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Abstract


The alga Chondracanthus chamissoi, commonly known as “yuyo” or “mococho” is found along the coasts of Peru and Chile. Due to its multiple applications in industrial, health, pharmaceutical, and productive sectors, its demand has increased, leading to the uncontrolled exploitation of natural banks and negatively impacting marine ecosystems. This experimental study evaluated the viability of propagating C. chamissoi propagules using the foliar fertilizer Bayfolan® from Bayer, as well as its continuous, non-seasonal cultivation in La Ramada. This initiative aims to establish a productive area in La Libertad to meet the needs of national and international markets, reducing the indiscriminate exploitation of seaweed in natural banks. The results indicated that continuous cultivation is feasible, with growth rates of 0.0369 and 0.0388 g.day−1 (0% Bayfolan) and 0.0397 and 0.0399 g.day−1 (1% Bayfolan) during propagule propagation. Slight statistically significant differences were observed in final biomass between 0% and 1% Bayfolan treatments, and Bayfolan use reduced healing time by seven days. Nutritional and microbiological assays confirmed that fresh “yuyo” is suitable for human consumption; hence, La Ramada provides suitable physical–chemical and microbiological conditions for extracting and cultivating hydrobiological species, offering a viable alternative to the seasonal overexploitation of the algae and potential economic benefits for coastal families.
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1. Introduction


Globally, seaweed has played a crucial role in human nutrition and the economy of coastal communities in the Pacific and Asia. Historically, this product has been used in food, traditional medicine, and agriculture [1,2,3]. With technological advances, its potential use in solving human health problems and its application in the food, pharmaceutical, and agricultural industries have been recognized [4,5]. Asian countries like China, Japan, and South Korea were the first to develop techniques for industrial seaweed cultivation to commercialize seaweed and its derived products [6,7].



Algae farming has become an attractive venture for many countries due to the substantial global market growth [8]. Notably, worldwide algae production surged from 34.7 thousand tons to more than 34.7 million tons between 1950 and 2019. Industrial cultivation accounts for 97% of this production, while wild harvesting and cultivation contribute only 3% [9,10].



The research by Brown et al. and Choudhary et al. highlights the health benefits of seaweed, aiming to interrelate its nutritional value with the potential benefits for human health [11,12]. Seaweed contains active metabolites, vitamins (A, D, E, C, and B), and essential minerals such as calcium, potassium, magnesium, and iron. Additionally, it provides antioxidants and omega-3 fatty acids that support the immune system and human health [7]. At an industrial level, researchers have investigated seaweed’s applications in agriculture [4,13] and the food and pharmaceutical industries, where it is used as a thickener, stabilizer, and gelling agent in a variety of food products [14], as well as in the production of biofuel [15]. With all this potential that is already known in algae, research is being carried out that seeks to develop and improve cultivation techniques, taking into consideration external factors such as the selection of cultivation sites and the evolution of growth conditions to maximize their production [16,17,18].



The red alga Chondracanthus chamissoi, commonly known as “yuyo” or “mococho” is found along the coasts of Peru and Chile. In Peru, it is mainly located on the coasts of Trujillo (La Libertad), Marcona (Ica), and Ilo (Moquegua). This species belongs to the family Gigartinaceae, order Gigartinales, and grows in low intertidal to subtidal zones, attached to rocky and calcareous substrates by a basal disc. The propagation of this macroalga occurs both naturally and through controlled cultivation techniques, including vegetative propagation (from algae fragments) and sporulation (via spores) [19,20]. This alga is used both fresh and dehydrated in human food and in the hydrocolloid industry [21]. Due to its popularity in gastronomy, there has been an increase in demand for this raw material in both local and Asian markets, leading to uncontrolled exploitation of its natural habitats and negatively impacting marine ecosystems [22]. In order to avoid the overexploitation and/or predation of C. chamissoi, as well as the destruction of its habitat, strategies have been implemented to improve the cultivation and long-term production of this alga [23,24].



The depletion of marine resources, such as algae, is a global problem that affects Chile and mainly Peru, which are the main producers of algae in South America, where macroalgae production is mainly based in the exploitation of natural populations [25,26]. Starting in 2000, Chile began to study and apply new methods for vegetative propagation and/or reproductive phases for the in vitro and at-sea cultivation of C. chamissoi (Rhodophyta) and Lessonia trabeculata (Phaeophyceae) [27,28,29]. In Peru, these studies began in 2019 on the south coast, in the departments of Moquegua [30,31], Pisco [20,32,33], and Lima [32] and are currently being carried out on the north coast of Peru [34].



The main techniques and/or methods used for the propagation and cultivation of C. chamissoi are spore cultivation and vegetative propagation. The first is based on cultivation via spores, but this option is not very viable as it has a high mortality rate and high production costs [33,35]. Vegetative propagation is an alternative method, which consists of placing the algae on a natural or artificial substrate. This latter process is convenient and advantageous due to its lower mortality rate and operation cost [20,31]. The vegetative propagation studies conducted by Colque (2017) [36] and Arbaiza et al. (2018, 2023) [20,37] included the use of Bayfolan®, a foliar fertilizer from Bayer, which is used as a stimulant for plant development. Its composition includes macronutrients (N = 110 g/L, P2O5 = 80 g/L, K2O = 60 g/L) and micronutrients (Fe = 190 mg/L, Mn = 162 mg/L, B = 102 mg/L, Cu = 81 mg/L, Zn = 61 mg/L, Mb = 9 mg/L, Co = 3.5 mg/L), as well as vitamin B1 and growth hormones (4 ppm) [20,36,37]. The study by Abayza et al. (2023) showed that the use of Bayfolan reduced biomass loss, making vegetative cultivation viable through the formation of secondary attachment discs (SAD) [20]. The study by Huaman-Fernández et al. (2024) on vegetative propagation using holdfast discs indicates the necessity of performing this procedure under controlled conditions to prevent the growth of diatoms and other microorganisms [38], while the study by Ruiz-Ipanaque et al. (2024) conducted in the sea of Paracas, department of Ica, showed that 4–5 cm propagules can regenerate during their cultivation [39].



In Chile, vegetative propagation has proven to be successful. This method of asexual reproduction involves the growth of new algae from fragments of the parent algae and is based on the ability of macroalgae to regenerate, allowing them to develop new vegetative structures (fronds, stipes, or thalli) from a portion of algal tissue [29,40]. In Peru, there are few published studies where vegetative propagation is used for cultivation and industrial production purposes; they simply continue with the exploitation of natural algae banks that occur seasonally [31]. The seasonal extraction of C. chamissoi directly influences its commercial value, which varies between 0.5 and 5.0 dollars per kg of fresh seaweed [19].



The increasing demand for C. chamissoi has sparked interest in the food industry and scientific research due to its numerous health benefits and applications in industrial and productive sectors. In our country, this resource is directly harvested from natural populations by artisanal fishermen. However, high demand, price variability, and seasonal production contribute to overexploitation, affecting marine ecosystems. Acknowledging that macroalgae play a fundamental role in aquatic ecosystems by providing a wide range of economic, ecological, and nutritional benefits, it is crucial to understand the mechanisms for their propagation, as this knowledge requires special attention in the context of scientific research and aquaculture. In particular, the propagation of C. chamissoi (Rodophyta) has gained relevance in various fields due to its multiple benefits and applications, highlighting its ecological and economic importance for its rapid and uniform production capacity, which allows for consistent quality maintenance in cultivation, providing an advantage in aquaculture. It is important to highlight that this type of research is novel in northern Peru, especially due to the scarcity of studies in our country. Most of the research has been conducted in the southern region, where suitable environmental conditions for the cultivation of C. chamissoi have been found. In comparison with the studies carried out in the departments of Ica and Arequipa, where the water temperature is 2 or 3 °C lower than in the north, this study aims to propagate propagules under laboratory conditions and subsequently cultivate them in the sea under specific conditions where the sea temperature is slightly higher.



This study aims to evaluate the viability of propagating C. chamissoi propagules using 1% Bayfolan and its possible continuous cultivation in La Ramada, La Libertad. For this, the growth rate of C. chamissoi under laboratory conditions, the microbiological and physicochemical quality of the fresh algae obtained in suspended cultivation, and the nutritional quality of the fresh algae obtained from suspended cultivation and from the natural bank in La Ramada have been analyzed. This study is an initiative to implement the industrial cultivation of C. chamissoi in the future, aiming to reduce the depletion of natural habitats and meet the demands of national and international markets. Likewise, this study aims to raise awareness and provide practical solutions to the overexploitation of C. chamissoi, including promoting cultivation and encouraging sustainable practices. It also calls on the responsible authorities to manage the monitoring of natural populations and the extraction quota of C. chamissoi during the harvesting seasons.




2. Materials and Methods


2.1. Study Area


The study was conducted in two environments. The first was in a controlled greenhouse at the laboratories of the Institute of Research in Sciences and Technologies at César Vallejo University (UCV) in the district of Trujillo, La Libertad, aimed at propagating propagules of the macroalga C. chamissoi. The second environment was located on the La Ramada beach, in the district of Salaverry, La Libertad (8°17′3.8″ S, 78°57′30.9″ W), where samples were obtained from a natural seaweed bank and the propagule process for pilot trials of continuous cultivation under natural conditions was implemented (Figure 1).




2.2. Sample Collection


Seawater and C. chamissoi samples were collected from La Ramada beach (8°17′3.8″ S, 78°57′30.9″ W) every two months, between June 2022 and April 2023, in order to evaluate the physicochemical and microbiological quality. In addition, samples of the macroalgae C. chamissoi were obtained in order to obtain raw material and use it in the propagule propagation process and for the physical, chemical, and microbiological analyses carried out in an accredited external laboratory. The seaweed collection process was carried out by manual extraction in the rocky–sandy intertidal zone at a depth of less than 1.50 m in the meadow of La Ramada beach. Personnel experienced in this type of activity collected the seaweed by free diving. The collected samples of C. chamissoi were evenly distributed in 3 first-use polyethylene bags: one for microbiological processing, another for physicochemical analysis, and the last one for the process of obtaining gametophytes to be used in the propagule propagation stage. The collected samples were identified and stored in isothermal containers (4–8 °C) for transport to the laboratories of the Institute for Research in Sciences and Technologies of the Cesar Vallejo University (UCV)—Trujillo, where the first stage of propagule propagation took place.




2.3. Propagule Propagation


The propagation process of C. chamissoi propagules began with the manual cleaning of the algae. Then, successive washes were carried out with filtered seawater (0.45 µm) to remove excess sand adhered to the algae. The cystocarpic and tetrasporic regions of the algal biomass were removed. The algae were uniformly fragmented into 5 cm portions and 8 to 10 pieces of the sheets (10 g) were placed inside a plastic mesh to prevent their dispersion in the propagation systems. Each mesh that was introduced into the propagation system contained 10 sections with 10 g of the algae (Figure 2a). The propagation systems were composed of a borosilicate glass vessel with a capacity of 5 L, with 4 L of filtered seawater (0.45 µm) into which air was injected (Figure 2). Two propagation systems were prepared, and in one of them, the sterile seawater exchange was supplemented with 1% Bayfolan (10 mL of Bayfolan was added for each liter of filtered seawater). Ten replicas of each system were conducted in order to obtain sufficient data for the growth rate analysis. In both systems, temperature, pH, dissolved oxygen, and total dissolved solids were measured for 60 days; readings of these parameters were recorded daily using the HANNA HI9829 multiparameter meter (Hanna Instruments Ltd., Leighton Buzzard, UK). At this stage, the filtered seawater was replaced every 6 days, avoiding the deterioration and contamination of the propagation system. After 60 days, the nets were removed from the propagation systems and were transferred to the sea, specifically to the meadow of La Ramada beach, in the district of Salaverry.




2.4. Seaweed Cultivation in the Sea


This process was carried out using a semi-suspended tree-type cultivation system between the months of October 2022 and February 2023. During this period of time, the microbiological and physical–chemical quality of the seawater was analyzed. While the macroalgae were evaluated post-harvest, the microbiological and nutritional quality of the culture were compared with those obtained from the samples collected from the natural seaweed bank. This system consisted of a ¾ raffia with a buoy attached at one end and anchored to a 15 kg weight at the other end. Along the raffia, mesh structures containing the C. chamissoi propagules were positioned during the propagation stage (Figure 3 and Figure 4) [41].




2.5. Collection and Statistical Analysis of Data


The data were collected in physical formats and recorded in Microsoft Excel spreadsheets until subsequent statistical analysis with SPSS v.26 software. Statistically, the distribution of the data was verified with the normality test and the t-student test was applied to compare independent samples.



To determine the growth rate of C. chamissoi, Equation (1) was used, as proposed by Yong et al. (2013) as the one that presents the lowest degree of error [42].


             W   t       W   o          1 / t   − 1   × 100  



(1)




where Wo is the initial mass value, Wt is the final mass value, and t is the propagation time of C. chamissoi propagules (60 days).





3. Results


3.1. Propagule Propagation Stage


During this stage, temperature, pH, dissolved oxygen (DO), and total dissolved solids (ppt TDS) were measured, observing a variation between ±0.1 and ±1.5 for the evaluated parameters. This minimal variation would be explained by the fact that, during the propagation of the algae propagule, the filtered seawater was replaced every 6 days, avoiding the deterioration and contamination of the propagation medium (Table 1).




3.2. Physical–Chemical and Microbiological Quality of Seawater for Cultivation Purposes


It was shown that the values of the parameters measured in the seawater are below the maximum permissible limit according to Peruvian legislation that was issued by the Ministry of the Environment MINAM [43] (Table 2).




3.3. Microbiological Quality and Proximal Composition of C. chamissoi


The evaluation of the microbiological quality and proximal chemical composition was carried out on the fresh algae C. chamissoi, which grew on the natural bank and in the suspended culture of La Ramada beach with the purpose of evaluating whether there are differences between the products that affect their potential use in human nutrition (Table 3 and Table 4).




3.4. Growth Rate of C. chamissoi


The growth rate evaluated for each propagule propagation system and in two different periods showed that at the end of 60 days, there was a slight difference in the systems that applied Bayfolan at 1% (Figure 5). Similarly, in the statistical analysis with Student’s t-test, it was shown that there was a slight significant difference between both groups (Table 5).





4. Discussion


An important consideration for developing any seaweed crop is understanding whether the intended crop can thrive in the natural conditions of future productive areas. In this context, the presence of C. chamissoi has been reported along the northern coast of Peru [22,44]. In the La Libertad region, C. chamissoi has been observed in the intertidal and subtidal zones of Huanchaco and Salaverry beaches, recording maximum volumes between August and December, and in a very similar way to other coastal areas of Peru and Chile [21,45]. The cyclic presence and abundance of this algae have implications for extractive activities, often leading to overexploitation. Despite government regulations, enforcement remains challenging due to inadequate control and compliance. La Ramada beach in the Salaverry district, La Libertad, was chosen based on several criteria, including access, natural bank availability for specimen collection, seawater quality (free from microbiological, chemical, and anthropogenic contaminants), and nutrient availability for optimal C. chamissoi growth. This statement is corroborated by the results shown in Table 2.



Experimental studies initiated in Chile and replicated on the southern coast of Peru have demonstrated C. chamissoi is highly adaptable to variations in light and temperature. Various studies show that this macroalga has an optimal growth range between 20 °C and 25 °C and irradiances of 70 to 120 μmol photons m−2 [29]. In Peru, a tropical and subtropical climate prevails along its coastal areas, and the extraction of red and brown algae is mainly concentrated in the regions of Arequipa, Nazca, Lima, and La Libertad. Pisco stands out as an area of high productivity for C. chamissoi, where the sea surface temperature during the summer season is around 21.0 ± 1.0 °C. In the northern region of Peru, La Libertad is one of the main regions that contribute to the production of C. chamissoi. For instance, in 2019, 260.3 tons of this algae were marketed, and Salaverry contributed 23.2% of this production, recording 18 °C as the average seawater temperature [46]. Subsequent years saw commercialization figures of 320.03 tons in 2020, with Salaverry contributing only 13.3% and an average seawater temperature of 16.0 °C [47]; 93.48 tons in 2021, with Salaverry and Huanchaco contributing 50% and an average seawater temperature of 16.5 °C; and 484.93 tons in 2022, with Salaverry and Huanchaco contributing 40% and seawater temperatures ranging between 14.3 °C and 20.8 °C [48,49]. Data from the last 5 years indicate that C. chamissoi has developed well on the beaches of Salaverry, contributing up to 25% of the productive quota of extraction and commercialization. The data obtained throughout this study show that the temperature on La Ramada beach has ranged between 17.5 °C and 22.5 °C. These data show that the seawater is within the optimal range for the development of this macroalgae. During the coastal Niño times, it has been recorded that the seawater temperature can increase up to 25.5 ± 1.0 °C, negatively affecting the natural meadows where the algae is found and decreasing its biomass. However, the effect of the coastal El Niño has not caused an increase in the average temperature of seawater on the beaches of Salaverry, since IMARPE reports indicate average temperatures between 16.5 °C and 22.8 °C on Salaverry beach, near La Ramada beach, where the natural bank of C. chamissoi is located [47,48,49].



The quality of the coastal marine environment is an important factor to know and consider before implementing future seaweed productive areas; Table 2 shows the physical, chemical, and microbiological quality of the water from La Ramada beach in the Salaverry district. The results of dissolved oxygen, pH, TDS (total dissolved solids), nitrates, BOD-5, detergents, oils and greases, cadmium, and thermotolerant coliforms fall below the maximum limits allowed for extraction and cultivation activities of hydrobiological species in marine–coastal areas, according to current national regulations established by MINAM [43]. These results coincide with what was reported by IMARPE in 2021 and 2022 for the beaches of Salaverry. The good quality of the seawater on La Ramada beach is attributed to the fact that this area of Salaverry has a low influx of population because it is not very crowded and is mainly oriented towards artisanal fishing activity. Consequently, minimal anthropogenic contamination helps maintain the natural ecosystem that is the source of income for local fishermen. In contrast, the beaches of Malabrigo and Huanchaco have high anthropogenic contamination, and microbiological values usually reach between 103 and 104 thermotolerant coliforms per 100 mL of seawater [46,47,48,49].



The environmental conditions recorded during propagule propagation and in the semi-suspended culture are favorable for the growth of C. chamissoi, despite the fluctuations in surface water temperature between 18 °C and 25 °C, typical of an “El Niño” phenomenon, where the viability of the semi-suspended culture was not affected. The seagrass La Ramada offers the appropriate physical–chemical and microbiological conditions for the extraction and cultivation activities of hydrobiological species in marine–coastal areas, according to the current national regulations established by the MINAM [43]. Furthermore, the fresh C. chamissoi product obtained from both the natural bank and the semi-suspended cultivation in La Ramada maintains its nutritional values and microbiological quality within the maximum permissible limits to be considered suitable for human diet and consumption. Therefore, it has been shown that it is feasible to implement the continuous cultivation of C. chamissoi in the La Ramada de Salaverry meadow, using simple and economical techniques such as vegetative propagation and semi-suspended cultivation under natural conditions. Likewise, this study provides essential information for the cultivation, management, application, and preservation of C. chamissoi in La Ramada, becoming a viable alternative against the seasonal overexploitation of this resource. Moreover, it could generate new economic opportunities for families in the Salaverry area.



The propagation of edible seaweed can be carried out by various methods, with harvesting and controlled cultivation being the most common techniques. In the harvesting process, algae are extracted from their natural environment, which can have environmental implications, such as overexploitation, if not managed sustainably. On the other hand, controlled cultivation involves planting and harvesting algae in specific facilities, such as marine farms. These facilities allow for the precise control of environmental conditions, optimizing growth and product quality. The choice of propagule propagation under laboratory conditions was based on the fact that this is a commonly used alternative method due to its low mortality rate, low operating cost, and high profitability. This process consists of placing the algae on a natural or artificial substrate [27,29,40,50].



Nutrient availability during algae propagation, whether in natural or laboratory conditions, plays a crucial role in successful cultivation. Recent research has explored the use of agricultural fertilizers for cultivating species like Chondracanthus squarrulosus, Pyropia/Porphyra spp., Sarcothalia crispata, and C. chamissoi (Rhodophyta) [20,32]. In Peru, studies have specifically examined the commercial fertilizer Bayfolan® (Bayer), supporting that its content of vitamins and indole acetic acid, which stimulate plant growth, can also induce the same effect on algae. The existing literature and background highlight the importance of using Bayfolan due to its nitrogen and micronutrient content. Colque (2017) [36] and Arbaiza et al. (2018, 2023) [20,37] have demonstrated that Bayfolan® promotes the growth of marine macroalgae. In the context of aquaculture, it is suggested that the use of Bayfolan® in the propagation of C. chamissoi could significantly improve cultivation efficiency, allowing for faster and more uniform production of biomass. This would reduce propagation time, decrease operational costs, and increase the profitability of the cultivation, making the aquaculture of C. chamissoi a viable and attractive option for the industry.



Under controlled conditions of pH, dissolved oxygen (%OD), and temperature, two algae propagule propagation systems were established: one without fertilizer and another with 1% Bayfolan (see Table 1). Both systems underwent regular changes of 0.45 μm filtered seawater every 6 days. Statistical analysis revealed that the data obtained followed a normal distribution, and the Student’s t-test for independent variables demonstrated a slightly significant difference in final C. chamissoi weight at 60 days between the groups treated with 0% and 1% Bayfolan® (see Table 5, p = 0.000 in both experiments). The results of 0.038 and 0.036 g/day obtained in growth rate are similar to the values of 0.05 g/day reported by Arbaiza et al. (2018) [37]. Furthermore, this author reported that the use of Bayfolan® led to an increase in algal biomass of up to 50% during periods with longer daylight hours. However, this was not possible to verify in our study because the experimental conditions were not similar [37]. The same author indicated in 2023 that seawater fertilized with Bayfolan® (0.2 mL L−1) and subjected to weekly substrate exchanges provided optimal conditions for maintaining C. chamissoi leaves before vegetative propagation, regardless of inoculum density [20]. However, evaluating growth rates was challenging due to biomass loss during medium exchanges, particularly within the first 30 days when algae healing occurs.



There are very few works that report the growth rate of C. chamissoi during the propagule propagation or vegetative growth stage. This is because this Rhodophyta is primarily found along the coasts of Chile and Peru, where it holds significant economic importance. However, studies in other parts of the world also evaluate the influence of fertilizers or algae extracts on the growth rate of other Rhodophyta species with economic relevance in their respective regions. The experimental results indicate that the growth rate of C. chamissoi during propagule propagation or vegetative growth stage exhibits an increasing trend (see Figure 5). Specifically, after 30 and 60 days, the maximum growth rates were 0.0369 and 0.0388 cm per day-1 for the group treated with 0% Bayfolan, and 0.0397 and 0.0399 cm per day−1 for the group treated with 1% Bayfolan (see Table 5). These findings diverge from those reported by Colque (2017) in a study conducted in Tacna, Peru. Colque used 0.1 and 0.2 mL of Bayfolan per liter of filtered seawater in a controlled system with specific parameters (17.0 ± 0.5 °C, 5.70 ± 0.15, % OD, and 8.14 ± 0.5 pH), resulting in a growth rate of 0.1% d−1 with 0.1 mL per liter of fertilizer. However, for the concentration of 0.2 mL per liter and the control, no growth rate was reported due to biomass loss resulting from excessive manipulation during medium exchanges throughout the experiment. Additionally, microscopic examination revealed a shortened healing process by seven days in the system containing Bayfolan fertilizer [36].



In other latitudes, we can mention studies conducted on other rhodophytes. Dawange and Jaiswar evaluated the effect of powdered Ascophyllum extract on the growth of Gracilaria corticata (Rhodophyta). After three weeks, they reported growth rates ranging from 3.7% to 7.6% in treatments where propagules were immersed for 15, 30, and 60 min in Ascophyllum extract at concentrations of 0.01, 0.1, and 1.0 g L⁻1 [51]. Another study, conducted by Hlaing and Jarukamjorn, evaluated the growth of Kappaphycus alvarezii (Rhodophyta) propagules using 6-benzylaminopurine and indole 3-acetic acid. Their results showed an increase in propagule length, ranging from 10 to 15 mm, achieving propagules measuring between 3.0 and 3.5 cm, which were later transplanted into the sea. The evaluation continued for 45 days, during which individual plantlets, initially weighing 0.67 ± 0.15 g (wet weight), reached a net weight of 42.35 ± 10.28 g, with a daily growth rate of 9.70 ± 0.25% [52]. In contrast, the study by Balar et al., which aimed to produce Gracilaria dura (Rhodophyta) propagules on a large scale, employed a combination of 6-benzylaminopurine (0.25 mg L⁻1) and Ascophyllum extract (1.0 g L⁻1). Propagules were immersed for 60 min, and the results showed successful propagation with an increase in weight from 126.33 ± 14.65 g to 147.5 ± 13.11 g over 112 days [53]. Using the data from this study, the growth rate formula was applied, yielding a value of 0.138. Although not reported in this study, this result proved to be 3.5 times higher than the growth rate observed in our study on C. chamissoi. Based on the information from studies on other Rhodophyta species, we can broaden our perspective to continue investigating the effects of fertilizers and algae extracts on the growth of C. chamissoi.



One of the main reasons behind the spread of edible seaweed lies in the nutritional value they contribute to the human diet. Numerous studies highlight that marine macroalgae are an excellent source of high-quality proteins, vitamins, minerals, antioxidants, and omega-3 fatty acids, beneficial for cardiovascular health and brain function. From a nutritional point of view, knowing the proximal value and microbiological quality of fresh algae is crucial. The proximal value refers to the content of carbohydrates, proteins, lipids, and micronutrients. Notably, C. chamissoi and Porphyra spp. are two species known for their nutritional content and potential use in the human diet. The results from suspended cultivation at La Ramada beach slightly exceed those from the natural bank, showing up to a 3% increase in protein content. The results of the nutritional content of C. chamissoi are similar to those reported by other researchers, where protein content ranged between 20.2% and 24.1% [33,54,55,56]. A high protein content (>20%) is a characteristic that positions edible algae as an important food source in human nutrition. Regarding microbiological quality, the product obtained from La Ramada beach is microbiologically suitable, because the values obtained do not exceed the maximum limit established in the Sanitary Standard that defines the microbiological criteria for the sanitary quality and safety of foods and beverages for human consumption according to Ministerial Resolution No. 591-2008-MINSA-Peru.



In Peru, for more than a decade, public policies have been promoted to strengthen small aquaculture producers with the aim of generating better opportunities to obtain new products for the national and international markets. In 2019, the National Superintendency of Customs and Tax Administration (SUNAT-Peru) reported that 34 thousand tons of dried macroalgae were exported, generating more than 21 million US dollars. With this background, it is important to continue with research and projects aimed at the cultivation and repopulation of macroalgae using cultivation techniques such as vegetative propagation, spore fragmentation, and spore cultivation. The purpose is to expand the cultivation of macroalgae on the coasts of Peru, reducing the illegal overexploitation in natural seagrass and generating new economic livelihoods for people and small associations of fishermen dedicated to this sector. The participation of private companies is important to achieve this objective, and the joint work between the private sector and artisanal fishermen’s associations, which in recent years has generated repopulation projects in the southern part of our country, must be replicated.




5. Conclusions


It has been evidenced that it is feasible to implement the continuous cultivation of Chondracanthus chamissoi in the La Ramada area, Salaverry, using simple and economical techniques such as vegetative propagation and semi-suspended cultivation in the sea. This study has provided essential information for the cultivation, management, application, and preservation of C. chamissoi in La Ramada, becoming a viable alternative against the seasonal overexploitation of this resource and potentially generating new economic income for many families in the Salaverry area.



The environmental conditions recorded during propagule propagation and semi-suspended cultivation are favorable for the growth of C. chamissoi. Despite fluctuations in surface water temperature between 18 and 25 °C, typical of an El Niño phenomenon, the viability of semi-suspended cultivation was not affected.



The La Ramada area offers suitable physicochemical and microbiological conditions for the extraction and cultivation activities of hydrobiological species in marine–coastal areas, according to the national regulations established in 2019 by the MINAM. Additionally, the fresh C. chamissoi product obtained both from the natural bank and from the semi-suspended cultivation in this area maintains its nutritional and microbiological properties within the maximum permissible limits (LMP) to be considered suitable for diet and human consumption.



In the context of aquaculture, it is essential to continue investigating the impact of agricultural fertilizers like Bayfolan and others to evaluate their effects on various stages of growth and nutrient absorption. These studies will generate valuable knowledge to optimize their application, especially in northern Peru, where the sea temperature is slightly higher. These studies will significantly reinforce the results obtained in the southern part of the country, which indicates that these products reduce the propagation time of the crops. As a consequence, operational costs decrease, and the profitability of the cultivation increases, making the cultivation of C. chamissoi a viable and attractive option for the aquaculture industry.



The present study, initiated by professionals from the César Vallejo University with the objective of acquiring new knowledge about the viable cultivation techniques of C. chamissoi in the La Libertad region, must continue and include strategic partners such as the Alguera communities and artisanal fishing associations in order to request the necessary government support from the authorities of the Regional Government of La Libertad and the Ministry of Production to implement in situ a project that promotes the propagation, cultivation, and repopulation of C. chamissoi in La Ramada. This project to be implemented will seek, in the medium term, to continuously cover the demand for this product in the national market and, in the long term, to become one of the main production centers of C. chamissoi and its derivatives for the international market.
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Figure 1. Geographic location of La Ramada beach in the Salaverry district, La Libertad, Peru (image created by marine biologist Max Castañeda-Franco). The stars on the map indicate the area where there is a greater presence of the macroalga C. chamissoi. 
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Figure 2. Chondracanthus chamissoi propagule propagation system under laboratory conditions. (a) Introduction of the algae into the meshes; (b) measurement of parameters using the HANNA HI9829 multiparameter meter in the propagation system used in the laboratory. 
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Figure 3. Diagram of the semi-suspended tree-type cultivation system. (A) Anchor, (B) mother line, (C) buoys, and (D) net with the cultivation of C. chamissoi. 
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Figure 4. C. chamissoi cultivation in La Ramada meadow. (a) Location of the semi-suspended tree system on La Ramada beach; (b) Evidence of algae growth on the cultivation nets during their evaluation at 30 days. 
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Figure 5. Growth rate of C. chamissoi evaluated in propagation systems with 0 and 1% Bayfolan. (a) Evaluation carried out between June and August 2022 and (b) evaluation carried out between September and November 2022. 
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Table 1. Abiotic factors evaluated during the propagule propagation stage under laboratory conditions.
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	a Parameters
	System 01

(0% Bayfolan)
	System 02

(1% Bayfolan)





	pH
	7.10 ± 0.10
	6.00 ± 0.10



	% DO
	59.5 ± 1.5
	44.5 ± 1.5



	ppt TDS
	26.3 ± 1.0
	26.7 ± 1.0



	Temperature °C
	22.5 ± 1.0
	22.5 ± 1.0







a The parameters were measured in the UCV laboratories using the HANNA HI9829 multiparameter meter.













 





Table 2. Measurement of water quality standards required for the extraction and cultivation process of hydrobiological species in coastal marine waters.
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	a Parameters
	Units
	January 2022
	August 2022
	Octubre 2022
	December 2022
	February 2023
	April 2023
	b LMP





	Temperature
	°C
	21.9 ± 4.0
	21.3 ± 3.5
	17.8 ± 2.0
	18.7 ± 1.0
	17.9 ± 1.0
	22.3 ± 3.0
	



	DO
	mg/L
	9.4 ± 1.8
	8.9 ± 1.5
	9.1 ± 1.6
	9.3 ± 2.0
	9.1 ± 1.8
	9.4 ± 1.8
	>4



	pH
	pH unit
	8.0 ± 0.1
	7.8 ± 0.1
	7.9 ± 0.2
	8.1 ± 0.1
	8.0 ± 0.1
	7.9 ± 0.2
	7.0–8.5



	TDS
	ppt
	52 ± 1.5
	55 ± 2.0
	53 ±1.5
	54 ± 2.0
	53 ± 2.0
	52 ± 2.0
	80



	Nitrates (NO3-)
	mg/L
	0.5
	0.4
	0.3
	0.3
	0.5
	0.4
	16



	Biochemical oxygen Demand (BOD5)
	mg/L
	2.7
	1.8
	1.51
	2.1
	2.0
	1.9
	10



	Detergents
	mg/L
	0.025
	0.032
	0.020
	0.022
	0.025
	0.028
	NA



	Oils and fats
	mg/L
	0.036
	0.042
	0.038
	0.042
	0.045
	0.037
	1



	Cadmium
	mg/L
	0.0080
	0.0060
	0.0080
	0.0092
	0.0095
	0.0089
	0.010



	Thermotolerant Coliforms
	NMP/100 mL
	7.8
	2.0
	4.0
	<1.8
	4.5
	2.0
	<30







a The temperature, DO, pH, and TDS measurements were carried out using the HANNA HI9829 equipment from the CVU; the other analyses were carried out in the LOAYZA MURAKAMI S.A.C. and LABONOR EIRL laboratories. b LMP = maximum limit for extraction and cultivation activities of hydrobiological species in Coastal Marine Areas, according to current national regulations established by the MINAM (2017) [43]. NA = not applicable.













 





Table 3. Evaluation of microbiological quality requirements for fresh hydrobiological products.
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a Parameters

	
Natural Bank

	
Semi-Suspended Cultivation

	
b LMP




	
Octubre 2022

	
December 2022

	
Octubre 2022

	
November 2022

	
December 2022

	
January 2023

	






	
Mesophilic aerobes

	
25 × 104

	
40 × 104

	
68 × 103

	
45 × 103

	
50 × 103

	
62 × 103

	
106 CFU/g




	
Escherichia coli

	
25

	
<10

	
<10

	
<10

	
<10

	
<10

	
100




	
Staphylococcus aureus

	
<10

	
<10

	
<10

	
<10

	
<10

	
<10

	
1000




	
Salmonella sp.

	
Negativo

	
Negativo

	
Negativo

	
Negativo

	
Negativo

	
Negativo

	
Negativo/25 g




	
Vibrio cholerae

	
Negativo

	
Negativo

	
Negativo

	
Negativo

	
Negativo

	
Negativo

	
Negativo/25 g




	
Vibrio parahaemolyticus

	
Negativo

	
Negativo

	
Negativo

	
Negativo

	
Negativo

	
Negativo

	
Negativo/25 g








a The analyses were carried out in the MICROCLIN SRL laboratory. b LMP = maximum limit of bacteria established in the health standard that establishes the microbiological criteria of health quality and safety for foods and beverages for human consumption according to Ministerial Resolution No. 591-2008-MINSA-Peru.













 





Table 4. Proximal chemical composition of fresh hydrobiological products.
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a Parameters

	
Units

	
Natural Bank

	
Semi-Suspended Cultivation




	
August 2022

	
December 2022

	
Octubre 2022

	
November 2022

	
January 2023

	
February 2023






	
Moisture

	
%

	
86.23

	
86.12

	
87.04

	
86.78

	
87.83

	
87.48




	
Proteins

	
%

	
18.76

	
18.94

	
20.68

	
21.70

	
21.13

	
20.93




	
Lipids

	
%

	
0.21

	
3.8

	
0.66

	
0.88

	
0.77

	
0.67




	
Ash

	
%

	
37.35

	
26.10

	
25.10

	
23.68

	
24.93

	
24.93




	
Fiber

	
%

	
2.54

	
2.05

	
3.62

	
3.81

	
2.87

	
2.87




	
Sodium

	
%

	
4.48

	
4.02

	
4.26

	
5.74

	
4.53

	
5.23




	
Potassium

	
%

	
2.92

	
3.83

	
3.62

	
3.44

	
5.15

	
4.75




	
Calcium

	
%

	
2.15

	
1.70

	
1.78

	
1.26

	
1.50

	
1.65




	
Magnesium

	
%

	
0.21

	
0.23

	
0.30

	
0.30

	
0.43

	
0.33








a The analyses were carried out in the Sociedad de Asesoramiento Tecnico SAC laboratory.













 





Table 5. Student’s t-test applied to the data obtained during the propagation of the C. chamissoi with 0 and 1% Bayfolan carried out in two different periods.
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Period

	
Parameters

	
0% de Bayfoland

	
1% de Bayfoland

	
a p-Value






	
June to August 2022

	
Initial weight (g)

	
118.333 ± 0.202

	
122.207 ± 0.317

	
0.000




	
Weight at 30 days (g)

	
118.747 ± 0.191

	
122.605 ± 0.315




	
Weight at 60 days (g)

	
121.117 ± 0.232

	
125.170 ± 0.288




	
Weight gain after 60 days (g)

	
2.784

	
2.963




	
Growth rate at 60 days (g/day)

	
0.0388

	
0.0399




	
September to November 2022

	
Initial weight (g)

	
120.540 ± 0.379

	
126.249 ± 0.302

	
0.000




	
Weight at 30 days (g)

	
120.881 ± 0.361

	
126.662 ± 0.431




	
Weight at 60 days (g)

	
123.241 ± 0.361

	
129.295 ± 0.454




	
Weight gain after 60 days (g)

	
2.701

	
3.046




	
Growth rate at 60 days (g/day)

	
0.0369

	
0.0397








a p-value < 0.05 in the Student’s t-test shows that there is a slight significant difference between groups when evaluating weight at 60 days.
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