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Abstract
Irrigation canals represent an underexploited resource for inland aquaculture expansion, yet the choice of cage construction material can substantially influence culture outcomes in such systems. This study evaluated the feasibility of cage culture in an irrigation canal linked to the Ukai reservoir system, comparing three cage construction materials: bamboo, unplasticised polyvinyl chloride (UPVC), and galvanised iron (GI) for the culture of Thai pangas (Pangasius spp.). Three cages of identical dimensions (3 × 2 × 1.5 m) were stocked with tilapia fingerlings at a density of 30 fish/m³ (270 fish/cage) and reared for 60 days under a twice-daily commercial pelleted feeding regime. Water-quality parameters remained within optimal ranges throughout the trial, confirming the suitability of the canal environment for cage aquaculture. Growth and production performance were assessed using mean body weight, weight gain, specific growth rate, survival rate, feed conversion ratio, protein efficiency ratio, feed conversion efficiency, growth percentage, and final biomass, with statistical analysis performed using SPSS. UPVC cages consistently outperformed the other treatments, yielding the highest final body weight (45.3 ± 0.69 g), mean weight gain (19.8 ± 0.69 g), specific growth rate (0.97 ± 0.02% day⁻¹), survival rate (95.18 ± 1.81%), and final biomass (11,642.1 ± 388 g/cage), alongside the lowest feed conversion ratio (2.83) and the best feed-utilisation indices. Bamboo cages showed moderately lower but biologically sound performance, positioning them as a cost-effective alternative, whereas GI cages recorded the lowest overall productivity. These findings indicate that UPVC was the most suitable material under the conditions of this trial, with bamboo serving as a viable low-cost option where synthetic materials are economically constrained.
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1. Introduction
Aquaculture, or the farming of fish, shellfish, and aquatic plants, has progressed from a marginal food-production activity to a cornerstone of global food security and nutrition, spanning freshwater, brackish, and marine environments and supporting livelihoods, economies, and cultures worldwide (Lucas, 2015; Tacon, 2020; Mair et al., 2023). This expansion is closely linked to the constraints facing capture fisheries, and as the global population approaches a projected 9 billion by 2050, aquaculture is increasingly positioned as central to future dietary protein demand (Mair et al., 2023), a trend reflected in the diversification of farming systems from extensive pond culture to recirculating aquaculture systems (RAS) and integrated multi-trophic aquaculture (IMTA) (Boyd et al., 2020; Mansour et al., 2022; Troell et al., 2023). By 2023, global aquaculture and fisheries production had reached an all-time high of 223.2 million tonnes (185.4 million tonnes of aquatic animals and 37.8 million tonnes of seaweed), with aquaculture surpassing capture fisheries for the first time, accounting for 51% of aquatic-animal output, led by China (36%), India (8%), and Indonesia (7%). India's inland fish production increased from 2.823 million tonnes in 2000-01 to 13.113 million tonnes in 2022-23, supported by programmes such as the Pradhan Mantri Matsya Sampada Yojana (India Brand Equity Foundation, 2023; Food and Agriculture Organization of the United Nations, 2024). National fish output increased from 24.42 to 175.45 lakh tonnes between 1980-81 and 2022-23, with exports reaching 17,35,286 tonnes worth ₹63,969.14 crore and the sector's gross value added reaching ₹2,88,526 crore, together contributing roughly 1.1% of India's GDP (Department of Fisheries, 2023). This rapid growth, however, is still associated with habitat destruction, effluent pollution, social inequity, and governance gaps, necessitating stronger institutional frameworks and ecosystem-based, feed-efficient management practices (Boyd et al., 2020; Ahmad et al., 2021; Mair et al., 2023; Verdegem et al., 2023), as well as a growing role in biodiversity conservation through restorative aquaculture (Nie, 2023). Rising production has pushed conventional culture systems towards more intensive, resource-efficient approaches, with cage culture emerging as a major alternative (Kumar & Panwar, 2020).
Cage culture involves rearing fish in floating or submerged cages in lakes, rivers, reservoirs, and coastal waters; it makes efficient use of water resources without requiring large areas of land and has evolved from simple enclosures to advanced systems designed to improve growth, health, and sustainability (Chua & Tech, 2002; Halwart et al., 2007; Kumar & Panwar, 2020). It helps supplement wild fisheries and meet global protein demand while also providing direct and indirect employment and alternative livelihoods to small-scale farmers and fishing communities in countries such as India and Iraq (Noakes, 2014; Ghosh et al., 2016; Kumar & Panwar, 2020; Salman et al., 2022). Its expansion, however, is hampered by high feed costs, disease outbreaks, regulatory constraints, and a lack of technical expertise, while poor site selection, stocking density, or water-quality management can lead to eutrophication and oxygen depletion. Recent technological advances, such as underwater robots, drones, water-quality sensors, automated feeders, and digital monitoring, are increasingly being utilised to optimise feeding, monitor fish health, and minimise environmental risk in real time. Even so, excess feed and waste remain linked to eutrophication, algal blooms, invasive species such as water hyacinth, and fish kills caused by low dissolved oxygen (Njiru et al., 2018), underscoring the ongoing need for stronger policy, stakeholder involvement, and research on site selection, disease management, and feed efficiency to balance production with environmental protection (Huguenin, 1997; Chua & Tech, 2002; Halwart et al., 2007; Noakes, 2014; Kumar & Panwar, 2020; Wei et al., 2020). Recent field evidence also indicates that the practical viability of cage farming is linked to water-quality conditions and production inputs, supporting the need for site-specific technical and economic assessment (Namukonge & Barakagira, 2024). Long-term observations from tropical lake cage farms further show that water-quality responses can differ between cage and control sites, reinforcing the value of site-specific monitoring rather than assuming uniform environmental effects (Okechi et al., 2025). In a recent Indian bamboo-cage study, stocking density influenced production performance, water quality, and physiological stress responses, illustrating the importance of evaluating cage performance under controlled management conditions (Debnath, 2025).
India's irrigation canals, which cover approximately 17 million hectares and supply approximately 26% of the country's irrigation, create aquatic habitats suitable for fish production, although their ecological conditions differ from those of natural water bodies because of variable water sources, flow regimes, and chemical runoff, with reduced flow during lean seasons frequently limiting plankton growth and fish productivity (Sinha et al., 2022). In Gujarat's semi-arid context, incorporating aquaculture into canal networks fed by rivers such as the Narmada and Sabarmati presents an opportunity to improve livelihoods and food security without requiring additional land or water, and this could be supported by existing Water Users' Associations (Nigam et al., 2023). To realise this potential, site-specific strategies that address biodiversity conservation, control agricultural-runoff-driven eutrophication, and maintain adequate dissolved oxygen are required, as conflicts can arise between agricultural and fisheries users of shared water resources. The Ganga Canal network, which has shaped rural economies since the nineteenth century while supporting aquatic biodiversity, exemplifies the multifunctional value of such systems (Setia et al., 2025). However, rising urban and industrial water demand now necessitates governance innovations, real-time monitoring, and participatory management involving farmers, fishers, and authorities (Tyagi et al., 2005; Nigam et al., 2023). Overall, irrigation canals, particularly in Gujarat, are an underutilised resource with significant potential for integrated aquaculture development (Li et al., 2005; Gogoi et al., 2021; Sinha et al., 2022; Nigam et al., 2023).
Pangasius spp., fast-growing freshwater fishes native to Southeast Asia, are widely cultured because of their ability to adapt to changing temperature, pH, and dissolved oxygen conditions, as well as their efficient feed conversion and omnivorous feeding habits; production has expanded far beyond their native range following their introduction to Bangladesh in the 1990s and the development of induced breeding techniques (Alam et al., 2019). Cage culture using floating or fixed net cages in reservoirs, ponds, and swamp systems supports higher stocking densities and better resource use than traditional pond culture (Vaishnav et al., 2017; Chaudhari et al., 2022). However, high stocking densities also increase disease risk, including bacterial infections involving multidrug-resistant pathogens, which are associated with considerable mortality and financial loss, making biosecurity and routine health monitoring essential (Das et al., 2024; Rathod et al., 2024; The Fish Site, 2015). Optimal growth has been associated with pH 8.0-8.5, dissolved oxygen above 8 mg/L, temperatures of 24-25°C, and pelleted feeding at around 5% of body weight per day supplemented with probiotics (Vaishnav et al., 2017; Chaudhari et al., 2022). Economically, the species contributes substantially to rural livelihoods; approximately 14,000 cages in Indian reservoirs account for nearly 16% of total fish output and generate over seven lakh man-days of labour each year. However, high initial investment and fluctuating market prices limit profitability for small-scale farmers, a barrier that cost-effective designs such as galvanised-iron cages may help address (Pandit et al., 2021). Pangasius hypophthalmus is well suited to cage culture because of its rapid growth, broad environmental tolerance, and efficient feed conversion, with optimal performance near a stocking density of 2,600 fingerlings per cage, provided that input costs and market variability are offset through cost-effective technologies and integrated approaches such as polyculture (Pandit et al., 2021; Chaudhari et al., 2022; Kunda et al., 2022; Perveen et al., 2023; Das et al., 2024; Rathod et al., 2024; Zaki et al., 2023). Assessing its growth, survival, and output under specific culture conditions is therefore critical to improving farm management and the sustainability and profitability of cage aquaculture. Recent work on Pangasius pangasius also reported density-dependent differences in individual growth, survival, biomass production, and water-quality variables, underscoring the importance of standardised culture conditions when production systems are compared (Gurjar & Das, 2026). In addition, recent Indian reservoir research reported successful cage rearing of Pangasianodon hypophthalmus under monitored physicochemical conditions, supporting continued evaluation of pangas for inland open-water cage systems (Puthiyottil et al., 2025).
Although previous cage-culture studies have examined stocking density, nutrition, production, and environmental conditions, direct evidence comparing cage-frame materials under otherwise identical irrigation-canal conditions remains limited. The specific influence of bamboo, UPVC, and GI frames on Pangasius spp. growth, feed utilization, survival, and biomass therefore requires controlled evaluation within the same water body and management regime.
The objective of the present study was to compare bamboo, UPVC, and GI cage frames for Pangasius spp. culture in an irrigation canal linked to the Ukai reservoir system, with an emphasis on growth performance, feed utilisation, survival, final biomass, and monitored physicochemical water-quality conditions under identical rearing conditions.
2. Materials and Methods
2.1 Study Period and Study Site
The present study was conducted for 60 days from 26 April 2026 to 25 June 2026 in an irrigation canal near Gunsada village (21°11′11.94″N, 73°33′52.00″E). The canal is connected to the Ukai reservoir in Tapi district, Gujarat, India, and receives a steady and permanent water supply from the Ukai reservoir system. The site was chosen (figure 1) for its consistent flow, modest depth, and good water exchange, as well as its location within an agriculturally dominated canal network that allowed cage culture to be integrated without interfering with irrigation activities.
The experiment was conducted from April to June because this period offered favourable thermal conditions and stable canal hydrology for fish culture, minimising environmental variability before the onset of the monsoon.

2.2 Experimental Animal
Pangasius spp., a fast-growing freshwater species tolerant of low dissolved oxygen and high stocking density, was chosen as the experimental animal because of its proven adaptability to cage-based rearing. Pangasius fingerlings (~25 g) procured from Syon Fisheries Fish Seed Hatchery, Valsad, were gradually acclimatised to canal water by mixing it with the transport water before stocking.
2.3 Fabrication and Installation of Experimental Cages
Three cages (3 m × 2 m × 1.5 m) made of galvanised iron (GI), unplasticised polyvinyl chloride (UPVC), and bamboo were selected to evaluate structural performance under identical conditions (figure 2). The GI cage consisted of a total of 10-12 one-inch galvanised pipes welded into a strong frame, while the UPVC cage was made of 12-14 pipe sections coupled with elbows, tees, and couplers. The bamboo cage was made of 12-15 poles secured with nails and nylon rope. All three cages were equipped with capped 3-inch PVC pipes.
Experimental cages were installed in the canal under identical environmental conditions to evaluate the influence of cage material on the growth performance and survival of cultured fish. All cages were standardised with respect to dimensions, mesh size, and effective culture volume, differing only in the structural frame material. The cages were securely moored using concrete anchors and nylon ropes, aligned parallel to the prevailing water current, and spaced adequately to ensure unrestricted water exchange and minimise treatment interference. Each cage was suspended above the canal bed to prevent sediment accumulation, enhance waste flushing, and maintain favourable water quality throughout the experimental period. Regular inspections were conducted to verify structural integrity, anchoring stability, and mesh condition, thereby ensuring consistent rearing conditions across all treatments.
2.4 Stocking and Fish Monitoring
Cages were positioned at adequately spaced, flow-stable locations to avoid overlap and interference with irrigation activities. They were fastened to canal-bank structures with 8 mm polyester rope, with periodic inspections conducted to ensure stability throughout the trial.
Fingerlings were stocked at a constant density of 30/m³ (Kunda et al., 2024), resulting in 270 fish per cage. All cages were stocked on the same day after acclimatisation to reduce handling stress. Fish were fed commercial pelleted feed at an initial rate of 5% of body weight, which was adjusted for growth and delivered twice daily (morning and evening) in equal portions per cage; feeding behaviour was monitored to prevent overfeeding and water-quality deterioration. Temperature, dissolved oxygen, alkalinity, hardness, and pH were monitored at regular intervals using methods described by the American Public Health Association (1998) to maintain conditions within the tolerance range of Pangasius.
2.5 Fish Sampling and Growth Parameters
Fish were sampled fortnightly using hand nets to minimise stress, weighed on a digital balance, and returned to their cages. Growth performance was evaluated using initial and final body weights and the following indices: weight gain, average daily growth (ADG), feed conversion ratio (FCR), specific growth rate (SGR), feed conversion efficiency (FCE), protein efficiency ratio (PER), and survival rate (Fatima et al., 2023):
Mean weight gain = Final weight – Initial weight                                
ADG =  (Final weight – Initial weight) / number of days                                                                                             
FCR= Feed given / Weight Gain
FCE= Weight gain / Feed given 
SGR (%) = (Ln final weight- Ln Initial weight100) / number of days
PER (%) = Weight gain / Protein intake
Survival Rate (%) = (Total number of fish at the end of the experiment / Total number of fish at the beginning of the experiment)  100	
2.6 Statistical Analysis
Data were analysed using IBM SPSS Software (27.0) to compare growth and production parameters across the three cage materials. Results are expressed as mean ± standard error, with statistical significance set at p < 0.05.
3. Results 
This study examined growth performance during a 60-day cage-culture trial of Pangasius spp. reared in cages constructed from three materials: bamboo (C1), UPVC (C2), and galvanised iron/GI (C3). Each cage was stocked with 270 fingerlings at a density of 30 fish/m³. Growth-performance measures are presented first, followed by feed-utilisation measures and a comparison of physicochemical water quality among treatments.
3.1 Growth Performance of Pangasius
The growth parameters, including mean weight gain and specific growth rate, are presented in figure 3.
During the 60-day culture period, mean body weights increased gradually across all treatments, reaching 44.2 ± 0.69 g (C1), 45.3 ± 0.69 g (C2), and 42.9 ± 0.69 g (C3) by Day 60 in bamboo, UPVC, and GI cages, respectively. UPVC cages (C2) had the highest final body weight, followed by bamboo (C1) and GI (C3). This ranking remained consistent at each fortnightly observation. The greater weight increase in UPVC cages may be associated with the chemically inert and smooth surface of the material, which reduces abrasion-induced stress on fish and may allow a greater proportion of absorbed energy to be allocated to somatic growth rather than immunological and repair responses.
The SGR values recorded for the different cages were 0.92 ± 0.02%/day (C1), 0.97 ± 0.02%/day (C2), and 0.89 ± 0.02%/day (C3), with UPVC (C2) recording the highest value and GI (C3) the lowest. The 0.08%/day difference between C2 and C3, although small at any given time, accumulated over 60 days and was consistent with the 2.4 g difference in ultimate MWG.
The body-weight-gain percentages were 73.33 ± 2.41% (C1), 79.05 ± 2.41% (C2), and 70.92 ± 2.41% (C3). Fish in UPVC cages increased by approximately 79% relative to their initial stocking weight after 60 days, compared with 73% in bamboo and 71% in GI cages. The approximately 8.1-percentage-point difference between C2 and C3 indicates a productivity advantage that may compound across cage units or extended culture cycles. The greater growth percentage in UPVC cages reflects improved survival, higher individual growth rates (SGR), and better feed utilisation.
3.2 Feed Utilisation in Pangasius
The feed-utilisation results, measured as feed conversion ratio (FCR), protein efficiency ratio (PER), and feed conversion efficiency (FCE), are illustrated in figure 4 (values are presented as mean ± SE). FCR is an important metric of feed-utilisation efficiency, with lower values indicating more efficient conversion of feed to body mass and a direct effect on production economics.
The FCR values recorded were 3.01 ± 0.08 (C1), 2.83 ± 0.08 (C2), and 3.12 ± 0.08 (C3) (figure 3a). UPVC (C2) had the lowest and most efficient FCR while receiving the highest total feed input (14,561.59 g), which is consistent with its higher survival and biomass; its lower FCR therefore reflects actual metabolic efficiency rather than reduced intake.
PER indicates how efficiently dietary protein is converted to body mass, with a higher value suggesting better protein utilisation for anabolic growth. The experimental diet included 30% crude protein. The PER values were 1.11 ± 0.03 (C1), 1.18 ± 0.03 (C2), and 1.07 ± 0.03 (C3) for the bamboo, UPVC, and GI treatments, respectively. UPVC (C2) had the highest PER, indicating the most efficient conversion of dietary protein into body tissue, whereas GI (C3) had the lowest, implying that a greater proportion of ingested protein was catabolised for energy rather than deposited for growth.
Higher PER in UPVC cages is associated with lower cortisol-mediated protein catabolism under low-stress conditions. Persistent sublethal stress, such as that associated with more abrasive GI cages, can activate the hypothalamic-pituitary-interrenal axis and increase cortisol levels. Cortisol, in turn, increases proteolysis to supply gluconeogenic substrates, limiting the protein available for muscle deposition and lowering PER.
FCE, or the reciprocal of FCR, expresses the proportion of total feed consumed that is converted to body mass; unlike FCR, a higher value is preferred. The FCE values were 0.33 ± 0.01 (C1), 0.35 ± 0.01 (C2), and 0.32 ± 0.01 (C3). UPVC (C2) converted the greatest proportion of feed to body mass (35%), GI (C3) the least (32%), and bamboo (C1) an intermediate proportion (33%). This three-percentage-point difference has potential commercial implications: for a farm producing 5,000 kg per cycle, a 3% FCE gain equates to 150-180 kg less feed required, representing a significant saving given that feed accounts for 50-60% of variable production costs in cage aquaculture.
3.3 Survival Rate (SR) of Cage-Reared Pangasius
Survival rate (%) is a direct indicator of fish welfare, cage structural integrity, and the absence of hazardous physicochemical conditions.
The final survival rates were 91.85 ± 1.81% (C1), 95.18 ± 1.81% (C2), and 88.89 ± 1.81% (C3) (Maurya et al., 2025). Figure 5 presents the survival rates of cage-reared Pangasius and shows that UPVC had the highest survival rate, whereas GI had the lowest, a 6.3-percentage-point difference corresponding to approximately 17 more surviving fish per cage at a similar stocking density.

3.4 Biomass Yield
The primary commercial productivity parameter in cage aquaculture is final biomass (g per cage), which represents the total harvestable fish weight per cage at the conclusion of the culture period and directly determines gross income per unit of cage investment. Total biomass yield is presented in figure 6.
UPVC (C2) produced the highest total biomass, followed by bamboo (C1) and GI (C3); the advantage of UPVC over GI was roughly 1,346 g per cage, representing a 13.1% yield gain under the same cage volume, stocking density, and feeding rates.
3.5 Physicochemical Water Quality Parameters
Physicochemical parameters were measured weekly at the cage site throughout the 60-day period. The parameters included pH, dissolved oxygen, water temperature, total hardness, and total alkalinity, each of which is discussed separately below with its corresponding table and figure; all recorded values were within the ranges suggested for productive freshwater fish rearing (Boyd, 1998). Table 1 illustrates the weekly fluctuations in water-quality parameters. pH remained relatively stable under slightly alkaline conditions (7.45–7.75), while dissolved oxygen ranged from 5.3 mg/L to 6.0 mg/L.
Water temperature remained within a narrow range, varying from 27.0–28.0 °C to 29.0–31.0 °C throughout the experimental period. Total hardness ranged from 213.25 to 218.50 mg/L as CaCO₃, classifying the water as moderately hard. Total alkalinity exhibited a gradually increasing trend from 98 to 102 mg/L, interrupted by a temporary decline to 93-97 mg/L in Week 2, indicating gradual bicarbonate/carbonate accumulation from decomposing organic matter (uneaten feed and excreta) around the cage. All values remained within Boyd's (1998) recommended range of 75-150 mg/L and were broadly consistent with the 95-120 mg/L reported for Mekong Delta Pangasius spp. ponds (Swain et al., 2025). Analysis of water quality indicated that all five physicochemical parameters remained within ranges considered favourable for Pangasius spp. growth and welfare throughout the 60-day trial.


4. Discussion
Across the 60-day study period, a total of nine growth and production indices were evaluated, namely mean body weight, BWG, SGR, SR, FCR, PER, FCE, and final biomass. UPVC (C2) significantly outperformed bamboo (C1) and GI (C3), with the comparative order C2 > C1 > C3 maintained across all parameters and sampling periods. This consistency indicates a systematic cage-material effect on production outcomes.
4.1 Growth Performance of Pangasius
In this study, UPVC cages recorded the highest mean body weight (45.3 ± 0.69 g) and the highest body-weight gain (79.05 ± 2.41%) among all selected cage types. Kumar et al. (2017) reported a similar progressive increase in body weight for Pangasianodon hypophthalmus reared in floating net cages over an extended culture period, with growth performance generally found to be superior in cage systems compared with open-pond rearing, which is consistent with the current findings.
The superior SGR achieved in UPVC cages may be attributed to reduced stress-induced energy expenditure, allowing greater metabolic resources to be allocated to anabolic growth. Conversely, the relatively rough surface of GI cages may have elicited chronic subclinical stress, increasing cortisol secretion and suppressing GH–IGF-1 signalling, thereby impairing protein synthesis and growth performance (Kumar et al., 2024). Although the SGR recorded in the present study (0.89-0.97% day⁻¹) was lower than the 2.20 ± 0.02% day⁻¹ reported by Husain et al. (2015) for intensively reared Pangasianodon hypophthalmus, such differences are expected given the contrasting culture conditions. The higher growth reported under intensive management was achieved using smaller fingerlings, a higher feeding frequency, and controlled environmental conditions, all of which favour rapid growth and feed utilisation. In contrast, the present study employed larger fish reared under semi-intensive cage culture, where growth rates generally decline with increasing body size because of allometric scaling of metabolism and greater allocation of assimilated energy towards maintenance rather than somatic tissue deposition. Therefore, the comparatively lower SGR observed in the present study reflects normal physiological growth patterns rather than reduced culture performance.



4.2 Feed Utilisation in Pangasius
Fish were fed commercial pelleted feed containing 32% protein and 6% lipid. It has also been reported that a higher-protein diet (40%) leads to higher growth and efficiency in Pangasius (Nguyen et al., 2025). Elevated FCR in GI cages may indicate greater metabolic overhead under physical and chemical stress, since stressed fish catabolise amino acids for gluconeogenesis, diverting protein away from muscle synthesis, a relationship extensively documented in aquaculture physiology. These FCR values (2.83-3.12) are higher than those reported by Vaishnav et al. (2017) for Pangasius spp. at Mahi Bajaj Sagar Dam and Kumar et al. (2017) for cage-reared fry, indicating potential differences in feed quality, feeding rate, stocking size, and temperature regime among studies. The relative trend among materials, with UPVC ranking lowest, supports the broader assumption that reduced stress enhances feed conversion in cage-reared Pangasius. PER in Pangasius spp. has been found to be extremely sensitive to dietary protein levels and culture conditions. Jayant et al. (2018) reported that protein-utilisation efficiency in juvenile striped catfish fed iso-energetic diets (20-45% crude protein) decreased when protein intake exceeded the optimum, because excess protein was catabolised for energy rather than retained for growth. The PER values (1.07-1.18) observed with a 30% crude-protein diet are physiologically plausible and demonstrate efficient protein deposition under the trial conditions. The higher SGR in UPVC cages may reflect less energy being allocated to stress responses, leaving more available for anabolic growth; fish in GI cages may have experienced subclinical stress from surface abrasion, potentially elevating cortisol and limiting GH-IGF-1 axis activity and protein synthesis (Kumar et al., 2024). The SGR values (0.89-0.97%/day) are lower than the 2.20 ± 0.02%/day reported by Husain et al. (2015) for fingerlings fed three times daily under intensive conditions (FCR 1.81 ± 0.02). This may be due to the larger initial fingerling size and semi-intensive feeding regime used in this trial, as SGR tends to decline as fish approach a larger body size. These FCE values (0.32-0.35) are consistent with the 0.30-0.40 range described by Habibie et al. (2020) for tropical catfish cage culture. Vaishnav et al. (2017) found a gross conversion efficiency of approximately 0.85 for Pangasius spp. under heavy stocking, with FCE known to fluctuate inversely with stocking density and feed wastage, both of which are relevant concerns for the current study.
Nonetheless, all three treatments maintained economic productivity, with UPVC producing the greatest percentage gain.

4.3 Survival Rate (%) of Cage-Reared Pangasius
Lower survival in GI cages could be attributed to mechanical abrasion from the galvanised surface, which compromises the epidermal mucous barrier and creates entry points for opportunistic diseases, especially during early post-stocking adjustment. Bamboo's intermediate survival rate (91.85%) is consistent with a smoother natural-fibre surface that causes less damage than GI but may not provide the same degree of surface inertness as UPVC. These survival rates (88.89-95.18%) are within the 85-97% range reported for cage-cultured catfish (Windarti et al., 2023; Rasheed et al., 2026) and exceed the 85% threshold that Patel et al. (2023) associated with effective cage management for tropical air-breathing catfish.
4.4 Biomass yield
Final biomass reflects the combined contribution of survival and mean final body weight; UPVC recorded the highest values for both survival (95.18%) and mean final body weight (45.3 g), yielding the highest total biomass. Harvested densities (10,296-11,642 g per 9 m³ cage, ~1.14-1.29 kg/m³) ranged from 0.8 to 2.5 kg/m³. Ramteke et al. (2023) identified warm-water catfish cage culture as feasible, and the present results similarly indicate productive performance under the trial conditions.
4.5 Physicochemical Water Parameters
Throughout the rearing period, the monitored physicochemical parameters, including temperature, pH, dissolved oxygen, total alkalinity, and total hardness, were within the optimal limits for Pangasius. These stable water-quality conditions provided a favourable rearing environment, minimising environmental stress and suggesting that the observed differences in growth performance were predominantly associated with cage material rather than fluctuations in water quality.
The pH values recorded throughout the study remained within the optimal range (7.45–7.75) for freshwater fish culture recommended by Boyd (1998), thereby providing favourable conditions for normal metabolic and physiological functions. The slight increase in pH during days 43–49 (7.40–7.50) and 50–56 (7.65–7.75) may be attributed to elevated phytoplankton photosynthetic activity, which consumed dissolved CO₂ and increased water alkalinity during daylight hours. Importantly, the observed weekly pH variation was well below the threshold associated with impaired gill function and disruption of acid–base regulation in warm-water fish (Ye et al., 2025). Therefore, pH remained stable throughout the experimental period and was unlikely to have confounded the growth responses observed among the different cage treatments.
The consistently high dissolved oxygen concentrations (5.3–6.2 mg L⁻¹) recorded during the study exceeded the minimum requirement of 4.0 mg L⁻¹ recommended for warm-water fish culture (Boyd, 1998), indicating that oxygen availability was not a limiting factor for fish growth. Such conditions likely supported efficient energy production, active feeding behaviour, and nutrient assimilation while minimising physiological stress, thereby allowing growth performance to reflect the effects of the experimental cage materials rather than environmental oxygen limitations. According to Zannat et al. (2023), dissolved oxygen concentrations below 4 mg L⁻¹ in cage culture systems can induce sublethal stress and reduce voluntary feed intake in cultured fish. However, Pangasianodon hypophthalmus exhibits greater resilience to transient hypoxic conditions owing to its facultative air-breathing capability, which helps maintain physiological function under short-term oxygen depletion.
Water temperature ranged from 27℃ to 31℃, which is similar to the temperatures evaluated by Islam et al. (2019), who reported better growth at 28℃ and 32℃ in Pangasianodon hypophthalmus.
Total hardness ranged from 213.25-218.50 mg/L, which is well above the productive hardness range noted by Boyd (1998). Adequate water hardness throughout the culture period likely enhanced the physicochemical stability of the rearing environment by buffering against rapid pH fluctuations. Moreover, the availability of calcium and magnesium ions plays a critical role in skeletal mineralisation, scale development, and ion-regulatory processes, thereby supporting normal physiological function and promoting optimal growth in Pangasianodon hypophthalmus fingerlings.
Total alkalinity recorded during the study (93-122 mg/L) remained within the optimum range recommended for warm-water fish culture (75-150 mg/L; Boyd, 1998) and was comparable to values reported from commercial Pangasianodon hypophthalmus production ponds in the Mekong Delta (Swain et al., 2025). Adequate alkalinity is essential for maintaining the acid-base balance of aquatic systems by buffering hydrogen ions released during microbial decomposition and other biogeochemical processes. This buffering capacity likely contributed to the minimal temporal variation in pH observed throughout the experimental period, thereby providing stable water chemistry that supported normal physiological function and optimal growth of the cultured fish.
4.6 Why Does UPVC Perform Best?
UPVC is a chemically inert, non-corrosive polymer with a smooth surface that prevents mechanical abrasion during fish movement along the cage wall, thereby protecting the fish's epidermal mucous layer and scale cover, which serve as its primary defence against infection. Mechanical strength, corrosion resistance, and non-toxicity are significant criteria for frame-material selection in cage aquaculture systems, with PVC and HDPE outperforming metallic options in terms of corrosion resistance (Kumar & Karnatak, 2014). The chemical inertness of UPVC reduces the risk of hazardous ion leaching under the slightly alkaline conditions observed (pH 7.45-7.75). These characteristics are compatible with a lower-stress cage environment in which a greater proportion of metabolic energy is available for growth.
4.7 Bamboo: A Practical Alternative
Bamboo outperformed GI in all parameters, lagging UPVC only marginally. Debnath (2025) found 86.8 ± 2.1% survival and 2.26 ± 0.14 FCR for bamboo-caged Indian major carp in a Northeast Indian forest water body, suggesting that bamboo can serve as a low-input option. Bamboo provides a realistic, locally available, low-cost option for smallholder farmers in areas where UPVC's capital cost may be prohibitive; the growth percentage (73.33%) and survival (91.85%) shown here support its practical suitability for short-term experiments. Its main disadvantage is structural durability, as it is susceptible to fungal rot and loses integrity after extended submersion, limiting its service life compared with synthetic frames.
4.8  Limitations of GI Cages: Practical Recommendations
Direct comparisons of cage-frame materials for Pangasius spp. are uncommon in the literature; most existing studies, including the floating net-cage trial at Mahi Bajaj Sagar Dam (Vaishnav et al., 2017), have focused on stocking density and nutrition rather than frame or mesh material, indicating that this study addresses an identified gap. According to engineering assessments, metal frames require a water-resistant coating and regular maintenance, and metal-ion leaching (iron, copper, zinc) has been linked to poor gill function and decreased growth in sensitive species. The abrasive GI surface, combined with potential zinc or iron leaching as coatings break down under alkaline conditions, suggests a less favourable welfare environment that may limit growth, feed efficiency, and survival.
Based on these findings, farmers who use GI cages should: (a) inspect and repair deteriorated mesh sections on a regular basis; (b) apply water-resistant protective coatings to metallic components to reduce abrasion and ion leaching; and (c) consider switching to UPVC or bamboo where economically feasible, especially at the fingerling stage when fish are most vulnerable to surface abrasion.
Conclusion
This study indicates that irrigation canals can provide a suitable setting for cage culture of Pangasianodon hypophthalmus, with cage material influencing growth, survival, feed utilisation, and production efficiency. These findings are consistent with the smooth, non-corrosive, and durable surface of UPVC, which may provide a more favourable culture environment. Given its local availability, bamboo remains a practical, low-cost alternative, whereas the lower performance of GI indicates that it may be less suitable for long-term use. Under the conditions tested, UPVC was the most suitable material overall, bamboo was a potential economical alternative where synthetic materials are prohibitively expensive, and GI was the least suitable for long-term culture. Future research should focus on long-term cage durability, commercial-scale economic analysis, and optimisation of stocking density and feeding plans.
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Figure 1. Study site- Irrigation canal at Gunsada village, Tapi district, Gujarat
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Figure 2. A) GI Cage frame B) Bamboo frame C) UPVC Cage frame D) Installation of Experimental cages E) pangasius fingerling
[image: ]
Figure 3. Growth performance of Pangasius in cage culture system: A) Mean body weight B) SGR C) Mean weight gain
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Figure 4. Analysis of feed utilization by pangasius in different cage types : A) Feed conversion ratio (FCR)  B) Protein efficiency ratio (PER) and C) Feed conversion efficiency (FCE)

Figure 5. Survival rate (%) of pangasius in different cage types

Figure 6. Biomass yielded (g) in different experimental cage types


Table 1. Physico-chemical water parameters recorded during experiment
	Days
	pH
	Dissolved Oxygen (mg/L)
	Water Temperature (°C)
	Total Hardness (mg/L as CaCO₃)
	Total Alkalinity (mg/L as CaCO₃)

	0-7
	7.45–7.55
	5.3–5.5
	27–29
	217.50–218.50
	98–102

	8-14
	7.45–7.55
	5.7–5.9
	29–31
	215.00–216.00
	93–97

	15-21
	7.40–7.50
	5.6–5.8
		



28–30
	213.25–214.25
	110–114

	22-28
	7.50–7.60
	5.8–6.0
	27–29
	216.75–217.75
	111–115

	29-35
	7.55–7.65
	6.0–6.2
	29–31
	216.50–217.50
	112–116

	36-42
	7.60–7.70
	5.8–6.0
	29–31
	215.75–216.75
	113–117

	43-49
	7.40–7.50
	5.7–5.9
	28–30
	214.75–215.75
	117–121

	50-56
	7.65–7.75
	5.8–6.0
	29–31
	216.75–217.75
	118–122
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