspond to rates of removal on crops in order to avoid leaching of the nutrients into the soil (Grant & Flaten, 2019).

7.3 Right Time
It is thus very important to ensure that nutrients are applied to the crop at right point in time when the crop is absorbing the nutrients. When used in rice systems, the 4R approach raises nutrient use and the grain yield it because the tactics are applied with reference to the cycle of development in the plant(Surekha et al., 2023). In similar regard, with regard to wheat, the consideration of sowing times and nutrient application has also proven useful for the development of the growth and value bearing characteristics; therefore it is well understood that timing proves to be quite vital in matters relating to nutrients(Ramzan et al., 2023).

7.4 Right place:

The principle of matching nutrients with their application is a matter of placing the nutrients where they have least mobility and where they can be more effectively absorbed by roots. For instance, the practice of putting phosphorus fertilizer in the seed furrow has been proved to improve efficiency and other properties of the sustaining agriculture in the Northern Great Plains regions(Grant & Flaten, 2019). This study has shown that, in broccoli production, when the fertilizers were delayed and put in the planting row instead of broadcasting manner to the soil; the growth was enhanced; this is proof showing placement in applying the fertilizer is critical(do Canto e Silva & Quartucci, 2022).

The 4R framework is used by several countries throughout the world to improve agricultural practice. 4R Nutrient Stewardship is a part of the Canadian government’s policies and the collaboration with the agriculture industry to support the highest production based on sustainability. In India, measures concentrate on efficient and proper application of fertilizers in adequate amounts as well as the inclusion of organic inputs [4R nutrient application]. However, Australia has been using various precision technologies on agriculture for the successful adoption of 4R plan and nutrient use to minimize the harm on environment. The following examples derived from international case studies accrue to demonstrate the effectiveness of the 4R approach in advancing the promotion of sustainable and efficient cropping systems globally.
7.5 Integrated Nutrient Management (INM)

Integrated Nutrient Management (INM) combines use of organic, inorganic, and biological nutrients for proper built up of nutrient capital of the soil and is safe and environment friendly. It enhances nutrient use density and the kind of soil and decreases the usage of chemical fertilizer, therefore diminishing environment issues. To optimize the access of nutrients and crop yields, INM uses organic and inorganic soluble fertilizers, biofertilizers and plant growth promoting microorganisms (PGPM) 
 ADDIN EN.CITE 
(Imran, 2024; Kumar et al., 2024)
. Looking at literature, INM enhances the availability of vital input such as Nitrogen, phosphorus and nitrogen, which enhance crop yields (Shrivastava et al., 2023). Mixing compost and manure with inorganic fertilizers has been found useful in maintaining the organic matter of the soils and hence fertility(Hailu & Feyissa). Using organic amendments such as biochar and plant residues increase microbial population, nutrient dynamics and other soil physical properties supporting long term soil health for continued agricultural production(Kumar et al., 2024). INM also helps curb emission of green-house gases, promote carbon storage and minimize of the use of chemical fertilizers and pesticides hence environmentally sustainable agriculture(Chandel et al., 2024; M. Tahat et al., 2020). Nevertheless, the application of INM is made difficult by the need to understand the local soil type, crop demands and available resources including a challenge that favors or is heightened in developing nations. However, for further adoption of INM practices, the following limitations should be aggressively addressed.
7.6 Use of Bio-Fertilizers and Plant Growth-Promoting Rhizobacteria (PGPR)

Bio fertilizers are the live microorganisms, which could improve the nutrient solubility status and availability of the structural soil in the plant growth promotion and chemical fertilizer hazards in soils. Other cost-effective inoculums include nitrogen fixing bacteria, mycorrhizal fungi and phosphate solubilizing bacteria that have a positive effect on the health and variety of the soil. Literature review established that nano-biofertilzers have a positive impact on plants growth and yield attributes regardless of the type of crop species under investigation locally as well as internationally (Table-5).
Table 5.  Numerous national and international studies have examined the effects of nano-biofertilizers on plant growth and yield characteristics across various agricultural crops. Adapted and modified from(Kumari & Singh, 2020).
	S. No.
	Nano-biofertilizer
	Experimental Plant
	Response
	Country

	1
	Nanosilver + nitroxin
	Solanum tuberosum
	Reduced N fertilizer use, higher tuber yield
	Iran

	2
	Nano-fertilizer + humic acid
	Nigella sativa
	Enhanced growth, better nutrient efficiency
	Iran

	3
	Nano-titanium + azorhizobium biofertilizer
	Triticum aestivum
	Improved yield, weight, chlorophyll under Cd stress
	Iran

	4
	Nano Fe, Zn, Mn + Azotobacter and Pseudomonas bacteria
	Triticum aestivum
	Increased spike length, seed number, plant height
	Iran

	5
	Nano-Zn + biofertilizer
	Zea mays
	Higher maize yield within 7 days
	Iran

	6
	Biofertilizers + chelated nano-fertilizers
	Speedfeed hybrid sorghum
	Increased chlorophyll, carotenoid, carbohydrate
	Iran

	7
	Bacterial nano-fertilizer
	Buxus hyrcana Pojark
	Better ornamental plant growth
	Iran

	8
	Bioorganic nano-fertilizer "Nagro"
	Beta vulgaris
	Enhanced sugar beet growth and quality
	Lithuania

	9
	Nano-fertilizer + seaweed extract
	Vitis vinifera
	Better vine growth, berry quality, nutrient uptake
	Turkey

	10
	Chitosan silica + biocontrol agents
	Lycopersicum esculentum
	Increased resistance to bacterial wilt
	Kenya

	11
	Bio-polyurethane with nano-silica
	-
	Controlled release, improved fertilizer efficiency
	China

	12
	Gold nanoparticles + rhizobacteria
	Horticultural crops
	Improved root growth in lab studies
	India

	13
	Nanophosphate + neem cake + PGPR
	Vigna radiata
	Enhanced yield, nutrient uptake
	India

	14
	Nanoclay polymer + Trichoderma harzianum
	Rabi crops
	Improved water retention, nutrient use, disease control
	India

	15
	Nano-NPK + neem cake + PGPR
	Vigna radiata
	Increased enzyme activity, improved seed vigor
	India

	16
	Copper nanoparticles + fungus Piriformospora indica
	Cajanus cajan
	Enhanced growth, productivity of C. cajan
	India

	17
	Chitosan nanocomposite + chicken feather bioorganic
	Solanum lycopersicum, Brassica juncea, Trigonella foenumgraecum
	Enhanced nutrient supply for growth
	India


Bio fertilizers are many fold; they help to reduce chemical use, minimize environmental pollution and build up sustainable agriculture. It transforms atmospheric nitrogen to soluble form while solubilizing elements such as phosphorus and potassium (Kumari & Singh, 2020). Plant growth promoting bio-fertilizers enhance the physical condition, water holding capacity of the soil and fertility status by promoting soil microbial activity(Singh et al., 2024). They cause little or no soil and water pollution in comparison to chemical fertilizers(Win et al., 2018). Their affordability also makes them popular among farmers particularly those in the developing countries(Saputro & Kurniawati, 2024). Using bio-fertilizers enhances yield and does not affect organism health since they involve general plant-microbe symbiosis(Bhardwaj et al., 2014; Sahoo et al., 2012). They also promote growth of microorganisms in the soil responsible for the nutrient cycling of soils that is important ecologically and for sustaining long term health of the soil for food production on a global scale(Mahapatra et al., 2022).

7.7 Conservation Agriculture (CA) Practices

Conservation agriculture (CA) therefore refers to practices involving minimal soil disturbance, use of legumes and/or other crops inter- row and sequential cover of the soil by certain crop residues at all times. This current theory focuses on various aspects facing todays agriculture such as soil erosion and climatic change, optimizing the use of natural resource and reducing costs of inputs and increasing nutrient yields for sustainable agriculture. CA practices including no-till or reduced tillage practices enhances physical attributes of the soils which include structure and stability, increases the level of SOC and stable soil aggregates. All these results enhance the capacity of the soil and the productivity of the soil as well(Blanco-Canqui & Wortmann, 2020). The study shows that reduced tillage reduces the resistance by 13–50%, thus improving the penetration of the roots and water filtration(Raghuwanshi et al., 2024). Permature Paso crop rotation interferes with pest life cycles, increases soil health, and optimizes yields and nutrient density(Pekrun et al., 2023). Techniques like mulching and use of cover crops help to prevent soil erosion, sequester carbon and therefore fight climate change(Kaye & Quemada, 2017). CA reduce soil erosion by key factors such as rain or wind, conserves the quality of the soil, and the qualities of the physical, chemical, and biological characteristics of the soil besides improving on the ecosystem service(Cárceles Rodríguez et al., 2022; Morgan, 2009). In water scarce areas, it saves water, improves production, and contributes to food availability and nutrition and the sustainable improvement goals(Dev et al., 2023; Raghuwanshi et al., 2024).
7.8 Precision Agriculture Techniques 
Precision agriculture is a relatively new farming style that fully incorporates advanced technology such as IoT, AI, and machine learning, among others in an attempt to maximize resource utilization, minimize wastage while at the same time improving crop yields. To sense the nutrients like nitrogen, phosphorus and potassium, field sensors and the wireless data networks to collect the information and relay the same in real time systems linked with IoT. This can make accurate fertilization and optimal use of soil which is very important (Bawankule et al., 2024; Hartono et al., 2024). Wireless soil nutrient sensors are used to measure nutrient levels and information is processed by cloud computing where nutrient management suggestions to suit the farmers are produced (Banu et al., 2024). Big data technology applications of machine learning and data science analyze fields for practices such as yield mapping and variable rate technology to enhance sustainability and resource consumption(Adewuyi et al., 2024). They use decision trees and extra tree regression models in order to anticipate data concerning the soil moisture in order to apply water and nutrients more accurately(Alaieri, 2024). Satellite imagery, aerial photography, UAVs enable crop, soil, climatic status and help to deliver precise crop management and low impact on the environment. Precision nutrient application is also improved by GPS and UAV mapping of field variability(Yadav & Sidana, 2023).

7.9 Use of Nano-Fertilizers

Nano fertilizers are a novel activity in agricultural development that is aimed at increasing use efficiency of nutrients and at the same time decreasing soil degradation. The size of NPs range from 1 to 100 nm and a high surface area to volume ratio helps them penetrate and be taken up by plants in a direct manner thereby improving on crop yields and minimizing on fertilizer pollution(Fig-4). 
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Fig.4. Nano-biofertilizers: A Promising Eco-Friendly Solution for Sustainable Agriculture. Collected from(Kumari & Singh, 2020).
This work has shown that treatment with nanoparticles enhances the availability of nutrients in the crops since the nanoparticles have a defined crystalline structure that leads to the slow and steady release of nutrients to the crops so that they can be more soluble and reactive and increase the crops NUE. However, the tendency for the nanoparticles to cluster may reduce the efficiency of the properties at the nanoscale thus bringing into question their efficiency (Madlala et al., 2024). Nano-fertilizers have lower application rates, no polluting property, less likely to runoff, volatilize, or leach with potential to protect ecosystems and support sustainable agriculture(Al-Mamun et al., 2021; Easwaran et al., 2024). Also, there are possibilities to decrease greenhouse gas emissions owing to increased conversion efficiency at the constant or decreased rates of application compared with traditional fertilizers (Akhtar et al., 2024).
7.10 Farmer Education and Extension Services

Recruitment of AFNL as a knowledge intermediary brings into focus how extension services can help to educate farmers on sustainable practices. Intermediating between the research institutions and farmers, such services transfer research findings and technology to enhance farm productivity, soil quality, and rational and efficient use of resource such as water and minimizing agro input usage which are friendly to the environment(Zhao et al., 2008). Improved farmers skill through training included in programs such as workshops and field practices, instance, Farmer Field Schools, and e-Extension in India demonstrate raise in productivity (Raji et al., 2024).  Extension services assist special groups, including women and the youths, in order to enhance social justice and the standards of living. However, setbacks like; poor funds, cultural bias, and policy deficits hamper their functioning (Anil et al., 2024). Through mobile and e-learning more information and advisory services reach the farmers on time but infrastructure and cost play a big challenge as noted by(Bhat et al., 2024). Farmers and other stakeholders have poor or little awareness of the environment and climate change, among other things, making matters worse(Bhujel & Joshi, 2024). Regarding supportive policies and incentives, promotion and the right policies, motivation, and outcome findings, a suitable environment for absorptive sustainable natural resource management can be encouraged (Ananda et al., 2024). As for the barriers shown in the table, only supportive policies, incentives, and public-private partnerships are useful to eliminate them. Local people should be involved in carrying out the program while extension providers, as well as the users, should share some activities to enhance results(Anil et al., 2024). Using ICTs, policy support and community based programs represent a viable blueprint for large scale sensitization of sustainable agriculture best practices, stabilization of environment RID B, and management of the social and economic challenges within resource scarce, rural economies.
8 CONCLUSION
Nitrogenous fertilizers in particular are of tremendous significance in raising agricultural yield across the globe and particularly in the third world regions such as Bangladesh where population explosion is constantly rising. But the mass production of chemical fertilizers creates issues to the environment and with health. Fertilizers released into water sources causes water borne diseases; water pollution by eutrophication is a major problem affecting aquatic life and human drinking water sources. It also, Nitrogen fertilizer emissions cause greenhouse emissions leading to climate change. Therefore, to these challenges of food production there holds of practicing of sustainable agriculture. It was found that the utilization of organic manures, bio manures, and nano manures put a positive impact on nutrient uptake and a negative impact on environmental degradation. Integrated Nutrient Management (INM) technology therefore combines the usage of organic and inorganic forms of nutrient input in order to support soil health with minimum application of chemical inputs. This’s specific farm practices which have been undertaken alongside precision farming of applying both sensor and satellite data in decisions and to minimize bad practices to the environment include the following conservation farming methods; no tillage and crop rotation. Therefore, novel, sustainable, and profitable nutrient management practices that will maintain productivity to avail crop yields to the farmers are crucial. Therefore, by doing so, Bangladesh and such areas can develop the food security that will be sustained for future generation without disturbing the ecology in future.
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