



Effects of Seasonal Variation and Better Management Practices (BMPs) on Water Quality in Litopenaeus vannamei grow-out Ponds 

ABSTRACT 

In Indian markets, shrimp aquaculture is one of the main sources of seafood, and the farming of Litopenaeus vannamei has become a key determinant of India's seafood exports. Andhra Pradesh ranks first in shrimp production in India and, in recent years it has exported nearly 70-80% of the country’s farmed shrimp globally. However, the sustainability and profitability of this sector are largely dependent on maintaining optimal water quality, which is strongly influenced by seasonal fluctuations. This study, examined how seasonal variation affects pond water quality and how Better Management Practices (BMPs) can mitigate these effects on grow-out ponds, located in Alluru village, Prakasam district, Andhra Pradesh, in pre- and post-monsoon seasons during 2024-25. Key physico-chemical parameters such as temperature, dissolved oxygen (DO), salinity, pH, total ammonia nitrogen (TAN), nitrite (NO2), phosphate (PO4), alkalinity and hardness were monitored under BMP guidelines. Results showed that adoption of BMPs consistently maintained water quality in optimum ranges in both culture cycles. The averaged results of pre-monsoon parameters of temperature remains 300C, DO (>4 mg L-1), salinity 30-31 ppt, pH 8.3-8.4, TAN, NO2, and PO4 remained below 0.1 mg L-1. Buffering and ionic conditions were also within the recommended limits with alkalinity shows (>120 mg L-1), and hardness value (>150 mg L-1), while Post-monsoon monitoring revealed similar trends, with slightly reduced temperature and salinity but continued stability across all parameters. These results indicate that systematic water quality monitoring and proactive BMP interventions effectively mitigated seasonal fluctuations and maintained optimal limits of physico-chemical parameters. Strengthening farmer awareness with BMPs, will help to provide ecological and economic sustainability to shrimp aquaculture, improve resilience to seasonal variability and socializing India as the main exporter of seafood in the world.
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1.0 INTRODUCTION

Aquaculture is increasingly recognized as an important pathway in achieving food security worldwide, particularly with the capture fisheries declining due to overexploitation and environmental pressures (Azra et al., 2021; Eluriaga et al., 2019). Fisheries and aquaculture sector provides sustainable sources of  protein playing a vital role in addressing issues such as hunger, malnutrition, and socioeconomic deprivation (Suneetha et al., 2024). According to recent estimates, global fisheries and aquaculture production reached 223.2 million tonnes, with 185.4 million tonnes of aquatic animals and 37.8 million tonnes of algae.  By 2032, aquaculture is projected to grow by 10 percent, and recovery of capture fisheries will result in increased growth of aquatic animal production. This will amount 205 million tonnes, with 111 million tonnes obtained through aquaculture and 94 million tonnes by capture fisheries (FAO, 2024). 

In this global context, the fisheries and aquaculture industry has witnessed tremendous growth making India as second-largest fish producer in the world. In 2024-25, India recorded in fish production achieving 19.5 million tonnes, which is equivalent to 1.1% to the national GDP and 7.3% to the agricultural GDP (Department of Fisheries, 2025b; Garg, 2025). The fisheries sector accounts for nearly 8 percent of all fishery products, with inland aquaculture contributing to domestic output and being the primary source of export revenue. Frozen shrimp represents with the largest export by volume, which has contributed 741,529 mt (43.7% by weight), equivalent to ₹43,334.25 crore (US$ 5.18 billion). This comprised almost 70 percent of the total export value, which underscored the central role of shrimp aquaculture in the Indian seafood business (FAO, 2024; MPEDA, 2025a, 2025b).

Andhra Pradesh stands as the  hub of India’s shrimp farming sector, which produces nearly 70–80% of the country’s total farmed shrimp production (MPEDA, 2025a; Seafood Watch, 2024).Among cultured species, Litopenaeus vannamei has become a valuable shell-fish in the global aquaculture business due to its fast growth rate, market demand, and its ability to suit various farming conditions (Kola et al., 2024). In 2024–25, the state is projected to produce 700,000–750,000 metric tonnes of L.vannamei, showing it is the single major contributor to the India's shrimp output (Seafood Watch, 2024). The principal production epicenters are concentrated in the coastal districts like West Godavari, East Godavari, Krishna, Prakasam, and Nellore, which collectively account for the main centers of shrimp farming activity in the state (Department of Fisheries, 2025a). In addition to production, Andhra Pradesh plays a vital role in seafood exports, with Visakhapatnam port serving as a major gateway for frozen shrimp shipments, thereby reinforcing the state’s position as the aquaculture powerhouse of India (MPEDA, 2025a). The industry is further supported by private sector extension services that enhance farmer knowledge and access to resources, although challenges such as limited awareness and uneven adoption of best practices continue to persist (Deepthi et al., 2024)
Shrimp aquaculture, particularly the farming of Litopenaeus vannamei, is highly sensitive to seasonal fluctuations in physico-chemical parameters, which can negatively affect growth performance, feed efficiency, and disease resistance (Tumwesigye et al., 2022; Chatla et al., 2019).  In addition, the success of shrimp farming depends strongly on water quality, a fundamental aspect. Moreover it is affected by environmental factors and a variety of physical, chemical and biological parameters which include temperature, pH, dissolved oxygen, ammonia, and complex biological interactions (Jefri et al., 2020; Mramba & Kahindi, 2023; Yusoff et al., 2024). Maintaining optimal water quality improves shrimp growth (Alam, 2023). A better water quality should carry out for any aquaculture practice. Therfore periodic monitoring of water quality in shrimp pond, facilitates early detection and  control of potential emergencies, while also helping to mitigate ecological degradation and productivity disturbances (Mohanty et al., 2018; Wang, 2024). 
To address these challenges, international and national institutions have promoted BMPs as a keystone for sustainable development pillar for shrimp farming. In India, the Marine Products Export Development Authority (MPEDA) has developed a detailed guidelines on  BMPs that includes pond preparation, crop calendar planning, biosecurity, and water quality monitoring to reduce seasonal stressors and develop farm resilience (MPEDA, 2023). The given guidelines are additionally supported by mutual efforts from the World Bank, NACA, and WWF, which focus attention to BMPs as the vital tools for minimizing disease risks and optimizing production outcomes. This article explores the effects of seasonal variation on L. vannamei grow-out ponds and evaluates the effective role of BMPs in maintaining optimal water quality in shrimp farming. 
2.0 MATERIALS AND METHODS

2.1 Study area

The present study was undertaken during 2024-25 in Alluru village, Prakasam district, located in Southern part of Andhra Pradesh. This district represents diverse agro-climatic zones, making it a representative site for aquaculture research and farming. Andhra Pradesh comprises  26 districts, of which 12 are coastal, collectively spanning approximately 1053.07 km (GOI, 2025) of coastline from Srikakulam in the north and Tirupati in the south region (Aruna, 2024). Among coastal states in India, bordering Bay of Bengal, Andhra Pradesh hosts total number of farmers who are engaged  in brackish water farming is 34,542 with 22,744 farms (CAA-registered) and cumulative area under brackish water shrimp cultivation is 35,925.9 Hectares, with 33,270.84 ha total farm area (23,174.03 ha water-spread) (CAA, 2025).In addition, the state holds more number of aquaculture infrastructure, including 55 Processing plants,  45 freezing plants  and  38 peeling sheds(Department of Fisheries, 2025c).

2.3 Experimental design

This study was carried out for 120 days during the Pre- monsoon (February to May) and Post- monsoon (September to December) seasons in four grow-out ponds (designated Pond A, Pond B, Pond C, and Pond D). L.vannamei post-larvae (PL-12 stage) were sourced from Private Hatchery. Prior to stocking, the post-larvae were acclimatized for approximately one hour at the pond water surface to reduce thermal and salinity shock. Subsequently, the transported packages were carefully opened, allowing the larvae to enter the grow-out ponds naturally. Stocking was undertaken in grow-out ponds, each spanning 2.2 acres with water spread area of 2.0 acres. 
2.4 Sample collection and Analysis

Daily measurements of temperature, DO, salinity, pH were recorded twice a day-once at 06.00 a.m. and once in the afternoon- at four predetermined locations within each grow-out pond and pooled to obtain a uniform sample. In contrast the parameters such as TAN, NO2, PO4, alkalinity and hardness, were monitored weekly throughout the culture cycle. For each sample collection, a dirt free sampling container is submerged to a depth of 20cm below the water surface and processed to fill for further physico-chemical analysis. All analysis were performed following the standard procedures outlined by APHA, (2017).
2.5 Water Quality Management
During the culture cycles, water quality parameters were carefully maintained under BMP guidelines to mitigate seasonal fluctuations. During the pre-monsoon season, optimal temperature regulation was achieved by maintaining pond depths between 1.2–1.5 m, exchanging water during cooler hours of the day, and occasionally providing shading to reduce heat accumulation. Conversely, the deep-water exchange during the post-monsoon cycle was not done during the early mornings to prevent sudden changes in temperature. (Alam, 2023; Boyd & McNevin, 2024; Boyd & Tucker, 1998; Casillas-Hernández et al., 2007; Joshi, 2019; Verma et al., 2022).
To maintain dissolved oxygen (DO) at optimal levels, 6 paddle wheel aerators were installed in each grow-out pond. These were operated continually at night and run moderately during day time. These were positioned 3 m away from the dyke, maintained 80 to 100 RPM and operated efficiently to minimize dike erosion and suspension of pond bottom sediments. 
To maintain pH, salinity and alkalinity, within optimal ranges lime and sodium bicarbonate was applied to increase their levels, while molasses, fermented juice, raw sugar and other carbohydrates were applied with regulated water exchange to lower their levels. Following each water intake, exchange, or rainfall event, agricultural lime (CaCO3) 100 kg ha⁻¹ was mixed with water and evenly distributed across the pond, serving as good buffering agent to stabilize water quality (Asmarany et al., 2022; Chen et al., 2015; MPEDA, 2023). To maintain hardness within the optimal range, gypsum supplementation was applied whenever levels declined. 
To ensure consistently low concentrations of total ammonia nitrogen (TAN), nitrite (NO2) and phosphate (PO4), a combination of BMPs were applied, such as effective feed management, periodic sludge removal, maintenance of aerobic pond bottoms, the use of nitrifying probiotics and supplementing chloride salts, alum & zeolite when required (Asmarany et al., 2022; Casillas-Hernández et al., 2007; Goldsmith, 2018; Halim et al., 2018).
2.6 Statistical Analysis

All statistical analysis was carried out using Microsoft ExcelTM software. Measurements from four ponds per treatment/season (n=4) were imported into Excel spreadsheets and processed for errors. Descriptive summary statistics, such as Mean (arithmetic average) and Standard Deviation (SD) were calculated and presented in textual, tabular and graphical formats to better understand the farming practices of L.vannamei in the study area. Tables present results as mean ± SD (n=4). 
3.0 RESULTS AND DISCUSSIONS

Ponds managed under BMPs consistently maintained water quality parameters within the recommended thresholds during both seasons. Data from the monitored period are summarized in Table 1 and Table 2, with the seasonal trends described below.
3.1 Pre-monsoon profiling of key physico-chemical characteristics 

Table-1 summarizes the values of physico-chemical properties recorded during the pre-monsoon culture period. The results indicated the observed values were within recommended standards for intensive L.vannamei farming. Which, the temperature ranging between 25-32 oC, DO readings consistently maintained >4 mg L-1, salinity varied from 26-31 ppt, pH was remained stable at 8.0-8.4, TAN concentration was maintained below 0.1 mg L-1. Similarly, NO2 and PO4 levels were within the acceptable levels of <0.1 mg L-1. Alkalinity maintained above 120 mg L-1 and hardness remained above 150 mg L-1.
In semi-intensive culture maintaining these key physico-chemical parameters within the threshold levels throughout the farming period is very important (Chatla et al., 2017). As these parameters act as a vital indicator of the ecological viability and long-term sustainability for the aquaculture operations (Ariadi et al., 2019). Fluctuations within recommended limits are exhibited a positive correlation with high-level productivity and the associated physico-chemical characteristics (Casillas-Hernández et al., 2007). Besides, seasonal variation and the associated key physico-chemical characteristics significantly effects the operational phrases of shrimp culture cycle  (Aziz et al., 2018).  Therefore, efficient monitoring of water quality at regular intervals in shrimp pond, helps not only predict and optimize the variable culture conditions, but also avoids risk of environmental disruption and loss of shrimp productivity (Mohanty et al., 2018).
Table 1: Physicochemical parameters during Pre-monsoon season (2024-25)

	Parameters
	Pond  A
	Pond B
	Pond C
	Pond D
	Standard 

	Temperature (oC)
	30.41 ± 1.27
	30.91 ± 1.28
	30.96 ± 1.21
	30.29 ± 1.25
	25-32 

	DO (mg L-1)
	4.73 ± 0.34
	5.86 ± 0.43
	5.27 ± 0.39
	5.98 ± 0.44
	>4 

	Salinity (ppt)
	30.1 ± 2.72
	30.53 ± 2.16
	31.28 ± 1.28
	31.88 ± 2.72
	15-35 

	pH
	8.3 ± 0.14
	8.3 ± 0.12
	8.3 ± 0.12
	8.4 ± 0.18
	7.5-8.5

	TAN (mg L-1)
	0.03 ± 0.01
	0.04 ± 0.02
	0.05 ± 0.02
	0.03 ± 0.04
	<0.1 

	NO2 (mg L-1)
	0.05 ± 0.02
	0.05 ± 0.02
	0.04 ± 0.02
	0.03 ± 0.04
	<0.1 

	PO4 (mg L-1)
	0.05 ± 0.01
	0.02 ± 0.01
	0.02 ± 0.01
	0.02 ± 0.01
	<0.1 

	Alkalinity (mg L-1)
	170.84 ± 18.88
	176.63 ± 14.57
	183.67 ± 14.34
	181.85 ± 14.19
	>120 

	Hardness (mg L-1)
	173.98 ± 16.49
	198.84 ± 19.76
	213.71 ± 24.08
	220.61 ± 20.90
	>150 


All standards are cited from (Ariadi et al., 2023; Boyd & Tucker, 1998) 

All data are expressed as mean ± SD (standard deviation) (n=4) (Number of ponds)

DO Dissolved oxygen, TAN Total ammonia nitrogen, NO2 Nitrite, PO4 Phosphate
3.2 Post-monsoon profiling of key physico-chemical characteristics

Table-2 presents the values of physico-chemical parameters recorded during the post-monsoon shrimp culture period. The results indicated that temperature, DO, salinity, pH, TAN, NO2, PO4, alkalinity and hardness values remained within the threshold limits recommended for Litopenaeus vannamei culture. Among these parameters, salinity and temperature were particularly influential, as they directly affect metabolic activity of shrimp and regulate the interactions  of other physico-chemical indicators within pond ecosystems (Ravuru & Mude, 2014). Moreover, pH stability plays a critical role, by enhancing metabolic rate of cultured shrimp along with other biochemical and molecular functions in aquaculture (Chen et al., 2015).
Table – 2: Physicochemical parameters during Post-monsoon season (2024-25)

	Parameters
	Pond A
	Pond B
	Pond C
	Pond D
	Standard 

	Temperature oC
	27.94 ± 1.19
	27.98 ± 1.54
	27.41 ± 1.16
	27.86 ± 1.22
	25-32 

	DO (mg L-1)
	5.09 ± 0.37
	6.08 ± 0.44
	6.01 ± 0.49
	6.16 ± 0.52
	>4 

	Salinity ppt
	27.91 ± 3.31
	26.47 ± 2.56
	26.39 ± 3.22
	27.92 ± 2.14
	15-35 

	pH
	8.0 ± 0.02
	8.1 ± 0.02
	8.1 ± 0.04
	8.1 ± 0.02
	7.5-8.5

	TAN (mg L-1)
	0.09 ± 0.02
	0.05 ± 0.06
	0.05 ± 0.06
	0.03 ± 0.04
	<0.1 

	NO2 (mg L-1)
	0.04 ± 0.03
	0.03 ± 0.04
	0.04 ± 0.06
	0.02 ± 0.02
	<0.1 

	PO4 (mg L-1)
	0.06 ± 0.02
	0.04 ± 0.01
	0.01 ± 0.01
	0.01 ± 0.01
	<0.1 

	Alkalinity (mg L-1)
	161.38 ± 18.86
	168.45 ± 14.72
	156.57 ± 14.57
	154.74 ± 14.42
	>120 

	Hardness (mg L-1)
	180.89 ± 23.99
	209.93 ± 28.35
	217.68 ± 27.30
	229.73 ± 28.40
	>150 


All standards are cited from (Ariadi et al., 2023; Boyd & Tucker, 1998) 

All data are expressed as mean ± SD (standard deviation) (n=4) (Number of ponds)

DO Dissolved oxygen, TAN Total ammonia nitrogen, NO2 Nitrite, PO4 Phosphate
3.3 Fluctuations of Physico-chemical parameters


3.3.1 Temperature Figure 1 illustrates the fluctuations in water temperature recorded throughout the culture cycle. The comparison of seasonal trends revealed that water temperature varied between two monsoon periods, with mean values ranging from 30.29 ± 1.25 – 30.96 ± 1.21 oC from pond D & C during pre-monsoon and from 27.98 ± 1.54  – 27.41 ± 1.16oC from pond B & C during post-monsoon. 
Temperature is a crucial determinant of aquaculture performance, which has immediate impact on  metabolic rate, growth, and survival of aquatic species (Verma et al., 2022). It is influenced by seasonal shifts, rainfall patterns, pond depth and solar radiation (Mustafa et al., 2022). Most cultured species, including shrimp, have specific temperature ranges that are optimal for growth and health (Boyd & Tucker, 1998; Osti & Mercante, 2024). In shrimp, temperature exerts a direct affect on metabolic activity, thereby determining growth and the development. Being ectothermic organisms, shrimp regulate their body temperature in accordance with the surrounding environment. Under optimal thermal conditions, they are able to utilize the greater part of ingested nutrients for their growth and reproduction, thereby enhancing culture performance (Mramba & Kahindi, 2023). In contrast, low temperatures can cause shrimp to become less active and less feed consumption, which results in reduced growth (Supriatna et al., 2020).
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Fig. 1. Seasonal temperature 0C variation during Pre- and Post-monsoon period

3.3.2 Dissolved Oxygen Figure 2 illustrates DO levels were constantly present >4 mg L-1 of all four ponds in the period of pre- and post-monsoon cultures. From table 1 and 2 the observed mean DO values ranging between 4.73 ± 0.34 to 5.98 ± 0.44 mg L-1 in pond A & D during the pre-monsoon and from 5.09 ± 0.37 to 6.16 ± 0.52 mg L-1 in the same ponds during the post-monsoon. Similar to the findings of Mustafa et al (2022) observed DO concentrations were slightly higher during the rainy season compared to the dry seasons. This seasonal variation is attributed to rainfall, wave activity, organic matter decomposition, all together influence oxygen solubility and availability.

 Dissolved oxygen is critical parameter in shrimp aquaculture, as it directly supports in respiration and other functions in aquatic organisms. Low DO levels can cause stress, disrupt metabolic process, reduce growth efficiency, and in severe cases it causes mortality in fish, shrimp and other cultured species (Boyd & Tucker, 1998; Yadav & Sangeeta, 2024). Oxygen depletion in aquaculture systems can cause mortality either directly, through suffocation, or indirectly, by altering water chemistry and promoting the accumulation of toxic metabolites (Bhatnagar and Garg, 2000). In addition, low DO levels can make viruses and pathogenic bacteria to multiply and can attack shrimp (Apresia et al., 2024).

 This stability reflects the effectiveness of regulated aeration systems and the maintenance of balanced phytoplankton populations, which together ensured adequate oxygen availability throughout the culture cycle. Since, DO influences growth, survival, distribution, behavior and overall physiology, proper management of these levels is the fundamental key to the shrimp farming success (Verma et al., 2022). Effective DO management not only improves shrimp health but also enhances overall productivity and ecological resilience.
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Fig. 2. Seasonal DO mg L-1 variation during Pre- and Post-monsoon period

3.3.3 Salinity Figure 3 shows the salinity fluctuations recorded during the culture period. Seasonal comparison revealed mean salinity  values ranged from 30.1 ± 2.72 - 31.88 ±  2.72 ppt from pond A & D during the pre-monsoon cycle (Table 1) and 26.39 ± 3.22 - 27.92 ± 2.14 ppt from pond C & D during the post-monsoon cycle (Table 2). 
Elevated salinity levels observed in the period of pre-monsoon phase was attributed towards high solar exposure and stagnant water conditions, which increased evaporation rates. Similarly, significant increases in salinity are commonly observed during dry seasons due to the intensified evaporation loss (Rajmohan et al., 2021). Salinity is an critical parameter in aquaculture, particularly in marine and brackish water systems, as fluctuations directly influence osmoregulation, metabolic processes, and the overall health of aquatic organisms (Boyd & Tucker, 1998; Yadav & Sangeeta, 2024). High levels of salinity in  shrimp pond that exceeds the optimal limit can cause inhibition of the molting process which was reported in shrimp by Jayanti et al (2022). Maintaining salinity within the recommended range is therefore essential for sustaining shrimp growth, survival, and production efficiency.
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Fig. 3. Seasonal salinity ppt variation during Pre- and Post-monsoon period

3.3.4 pH Figure 4 illustrates the fluctuations in pH during the culture cycle. Values were slightly higher in the pre-monsoon period, ranging from 8.3 ± 0.12 – 8.4 ± 0.18 from pond B, C & D compared to 8.0 ± 0.02  – 8.1 ± 0.04 from pond A & C during the post-monsoon season. Despite these seasonal differences, pH levels remained within the optimal range for Litopenaeus vannamei cultivation. Similar seasonal fluctuations were observed in tropical aquaculture ponds, where alkalinity is an important buffering capacity and in maintaining pH stability (Boyd & Tucker, 1998; FAO, 2025). 
Maintaining pH within a specific range is essential in aquaculture systems, as drastic changes can cause stress, reduce growth performance, and increase mortality among cultured organisms (Boyd & Tucker, 1998; Osti & Mercante, 2024). For L. vannamei shrimp, the ideal pH is 7.5–8.5, within which metabolism and growth are maximized (Asmarany et al., 2022). Fluctuations in pH values are influenced by several factors, including  CO² concentration associated with photosynthesis process (Imrana et al., 2023).
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Fig. 4. Seasonal pH variation during Pre- and Post-monsoon period

3.3.5 Total Ammonia Nitrogen Ponds exhibited consistently lower levels of TAN, varying from 0.03 ± 0.01 – 0.05 ± 0.02 mg L-1  from pond  C & D for the period of pre-monsoon cycle and between 0.03 ± 0.04 – 0.09 ± 0.02 mg L-1 from pond D & C for the period of the post-monsoon phase. As shown in Figure 5 and Table 2, a slight increase in TAN value detected in the post-monsoon phase, with values reaching 0.09 ± 0.02 mg L-1. 
Nitrogenous compounds such as un-ionized ammonia (NH3) can build up in aquaculture systems and are lethal to aquatic organisms even at low concentrations, affecting growth, survival, and overall pond health (Boyd & Tucker, 1998; Yadav & Sangeeta, 2024). Organic nitrogen derived from uneaten feed and fecal matter undergoes microbial decomposition, releasing Total Ammonia Nitrogen (TAN) into the water (Tantu et al., 2020). Consequently, regular monitoring and proactive management of TAN is essential to prevent toxicity and to ensure sustainable shrimp culture.
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Fig. 5. Seasonal TAN mg L-1 variation during Pre- and Post-monsoon period

3.3.6 Nitrite Figure 6 illustrates the fluctuations in Nitrite (NO2) concentration across the culture cycle. NO2 concentrations across all managed ponds remained consistently <0.1 mg L-1in the period of both monsoon seasons, indicating that optimized nitrification was achieved under BMPs adoption. However, slight increase of NO2 level was seen in pre-monsoon phase compared with post-monsoon phase. 
Nitrite is highly toxic in aquaculture ponds, with concentrated levels above 2 mg L-1, which is reported unsafe or even fatal to many aquatic species, like fish and shrimp (Halim et al., 2018). Elevated nitrite interferes with oxygen (O2) transport in aquatic species, resulting in stress, reduced growth and increased mortality. Consequently, maintaining these values below standard limits through BMP-based management facilitates shrimp health and ensuring stable pond environment.
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Fig. 6. Seasonal NO2 mg/L variation during Pre- and Post-monsoon period

3.3.7 Phosphate Figure 7 shows the phosphate (PO4) levels recorded across ponds throughout the culture period. As revealed in Tables 1 and 2, PO4 levels remained consistently low, ranging from 0.02 ± 0.01 – 0.05 ± 0.01 mg L-1 in pre-monsoon period and ranging between 0.02 ± 0.02 – 0.04 ± 0.06 mg L-1 from pond C & D in post-monsoon period. These results fall within the ideal range for L.vannamei cultivation, indicating high feed consumption and low nutrient loading. 
Excessive phosphate accumulation in culturing ponds can cause eutrophication, which results in thick algal blooms, green water and the spread of blanket weeds. These conditions have a harmful effect towards pond water quality and health of the shrimp. Conversely, maintaining lower phosphate concentrations prevent excessive algal development, which promotes ecological balance and pond productivity (Goldsmith, 2018).

[image: image7.png]= Pre Monsoon
I I [ ] Ii Monsoon





Fig. 7. Seasonal PO4 mg L-1 variation during Pre- and Post-monsoon period

3.3.8 Alkalinity Figure 8 displays the seasonal changes in alkalinity for the duration of shrimp cultivation. As indicated in Table 1, mean alkalinity during the pre-monsoon cycle was recorded at 170.84 ± 18.88 –183.67 ± 14.34 mg L-1 from pond A & D, whereas Table 2 shows  slight lower mean stood at 154.74 ± 14.42 – 168.45 ± 13.77 mg L-1  from pond D & B during the post-monsoon period. 
Alkalinity plays a vital role in buffering pond water against abrupt changes in pH levels, thereby contributing to a consistent environment in which shrimp thrives and survives. Maintaining alkalinity at recommended threshold is therefore necessary for sustaining water quality and ensuring the ecological stability and resilience of aquaculture ponds. Through BMPs implementation alkalinity maintained above 120 mg L-1 throughout the culture ponds across both seasons.
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Fig. 8. Seasonal alkalinity mg L-1 variation during Pre- and Post-monsoon period

3.3.9 Hardness Figure 9 illustrates the variation in water hardness across ponds, showing a gradual increase from Pond A to Pond D during both seasons. As presented in Tables 1 and 2, recorded mean values were 173.98 ± 16.49 – 220.61 ± 20.90 mg L-1 from pond A & D, in pre-monsoon period and 180.89 ± 23.99 – 229.73 ± 28.40 mg L-1 from same ponds during post-monsoon phase. Patidar & Soni (2024) similarly reported hardness values were high in the period of winter and low during rainy season.

Adequate water hardness is an essential parameter in shrimp aquaculture which makes molting and exoskeleton formation successful, as a result  improves growth performance and survivability (Mohanty et al., 2018; Verma et al., 2022).
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Fig. 9. Seasonal hardness mg L-1 variation during Pre- and Post-monsoon period

4.0 CONCLUSION

The present study clearly reveals that implementation of BMPs had a positive effect on the physicochemical factors of L.vannamei reared ponds prior to and following the monsoon period. The ponds consistently maintained optimal levels of temperature, DO, salinity levels, pH, TAN, NO2 and PO4, alkalinity, hardness levels. This revealed that continuous monitoring and strict adherence to BMPs are vital for ensuring both profitability and sustainability in shrimp culture. The adoption of BMPs is a feasible alternative for balancing industrial performance and environmental stewardship. Strengthening the implementation of these approaches among farmers will help to guarantee the regions long-term ecological and economical viability.
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