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ABSTRACT 

	Aims: The aim of this study was to evaluate the hematological parameters of one-year-old carp (fingerlings) reared under different aquaculture conditions and to identify the influence of these conditions on fish physiological status.
Study design:  Experimental comparative study.
Place and Duration of Study: The research was conducted at the “Oq Amur” fish farm, Uzbekistan, during the production cycle of one-year-old carp.
Methodology: Fish were divided into five groups according to rearing conditions: extensive technology, intensive technology, artificial pond, tank system, and recirculating aquaculture system. Blood samples were collected from the caudal artery using sterile syringes. Hematological parameters including hemoglobin concentration, erythrocyte count, leukocyte count, hematocrit, mean corpuscular hemoglobin (MCH), and mean corpuscular volume (MCV) were determined using standard laboratory methods and analyzed statistically.
Results: Significant variations in hematological parameters were observed depending on rearing conditions. The highest hemoglobin level was recorded in artificial ponds (89.88 ± 4.03 g/L), while the lowest was observed in recirculating systems (60.56 ± 4.32 g/L). Erythrocyte counts ranged from 1.5 ± 0.04 × 10¹²/L in extensive systems to 1.0 ± 0.056 × 10¹²/L in recirculating systems. Hematocrit values decreased from 39.7 ± 2.12% to 30.7 ± 2.17% across these systems. In contrast, leukocyte counts were highest in recirculating systems (52.9 ± 0.2 × 10¹²/L). Variations in MCH and MCV values also reflected differences in environmental and technological conditions.
Conclusion: Rearing conditions significantly affect the hematological status of carp. Artificial pond systems provide more favorable physiological conditions, whereas recirculating systems may induce stress-related changes. These findings are important for optimizing aquaculture practices and improving fish health management.
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1. INTRODUCTION 

The global aquaculture sector has witnessed unprecedented growth over the last few decades, becoming a vital pillar of food security and protein supply. Among the various species cultured worldwide, the common carp (Cyprinus carpio) holds a position of significant economic importance, particularly in Central Asian countries like Uzbekistan. As aquaculture transitions from traditional extensive methods to high-density intensive systems, the physiological welfare of the fish becomes a primary concern for researchers and commercial producers alike. Hematology is an essential diagnostic tool in fish biology. Unlike terrestrial livestock, fish are in constant, intimate contact with their aquatic medium. Consequently, their circulatory system acts as a sophisticated sensory network that reflects environmental shifts almost instantaneously. Hematological indices, such as hemoglobin concentration, erythrocyte counts, and leukocyte profiles, are widely used to evaluate the influence of various stressors, including pollutants, hypoxia, stocking density, and nutritional deficiencies. (Svetina et al., 2002; Ghanbari et al., 2012; Guz et al., 2025; Volichenko et al., 2015). Establishing reference hematological values for one‑year‑old carp fingerlings can help detect subclinical disorders, evaluate culture practices, and optimize feeding strategies in commercial production (Svetina et al., 2002; Volichenko et al., 2015; Marin et al., 2015).
In recent years, numerous studies have examined how different dietary supplements and culture systems affect the hematology of carp fingerlings. Nutritional interventions including vitamin A, amino acids (lysine, methionine, glycine), plant-derived additives (coriander seed powder, Jerusalem artichoke, herbal mixtures, pomegranate peel, Withania somnifera) and mineral or nanoparticle supplements (iron oxide) have been shown to improve growth while modulating key blood parameters. In one-year-old carp (fingerlings), the hematological profile is particularly dynamic. This life stage is characterized by rapid metabolic rates and a developing immune system. Therefore, any deviation from the physiological norm can have long-term effects on growth performance and survival. Previous literature has extensively documented how dietary interventions—such as the addition of pomegranate peel, coriander seed powder, or Jerusalem artichoke—can enhance the blood profile of Cyprinus carpio. For instance, studies have shown that bioactive compounds in these supplements can stimulate erythropoiesis and boost non-specific immunity. (Hassan et al., 2022; Qader & Omar, 2024; Hussain et al., 2023; Habib et al., 2024; Sayed-Lafi et al., 2023; Jameel & Sofy, 2023; Abbasi et al., 2023; Dawood & Shi, 2022; Ghafarifarsani et al., 2021; Omar, 2024). Similarly, alternative culture technologies such as biofloc systems and varying carbon–nitrogen ratios, as well as environmental factors like water pH, significantly influence erythrocyte and leukocyte profiles, stress markers, and serum biochemistry in common carp fingerlings (Tasleem et al., 2024; Ghanbari et al., 2012; Haghparast et al., 2020). Within this context, the present study focuses on the hematological profile of one‑year‑old carp fingerlings, aiming to characterize their blood parameters under defined culture conditions and to contribute baseline data for health assessment and management in carp aquaculture.
However, a critical yet often overlooked factor is the influence of the "Rearing Technology" itself. Each system, whether it be a natural-like artificial pond or a technologically advanced Recirculating Aquaculture System (RAS), creates a unique micro-environment. RAS systems, while efficient in water usage, often expose fish to chronic stressors such as noise from pumps, high ammonia spikes, and constant high-density social interactions. Conversely, extensive systems may provide lower growth rates but offer a more stable physiological environment. 

The current research aims to fill a significant gap in the existing knowledge by providing a comparative hematological analysis of one-year-old carp fingerlings reared across five distinct technological platforms at the "Oq Amur" fish farm. Furthermore, the study extends its scope to analyze the age-dependent hematological variations in trout under intensive conditions, providing a holistic view of fish health management in modern aquaculture.
2. material and methods

2.1. Experimental Site and Fish Groups

The research was conducted at the "Oq Amur" fish farm in Uzbekistan, a facility equipped with diverse aquaculture infrastructures. The experimental subjects consisted of one-year-old common carp fingerlings (Cyprinus carpio) and trout (Oncorhynchus mykiss) of varying ages. To ensure statistical reliability, fish were carefully selected based on uniform size and weight within each experimental group.

The carp were divided into five groups based on the rearing technology:

Extensive System: The extensive system is considered one of the simplest and most natural methods of fish farming. In this system, fish are primarily reared in natural water bodies such as large-scale ponds, lakes, or reservoirs. The key characteristic of the extensive system is the minimal level of human intervention, with fish relying mainly on natural food resources. These include plankton, benthic organisms, and aquatic vegetation.

Stocking density in this system is low, typically not exceeding 500 kg/ha. This allows for relatively stable water quality and promotes stress-free growth of fish. Supplemental feeding is either minimal or completely absent, which significantly reduces production costs.

However, the extensive system also has certain limitations. Fish growth is highly dependent on natural factors such as climate, water temperature, and the availability of natural food resources. As a result, productivity is generally lower compared to intensive systems, and precise control over production is difficult to achieve.

Nevertheless, the extensive system is considered environmentally sustainable and ecologically friendly. Due to its low energy and resource requirements, it is widely applied in many regions, particularly in areas associated with traditional agricultural practices.

Intensive System: The intensive system is one of the modern and highly efficient methods of fish farming. In this system, fish are reared at high stocking densities in specially managed ponds or artificial water bodies. The main characteristic of the intensive system is the full control of the production process, including continuous monitoring of feeding, water quality, dissolved oxygen levels, and other environmental parameters.

Fish are primarily fed with high-quality, balanced commercial feeds, which ensures rapid growth and allows for the achievement of high biomass within a relatively short period. Due to the high stocking density, productivity in intensive systems is several times greater than in extensive systems.

However, intensive aquaculture requires substantial financial investment. Significant costs are associated with feed, aeration, water circulation systems, and veterinary supervision. Moreover, high stocking density increases the risk of stress and disease outbreaks in fish, making preventive measures critically important.

Despite these challenges, the intensive system provides high economic efficiency in a short time. It is widely used in regions with high demand for marketable fish products and forms the foundation of modern aquaculture practices.

Artificial Pond System: The artificial pond system is one of the widely used semi-intensive methods in fish farming. In this system, fish are reared in specially constructed, relatively small water bodies. These ponds are typically built using soil, concrete, or other materials, and water level, flow, and quality are partially controlled.

A key feature of this system is the combined use of natural and supplemental feeding. Natural food resources are enhanced through fertilization techniques that stimulate the growth of plankton and benthic organisms, while fish are also provided with artificial feed. As a result, fish growth rates are higher compared to those in extensive systems.

Stocking density is moderate, and water quality is regularly monitored. Water exchange, aeration, and other technological processes are applied as needed to maintain optimal conditions. Therefore, this system represents a balance between extensive and intensive aquaculture practices.

The main advantage of artificial ponds is the ability to achieve relatively high productivity while maintaining a certain level of environmental control. However, this system requires moderate financial input and labor. Nevertheless, it is considered an economically and ecologically viable option and is widely applied in many fish farming operations.

Tank (Basseyn) System: The tank (basin) system is one of the intensive forms of fish farming, in which fish are reared in specially designed units made of concrete or plastic materials. In this system, water is continuously renewed or maintained in a flow-through mode, ensuring a high level of water quality.

One of the main advantages of the tank system is the ability to strictly control all environmental parameters. Water temperature, dissolved oxygen levels, pH, and other indicators are continuously monitored. Fish are stocked at high densities and fed with balanced commercial diets, which promotes rapid growth and increased productivity.

At the same time, the tank system requires advanced technical infrastructure and constant management. If water exchange, aeration, and waste removal are not properly maintained, fish may experience stress and become more susceptible to diseases.

Another important feature of this system is the efficient use of space. A large volume of fish can be produced in a relatively small area. Therefore, the tank system is widely applied in industrial aquaculture, particularly in regions with limited water resources.

RAS: The Recirculating Aquaculture System (RAS) is considered one of the most advanced and high-technology methods of fish production. In this system, water is continuously circulated, purified through mechanical and biological filtration, and then reused. As a result, water consumption is significantly reduced, and environmental sustainability is ensured.

The main components of RAS include mechanical filters (for removing solid waste), biological filters (for supporting beneficial bacteria that decompose ammonia and nitrite), ultraviolet sterilization (for reducing pathogenic microorganisms), and oxygenation systems. These components create optimal living conditions for fish.

Fish are reared at high stocking densities and are fed specially balanced diets. Consequently, growth rates are high, and productivity is maximized. Moreover, due to minimal external environmental influence, stable year-round production can be achieved.
However, the RAS requires high initial investment, technical expertise, and continuous monitoring. Dependence on electrical energy is also a critical factor. Despite these challenges, the RAS is considered one of the most promising and efficient approaches, particularly in regions with limited water resources and in intensive aquaculture systems.

2.2. Water Quality Monitoring

Throughout the experimental period, key water quality parameters were monitored to ensure they remained within the optimal range for each species. Parameters such as temperature, dissolved oxygen (DO), pH, and ammonia-nitrogen levels were recorded. In the RAS and intensive systems, oxygen levels were maintained above 5.5 mg/L, whereas in extensive ponds, natural diurnal fluctuations were observed.

2.3. Blood Collection and Handling

Blood sampling is a delicate procedure in fish, as improper handling can induce "acute stress response," leading to artificial spikes in certain blood cells. In this study, fish were rapidly anesthetized using a mild clove oil solution to minimize trauma. Blood samples (approximately 1.5–2.0 ml) were collected from the caudal vein (vena caudalis) using heparinized 2 ml sterile syringes.

Once collected, the samples were immediately transferred to EDTA-treated tubes and stored in a portable cooling unit at 4°C for transport to the laboratory. All analyses were performed within 4 hours of collection to prevent cell lysis and ensure the accuracy of morphological measurements.

2.4. Hematological Procedures

The following core parameters were determined using standardized ichthyological laboratory protocols:

Hemoglobin (Hb): Determined using the cyanmethemoglobin method, where blood is mixed with Drabkin's solution and measured spectrophotometrically.

Erythrocyte (RBC) and Leukocyte (WBC) Counts: Counted manually using a Neubauer hemocytometer with Hayem’s and Turck’s diluting fluids respectively.

Hematocrit (Ht): Measured using the micro-hematocrit centrifuge method (5 minutes at 12,000 rpm).

Morphological Indices: * Mean Corpuscular Volume (MCV): Calculated as $(Ht / RBC) \times 10$.

Mean Corpuscular Hemoglobin (MCH): Calculated as $(Hb / RBC) \times 10$.

2.5. Statistical Analysis

All data were processed using SPSS software. The results are expressed as Mean ± Standard Deviation ($M \pm SD$). One-way Analysis of Variance (ANOVA) followed by Tukey’s post-hoc test was used to determine significant differences ($P < 0.05$) between the various rearing groups.

3. results and discussion

The present study investigated the hematological parameters of one-year-old carp (fingerlings) reared under different aquaculture conditions, including extensive pond systems, intensive pond systems, artificial ponds, tank-based systems, and recirculating aquaculture systems (RAS). The obtained results demonstrated significant variations in blood parameters depending on environmental and technological conditions, indicating that rearing systems play a crucial role in determining fish physiological status.

3.1 Hemoglobin concentration

Hemoglobin concentration is a key indicator of oxygen transport capacity and overall physiological condition in fish. In the present study, the highest hemoglobin level was recorded in carp reared in artificial pond conditions (89.88 ± 4.03 g/L), followed by those in extensive systems (85.6 ± 3.4 g/L). In contrast, significantly lower values were observed in intensive systems (77.48 ± 3.5 g/L), tank systems (76.52 ± 2.98 g/L), and especially in recirculating aquaculture systems (60.56 ± 4.32 g/L).

The reduced hemoglobin levels in recirculating systems may be attributed to environmental stress factors, including high stocking density, fluctuations in water quality parameters, and limited natural food availability. Previous studies have demonstrated that chronic stress conditions can suppress erythropoiesis and reduce hemoglobin synthesis in fish. Furthermore, lower oxygen availability in closed systems may lead to hypoxic conditions, negatively affecting hemoglobin levels.

The hemoglobin levels of carp varied depending on the rearing conditions (Table 1).

Table 1.	Hemoglobin Levels of One-Year-Old (Fingerling) Carp Reared at the Oq Amur Fish Farm

	Experimental Days
	Statistical Indicators
	Pond
	Artificial Pond
	Tank
	Closed Water Reservoir

	
	
	Extensive Technology
	Intensive Technology
	
	
	

	120 
	M±m g/l
	87,5
	79,1
	92,2
	78,6
	62,9

	150 
	M±m g/l
	86,8
	78,5
	91,6
	77,1
	61,1

	180 
	M±m g/l
	85,1
	77,9
	89,1
	76,5
	60,4

	210 
	M±m g/l
	84,5
	76,3
	88,6
	75,9
	59,9

	230 
	M±m g/l
	84,1
	75,6
	87,9
	74,5
	58,5

	Hemoglobin, g/L
	85,6±3,4
	77,48±3,5
	89,88±4,035
	76,52±2,98
	60,56±4,32




Conversely, the relatively higher hemoglobin concentration observed in artificial ponds suggests more favorable environmental conditions, such as better oxygen exchange, natural feeding opportunities, and lower stress levels. These findings are consistent with earlier reports(REF?) indicating that semi-natural environments promote better physiological adaptation in fish.

3.2 Erythrocyte (RBC) count

Erythrocyte count is closely associated with oxygen transport efficiency. The highest erythrocyte count was observed in carp reared under extensive conditions (1.5 × 10¹²/L), while the lowest was recorded in recirculating systems (1.0 × 10¹²/L). Intermediate values were found in intensive systems (1.32 × 10¹²/L), artificial ponds (1.1 × 10¹²/L), and tank systems (1.3 × 10¹²/L).

The decrease in erythrocyte count under intensive and closed systems may indicate physiological stress and impaired hematopoietic activity. Stress-induced hormonal changes, particularly elevated cortisol levels, are known to reduce erythrocyte production and increase erythrocyte destruction. Additionally, suboptimal water conditions, such as increased ammonia and nitrite levels, may negatively impact red blood cell integrity.

The higher erythrocyte counts observed in extensive systems suggest that natural environmental conditions support normal hematopoiesis and enhance oxygen-carrying capacity. This is particularly important for fish growth and metabolic activity.

3.3 Hematocrit values

Hematocrit values followed a similar trend to erythrocyte counts. The highest hematocrit was observed in extensive systems (39.7 ± 2.12%), while the lowest was recorded in recirculating systems (30.7 ± 2.17%). Intermediate values were found in intensive systems (36.3 ± 1.3%), artificial ponds (35.5 ± 2.3%), and tank systems (34.2 ± 1.48%).

The reduction in hematocrit values under intensive and closed systems may reflect dilution effects, decreased erythrocyte production, or increased plasma volume. These changes are commonly associated with stress and poor environmental conditions. Lower hematocrit levels may impair oxygen delivery to tissues, thereby affecting fish growth and health.

3.4 Leukocyte (WBC) count

Unlike erythrocytes, leukocyte counts showed an increasing trend in stressful conditions. The highest leukocyte count was observed in recirculating systems (52.9 × 10¹²/L), followed by artificial ponds (41.1 × 10¹²/L) and tank systems (39.5 × 10¹²/L). The lowest values were recorded in extensive systems (24.8 × 10¹²/L).

Elevated leukocyte levels are generally associated with immune activation in response to stress, infection, or environmental challenges. The significantly higher leukocyte count in recirculating systems suggests that fish reared under these conditions may experience chronic stress or exposure to suboptimal water quality.

This finding is consistent with previous studies (REF?) indicating that leukocytosis is a common response to stress in fish. Increased leukocyte production may serve as a compensatory mechanism to enhance immune defense under adverse conditions.

3.5 Mean corpuscular hemoglobin (MCH)

MCH values varied significantly among the groups. The highest MCH value was observed in artificial ponds (81.5 pg), while lower values were recorded in intensive systems (46.34 pg) and extensive systems (56.6 pg).

The elevated MCH in artificial ponds may indicate enhanced hemoglobin synthesis per erythrocyte, possibly due to better nutritional conditions and lower stress levels. In contrast, reduced MCH values in intensive systems may reflect impaired hemoglobin production.

3.6 Mean corpuscular volume (MCV)

MCV values showed considerable variation, with the highest values recorded in tank systems (349.65 fL) and intensive systems (321.5 fL), while lower values were observed in artificial ponds (245 fL) and extensive systems (267.7 fL).

Changes in MCV may reflect alterations in erythrocyte morphology and maturation. Increased MCV values in tank and intensive systems may indicate the presence of larger, immature erythrocytes, which are often associated with stress-induced hematological changes.

3.7 Integrated analysis of hematological parameters

Overall, the results demonstrate a clear relationship between rearing conditions and hematological parameters. Extensive and artificial pond systems provide more stable and favorable conditions, supporting optimal physiological function. In contrast, intensive and recirculating systems impose stress on fish, leading to significant alterations in blood parameters.

A comprehensive comparison of hematological parameters is presented in Table 2.

Table 2.	Hematological Parameters of One-Year-Old (Fingerlings) Carp Reared at the Oq Amur Fish Farm

	Parameters
	Pond 
	Artificial Pond
	Tank 
	Closed Water Reservoir

	
	Extensive Technology
	Intensive Technology
	
	
	

	Erythrocytes, 10¹²/L
	1,5±0,04
	1,32±0,41
	1,1±0,43
	1,3±0,25
	1,0±0,056

	Hematocrit, %
	39,7±2,12
	36,3±1,3
	35,5±2,3
	34,2±1,48
	30,7±2,17

	Hemoglobin per erythrocyte, pg (MCH)
	56,6±2,7
	46,34±1,85
	81,5±2,25
	58,0±4,1
	59,5±1,5

	Mean corpuscular volume (MCV), fL
	267,7±9,6
	321,5±2,8
	245±2,6
	349,65±7,5
	302,3±2,85

	Leukocytes, 10¹²/L
	24,8±4,2
	37±5,3
	41,1±4,6
	39,5±4,5
	52,9±0,2




The combination of decreased hemoglobin, erythrocyte count, and hematocrit, along with increased leukocyte levels, suggests that fish in recirculating systems experience physiological stress. These changes may negatively affect growth performance, disease resistance, and overall productivity.

3.8 Practical implications for aquaculture

The findings of this study have important implications for aquaculture practices. Optimizing environmental conditions, including water quality, stocking density, and feeding strategies, is essential for maintaining fish health and improving productivity.

Artificial pond systems appear to offer a balance between natural conditions and controlled management, making them a suitable option for sustainable aquaculture. However, recirculating systems require careful management to minimize stress and ensure optimal physiological conditions.

4. Hematological parameters of the blood of trout of different age groups reared under intensive conditions

4.1. General characteristics of hematological parameters

The hematological parameters of trout of different age groups reared under intensive conditions showed significant age-related variations (Table 3).

Table 3. Hematological Parameters of Trout Blood Reared Under Intensive Conditions

	Parameters
	Fingerlings
	Summer-aged
	One-year-old
	Two-year-old

	Hemoglobin, g/L
	64,0±3,4
	70,0±1,0
	96,9±1,6
	86,0±1,7

	Erythrocytes, ×10¹²/L
	1,01±0,3
	1,11±0,07
	1,11±0,1
	1,21±0,04

	Hematocrit, %
	31,0±2,1
	33,0±1,0
	48,0±2,0
	32,0±2,0

	Leukocytes, ×10⁹/L
	16,0±2,1
	56,7±5,4
	56,9±5,3
	37,0±1,3

	Total neutrophils
	2,5±0,1
	4,7±0,3
	4,8±0,4
	5,1±0,2

	Monocytes
	6,1±0,6
	5,1±0,3
	4,7±0,8
	2,0±0,1

	Lymphocytes 
	90,0±3,2
	89,2±2,1
	91,1±1,8
	91,4±0,9



These differences reflect physiological changes associated with growth, metabolic activity, and adaptation to intensive aquaculture environments.

The obtained data indicate that hematological indices can serve as important biomarkers for assessing the health status and adaptive capacity of fish under controlled rearing conditions.

4.2. Hemoglobin and erythrocyte dynamics

Hemoglobin concentration demonstrated a progressive increase from fingerlings to one-year-old trout, rising from 64.0 ± 3.4 g/L to 96.9 ± 1.6 g/L. In two-year-old fish, a slight decrease to 86.0 ± 1.7 g/L was observed. This pattern suggests that oxygen transport capacity intensifies during active growth stages and stabilizes in older fish.

A similar trend was observed in erythrocyte counts. The erythrocyte level increased from 1.01 ± 0.3 × 10¹²/L in fingerlings to 1.21 ± 0.04 × 10¹²/L in two-year-old trout. Notably, one-year-old and summer-aged trout exhibited similar erythrocyte values, indicating a transitional phase in hematopoietic development.

4.3. Hematocrit changes

Hematocrit values varied considerably among the studied groups. The highest hematocrit level was observed in one-year-old trout (48.0 ± 2.0%), which exceeded the values recorded in fingerlings (31.0 ± 2.1%) and summer-aged fish (33.0 ± 1.0%).

However, in two-year-old trout, the hematocrit level decreased to 32.0 ± 2.0%, which may indicate age-related regulation of blood volume and erythrocyte concentration. The elevated hematocrit in one-year-old fish reflects intensified metabolic processes during this growth stage.

4.4. Leukocyte profile and immune response

Leukocyte counts exhibited pronounced variability depending on age. The highest leukocyte levels were recorded in one-year-old (56.9 ± 5.3 × 10⁹/L) and summer-aged trout (56.7 ± 5.4 × 10⁹/L), while significantly lower values were observed in fingerlings (16.0 ± 2.1 × 10⁹/L).

In two-year-old trout, the leukocyte count decreased to 37.0 ± 1.3 × 10⁹/L, indicating a stabilization of immune activity. These findings suggest that immune responses are more active during early and intermediate developmental stages, likely due to adaptation to intensive rearing conditions.

4.5. Differential leukocyte composition

Analysis of leukocyte subpopulations revealed distinct patterns:
Neutrophils showed a steady increase with age, reaching the highest value in two-year-old trout (5.1 ± 0.2). This indicates enhanced innate immune defense mechanisms in older fish. 

Monocytes exhibited a gradual decrease from 6.1 ± 0.6 in fingerlings to 2.0 ± 0.1 in two-year-old trout, suggesting changes in immune regulation during development. 

Lymphocytes remained the dominant leukocyte fraction across all age groups, ranging from 89.2 ± 2.1 to 91.4 ± 0.9. A slight increase in older fish reflects the stability of adaptive immune responses.

4.6. Summary of hematological adaptations

Overall, the results demonstrate that hematological parameters in trout are strongly influenced by age and reflect both physiological and immunological adaptations to intensive aquaculture conditions.

The highest values of hemoglobin, hematocrit, and leukocytes were generally observed in one-year-old fish, indicating peak metabolic and immune activity. In contrast, two-year-old trout showed signs of stabilization in most parameters.

These findings confirm that hematological indices are reliable indicators for monitoring fish health, growth performance, and environmental adaptation in intensive aquaculture systems.


4. Conclusion AND RECOMMENDATIONS

The present comprehensive study on the hematological profiles of one-year-old carp (Cyprinus carpio) and the age-related blood dynamics in trout provides a foundational dataset for modern aquaculture management. By comparing five distinct rearing technologies, we have demonstrated that the physiological health of fish is not a static trait but a dynamic response to the technological environment.

5.1. Key Scientific Findings

Our data confirms that artificial ponds provide the most physiologically balanced environment for carp fingerlings. The high hemoglobin levels ($89.88 \pm 4.03$ g/L) and stable erythrocyte counts observed in this system indicate an optimal gas exchange capacity and a robust metabolic state. This can be attributed to the synergy between controlled supplemental feeding and the presence of natural pond biota, which minimizes environmental stress while maximizing nutritional intake.

In contrast, the Recirculating Aquaculture System (RAS), despite its technological advantages in water conservation, imposes a significant physiological toll on the fish. The 32% reduction in hemoglobin concentration and the 33% decrease in erythrocyte counts compared to extensive systems suggest a condition of chronic subclinical stress. The concomitant rise in leukocyte counts ($52.9 \pm 0.2 \times 10^{12}$/L) further proves that these fish are in a state of constant immune mobilization, which may eventually lead to physiological exhaustion and reduced growth rates.

Regarding trout, the study highlights that age is a critical biological modulator. The one-year-old stage represents a "physiological peak" with maximum respiratory and immune activity, while two-year-olds show a move toward homeostasis. This suggests that the most intensive care and nutritional support should be prioritized during the first year of the trout's life cycle.

5.2. Practical Recommendations for Fish Farmers

Based on these findings, we propose the following recommendations for optimizing fish health in intensive systems:

Water Quality Management in RAS: Given the suppressed hemoglobin levels in closed systems, farmers must prioritize high-precision aeration and efficient bio-filtration to reduce the accumulation of metabolic inhibitors like ammonia and carbon dioxide.

Stress Mitigation: In intensive and tank systems, reducing stocking densities or implementing "resting periods" could help in normalizing erythrocyte counts and reducing the leukocytosis observed in this study.

Nutritional Fortification: For fish reared in RAS and tanks, diets should be enriched with erythropoiesis-stimulating nutrients (such as organic iron, Vitamin B12, and folic acid) to compensate for the observed decline in red blood cell parameters.

Health Monitoring: Hematological screening should be integrated into routine farm management as an early warning system. Detecting a drop in hemoglobin or a spike in leukocytes before physical symptoms appear can prevent large-scale economic losses.

5.3. Future Research Directions

While this study establishes baseline values for different rearing technologies, further research is needed to investigate the molecular mechanisms behind "RAS-induced hemoglobin suppression." Future studies should focus on the gene expression of erythropoietin and the role of oxidative stress markers in fish blood under high-intensity conditions.

In conclusion, the choice of rearing technology is a decisive factor in fish welfare. While intensive systems are necessary to meet global food demands, they must be managed with a deep understanding of the fish's physiological limits. The hematological indices provided in this study serve as a reliable "biological compass" for navigating the complexities of modern aquaculture.
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