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Abstract

:

Natural food available in ponds can complement formulated feed in fed aquaculture. This study elucidated the natural food intake and its contribution to tambaqui (Colossoma macropomum) growth in fertilized and unfertilized ponds, using stable isotope and stomach contents analyses. Additionally, it described the impact of fertilization management on natural food availability, fish performance, and production costs. Tambaqui juveniles (93.8 ± 15.0 g) were stocked (0.55 fish/m2) in fertilized (Fert) and unfertilized (NoFert) ponds (600 m2) for a culture period of 10 months in quadruplicate. A lower food conversion ratio was observed in Fert ponds. The main natural food items ingested by tambaqui were insects, vegetables, and cladocerans. Plankton contributed 39.4% and 10.7% of muscle formation in Fert and NoFert ponds, respectively. Pond fertilization (2.45 g of nitrogen and 0.80 g of phosphorus per square meter every two weeks) did not significantly affect fish growth, survival, or productivity but had a slightly influence on water quality parameters. However, fertilization increased the zooplankton density (through phytoplankton) in the water, thereby increasing autochthonous food availability for tambaqui consumption. This species demonstrates the ability to alternate between natural food sources and commercial feed without compromising its development. Consequently, tambaqui exhibits suitability for farming within restorative and integrated aquaculture systems as well as intensive systems reliant on commercial feed.
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Key Contribution: We described the first register of plankton consumption and their contribution to tambaqui muscle formation in the grow-out ponds. Results indicated that tambaqui can interchange between natural food and commercial feed without compromising its development.










1. Introduction


Many aquaculture systems harness natural biological productivity to support the production of edible aquatic organisms. The extractive species inside the culture ponds can convert particulate and dissolved materials not ingestible by animals of higher trophic levels into biomass, effectively recovering inaccessible energy and nutrients. This process should be explored to restore natural resources from waste and pollution inside ponds, according to a circular economy approach [1]. Nevertheless, nutrient limitation may hinder biological productivity in aquaculture ponds. To compensate, organic and inorganic fertilization may be performed to stimulate natural productivity [2,3]. Fertilization is frequently used in ponds recently stocked with fingerlings or during early grow-out cultures to boost the development of natural food because most fishes have limitations in ingesting or digesting manufactured feed in the early life stages [4]. During the grow-out phase, fertilization has been observed to enhance fish productivity in various species, including Cirrhinus migrala [5], different carps in polyculture [6,7,8], Coptodon rendalli [9], and Labeo rohita [10]. This effect is generally attributed to a rise in natural food, mainly phytoplankton, zooplankton, periphyton, and benthic invertebrates.



Most studies have evaluated the effect of fertilization on pond productivity without the supply of formulated feed. This practice results in limited productivity because the enhancement of natural food is insufficient to feed fish stocked in high densities. Productivity is low in fertilized ponds without an allochthonous diet, while intensively fed ponds bear high productivity. An allochthonous diet is the primary source of nutrients in semi-intensive or intensive fish monocultures [3,11]. Despite this, natural food can supplement the formulated feed in ponds or partially replace it [4,12]. They are even essential in farming certain species for which no suitable and well-balanced diets are available [13,14]. Therefore, understanding the role of fertilization associated with an allochthonous diet may provide information for aquaculture efficiency and align with restoration approaches (sensus Alleway [1]).



The incorporation of ingested food into fish biomass and its contribution to growth is variable. The intake of allochthonous diets or natural biota organisms has been largely studied in fish production by stomach content analysis [10,15,16,17,18,19,20,21,22,23,24,25]. However, this technique does not reveal the contribution of each kind of feed to fish growth because part of the eaten feed is not assimilated. Stable isotope analysis is a tool for quantifying dietary support of fish growth among the ingested feed items with distinct isotope content, since the isotopic compositions of animal tissues resemble their diets [26,27,28,29,30,31]. Since formulated diet is the main cost of production in fish farms [3], understanding its utilization by fish and how it can be replaced or complemented by natural food would help to improve feeding strategies and decrease production costs.



The tambaqui (Colossoma macropomum) is an indigenous fish species from the Amazon River Basin and has been framed in Central and South American countries, including Panama, Honduras, Brazil, Colombia, Peru, and Venezuela. This species has also been farmed in China [32]. This Tambaqui is a low-trophic-level fish that exhibits a remarkable ability to consume natural food sources both in its natural habitat [33,34] and in rearing ponds during all life stages [20,22]. Tambaqui also shows easy captivity adaptation, a low feed conversion ratio (FCR), and fast growth [12,22]. Brazil is the primary producer [35], where tambaqui is farmed in earthen ponds [36]. The farming practices include a direct stocking of juveniles weighing between 2 and 5 g or a preliminary culture phase lasting 2 to 3 months until the fish reach a weight of 70 to 80 g, and then, they are transferred to grow-out ponds where they reach 1.5 to 3 kg within a span of 10 months [12,37].



Tambaqui culture in ponds may be an interesting model for studying the contribution of natural food in the grow-out phase to low-trophic-level fish growth. Combining the determination of stomach content and stable isotopic analyses enables us to determine both the ingested food by fish and its actual assimilation into their body mass. Therefore, the present study aims to describe the intake of natural food and its contribution to tambaqui growth in fertilized and unfertilized ponds. Furthermore, it aims to understand the impact of fertilization on natural food availability, fish performance, and production costs.




2. Material and Methods


A batch of Tambaqui fingerlings (1.18 ± 0.55 g) was purchased from a commercial hatchery (Brejinho de Nazaré, TO, Brazil; 48°35′17.93″ S, 11°1′52.95″ W) and kept in 1000 m2 ponds at a density of 9 fish m−2 [12] for two months until they reached approximately 90 g. During this period, fish were fed three to four times a day with commercial feed (45% crude protein, 1–2.6 mm pellet size).



2.1. Experimental Design and Conditions


Tambaqui juveniles (93.8 ± 15.0 g and 17.6 ± 0.8 cm) were stocked in 600 m2 ponds at 0.55 fish/m2 and reared for 10 months. This density is within the range used in commercial farms, i.e., 0.4–0.7 fish/m2 [37]. Fish were submitted to two experimental conditions (treatments), fertilized ponds (Fert) and unfertilized ponds (NoFert), with four replicates each, in a completely randomized design. Initially, all ponds were drained, disinfected with quicklime (100 g m−2), and limed 24 h later (100 g m−2). The first and biweekly fertilizations were applied only in Fert ponds using 5 g of urea, 3 g of triple superphosphate, and 10 g of rice bran per square meter. This management results in an input of 2.45 g of nitrogen (N) m−2 and 0.80 g of phosphorus (P) m−2 with N:P ratio by mass of 3:1 each two weeks. The combination of chemical and organic fertilization (rice bran) usually results in greater production [4]. The fertilization management in Fert ponds was interrupted in the ninth and tenth months because of a pronounced decrease in water transparency. The inlet water came from a local dam. Ponds received water to seepage reposition and water renovation of a maximum of 3% of the total water volume per day.



Fish were manually fed with a commercial extruded feed twice a day (9:00 h and 15:00 h), six days a week. Feeding rates were adjusted during the culture (Table 1) based on the regular practice in commercial farms. Feeding was over when the fish ceased eating or when the daily dose (Table 1) computed by feed rate was reached. The actual quantity of feed provided was recorded and used to calculate the apparent feed conversion and feed intake. Fortnightly, 30 fish were randomly sampled from each pond, weighed, and then, returned to their respective ponds. Fish mean weight and feeding rate were used to recalculate the quantity of daily feed supplied to each pond. An aliquot of each feed batch was sampled, and they were pooled for proximate analyses (Table 1).



At the end of the experiment, ponds were drained, and all fish were harvested and weighed in batches to obtain the total yield. Then, fish were counted, and 10 individuals from each pond were weighed individually. The following variables were calculated: (1) specific growth rate (% SGR day−1) = 100 × [(ln final weight − ln initial weight)/days of experiment]; (2) daily feed intake (% live weight dia−1) = [total feed supplied/(final biomass + initial biomass/2)]/days of experiment × 100; (3) apparent feed conversion ratio (FCR) = total feed supplied/total weight gain; (4) survival = 100 × (final number of fish/initial number of fish). Uneaten feed floated on the pond surface and the amount observed was negligible. Thus, the amount of feed supplied was used as a proxy for the actual feed intake.




2.2. Plankton Availability


Plankton was sampled monthly by dragging a 20 µm mesh net (for phytoplankton) and a 68 µm mesh net (for zooplankton) along each pond, at approximately 30 cm below the surface, over a distance of 10 m. Samples were concentrated in 500 mL and fixed in 4% formalin. Phytoplankton were counted using Neubauer chambers and results were expressed in individuals/L. Zooplankton was quantitatively analyzed using Sedwick–Rafter chambers, and results were expressed in individuals/L for each taxonomic group.




2.3. Stomach Content Analysis


Five fish from each pond were sampled monthly, euthanized with eugenol bath (35 mg/L) [38], individually weighted, and dissected for stomach removal. Fish did not receive formulated feed for 24 h before sampling to enable better observation and identification of the ingested natural food. Stomachs were dissected and fixed in 4% formalin. Then, they were weighed with and without their content. Stomach contents were analyzed qualitatively and quantitatively. Food items were grouped according to the following categories: (a) insects, (b)terrestrial plants, (c) phytoplankton, (d) sediment, (e) copepods, (f) cladocerans, (g) rotifers, (h) ostracods and decapods, and (i) formulated diet. Frequency of occurrence (FO) was calculated as the ratio between the number of stomachs containing a specific food item and the total number of stomachs analyzed [39]. The relative abundance (RA) of each item was calculated considering the relative-fullness method, in which the contribution of each prey category is visually scored as the percentage of the total food content in the stomach [40]. Food selectivity was measured using the Ivlev Electivity Index (Ei) [41] calculated using the equation Ei = (r − p)/(r + p), in which r is the percentage of each item in the fish stomach and p is the percentage of each item in the pond environment. The resulting index values range from −1 to +1. Positive values indicate preferred items, whereas negative values indicate avoided items; h zero indicates no selectivity.




2.4. Isotopic Analysis


Muscle samples were collected from eight fish at the beginning of the study and eight fish per treatment at the end. Feed with different granulometry was sampled and pooled for isotopic analyses. The plankton sample was obtained from a pool of sub-samples collected monthly in Fert and NoFert ponds. The plankton sample included insects, net plankton, ostracods, and decapods. All samples were dried in an oven at 65 °C for 72 h and kept at 4 °C until analysis. The isotopic analyses were carried out at the Center for Stable Isotopes of the Universidade Estadual Paulista (UNESP, Botucatu, Brazil). Each sample was homogenized individually in a cryogenic mill at −196 °C and then weighed in tin capsules (~0.5 mg). Homogenization was necessary to reduce the sample internal variation of feed, because of its granulation, and for plankton because of the diversity of organisms. The capsules were subjected to the simultaneous analysis of isotopic ratios R(15N/14N) sample and R(13C/12C) sample in a CF-IRMS continuous flow isotopic ratio mass spectrometry system, using an IRMS (Delta V, Thermo Scientific, Albuquerque, New Mexico) coupled to an elemental analyzer EA (Flash 2000, Thermo Scientific) through a gas interface (ConFlo IV, Thermo Scientific). The isotopic ratios were expressed as a relative difference from the isotopic ratio δ15N and δ13C according to Equations (1) and (2) below [42] reported on mUr [43], where R(15N/14N) air and R(13C/12C) VPDB are the international standard isotope ratios for N and C, respectively. The standard uncertainty of the simultaneous measure was estimated at ±0.15 mUr and ±0.20 mUr for δ15N and δ13C, respectively. Values of δ15N e δ13C were normalized according isotopic reference materials USGS61, USGS62 and USGS63, respectively [44,45].


    δ   15   N =     R       15 N   14 N       s a m p l e     R       15 N   14 N       A i r     − 1    



(1)






    δ   13   C =       R     13 C   12 C       s a m p l e     R       13 C   12 C       V P D B     − 1    



(2)








2.5. Assimilation of Feed into Muscle Using Isotopic Analysis


First, we estimated feed-specific trophic discrimination factors (Δ) that correct differences in isotope δ13C values between consumers and feeds due to the differential assimilation of feed components and metabolic fractionation [46]. To do so, we used the difference between the steady-state isotope δ13C values for the fish tissue at the beginning of the experiment and the average isotope δ13C values for the formulated feed that fish were consuming before this experiment (Equation (3)).


    ∆   13   C =   δ   13     C   t i s s u e   −   δ   13     C   f e e d    



(3)







To obtain the fish isotopic values without the trophic discrimination factors (δfish-Δ), we calculate the difference between the average fish isotopic values at the end of the experiment and the Δ13C. The proportion of plankton (P) in the muscle (expressed in %) of the fish at the end of the experiment in each treatment was assessed using an isotopic balance with δfish-Δ and the isotopic values of the two feeds available (δzooplankton, δfeed) (Equation (4)) [42].


  P =     δ   f i s h − ∆   −   δ   f e e d       δ   p l a n k t o n   −   δ   f e e d      



(4)








2.6. Water Quality Analyses


Temperature, dissolved oxygen, pH, and total ammonia nitrogen (TAN) were measured in situ three times a week with a specific probe (YSI Professional Plus, Yellow Springs, OH, USA). Transparency was also measured three times a week with a Secchi disc. Alkalinity and hardness, were measured biweekly with commercial colorimetric kits (Alfakit®, Florianópolis, SC, Brazil). Phosphorus was analyzed monthly according to the method described in APHA [47].




2.7. Economic Analysis


A partial budget analysis [48] was used to assess the economic impact of fertilization management on tambaqui grow-out. Only the production costs associated with formulated feed, fertilization inputs, and relevant labor were considered in this analysis since these factors varied between treatments, consistent with previous studies performed by Veverica et al. [49] and Liranço et al. [50]. The fertilization management in each pond was estimated to be completed in 20 min, which was considered to estimate labor costs. The values of each input are described in Table 2.




2.8. Statistical Analysis


Data normality (Shapiro–Wilk) and homogeneity (Bartlett) of the residues were evaluated and the transformation of Box & Cox [51] was used when these premises were not met. To assess the differences between treatments for final weight, SGR, daily feed ingested, feed conversion rate, fish yield, survival, alkalinity, hardness, and Zooplankton density, data were subjected to Student’s t-test. Phytolankton density, dissolved oxygen concentration, transparency, pH and TAN data were analyzed considering the periods of evaluation and using a mixed model as a technique of measures repeated in time. Ponds were considered experimental units and evaluated as aleatory effects. Treatments, months, and their interactions were evaluated as fixed effects. When significant ANOVA was obtained, the means were compared using the Tukey test. The other variables did not meet normality and/or homoscedasticity even with transformed data, and thus, they were analyzed using a non-parametric Kruskal–Wallis test. The data were presented as the mean ± standard deviation, and statistical significance was assumed at a level of p close to 0.05. All statistical analyses were performed using the 4.2.3 R software [52].




2.9. Legal and Ethical Aspects


The study complied with official Brazilian guidelines for the care and use of animals for scientific and educational purposes (Concea—CEUA protocol 42/2018).





3. Results


3.1. Tambaqui Performance in Ponds


The growth of fish during the culture period, final mean weight, survival, and yield showed no significant difference between the Fert and NoFert treatments (Figure 1A; Table 3). The daily feed intake and feed conversion ratio (FCR) were observed to be lower in Fert ponds compared to NoFert ponds (Table 3).




3.2. Plankton Community


The interaction between fertilization management and culture time was significant for phytoplankton density (p < 0.0001). Phytoplankton abundance was initially lower in fertilized ponds during the first month, but significantly higher during the second, fourth, and ninth months (Figure 1B). The peak of phytoplankton in the fourth month coincided with an abnormally high concentration of phosphorous in the inlet water. The average zooplankton density in the water of fertilized ponds (1079 ± 261 individuals/L) was higher than in unfertilized ponds (716 ± 161 individuals/L) (p = 0.0561).



Fertilization increased the densities of cladocerans, copepods, and rotifers inside ponds by approximately twofold (Table 4). However, the great variability in the samples obtained in the different ponds during culture decreased the power of the t-test [51]. Thus, no significant statistical differences were observed. The frequency of occurrence and relative abundance of food items in stomach contents had significant variations over time, but it did not exhibit any pattern. Insects, followed by vegetable fragments, cladocerans, and copepods showed the highest frequency of occurrence inside stomachs (Table 4). There were interactions between treatments and culture duration regarding the frequency of occurrence for copepods; higher frequencies were observed in fertilized ponds during the fifth month, while lower frequencies occurred during the seventh.




3.3. Stomach Content


The interaction between fertilization management and culture time was not significant for the weight of tambaqui stomach content, but an independent effect was observed. The weight of stomach content showed a tendency to increase with time in both treatments (p < 0.0001) and was higher in unfertilized than in fertilized ponds (p = 0.0019) (Figure 1C).



The most abundant food items inside the stomachs were insects, vegetable fragments, and cladocerans (Table 4). Cladocerans were more abundant in fertilized ponds, while all the others showed similar abundance in both treatments (Table 4). Formulated feed showed a low abundance and occurred in the fish stomach content from the seventh month onward (Table 4). However, we have observed that tambaqui ingested commercial feed since the first month. The adults and larvae of insects that live in the water column or are associated with the water surface were observed. No typically benthic insects were identified. Electivity indexes were very similar in both treatments. Thus, data were pooled and showed together. Electivity indexes for cladocerans and copepods did not show a pattern during the culture. However, they showed that tambaqui had a slight preference for cladocerans and avoidance of copepods (Figure 2). Tambaqui showed great preference for ingesting insects and avoided rotifers during all growth phases (Figure 2).




3.4. Stable Carbon and Nitrogen Isotopes as Indicators of Food Assimilation


At the beginning of the experiment, the fish showed δ15N = +7.37 ± 0.64 mUr and δ13C = −20.86 ± 0.32 mUr. At the end, fish produced in fertilized ponds showed δ15N = +8.78 ± 0.74 mUr and δ13C = −19.07 ± 0.57 mUr; similar values were found for fish produced in unfertilized ponds, which showed δ15N = +8.27 ± 0.46 mUr and δ13C = −18.59 ± 0.40 mUr. Trophic discrimination factors were Δ15N = +4.16 mUr and Δ13C = +1.72 mUr between fish muscle and diet. The dispersion of isotopic values is shown in Figure 3. The commercial feed showed δ15N = +1.69 mUr and δ13C = −19.40 mUr, the plankton of fertilized ponds δ15N = +4.51 mUr and δ13C = −22.92 mUr, and the plankton of unfertilized pond showed δ15N = +10.47 mUr and δ13C = −27.96 mUr. At the end of the experiment, the proportions of plankton and commercial feed in fish muscle were 39.4% and 60.6% for fish produced in fertilized ponds and 10.67% and 89.33% for unfertilized ponds, respectively. These proportions were calculated from δ13C values. Vegetables were not considered for isotopic analysis and only insects caught in zooplankton samples were included.




3.5. Water Quality


The temperature was very similar in all ponds during the entire culture. Only water transparency and dissolved oxygen showed a significant interaction between fertilization management and time of culture (Table 5). Lower transparency occurred in the third and ninth months, while higher oxygen values were observed in Fert ponds in the seventh and ninth months. The pH was affected by the fertilization management and the time of culture without interactions between these factors. However, the variation among ponds was very low. TAN was influenced only by the time of culture, without differences among treatments. The concentration of phosphorous in the water was higher in Fert ponds and varied over time without a pattern. Alkalinity and hardness showed no temporal pattern and did not differ between the treatments.




3.6. Economic Analysis


As no difference was observed for final weight and survival among treatments, the average biomass of 370.6 kg was used to perform the economic analysis. The feed conversion rate (FCR) was used to calculate the feed needed to produce the fish biomass in each treatment. In general, it was necessary to have 8% of 4 mm, 35% of 6 mm, and 57% of 10 mm formulated feed for tambaqui grow-out. These percentages were used to estimate the total feed cost. Fourteen fertilization events were computed for each pond during culturing. These values were used to estimate fertilization and the relevant labor costs. Despite the fertilization decrease FCR by 9%, this procedure increases production costs by 8% (Table 6).





4. Discussion


Tambaqui consumed zooplankton, fragments of vegetables, and formulated feed during the entire grow-out phase in both fertilized and unfertilized ponds. Results indicated that pond fertilization increased zooplankton density in the pond water, through phytoplankton, thereby enhancing natural food availability. This allowed a greater exploration of natural biota as food, characterized by a selective increase in zooplankton ingestion by the tambaqui. Consequently, zooplankton accounted for 39.4% of all assimilated food, whereas it constituted only 10.7% in unfertilized ponds. On the other hand, this greater assimilation of natural food did not lead to higher growth or productivity. This suggests that this species can interchange between natural food and a commercial diet without compromising its development.



The limited availability of natural food may have constrained the contribution of this food to muscle tissue growth, as evidenced by zooplankton density in unfertilized ponds. The lack of natural food was compensated by the increase in formulated feed ingestion, showed by a higher feed conversion rate (computed only using the feed supplied) of tambaqui in unfertilized ponds. A high contribution of natural food to fish growth was also observed in juvenile channel catfish (Ictalurus punctatus) reared in nursery ponds receiving eutrophic water [53]. In this culture, natural food accounted for 57–58% of muscle tissue growth when fish were fed commercial feeds at varying rates, suggesting that the availability of formulated feed did not determine the consumption of natural food, and rather, it was primarily influenced by its own abundance [53].



The stable isotope analysis has been utilized in food assimilation studies to quantify the contribution of natural food to fish growth in farm ponds [27,28,29,30,54]. However, this is the first study of tambaqui in ponds, despite the importance of this species for aquaculture. As previously observed for other species, alterations in the isotopic signal were detected in both treatments due to intake and nutrient assimilation from natural food and commercial feed [53,54,55]. Fish reared in unfertilized ponds exhibited higher δ13C enrichment, indicating greater formulated feed assimilation as confirmed by food-type assimilation analysis and lower cladocerans ingestion resulting in a higher FCR. On the other hand, zooplankton impacts more intensively in δ14N enrichment [56], which explains the higher δ14N enrichment in tambaqui produced in fertilized ponds, corroborating the higher contribution of natural food in this pond management. The high assimilation of plankton by tambaqui demonstrates that these low-trophic fish may play an important role in recovering energy and nutrients in pond systems even when receiving allochthonous feed. This characteristic places the species as a promising candidate for restorative aquaculture in fed or unfed cultures in which aquaculture provides ecological benefits to the environment leading to improved environmental sustainability and ecosystem services, in addition to the supply of food [1].



Interestingly, differences in plankton isotopic signals from fertilized and unfertilized ponds were observed, which can be related to fertilization management. Narimbi et al. [30] observed that an inorganic nitrogen source was the main isotopic signal responsible for phytoplankton in ponds of tilapia culture even when organic fertilizer was available. Similarly, in the present study, lower δ14N values were observed in plankton from fertilized ponds. This observation can be explained by the utilization of urea as a nitrogen source, which presents a δ14N signal close to zero [57].



The density of phytoplankton and concentration of TAN in the pond water did not differ between fertilized and unfertilized ponds during most of the culture period. Probably, in fertilized ponds, phytoplankton rapidly assimilated the added nitrogen and phosphorous, and the populations were regulated by the zooplankton, which increased with the cascade effect. Zooplankton supports the nutrient flow between phytoplankton and fish, contributing to restoring nutrients and energy in the pond system [58]. However, Brucet et al. [59] and Vakkilainen et al. [60] highlighted a more significant influence of fish predation than nutrient enrichment (via phytoplankton) in regulating zooplankton populations.



We observed a high presence of insects and terrestrial plants in tambaqui stomachs. The vegetables were seeds and leaf fragments, possibly from the vegetation that surrounded ponds. Conversely, insects and terrestrial plants have low importance in tambaqui food in Amazonian rivers [33,56]. The differences may be related to the availability of these food items in the water or a change in the food preference of tambaqui in culture ponds. In the present study, isotopic analyses neglected vegetables and insects because we chose the principal items observed in the natural field. Although insects were present in the zooplankton sample, it may not have covered all the diversity and abundance of insects present in the ponds. Thus, the contribution of these natural food items to tambaqui muscle tissue growth was subestimated.



The density of cladocerans, copepods, and rotifers was quite variable during the culture; however, on average, it was approximately double in fertilized ponds. Nevertheless, only cladocerans were more abundant in the stomachs of fish raised in fertilized ponds, indicating a feed preference for this group. These results may be due to the capacity to catch prey or selectivity pre- or post-capture. Larvae of tambaqui showed substantial ingestion of rotifers [61], while juveniles [62] and adults (present results) showed low consumption of it. Thus, it is likely that a gill raker limitation to capture this small prey is developed with the growth of tambaqui. On the other hand, copepods have similar or higher sizes than cladocerans, and thus lower consumption of them indicates an avoidance and a real preference for cladorerans. Therefore, further research should be conducted on fertilization management to boost cladocerans and insect populations. An additional benefit of increased zooplankton density in fishponds is the action of this community to improve the effectiveness of the biological carbon pump that regulates the atmospheric carbon dioxide levels, which is an ecosystem service of aquaculture [58,63]. Techniques promoting the intensification of natural food such as fertilization, the addition of substrates for growing periphyton, and bottom nutrients suspension may contribute to reducing tambaqui’s reliance on formulated feed and enable ecological intensification of production through ecological processes and functions [64].



The natural biota plays a crucial role in nutrient cycling within aquaculture ponds, contributing to biogeochemical cycles and solar energy fixation. These fundamental processes form the basis for a restorative aquaculture practice [1,58]. The observed 8% decrease in the feed conversion ratio (FCR) in fertilized ponds indicates that the natural biota can partially substitute commercial diet in tambaqui production without compromising productivity, thereby reducing reliance on formulated feed. Therefore, an increase in natural food is desirable in this production system. Isotopic analyses showed that about 40% of tambaqui biomass comes from the aquatic biota. Therefore, tambaqui may be a candidate for restorative aquaculture practices. This characteristic may bring a new perspective to the production of this Amazon species.



The lower weight of tambaqui stomach content in fish produced in fertilized ponds could be because of the fastest movement of natural food in the gut [65] and its greater digestibility [65,66]. On the other hand, higher ingestion of formulated feed and its high participation in muscle building in unfertilized ponds justify the greater weight of stomach content in this treatment because it is less digestible. The stomachs were fixed in formalin solution until the analysis, and natural food may have had higher dehydration than formulated feed due to its humidity (~90%), increasing the difference observed [67]. Formulated feed was observed inside tambaqui stomachs despite the feeding stopped a day before gut samples. This presence is due to the long time elapsed from ingestion to gastric evacuation. In tambaqui, the gut is empty after 24 h of the last feeding only in 50% of fish [68]. In pacu, Piaractus mesopotamicus, a species of the same family of tambaqui, gastric emptying can occur in 56 h, depending on water temperature [69]. The ingestion rate of tambaqui decreased during the development, as it was demonstrated by the ratio of stomach weight and total fish weight.



In general, fertilization promotes an increase in natural food productivity in fishponds, which supplement formulated feed and result in higher fish growth and productivity [4]. The positive effect of fertilization on fish production was described for many fish species, such as carps in monoculture and polyculture [2,5,8,70], red-breasted tilapia (Coptodon rendalli, former Tilapia rendalli) [9], Nile tilapia (Oreochromis niloticus), North African catfish (Clarias gariepinus) [49], and pirarucu (Arapaima gigas) [71]. However, in the present study, fertilization did not improve tambaqui productivity, similar to what was observed by Gomes and Silva [22] in tambaqui and Duodu et al. [72] in Nile tilapia (Oreochromis niloticus) in combining feed with fertilization (N:P ratio of 1:1 and 1.6:1, respectively). In the present study, the commercial feed supplied in unfertilized ponds compensated for the lower natural food ingestion and did not affect fish growth. Thus, commercial feed available for tambaqui is probably well-balanced and allows fish to grow with a low dependence on natural food. As tambaqui is not a territorial or aggressive fish, it may be produced in intensive systems where natural food is negligible.



The water quality parameters meet those recommended for fish production by Boyd [73] in both fertilized and unfertilized ponds. Therefore, they did not affect the growth and survival of tambaqui. The temperature was similar in ponds of both treatments and fluctuated according to weather variations over the study (cf. INMET data [74]). Transparency was lower, and phytoplankton density was higher in some months in fertilized ponds, corroborating the impact of fertilization procedure in ponds described by Boyd [4]. The dissolved oxygen increased up to the fifth month, when it decreased, possibly because of an elevation in fish biomass that demands more oxygen. TAN decreased until the middle of the production cycle when it increased owing to an elevation in tambaqui biomass, as observed previously by Gomes and Silva [22] and indicated by Boyd [75]. Boyd [73] reports that feed and fertilizers are the primary sources of TAN in aquaculture systems. The similarity among treatments suggests that fertilizers had a low impact on TAN levels or that the ammonia was rapidly assimilated by phytoplankton in fertilized ponds. However, phosphorous concentration was significantly higher in fertilized ponds, suggesting that the ratio N:P in fertilizer was unbalanced for fulfilling the phytoplankton requests. Alkalinity and hardness were similar in all ponds of both treatments, probably because they were equally limed. Generally, the results indicated that the fertilization of earthen ponds using 5 g of urea, 3 g of triple superphosphate, and 10 g of rice bran per square meter produces a low effect on water quality in tambaqui ponds.



Fertilization management increased production costs despite reduced feed use. The costs of fertilizer and labor to handle it surpassed the expenditure reduction in commercial feed by 8%. Duodu et al. [72] also observed a slight increment in the production costs of Nile tilapia (Oreochromis niloticus) in Ghana when fish were produced by combining inorganic fertilization (1.6:1, N:P ratio) with commercial feed. As inorganic fertilizers are expensive, organic fertilizers could be an alternative to decrease the costs [76]. Further studies should be conducted to define the cost-effective composition and quantity supplied of fertilizers to lead to the best composition of zooplankton to feed tambaqui.



Generally, a large amount of nutrients is accumulated in fishpond bottoms [77]. Thus, techniques to suspend the sediments, such as aeration, may contribute to making nutrients laid in sediment available to the phytoplankton community [60]. The use of benthic species integrated with the culture of tambaqui may resuspend nutrients in the sediment by bioturbation with no cost [77,78,79]. Therefore, the culture of tambaqui combined with benthic feeders or iliophagus species may be advantageous to recovering sequestered nutrients, saving fertilizers and commercial diet. This practice increases the circularity and restorative capacity of the production system. In addition, it increases the productivity and diversity of products, transforming pollution into biomass of high economic value. Further studies should be performed to determine the best species and stocking densities and ratios for improving productivity in integrated systems.




5. Conclusions


Results indicated that the fertilization of tambaqui farming ponds with 2.45 g of nitrogen and 0.80 g of phosphorus per square meter (N:P ratio by mass of 3:1) every two weeks combined with a commercial diet does not affect fish growth, survival, and productivity and has a limited effect on water quality and production costs. However, fertilization can increase zooplankton density in the water column (via phytoplankton), which raises natural biota and autochthonous food availability. Natural food may represent about 40% (at least) of all assimilated food in the tambaqui muscles. However, this species can interchange between natural food and commercial feed without compromising its development. Therefore, tambaqui may be farmed in restorative and integrated aquaculture systems, following the principles of the circular economy, but also in intensive systems that rely on commercial feed. Further studies should be conducted increasing the levels of nitrogen and phosphorus and varying their ratio (N:P) in fertilizers, as well as the frequency of fertilization to determine the optimal fertilization management to improve tambaqui production in semi-intensive aquaculture.
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Figure 1. Growth of tambaqui (Colossoma macropomum) (A), the variation of phytoplankton in water pond (B), and weight of stomach content of tambaqui (C) during grow-out in fertilized (Fert) and unfertilized (NoFert) ponds. No significant difference in fish growth was observed between treatments (p = 0.2525). The weight of stomach content (p = 0.0019) was higher in fertilized ponds. Whiskers indicate SD. Ind. = individuals; * indicates significant differences between treatments each time. 
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Figure 2. Variation in Ivlev electivity index (Ei) for tambaqui, Colossoma macropomum, produced in ponds in each month of culture. 
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Figure 3. Dispersion of the mean and standard deviation (Whiskers) values of δ15N (mUr) and δ13C (mUr) of plankton, formulated feed, and tambaqui Colossoma macropomum before and after the grow-out phase subjected to fertilization (Fert) and no fertilization (NoFert) management. 
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Table 1. Feed composition, pellet size, and feeding rates used in feed management for tambaqui (Colossoma macropomum) grow-out in ponds for 10 months. Feeding was ceased if the fish stopped eating before reaching the daily feed rate.
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	Fish Weight (g)
	Crude Protein (%)
	Gross Energy (cal 100 g−1)
	Ether Extract (%)
	Crude Fiber (%)
	Pellet Size (mm)
	Feeding Rate (% of Body Weight/Day)





	60–200
	34.4
	336.5
	4.1
	7.1
	4
	4.5



	200–500
	36.1
	337.7
	4.1
	6.8
	6
	3.5



	500–700
	36.1
	337.7
	4.1
	6.8
	6
	2.5



	700<
	30.3
	337.4
	3.4
	6.7
	10
	2.5










 





Table 2. Values of the items considered in the partial budget economic analysis to introduce fertilization in tambaqui (Colossoma macropomum) grow-out in ponds. Prices were obtained in Palmas-TO, Brazil, in January 2020. (US$ 1.00 = R$ 5.26).
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	Items
	Value (US$)
	Unit





	Formulated feed (4 mm)
	0.49
	US$/kg



	Formulated feed (6 mm)
	0.49
	US$/kg



	Formulated feed (10 mm)
	0.43
	US$/kg



	Urea
	0.73
	US$/kg



	Triple superphosphate
	0.30
	US$/kg



	Rice bran
	0.18
	US$/kg



	Labor
	1.27
	h










 





Table 3. Performance of tambaqui (Colossoma macropomum) produced in fertilized (Fert) and unfertilized (No Fert) ponds for 10 months. SGR = specific growth rate.
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Parameters

	
Treatment

	
p Value




	
Fert

	
NoFert






	
Final mean weight (g)

	
1697.5 ± 88.8 a

	
1628.4 ± 63.8 a

	
0.2525




	
SGR (% day−1)

	
0.95 ± 0.02 a

	
0.94 ± 0.01 a

	
0.3903




	
Daily feed intake (% day−1)

	
1.16 ± 0.02 b

	
1.25 ± 0.05 a

	
0.0077




	
Feed conversion rate

	
2.04 ± 0.04 b

	
2.22 ± 0.08 a

	
0.0090




	
Fish yield (t/ha/cycle)

	
6.2 ± 0.3 a

	
6.1 ± 0.2 a

	
0.7552




	
Survival (%)

	
91.6 ± 5.6 a

	
94.4 ± 1.6 a

	
0.3701








Different letters in the same row indicate significant differences by t-test.













 





Table 4. Density of zooplankton groups in pond water and frequency of occurrence (FO) and relative abundance (RA) of food items in the stomach content of tambaqui (Colossoma macropomum) produced in fertilized (Fert) and unfertilized (NoFert) ponds. FM = fertilization management. DIP = density inside ponds. NQ = not quantified. Different letters in the same column indicate significant differences between treatments.
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Food Items

	
FM

	
DIP (Individuals/L)

	
FO (%)

	
RA (%)






	
Cladocerans

	
Fert

	
77 ± 129

	
42 ± 35

	
10 ± 13 a




	
NoFert

	
39 ± 34

	
29 ± 35

	
6 ± 12 b




	
Copepods

	
Fert

	
458 ± 493

	
25 ± 29

	
4 ± 7




	
NoFert

	
246 ± 224

	
17 ± 27

	
4 ± 9




	
Rotifers

	
Fert

	
641 ± 1199

	
2 ± 7

	
0 ± 0




	
NoFert

	
361 ± 336

	
0 ± 0

	
0 ± 0




	
Phytoplakton

	
Fert

	
360 ± 376

	
6 ± 19

	
1 ± 3




	
NoFert

	
310 ± 367

	
6 ± 22

	
0 ± 2




	
Terrestrial Plants

	
Fert

	
NQ

	
40 ± 32

	
12 ± 16




	
NoFert

	
NQ

	
41 ± 35

	
14 ± 21




	
Insects

	
Fert

	
1 ± 1

	
62 ± 33

	
26 ± 24




	
NoFert

	
1 ± 1

	
65 ± 30

	
26 ± 21




	
Digested food

	
Fert

	
NQ

	
58 ± 36

	
15 ± 13




	
NoFert

	
NQ

	
57 ± 33

	
16 ± 16




	
Sediment

	
Fert

	
NQ

	
7 ± 15

	
1 ± 2




	
NoFert

	
NQ

	
11 ± 23

	
1 ± 3




	
Feed

	
Fert

	

	
10 ± 23

	
1 ± 4




	
NoFert

	
-

	
9 ± 24

	
1 ± 5




	
Ostracods and decapods

	
Fert

	
NQ

	
10 ± 22

	
2 ± 4




	
NoFert

	
NQ

	
5 ± 11

	
0 ± 1











 





Table 5. Mean values (±SD) of water quality parameters obtained in ponds of tambaqui (Colossoma macropomum) produced in fertilized (Fert) and unfertilized (NoFert) ponds for 10 months. Alkalinity and hardness were not subjected to ANOVA with measures repeated in time because they did not meet normality or homoscedasticity even after transformations. TAN = total ammonia nitrogen.
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Water Parameters

	
Fertilization Management (FM)

	
p Values




	
Fert

	
NoFert

	
FM

	
Time

	
F × Time






	
Temperature (°C)

	
28.58 ± 0.06

	
28.56 ± 0.05

	
0.5289

	
<0.0001

	
0.0001




	
Transparency (cm)

	
66.26 ± 7.86

	
69.3 ± 12.26

	
0.3679

	
<0.0001

	
0.0029




	
Dissolved oxygen (mg L−1)

	
4.09 ± 0.31

	
3.61 ± 0.36

	
0.0006

	
<0.0001

	
0.0038




	
pH

	
7.26 ± 0.04 a

	
7.27 ± 0.09 b

	
0.0042

	
<0.0001

	
0.8512




	
TAN (mg L−1)

	
0.2725 ± 0.04

	
0.2675 ± 0.02

	
0.8682

	
<0.0001

	
0.2613




	
Phosphorus (mg/L)

	
0.41 ± 0.26

	
0.33 ± 0.22

	
0.0424

	
<0.0001

	
0.7673




	
Alkalinity (mg de CaCO3/L)

	
20.69 ± 2.52

	
21.12 ± 1.59

	
0.7860

	
-

	
-




	
Hardness (mg de CaCO3/L)

	
15.34 ± 1.76

	
16.04 ± 2.02

	
0.6723

	
-

	
-








Different letters in the same row indicate significant differences with Tukey test.













 





Table 6. Economic costs of feed, fertilization, and labor to supply fertilizers in tambaqui (Colossoma macropomum) produced in fertilized (Fert) and unfertilized (NoFert) ponds for 10 months. Prices were obtained in Palmas-TO, Brazil, in January 2020. Monetary values are in US Dollars (US$ 1.00 = R$ 5.26).






Table 6. Economic costs of feed, fertilization, and labor to supply fertilizers in tambaqui (Colossoma macropomum) produced in fertilized (Fert) and unfertilized (NoFert) ponds for 10 months. Prices were obtained in Palmas-TO, Brazil, in January 2020. Monetary values are in US Dollars (US$ 1.00 = R$ 5.26).





	
Items

	
Fert

	
NoFert






	
Fish biomass (kg/600 m2 pond)

	
370.61

	
370.61




	
Feed conversion ratio

	
2.04

	
2.22




	
Total formulated feed (kg)

	
756.04

	
822.75




	
Formulated feed (4 mm) (US$)

	
28.47

	
30.98




	
Formulated feed (6 mm) (US$)

	
127.16

	
138.38




	
Formulated feed (8 mm) (US$)

	
180.35

	
196.27




	
Total feed costs (US$)

	
335.99

	
365.63




	
Total fertilizer costs 1 (R$)

	
53.66

	
0




	
Fertilization management labor costs 1,2 (US$)

	
5.85

	
0




	
Total cost (US$)

	
395.49

	
365.63




	
Cost increment in Fert management (%)

	
8.2%








1 Fourteen applications of fertilizer were computed for each pond; 2 operator spent 20 min for each fertilization.
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