Impact of Substrate-assisted Biofloc Technology with different stocking densities on water quality and microbial community of Penaeus vannamei nursery rearing 


       .

ABSTRACT 

	This study evaluates the effect of inclusion of substrate on water quality and microbial community of biofloc-based nursery-rearing system for Penaeus vannamei with different stocking densities. The experiment consisted of two factors as biofloc without substrate (BT) and biofloc with substrate (BST) with four stocking density treatments (2000, 4000, 6000, and 8000 nos. m-3) with three replicates. The experiment was carried out for 30 days in 100 L capacity HDPE tanks where substrate as bamboo mat were introduced covering 100% total surface area of tank. Water quality parameters, including pH and dissolved oxygen levels, were significantly influenced by substrate addition with varying stocking density. The biofloc system with bamboo mat (BST) exhibited lower TAN, Nitrite‐N, Nitrate‐N, Biofloc Volume and total suspended solids (TSS) compared to without substrate treatments, and its concentration increases with increase in stocking density. The total bacterial count (TBC) was consistently higher in substrate treatments (1.64 to 2.26 × 10⁵ CFU mL⁻¹) compared to non-substrate treatments (0.88 to 1.53 × 10⁵ CFU mL⁻¹). Also, substrate availability markedly enhanced Bacillus proliferation and relatively stable Vibrio population (2.18 to 2.31 × 10² CFU mL⁻¹) suggests that the biofloc system effectively maintained microbial equilibrium. The incorporation of substrates enhanced the microbial community associated with biofilms, contributing to improved nitrogen cycling.
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1. INTRODUCTION 
The nursery phase is a critical intermediate stage in the culture cycle of P. vannamei, bridging the gap between hatchery and grow-out operations [1]. The primary purpose of this phase is to acclimate post larvae (PL) under controlled environmental conditions and to produce healthy, uniform juveniles capable of withstanding the relatively fluctuating conditions of grow-out ponds [2]. One of the foremost advantages of nursery rearing is the enhancement of survival and robustness of shrimp juveniles. Several studies have demonstrated the superiority of BFT nurseries over conventional systems in terms of growth, feed conversion ratio, and survival. The higher specific growth rates and survival of P. vannamei juveniles were recorded in zero-exchange BFT systems compared to clear-water controls [3]. Similarly, shrimps reared in BFT nurseries attained higher biomass and improved feed utilization efficiency, attributed to the ingestion of biofloc particles and enhanced microbial activity [4].
Despite these advantages, BFT-based nursery systems demand higher technical expertise for maintaining microbial stability and water quality. Over-accumulation of biofloc, fluctuations in dissolved oxygen, and imbalanced C:N ratios can lead to deteriorating conditions if not properly managed. The inclusion of substrates in biofloc-based aquaculture systems has emerged as an effective management practice to enhance system stability, water quality, and the overall productivity of cultured species such as P. vannamei [5]. The integration of substrates not only enhances microbial diversity and water quality but also improves shrimp growth, survival, and immune response, particularly under intensive nursery rearing conditions [6, 7, 8].
In the nurseries, PL stocked in higher densities to minimize cost of production. This system increases the number of crops, however, the excessive increase in stocking density may decrease the growth and survival of the shrimp. This effect is associated with a combination of factors, including decreased viable space and availability of natural food [9], increased cannibalism, degradation of water quality [10], and the accumulation of organic matter in the bottom of the tank [11]. Some studies validate that the nitrogen dynamics in intensive culture systems are affected by factor such as stocking density [12].
The biofloc rearing with the addition of substrate and its relationship with various stocking densities, at the nursery phase has not often been studied. In view of this, the present work has been undertaken with the aim to evaluate the effect of biofloc and biofloc with substrates on the water quality dynamics and microbial community during the nursery phase.
2. material and methods 
2.1 Experiment location and Biological material:
The post larvae (PL-7) were procured from Venture shrimp hatchery, Pudukuppam village, Marakanam, Dist. Villupuram, Tamil Nadu. Post larvae were transported to experimental site, ADG Shrimp Farm, Nevre, Ratnagiri (1706’55’’N 73017’16’’E) and acclimatized for 3 days in four 500 L FRP tanks (n = 3500/tank). After 3 days of acclimatization the post- larvae of PL-10 stage (Initial average length- 1.20 + 0.02 cm and Initial average weight 0.007 + 0.001g) were transferred to the experimental units.
2.2 Experimental design and setup:	
Circular HDPE containers of 100 L capacity were filled with water up to volume of 40L. On the next day, 60 L of biofloc volume was transferred to each experimental tank, and sufficient aeration was enabled to promote effective bio-flocculation. After being inoculated for 48 hours, the PL were stocked in experimental tanks at the appropriate densities. The experiment was conducted outdoors under 50% green shade net in circular HDPE containers of 100 L capacity having a surface area of 0.86 m2 and a water depth of 0.40 m. Bamboo mat were used as a substrate covering 100% tank surface area. To maintain the proper C: N ratio of 6:1 in the experimental tanks, molasses was routinely introduced as a carbon source. The experiment comprising biofloc without substrate (BT) as first factor and biofloc with substrate (BST) as second factor with four different stocking densities (2000, 4000, 6000, and 8000 nos. m-3). The experimental design was completely randomized design consisted of eight treatments (BT1, BT2, BT3, BT4, BST1, BST2, BST3, BST4) with triplicates of each treatment total of 24 experimental units. 
2.3 Water quality parameters:
Water quality parameters were monitored using standard protocols [13, 14]. Temperature, salinity, and pH were measured daily using a mercury thermometer, refractometer, and pH meter, respectively. Dissolved oxygen (DO) was assessed via the Winkler method. Alkalinity, orthophosphate, total ammonia nitrogen (TAN), nitrite-nitrogen (NO₂-N), nitrate-nitrogen (NO₃-N), and total suspended solids (TSS) were measured every after three days. Chlorophyll-a concentrations, representing phytoplankton biomass, were determined once every five days using spectrophotometric methods [14].
2.4 Microbial analysis:
	In microbial analysis, the total bacterial count (TBC), Vibrio, Bacillus and Lactobacillus counts of biofloc water were recorded for every six days. Counting of microbial communities was carried out as per the standard methods [14]. Four different agar media as NA (Nutrient Agar), TCBS (Thiosulphate-Citrate-Bile salts), Tryptic Soy Agar and MRS (Man-Rogosa-Sharpe) were used for the growth of bacteria. 
	For total bacterial count (TBC) the dilution volume of 0.1 ml was spread over the surface of duplicate plates of nutrient agar. The plates were incubated at 37°C for 24–48 h. Plates with 30– 300 colony forming units (CFU) were counted and expressed as CFU ml-1. The colonies of Vibrio were observed by spreading 0.1 ml diluted sample over the TCBS (Thiosulphate-Citrate-Bile salts) agar media petridish and incubated for 18 to 24 h at 35 °C. The Bacillus spp. colonies were obtained on Tryptic Soy Agar plates after 24 h of incubation at 35 °C. The MRS (Man-Rogosa-Sharpe) agar plates for Lactobacillus were incubated at 35°C for 72 h.
2.5 Statistical analysis:
The data obtained at the end of experiment such as were analyzed by One-way Analysis of Variance (ANOVA). The mean differences were considered significant at P<0.05. If there was significant difference was found in treatment means, then means were compared by Tukey’s test. The statistical analysis was performed by using SPSS 16.0
3. RESULTS AND DISCUSSION
3.1 Water quality analysis:
All measured water quality parameters generally remained within recommended ranges for P. vannamei [15,16]. Temperature and salinity showed minimal variation among treatments, indicating stable rearing conditions. However, significant differences (p<0.05) emerged for pH, alkalinity, dissolved oxygen (DO), total ammonia nitrogen (TAN), nitrite-nitrogen (NO₂-N), nitrate-nitrogen (NO₃-N), chlorophyll-a, and biofloc volume (Table 1).

















Table 1: Water quality parameters in outdoor biofloc-based nursery rearing system of P. vannamei for 30 days with different stocking densities with and without substrate
	Parameters
	BT1
	BT2
	BT3
	BT4
	BST1
	BST2
	BST3
	BST4

	Temperature (0 C)
	24.06 + 0.03a
	24.06 + 0.03a
	24.03 + 0.06a
	24.06 + 0.03a
	24.06 + 0.03a
	24.10 + 0.01a
	24.13 + 0.03a
	24.20 + 0.05a

	Salinity (psu)
	29.64 + 0.03a
	29.45 + 0.17a
	29.44 + 0.14a
	29.72 + 0.09a
	29.65 + 0.04a
	29.53 + 0.07a
	29.38 + 0.16a
	29.44 + 0.04a

	pH
	7.92 + 0.01b
	7.90 + 0.02ab
	7.79 + 0.03a
	7.79 + 0.15a
	7.90 + 0.02ab
	7.84 + 0.02ab
	7.81 + 0.03ab
	7.80 + 0.01a

	Alkalinity
 (mg L−1)
	155.27 + 0.60b
	153.66 + 0.63ab
	148.85 + 1.57ab
	145.94 + 2.33a
	154.69 + 0.82b
	152.78 +0.34ab
	148.79 +2.56ab
	145.97 + 2.21ab

	DO (mg L−1)
	5.93 + 0.02d
	5.90 + 0.02d
	5.40 + 0.01c
	5.31 + 0.03bc
	5.40 + 0.01c
	5.32 + 0.04bc
	5.26 + 0.01ab
	5.17 + 0.03a

	Orthophosphate (mg L−1)
	0.5086 + 0.0052a
	0.5420 + 0.0081b
	0.5663 + 0.0043c
	0.5750 + 0.0070c
	0.5356 + 0.0080b
	0.5730 + 0.0055c
	0.5970 + 0.0060d
	0.5986 + 0.0055d

	 (TAN) (mg L−1)
	0.5090 + 0.0091b
	0.5102 + 0.0081b
	0.5521 + 0.0028c
	0.5524 + 0.0062c
	0.3251 + 0.0078a
	0.3376 + 0.0149a
	0.4936 + 0.0048b
	0.5024 + 0.0075b

	Nitrite‐N (mg L−1)
	0.2175 + 0.0053bc
	0.2196 + 0.0065bcd
	0.2389 + 0.0015de
	0.2427 + 0.0009de
	0.1612 + 0.0055a
	0.1657 + 0.0026a
	0.2056 + 0.0038b
	0.2304 + 0.0022cde

	Nitrate‐N (mg L−1)
	2.90 + 0.02bc
	2.94 + 0.01bc
	3.06 + 0.02bc
	3.10 + 0.01c
	1.88 + 0.10a
	1.89 + 0.09a
	2.76 + 0.05b
	2.83 + 0.07bc

	Chlorophyll-a 
(µg L−1)
	115.67 + 1.37bc
	112.63 + 0.80bc
	105.26 + 0.74ab
	102.00 + 0.24a
	175.12 + 2.21e
	173.94 + 2.35e
	140.77 + 3.62d
	114.92 + 1.04bc

	Biofloc Volume 
(ml L−1)
	6.30 + 0.11c
	6.40 + 0.02c
	7.06 + 0.08d
	7.15 + 0.12d
	3.54 + 0.12a
	3.90 + 0.06a
	5.64 + 0.09b
	6.46 + 0.03c

	TSS (mg L−1)
	122.15 + 2.30c
	123.52 + 0.92c
	127.33 + 1.07cd
	133.06 + 1.09d
	96.21 + 2.60a
	98.36 + 1.45a
	111.03 + 2.21b
	123.39 + 1.43c



Note: n = 3, values are expressed as (Mean ± SE). The means in the same row followed by different letters indicate a significant difference between treatments by Tukey's test (p < 0.05)
During study, the pH values in P. vannamei biofloc treatments remained within an optimal range (7.79 to 7.92), indicating a stable buffering capacity. Slightly lower pH at higher stocking densities (BT3 and BT4) likely resulted from intensified microbial respiration and organic matter decomposition, which increase CO₂ accumulation and carbonic acid formation [17]. The addition of substrate appeared to minimise these fluctuations, as biofilm-associated microorganisms enhanced nitrification and carbon assimilation, thereby stabilising the acid–base equilibrium [18].
Alkalinity followed a similar decreasing trend with rising density, ranging from 155.27 ± 0.60 mg L⁻¹ (BT1) to 145.94 ± 2.33 mg L⁻¹ (BT4), and from 154.69 ± 0.82 to 145.97 ± 2.21 mg L⁻¹ in substrate-added systems. This reduction is attributed to active nitrification, where autotrophic bacteria oxidize ammonium to nitrate, consuming carbonate and bicarbonate ions [19]. Additionally, heterotrophic bacteria utilize bicarbonate during nitrogen assimilation into microbial biomass [20]. In the present study substrate addition had not any impact on alkalinity, whereas in some references it was mentioned that substrate treatments maintained slightly higher alkalinity, possibly due to periphytic biofilms that regulated carbonate dynamics and balanced microbial processes [21].
The dissolved oxygen (DO) concentrations exhibited a gradual decline with increasing stocking density in both substrate-free (BT) and substrate-added (BST) treatments. With rising stocking densities, greater feed input and metabolic waste production further stimulate microbial proliferation, intensifying oxygen consumption [22]. The presence of substrates in BST treatments also contributed to slightly lower DO levels. Substrates facilitate colonization by periphytic microorganisms, which, beneficial for nutrient recycling and biofilm development, increase microbial respiration [18]. Dense biofilm layers can create microzones of hypoxia, especially under high organic loading, further reducing DO [21].
Orthophosphate concentration increased progressively with increasing stocking density in both substrate-free and substrate-added systems. The higher orthophosphate levels observed in high-density treatments (BT4 and BST4) may be attributed to greater feed input and metabolic waste generation, which contribute to elevated phosphorus loading in the culture water [23]. The significantly higher orthophosphate concentrations in substrate-added tanks could be due to microbial mineralization of organic matter accumulated on the substrate surface, leading to the release of phosphate ions into the water column [20]. 
In the present study, total ammonia-nitrogen (TAN) levels ranged from 0.32 to 0.55 mg L⁻¹, remaining within the acceptable limit for biofloc-based shrimp culture. TAN levels showed a density-dependent increase in both systems, with comparatively lower concentrations in substrate-added tanks at lower stocking densities. The reduced TAN in substrate-based lower stocking density systems (BST1 and BST2) can be due to enhanced microbial colonization on the substrate, which provides a larger surface area for biofilm development and nitrifying bacterial activity [24].
Nitrite-N concentrations also varied significantly across treatments, with lower levels consistently observed in substrate-added tanks. The lower nitrite concentrations in substrate-based systems, particularly in BST1, may indicate improved nitrification efficiency due to the establishment of a stable community of Nitrosomonas and Nitrobacter bacteria within biofilms [25].
Nitrate-N levels followed a similar pattern, showing significant differences between substrate and non-substrate treatments. Substrate-assisted systems exhibited lower nitrate concentrations, likely due to partial de-nitrification processes occurring in the anaerobic micro zones within biofloc and on substrate surfaces [26].
In the present study substrate addition markedly enhanced chlorophyll-a concentration. Across all densities surfaces for periphyton and microbial colonisation, promoting nutrient recycling and localised enrichment favourable for phytoplankton growth [27]. The reduction in chlorophyll-a with increasing density may result from intensified grazing pressure and nutrient competition between phytoplankton and heterotrophic microbes. Elevated shrimp biomass increases organic load and turbidity, reducing light penetration and photosynthetic activity [20,28].
The biofloc volume increased significantly (p<0.05) with rising stocking densities in non-substrate treatments, with the highest values observed in BT4 (7.15 ± 0.12 ml L⁻¹). Higher stocking densities increase organic loading from uneaten feed and shrimp excreta, providing a carbon source for microbial growth and floc formation [29]. Our findings are consistent with earlier studies that report an increase in floc volume with increased stocking density [30, 31].
The Total Suspended Solids (TSS) followed a trend similar to biofloc volume, increasing significantly (p<0.05) with stocking density across treatments. The highest TSS (133.06 ± 1.09 mg L⁻¹) was observed in BT4, while substrate-based tanks exhibited comparatively lower values, indicating that substrate addition reduces particulate suspension and enhances biofloc sedimentation [5]. Elevated TSS at higher densities in non-substrate tanks likely resulted from increased organic loading and shrimp-induced turbulence, which hinder particle settling [29]. The biofloc system with incorporation of submerged substrate showed significantly lower level of Biofloc volume and TSS compared to without based treatment [32].
3.2 Microbial analysis:
Microbial analysis of different stocking density treatments in the indoor biofloc-based rearing system of P. vannamei, conducted over 30 days with and without substrate, is presented in Table 2. 






Table 2:  Microbial analysis for different stocking density treatments in biofloc-based nursery rearing system of P. vannamei for 30 days

	Parameters
	TBC
	Vibrio spp.
	Bacillus spp.
	Lactobacillus spp.

	BT1
	0.8897 + 0.0275 x 105a
	2.2261 + 0.0019 x 102a
	3.6794 + 0.1213 x 103a
	1.4456 + 0.0180 x 102a

	BT2
	1.3082 + 0.0725 x 105ab
	2.2444 + 0.0020 x 102a
	3.4570 + 0.3504 x 103a
	1.4622 + 0.0433 x 102a

	BT2
	1.4447 + 0.1715 x 105ab
	2.2905 + 0.0022 x 102a
	3.4339 + 0.3907 x 103a
	1.4755 + 0.0436 x 102a

	BT4
	1.5306 + 0.1705 x 105b
	2.3155 + 0.0022 x 102a
	2.7546 + 0.4424 x 103a
	1.4233 + 0.0333 x 102a

	BST1
	1.6413 + 0.1393 x 105b
	2.1861 + 0.0020 x 102a
	10.4330 + 1.0110 x 103c
	1.5739 + 0.0821 x 102a

	BST2
	1.6519 + 0.0434 x 105b
	2.2083 + 0.0019 x 102a
	9.6262 + 0.3917 x 103c
	1.6044 + 0.1120 x 102a

	BST3
	2.2209 + 0.0418 x 105c
	2.2528 + 0.0022 x 102a
	9.6428 + 0.3931 x 103c
	1.6083 + 0.1095 x 102a

	BST4
	2.2598 + 0.1309 x 105c
	2.2583 + 0.0018 x 102a
	6.6917 + 0.5961 x 103b
	1.5683 + 0.0767 x 102a


Note: n = 3, values are expressed as (Mean+ SE). The means in the same column followed by different letters indicate significant difference between treatments by Tukey's test (p < 0.05)







The total bacterial count (TBC) was consistently higher in substrate treatments (1.64 to 2.26 × 10⁵ CFU mL⁻¹) compared to non-substrate treatments (0.88 to 1.53 × 10⁵ CFU mL⁻¹) (Fig.1), indicating that substrate availability facilitated bacterial colonization and proliferation. The substrates likely provided additional surface area for microbial attachment and biofilm formation, enhancing microbial retention and stability within the biofloc matrix. Furthermore, the accumulation of organic matter derived from shrimp faeces and uneaten feed at higher stocking densities may have acted as a carbon source, stimulating heterotrophic bacterial growth [20]. The heterotrophic bacterial loads in biofloc systems at a density of 500 Nos m-3 on day 30 ranged from 38.2 to 65.3 × 10⁶ CFU/mL [33]. Also, total heterotrophic bacterial counts of 225.78, 178.68, and 341.18 × 10⁵ CFU/mL at stocking densities of 12, 14, and 16 larvae L-1, respectively recorded in a biofloc system, over a 90-day period for P. vannamei [34].


Fig. 1 Assessment of total bacterial count in different stocking density treatments with and without substrate

Although, Vibrio spp. were consistently detected across all treatments; however, no significant variation (p > 0.05) was observed among treatments, irrespective of substrate addition. The relatively stable Vibrio population (2.18 to 2.31 × 10² CFU mL⁻¹) suggests that the biofloc system effectively maintained microbial equilibrium. This stability may be attributed to competitive exclusion mechanisms, wherein beneficial heterotrophic and probiotic bacteria suppress the proliferation of potential pathogens through nutrient competition and the production of antimicrobial compounds [35]. However, significantly higher Vibrio counts in high-density biofloc systems (3.26 ± 0.23 log CFU mL⁻¹) compared to low-density biofloc systems (2.22 ± 0.5 log CFU mL⁻¹) recorded indicating that stocking density can influence Vibrio abundance under certain conditions [30]. Also some research demonstrated that the introduction of Bacillus spp. into biofloc water significantly reduced Vibrio populations [36]. 
A substantial increase in Bacillus spp. counts was observed in substrate-added treatments (6.69 to10.43 × 10³ CFU mL⁻¹) compared to non-substrate treatments (2.75 to 3.68 × 10³ CFU mL⁻¹) (Fig. 2), indicating that substrate availability markedly enhanced Bacillus proliferation. The biofloc environment is known to support large populations of beneficial heterotrophic bacteria such as Bacillus spp., which play a central role in system stability and shrimp health [37].

Fig. 2 Assessment of Bacillus count in different stocking density treatments with and without substrate

The population density of Lactobacillus spp. in the present study ranged from 1.42 ± 0.03 × 10² CFU mL⁻¹ (BT4) to 1.61 ± 0.10 × 10² CFU mL⁻¹ (BST3). Although the mean counts were marginally higher in substrate-added treatments (BST1 to BST4) than in substrate-free groups (BT1 to BT4), the differences were not statistically significant. The slightly elevated Lactobacillus counts in substrate-added treatments may be attributed to increased microbial colonization and biofilm formation on substrate surfaces, providing microhabitats that support bacterial proliferation [18]. These substrate-associated environments are often enriched with organic detritus and polysaccharides, offering ideal fermentable carbon sources for Lactobacillus spp. [38]. 
Studies identified Vibrio, Lactobacillus, Bacillus, and fungi as the predominant microbial genera within biofloc systems, with Vibrio spp. and Bacillus spp. showing higher dominance compared to Lactobacillus spp [39]. The presence of probiotic bacteria such as Bacillus and Lactobacillus within the ingested biofloc has been shown to enhance their colonization in the gastrointestinal tract of P. vannamei, thereby improving digestive enzyme activity and immune response [38].
4. CONCLUSION: 
Across two factors as with and without substrate with four different stocking density treatments, the biofloc system with bamboo mats as a substrate emerged the most effective, substantially reducing suspended solids while enhancing overall water quality which helped maintain healthier conditions that supported development of biofilm over substrate and stimulating heterotrophic bacterial growth.
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