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Abstract

:

Maize is one of the most important cereals in the world. It is a crop demanding in nitrogen. Therefore, alternative sources of fertilization bring agronomic, environmental and economic benefits. The objective of this study was to evaluate the biomass and productivity of maize fertigated with wastewater from swine and fish farming in different dilutions. The soil used is classified as Dystroferric Red Latosol, Cerrado phase, with clayey texture. The experimental design used was randomized blocks in 2 × 4 split plots with three replications. The treatments consisted of two sources of wastewater (fish farming and swine farming) diluted with the recommended dose of wastewater + 0, 25, 50 and 75% of its volume in water. The accumulation of dry mass (leaf, stalk and aerial parts) was evaluated at 30, 60, 90 and 110 days after sowing. The evaluation of yield variables (number of grain rows, number of grains per row, grain sizes, grain dry weight, gran yield and harvest index) occurred at 130 days after sowing. The largest accumulation of dry biomass at the end of the maize cycle and evaluated productivity variables were obtained with the application of swine farming wastewater. Wastewater from fish farming applied via an irrigation system without dilution (0%) is the most suitable for obtaining the productivity of corn grains. The two sources of wastewater have the potential to partially replace mineral nitrogen fertilizer in maize.
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1. Introduction


Maize crops are part of a highly important socioeconomic production chain of the agribusiness in Brazil [1]. The total maize production in Brazil was 127 million Mg in the 2022–2023 crop season, with a mean yield of 5309 kg ha−1 [2]. The importance of this cereal is associated with its versatility, as it can be used for the production of animal feed and high-technology industrial products [3], has high energy value and can be used as food [4].



Maize yield and quality are affected positively by the application of nitrogen (N) fertilizer, which results in increases in the number of grains per ear and protein and mineral nutrient contents [5,6]. Nitrogen is the most required nutrient by maize crops and the one that most limits grain yield since it has important functions in biochemical processes of plants; is a constituent of proteins, enzymes, coenzymes, nucleic acids, phytochromes and chlorophyll; and acts in cell division and expansion processes [7].



The main source of N for plants is the soil, and organic matter is a soil fraction rich in this nutrient. However, adding N to soil in maize production systems is needed to meet the nutritional demands of maize crops and replace the N exported by the harvest of grains [3], which is mainly carried out using mineral nitrogen fertilizers.



Many nutrients needed for the plant development are found in considerable levels in wastewaters from animal origin, especially from swine and fish farming and from plant origins, such as residues from the sugar-alcohol sector (vinasse) [8]. The application of wastewater as a source of nitrogen is one of the alternatives for decreasing the consumption of mineral fertilizers for maize and other crops.



The application of wastewater provides nutrients to the soil, such as nitrogen, phosphorus, potassium, calcium and magnesium, which are essential for the growth, development and yield of several crops [9]. The reuse of effluents from swine and fish farming in arable areas via fertigation is feasible to significantly increase productivity parameters, confirmed by several scientific studies around the world [10,11,12,13].



In many countries, legislation on reuse is non-existent, very lenient or restrictive, and there is a lack of studies that show what are the safe rates of application for each crop and what are the real damages that each contaminant can cause to the soil–water–plant system [14,15]. Thus, it is of fundamental importance that water intended for reuse in irrigation meets the recommendations of the World Health Organization for microbiological quality [16].



Therefore, when using wastewater, proper management must be carried out during its application, monitoring fertirrigation to minimize the risks of contamination of the soil/groundwater via leaching, in order to keep the nutrients from these wastes in the soil layers exploited by the root system, ensuring the availability and absorption of nutrients necessary for the full development and grain productivity of maize plants.



Thus, the application of wastewater in agricultural areas is a viable alternative for final disposal from an environmental, agricultural and economic point of view, as it avoids the inappropriate disposal of effluent into water resources, contributes to gains in productivity through the contribution and recycling of nutrients from wastewater and reduces costs with the acquisition and application of mineral fertilizers for crops. Based on the hypothesis that the concentrations wastewater from swine and fish (dilution rates in public water) influence the growth, development and yield of maize.



In this context, the objective of this work was to evaluate and compare the effects of fertigation with wastewaters from swine and fish farming at different dilution rates on grain yield of maize crops.




2. Materials and Methods


The experiment was carried under field conditions out at the experimental station of the Federal Institute Goiano (IFGoiano) in Rio Verde, GO, Brazil (17°48′28″ S and 50°53′57″ W, and 720 m of altitude). The region presents an Aw, tropical climate [17], with a rainy season from October to May and a dry season from June to September.



The mean annual temperatures in the region vary from 20 to 35 °C; the mean annual rainfall depths vary from 1500 to 1800 mm; and the relief is slightly wavy (6% slope). Rainfall (mm), air temperature (°C) and air moisture (%) recorded in the months of corn cultivation during the 2019–2020 growing season were as follows: January (267.30 mm, 22.5 °C and 81%); February (241.20 mm, 23.7 °C and 78%); March (182.30 mm, 23.1 °C and 76%); and April (96 mm, 22.5 °C and 70%). Data were collected by a meteorological station installed in the experiment area. The soil in this region is classified as Dystroferric Red Latosol of clayey texture according to the Brazilian Soil Classification System [18], as Oxisol (Rhodic Haplustox) according to the USDA soil taxonomy [19] and as Ferralsol according to WRB/FAO [20]. We analyzed the soil physical and chemical characteristics [18], and the results are shown in Table 1.



The soil density and soil porosity at a depth of 0.20 was 1.27 g cm−3 and 0.55 cm3 cm−3.



A randomized block experimental design was use, in a 2 × 4 split-plot arrangement with three replications. The treatments consisted of the application of two wastewater sources (swine and fish farming) at four concentrations (dilution rates in public water): the recommended rate [21] wastewater + public water at 0%, 25%, 50% and 75% of its volume, totaling 24 experimental plots.



Each plot consisted of 8.0 rows of 4.0 m in length with 0.45 m spacing between rows. Hybrid maize 2A401PW was used for planting.



For treatments using fertigation with wastewater sources, the subsurface drip irrigation method was used. The drip line was installed at 0.20 m below ground and had the following characteristics: 16,150 PC Dripnet model with thin wall, working pressure of 1 bar, nominal flow rate of 1.0 L h−1 and drip spacing of 0.50 m.



Swine farming wastewater came from a finishing swine farm, and fish farming wastewater was obtained from a fish farming tank for the production of tilapia (Oreochromis niloticus). The wastewaters used for fertigation were subjected to physical and chemical characterization, according to methodologies described in the Standard Methods for Examination of Water and Wastewater [22], and the results are shown in Table 2.



To determine the wastewater dose necessary for maize fertigation, the methodology recommended by [23] was used, which considers the demand for nitrogen (N) by the plant, the amount of N present in the adopted soil and the concentration of N provided by wastewater (Equation (1)).


  D A R =   1000 × [ N a b s −   T m 1 × M . O × p s × P ×   10   7   × 0.05 ×   n   12     ]   T m 2 ×   n   12   × N o r g + ( N a m o n + N n i t r a t o ) × P R    



(1)




where



	
DAR—wastewater dose to be applied (m3 ha−1);



	
Nabs—N absorption to obtain the desired productivity (kg ha−1);



	
Tm1—annual rate of mineralization of organic matter already existing in the soil (dimensionless);



	
M.O—soil organic matter content (kg kg−1);



	
ρs—soil density (t m−3);



	
P—soil depth considered (m);



	
n—duration of the crop cycle;



	
Tm2—organic nitrogen mineralization rate (dimensionless);



	
Norg—organic nitrogen (mg L−1);



	
Namon—ammoniacal nitrogen (mg L−1);



	
Nnitrate—nitric nitrogen (mg L−1);



	
PR—recovery of mineral N by culture (dimensionless).






All treatments were fertilized with nitrogen, phosphorus and potassium at sowing and after planting with only phosphorus and potassium at the phenological stage of maize V4 (four fully developed leaves).



Nitrogen supply after planting was carried out via fertigation with wastewater from swine and fish farming, at phenological stages V4 and V6, according to the recommendation of 100 kg ha−1 of nitrogen, following the treatments described.



Daily monitoring of soil moisture was carried out using FDR (frequency domain reflectometry) moisture sensors, which had their rods completely inserted into the soil at a radius of 0.10 m from the maize planting line and at a depth of 0.10 m. Irrigation management was performed, keeping soil moisture close to 100% of field capacity. The field capacity of the soil was 51.83 m3 m−3.



The accumulation of dry mass of aerial parts by maize plants was evaluated at 30, 60, 90 and 110 days after sowing (DAS). It was quantified: leaf dry matter (LDM—g plant−1), dry mass of the aerial part (DMAP—g plant−1) and stalk dry mass (SDM—g plant−1). Leaf dry mass, dry mass of aerial parts and stalk dry mass of the plants were also evaluated. Leaves and stalks of each plant were separated, packed in numbered paper bags according to each treatment and dried in a forced-air circulation oven at 65 °C for 48 h to evaluate their dry weights. The weighing was carried out in a balance with accuracy of 0.01 g. Subsequently, the leaves were passed through a Wiley-type mill and the nitrogen (N) content was determined.



The following variables were determined at the harvest, 130 days after sowing: number of ears per plant, number of grain rows, number of grains per row, grain size (mm), grain dry weight (g plant−1), grain yield (kg ha−1) and harvest index. Grain size was measured from the difference between ear diameter and cob diameter, using Equation (2):


GS = ED − CD



(2)




where



	
GS—grain size (mm);



	
ED—ear diameter (mm);



	
CD—cob diameter (mm).






The grains were placed in paper bags previously identified with the treatments and taken to a forced air circulation oven at 65 °C until the grains reached 13% moisture. Grain dry weight was then determined in an analytical balance with precision of 0.001 g.



Grain yield and harvest index were estimated using Equations (3) and (4):


GY = DGWe × NEP × 70,000



(3)






HI = DGW/(DGW + DMAP)



(4)




where



	
GY—grain yield corrected to 13% moisture (kg ha−1);



	
DGWe—dry grain weight per ear (kg ear−1);



	
NEP—number of ears per plant;



	
70,000 = number of plants per hectare;



	
HI—harvest index;



	
DGW—grain dry weight (g plant−1);



	
DMAP—dry matter of aerial parts (g plant−1).






The data of production variables were subjected to analysis of variance by the F test at 5% probability level, and when significant, the data were subjected to polynomial linear and quadratic regression analyses for the wastewater dilution rates. These models were used because the relation between the independent (dilution rates) and dependent variable that are evaluated in the maize crop generally presents a linear and quadratic relation. The means were compared to each other by Tukey’s test at 5% probability for the factor wastewater sources, using the statistical software SISVAR® 5.6 [24].




3. Results


As for leaf dry matter (LDM), dry mass of the aerial part (DMAP) and stalk dry mass (SDM) at 30 and 60 days after sowing (DAS), there was a significant effect of dilution rates (DR) and wastewater sources (WS). As for dry mass of the aerial part (DMAP) and stalk dry mass (SDM) at 90 and 110 days after sowing (DAS), there was a significant effect of wastewater sources (WS) (Table 3).



There was no significant effect of the interaction dilution versus wastewater sources for the evaluated leaf dry mass and dry mass of aerial parts. For the variable leaf dry mass and dry mass of aerial parts, there was a significant effect for dilution rates and wastewater sources in isolation at 30 and 60 DAS. There was an isolated effect of the wastewater sources factor for dry mass of aerial parts at 90 and 110 DAS.



The leaf dry mass of the maize at 30 DAS as a function of dilution rates was fitted to a quadratic model, with R2 above 90% (Figure 1a). The leaf dry mass of the maize decreased until dilution rate was 25.5% when they reached the minimum leaf dry mass, approximately 1.53 g plant−1.



The leaf dry mass of the maize fertigated with wastewater from fish farming was 9.07% higher than maize fertigated with wastewater from swine farming at 30 DAS (Figure 1b).



The leaf dry mass of the maize at 60 DAS as a function of dilution rates was fitted to a linear model, with R2 above 91% (Figure 1c). The maximum leaf dry mass value was estimated at 0% dilution (32.05 g plant−1). The leaf dry mass of the maize at 60 DAS showed a decrease of 6.86% (2.20 g planta−1) for every dilution rate of 25%.



The leaf dry mass of the maize fertigated with wastewater from swine farming was 13.51% higher than maize fertigated with wastewater from fish farming at 60 DAS (Figure 1d).



The dry mass of aerial parts of the maize at 30 DAS as a function of dilution rates was fitted to a quadratic model, with R2 above 96% (Figure 2a). The dry mass of aerial parts of the maize decreased until the dilution rate was 26.16% when they reached the minimum dry mass of aerial parts, approximately 2.29 g plant−1.



The dry mass of aerial parts of the maize fertigated with wastewater from fish farming was 10.43% higher than maize fertigated with wastewater from swine farming at 30 DAS (Figure 2b).



The dry mass of aerial parts of the maize at 60 DAS as a function of dilution rates was fitted to a linear model, with R2 above 91% (Figure 2c). The dry mass of aerial parts of the maize at 60 DAS showed a decrease of 6.53% (3.72 g planta−1) for every dilution rate of 25%.



The dry mass of aerial parts of the maize fertigated with wastewater from swine farming was 12.92, 11.17 and 9.69% higher than maize fertigated with wastewater from fish farming at 60, 90 and 110 DAS, respectively (Figure 2d–f).



The stalk dry mass of the maize at 30 DAS as a function of dilution rates was fitted to a quadratic model, with R2 above 99% (Figure 3a). The stalk dry mass of the maize decreased until the dilution rate was 27% when they reached the minimum stalk dry mass, approximately 0.76 g plant−1.



The stalk dry mass of the maize fertigated with wastewater from fish farming was 13.04% higher than maize fertigated with wastewater from swine farming at 30 DAS (Figure 3b).



The stalk dry mass of the maize at 60 DAS as a function of dilution rates was fitted to a linear model, with R2 above 83% (Figure 3c). The stalk dry mass of the maize at 60 DAS showed a decrease of 6.11% (1.51 g planta−1) for every dilution rate of 25%.



The stalk dry mass of the maize fertigated with wastewater from swine farming was 12.15, 12.98 and 13.79% higher than maize fertigated with wastewater from fish farming at 60, 90 and 110 DAS, respectively (Figure 3d–f).



Maize plants cultivated with wastewater sources had a nitrogen content of 14.55 g kg−1.



As for the number of grain rows (NGR), there was a significant effect of dilution rates (DR). As for number of grains per row (NGPR) and harvest index (HI), there was a significant effect of wastewater sources (WS). It was observed by variance analysis that grain sizes (GS), grain dry weight (GDW) and grain yield (GY) were significantly influenced by the interactions DR × WS (Table 4).



Regarding the maize grain production indexes evaluated at harvest (130 days after sowing), the different wastewater dilution rates and sources presented no significant effect on the number of ears per plant (prolificacy); all treatments presented one ear plant−1.



The result found for the number of grain rows and number of grains per row (130 days after sowing) showed no significant differences when evaluated for the dilution rates within each wastewater source (Figure 4). The greater number of grain rows was estimated with the dilution rate of 0% (17.23), whose values decreased up to the estimated dilution rate of 43%, which showed the lowest number of grain rows per ear 15.73 (Figure 4a).



The decrease was 8.7%, reducing the number of grain rows per plant by 1.5. The number of grains per row in treatments with wastewater from swine farming (WSF) was 31.48 grains per row, which was 14.62% higher than that found in treatments with wastewater from fish farming (WFF) (Figure 4b).



The dilution rates of 20% and 40% resulted in the largest and smallest grain sizes (7.97 and 7.70 mm, respectively) for the sources wastewater fish farming (WFF) and wastewater swine farming (WSF), respectively (Figure 5a). Significant differences in grain size were found between WFF and WSF for the dilution rates 0% and 75%; WSF resulted in 14.32% and 38.03% larger grain size, respectively, when compared to WFF (Figure 5b).



The result found for grain dry weight at harvest (130 days after sowing) showed significant differences when evaluated for the dilution rates within each wastewater source (Figure 6a). The increase of 25% in the wastewater dilution rate resulted in an increase of 7.66% (9.06 g plant−1) in grain dry weight for the source WSF; however, it decreased grain dry weight by 8.45 g plant−1 for the source WFF. Thus, grain dry weight decreased 33.36% when comparing the dilution rates of 0% and 75% for the source WFF.



The wastewater sources used presented significant difference only for the dilution rates of 50% and 75% (Figure 6b); the source WSF resulted in 48.21% and 57.83% increases, respectively, in grain dry weight when compared to WFF. Considering the direct correlation between grain dry weight and grain dry weight per ear, the number of ears per plant was 1, and these variables presented equal values.



When using the source WFF, the highest grain yield (5667.8 kg ha−1) (94.46 bags per hectare/bag = equivalent to 60 kg of grains with 13% moisture) were found for the dilution rate of 0%; these grain yields were 10.35%, 20.71% and 31.03% higher than those found for the dilution rates of 25%, 50% and 75%, respectively.



When using the source WSF, the dilution rate of 75% resulted in the highest grain yield, estimated at 8874.22 kg ha−1, equivalent to 114 bags per hectare, which was 22.98% higher than that found for the dilution rate of 0% with this wastewater (Figure 7a).



The wastewater sources presented significant differences in gran yield for the dilution rates of 50% and 75%; the source WSF presented 48.21% and 56.08% higher gran yields than the source WFF, respectively (Figure 7b).



Considering the wastewater sources applied, the highest harvest index (0.44) was found in plants fertigated with WSF, which was 21.70% higher than that found with application of WFF (0.35), regardless of the use of dilution rates (Figure 8).




4. Discussion


Nitrogen is an important nutrient in plants, where it plays a crucial role in the photosynthesis process. Proper application leads to high levels of utilization of the nutrient by the maize plant, which may result in increases in grain productivity and dry mass of leaves and stems [25]. Therefore, its deficiency leads to reduction in their growth and development [26].



Ref. [27] in studies on the application of organic fertilizer in the maize crop found an increase in leaf dry mass under conditions of lower dilutions of organic fertilizer in water 60 days after sowing, obtaining leaf dry mass values close to 40 g plant−1. High concentrations of nitrogen and phosphorus in wastewater from swine farming stimulate greater plant development, which provides more suitable conditions for increasing the dry mass of the aerial part [28].



In the plant, nitrogen is responsible for the production of new cells and tissues, stimulating growth and root activity, with positive effects on nutrient absorption and the amount of dry mass produced [29].



Wastewater from fish farming has a higher electrical conductivity than wastewater from swine farming (Table 2—Section 2), indicating a higher amount of salts in this water source. The salinity in water used in plant irrigation reduces vegetative growth, whose reductions in dry matter production can be greater than 40% [30].



Ref. [31] found that the accumulation of dry matter in the stems, leaves and shoots is proportional to the amount of mineral nitrogen supplied to the maize plant, corroborating the results obtained in this study, as wastewater from swine farming has a higher amount of mineral nitrogen available for uptake by maize plants (Table 2—Section 2).



Ref. [32] point out that the greater supply of nitrogen results in more vigorous maize plants and with greater production of dry biomass. For [33], the greater dry matter mass of the stalk compared to the other plant compartments results in a greater accumulation of total nitrogen.



The high nutritive value of wastewater had a positive impact on maize plant yield values. Such responses for wastewater irrigation indicated that the nutritive potential of wastewater is an inductive factor in increasing crop production. Therefore, the various benefits that the use of swine and fish wastewater can bring to the corn plant are confirmed, mainly in relation to the production of dry mass. However, one must be aware of the management conditions: in lower soil moisture conditions, a partial increase in osmotic potential results from the higher salinity of wastewater compared to freshwater, resulting in lower maize yields [34,35].



Studies about the application of nitrogen fertilizer combined with organic compounds for maize crops found a mean number of 16.91 for grain rows [36].



Others studies evaluated fertigated maize production and found a mean grain dry weight of 116.89 g plant−1, a similar result to that found in the present study (118.31 g plant−1) [37].



The highest grain yields found for the two wastewater sources were lower than those found in other experiments [38,39], which found grain yields of 14,400 and 11,494 kg ha−1 for fertigated maize, respectively. Although the values were lower in the present study, they showed an increasing linear trend for grain yield as the N availability was increased by both wastewater sources, denoting the potential of these sources for supplying N, as well as other nutrients, to plants.



According to a survey of the Brazilian National Food Supply Company [40], the maize mean yield was 5610 kg ha−1 in Brazil and 6390 kg ha−1 in the state of Goiás. Thus, the mean maize grain yield found in the present study when using the source WFF (4788 kg ha−1) was lower than the national mean, and a higher mean was found when using WSF (7855 kg ha−1). A similar study showed that the effect of pig slurry as fertilizer, partially combined with mineral nitrogen fertilizer application as topdressing, can reduce costs for implementation and establishment of maize crops, thus ensuring high yields [41].



Most production variables (grain size, grain dry weight, and maize grain yield) presented similar results regarding the wastewater dilution rates and sources used. When using WFF, the highest values of production variables were found for the dilution rate of 0%, which decreased gradually as the wastewater dilution rate in the public water was increased.



N can be lost by the leaching process due to the percolation of water through the soil profile [42]. Despite N being present in the soil, it can only be absorbed by plants as ammonium (NH4+) or nitrate (NO3−); 40.5% of the total N in the WFF is in the form of NO3−. However, it is the form of N most susceptible to losses, mainly when large volumes of water percolate from surface to deeper soil layers [43], making it difficult for plants to absorb N and causing negative effects on plant development and productivity.



When using the source WSF, the production variables increased as the dilution rate of the wastewater in the public water was increased. Ammonia (NH3) is the predominant form of N in WSF; it reacts rapidly with water in the soil forming ammonium (NH4+) ions [44] that are absorbed by plants and have positive effects on plant growth, quality, biomass production and reproduction [45].



According to [46], one of the ways to evaluate the efficiency of the use of nitrogen applied in the corn crop is through the internal efficiency (amount of nitrogen that is transformed into grain yield), which can be measured by the relationship between the mass of grains and the total mass produced by the plant, called the harvest index. In this sense, the higher the harvest index is, the greater the efficiency of nitrogen use is.



The wastewater from swine farming provided a significant harvest Index value, higher than wastewater from fish farming—in this case, 44% of the plant mass was produced as grains. Working with chemical and organic fertilizer, ref. [47] observed harvest index values for corn equal to 0.43 and 0.54.



Nitrogen is an important nutrient for the accumulation of dry matter, a component of amino acids, proteins and hormones directly influencing corn grain productivity [48], as well as an important fundamental part of grain formation [49].



In recent years, the amount of nitrogen applied via chemical fertilizer has increased around five times, along with grain yield, suggesting that the high use of nitrogen fertilizer caused this increase [50,51]. But its overuse, however, leads to decreased nitrogen fertilization use efficiency, increases nitrate leaching into groundwater and nitrate enrichment of vegetables, and is therefore considered an unsustainable method [52].



The results obtained in the present work for the productivity parameters—the number of grain rows per ear, number of grains per row, grain sizes, grain dry weight, grain yield and harvest index of maize crops—are reinforced by [53] who verified positive influences on productivity when applying by-products of organic origin.



Corroborating with the results of dry biomass evaluated, [54] concluded that the dry mass of the leaf and stem when receiving wastewater applied in irrigation showed results very close to treatments cultivated conventionally, which demonstrates the potential of wastewater to partially meet the demand for nutrients of the plants.



Therefore, based on the results found, wastewater from swine and fish farming has great potential to supplement the nitrogen required by the corn crop. However, the form of management must be observed, as the intense dilution reduces the efficiency of the wastewater fish farming.




5. Conclusions


The application of wastewater from swine farming to the soil for maize crops results in larger grain size and higher grain dry weight, grain yield and harvest index, regardless of the wastewater dilution rate in public water used.



The wastewater from fish farming, applied through a drip irrigation system without dilution (0%) or wastewater from swine farming at the dilution rate of 75%, is the most adequate for increasing grain size, grain dry weight and grain yield of maize crops.



Fertigation with wastewaters from swine and fish farming is a very important technique to reach the maximum productive potential of maize. Fertigation with wastewaters from swine and fish farming can be used to generate savings in mineral fertilizers used in maize, mainly due to the high presence of minerals such as nitrogen and organic matter, generating an increase in crop yield.



The use of wastewaters from swine and fish farming as a fertilizer for the maize crop is a good alternative for wastewater disposal, in addition to promoting environmental and economic advantages due to the reduction in the use of fertilizers. The two sources of wastewater have the potential to partially replace mineral nitrogen fertilizer in maize.



The results of the present study show that wastewater used in agriculture is an important source of nutrients for plants, favoring the development and productivity of corn through the recycling of nutrients, especially nitrogen, thus comprising an alternative to the dependence on fertilizers minerals, promoting savings in the importation of fertilizers and avoiding the release of large volumes of wastewater into water bodies.



However, due to the variable composition of wastewater, a rigorous characterization of the applied effluent as well as the adopted soil is necessary. The excess of nutrients from wastewater can cause greater infiltration of liquid into the soil, and these retained nutrients can reach subsurface layers of the soil and groundwater via leaching and may cause environmental contamination.
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Figure 1. Maize leaf dry mass (LDM) as a function of dilutions and wastewater sources at 30 (a,b) and 60 (c,d) days after sowing (DAS), Rio Verde, Goiás, Brazil. ** significant at p < 0.01 probability according to the F test. Means followed by different uppercase letters, differ by Tukey test (p < 0.05). 
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Figure 2. Maize dry mass of aerial parts (DMPA) as a function of dilutions and wastewater sources at 30 (a,b) and 60 (c,d) days after sowing (DAS), and DMPA as a function of wastewater sources at 90 (e) and 110 (f) DAS, Rio Verde, Goiás, Brazil. ** and * significant at p < 0.01 and p < 0.05 probability according to the F test. Means followed by different uppercase letters, differ by Tukey test (p < 0.05). 
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Figure 3. Maize stalk dry mass (SDM) as a function of dilutions and wastewater sources at 30 (a,b) and 60 (c,d) days after sowing (DAS) and SDM as a function of wastewater sources at 90 (e) and 110 (f) DAS, Rio Verde, Goiás, Brazil. ** and * significant at p < 0.01 and p < 0.05 probability according to the F test. Means followed by different uppercase letters, differ by Tukey test (p < 0.05). 
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Figure 4. Number of grain rows per ear of maize as a function of dilution rates of wastewater (a) and number of grains per row as a function of wastewater sources (b), Rio Verde, Goiás, Brazil. ** significant at p < 0.01 probability according to the F test. Means followed by different uppercase letters, differ by Tukey test (p < 0.05). 
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Figure 5. Maize grain sizes as a function of dilution rates of wastewater (a) and in relation to the wastewater sources from swine and fish farming (b), Rio Verde, Goiás, Brazil. ** significant at p < 0.01 probability according to the F test. Means followed by different uppercase letters, differ by Tukey test (p < 0.05). 
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Figure 6. Maize grain dry weight as a function of dilution rates of wastewater (a) and in relation to the wastewater sources from swine and fish farming (b), Rio Verde, Goiás, Brazil. * significant at p < 0.05 probability according to the F test. Means followed by different uppercase letters, differ by Tukey test (p < 0.05). 
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Figure 7. Maize grain yield as a function of dilution rates of wastewater (a) and in relation to the wastewater sources from swine and fish farming (b), Rio Verde, Goiás, Brazil. * significant at p < 0.05 probability according to the F test. Means followed by different uppercase letters, differ by Tukey test (p < 0.05). 
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Figure 8. Harvest index of maize crops as a function of application of swine and fish farming wastewaters, Rio Verde, Goiás, Brazil. Means followed by different uppercase letters, differ by Tukey test (p < 0.05). 
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Table 1. Physical and chemical characteristics of the 0.00–0.20 m layer of the soil.
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Ca

	
Mg

	
Ca + Mg

	
Al

	
H + Al

	
K

	
K

	
S

	
P

	
pH






	
cmolc·dm−3

	
mg dm−3

	
CaCl2




	
0.77

	
0.34

	
1.11

	
0.04

	
2.15

	
0.05

	
18

	
9.9

	
0.47

	
5.2




	
Na

	
Fe

	
Mn

	
Cu

	
Zn

	
B

	
CTC

	
SB

	
V

	
m




	
Micronutrients (mg dm−3)

	
cmolc·dm−3

	
%

	
%




	
-

	
75.56

	
12.96

	
4.16

	
3.93

	
-

	
3.31

	
1.16

	
35

	
3.3




	
Texture (g kg−1)

	
M.O.

	
Ca/Mg

	
Ca/K

	
Mg/K

	
Ca/CTC

	
Mg/CTC

	
K/CTC




	
Clay

	
Silt

	
Sand

	
g dm−3

	
Relationship between bases




	
502

	
49

	
449

	
15.2

	
2.3

	
15.4

	
6.8

	
23.26

	
10.27

	
1.51








Ca, Mg and Al: 1 mol L−1 KCl; K and S: 0.01 mol L−1 Ca(H2PO4)2; P, Na, Fe, Mn, Cu and Zn: Mehlich 1; B: hot water; CTC: cation exchange capacity; SB: base sum; V: base saturation; m: aluminum saturation; M.O.: organic matter (colorimetric method); pH: hydrogen potential; P (phosphorus), K (Potassium); Na (Sodium); Cu (Copper); Fe (Iron); Mn (Manganese); Zn (Zinc); Ca (Calcium); Mg (Magnesium); Al (Aluminum); S (Sulfur); B (Boron).
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Table 2. Physical and chemical characteristics of the wastewaters from swine and fish farming used for fertigation in maize crops.
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Parameter

	
Wastewater




	
Swine Farming

	
Fish Farming






	
pH

	
8.10

	
7.67




	
Turbidity (NTU)

	
280.00

	
3.79




	
Temperature (°C)

	
22.97

	
22.15




	
Electrical conductivity (dS m−1)

	
0.01

	
0.43




	
Chemical oxygen demand (mg L−1)

	
966.94

	
587.5




	
Dissolved oxygen (mg L−1)

	
3.43

	
4.60




	
Total solids (mg L−1)

	
5472.22

	
175.69




	
Fixed solids (mg L−1)

	
3822.92

	
73.29




	
Volatile solids (mg L−1)

	
1649.30

	
102.40




	
Total nitrogen (mg L−1)

	
478.92

	
91.17




	
Ammonia (mg L−1)

	
408.08

	
30.00




	
Nitrite (mg L−1)

	
<0.01

	
<0.01




	
Nitrate (mg L−1)

	
41.00

	
37.00




	
Nitrogen-Kjeldahl (mg L−1)

	
437.92

	
54.17




	
Organic nitrogen (mg L−1)

	
29.12

	
24.17




	
Phosphorus (mg L−1)

	
9.19

	
5




	
Potassium (mg L−1)

	
147.49

	
21.0




	
Calcium (mg L−1)

	
26.65

	
11.9




	
Magnesium (mg L−1)

	
26.65

	
11.9
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Table 3. Summary of the analysis of variance for the variables leaf dry matter (LDM), dry mass of the aerial part (DMAP) and stalk dry mass (SDM) at 30, 60, 90 and 110 days after sowing (DAS) of maize as a function of dilution rates and wastewater sources, Rio Verde, GO, Brazil.
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PV 1

	
DF

	
MS




	
Leaf dry matter (days after sowing)




	
30

	
60

	
90

	
110




	
DR

	
3

	
0.0000002 *

	
0.000053 *

	
0.000220 ns

	
0.000590 ns




	
Block

	
2

	
0.00000002 ns

	
0.000008 ns

	
0.000007 ns

	
0.000019 ns




	
Residue 1

	
6

	
0.00000003

	
0.000008

	
0.000007

	
0.000047




	
WS

	
1

	
0.0000002 *

	
0.000104 **

	
0.000021 ns

	
0.000013 ns




	
DR × WS

	
3

	
0.00000004 ns

	
0.000025 ns

	
0.000013 ns

	
0.000015 ns




	
Residue 2

	
8

	
0.0000002

	
0.000009

	
0.000011

	
0.000023




	
CV 1 (%)

	
-

	
10.25

	
9.62

	
6.87

	
14.16




	
CV 2 (%)

	
-

	
7.73

	
10.34

	
8.83

	
9.85




	
PV 1

	
DF

	
MS




	
Dry mass of the aerial part (days after sowing)




	
30

	
60

	
90

	
110




	
DR

	
3

	
0.0000007 **

	
0.00015 *

	
0.00088 ns

	
0.000030 ns




	
Block

	
2

	
0.00000005 ns

	
0.000071 ns

	
0.000086 ns

	
0.000085 ns




	
Residue 1

	
6

	
0.00000005

	
0.000017

	
0.00059

	
0.00017




	
WS

	
1

	
0.0000005 **

	
0.00030 *

	
0.00226 *

	
0.00087 *




	
DR × WS

	
3

	
0.00000009 ns

	
0.000081 ns

	
0.00032 ns

	
0.00010 ns




	
Residue 2

	
8

	
0.0000003

	
0.000031

	
0.00032

	
0.00013




	
CV 1 (%)

	
-

	
8.21

	
8.05

	
14.87

	
10.60




	
CV 2 (%)

	
-

	
6.30

	
10.93

	
11.02

	
9.16




	
PV 1

	
DF

	
MS




	
Stalk dry mass (days after sowing)




	
30

	
60

	
90

	
110




	
DR

	
3

	
0.0000001 **

	
0.000028 *

	
0.000851 ns

	
0.000078 ns




	
Block

	
2

	
0.000000009 ns

	
0.000031 *

	
0.000107 ns

	
0.000104 ns




	
Residue 1

	
6

	
0.000000005

	
0.000003

	
0.00052

	
0.000058




	
WS

	
1

	
0.00000009 **

	
0.000051 *

	
0.001846 *

	
0.000776 *




	
DR × WS

	
3

	
0.00000002 ns

	
0.000017 ns

	
0.000266 ns

	
0.000123 ns




	
Residue 2

	
8

	
0.000000007

	
0.000008

	
0.000253

	
0.000070




	
CV 1 (%)

	
-

	
7.75

	
7.95

	
18.08

	
9.96




	
CV 2 (%)

	
-

	
9.51

	
12.65

	
12.59

	
10.95








1 Wastewater sources (WS) and Dilution rates (DR). Source of variation (PV), Degree of freedom (DF), Mean square (MS) and Coefficient of variation (CV). ** and * significant at 1 and 5% probability, respectively, ns not significant by the 5% probability F test.
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Table 4. Summary of the analysis of variance for the variables number of grain rows (NGR), number of grains per row (NGPR) grain sizes (GS), grain dry weight (GDW), grain yield (GY) and harvest index (HI) of maize as a function of dilution rates and wastewater sources, Rio Verde, GO, Brazil.
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PV 1

	
DF

	
MS




	
NGR

	
NGPR

	
GS

	
GDW

	
GY

	
HI






	
DR

	
3

	
2.84 *

	
9.44 ns

	
1.52 **

	
15.44

	
107606 ns

	
29.89 ns




	
Block

	
2

	
0.40 ns

	
1.44 ns

	
0.06 ns

	
44.22 ns

	
332530 ns

	
92.36 ns




	
Residue 1

	
6

	
0.24

	
6.03

	
0.08

	
124.31

	
601896

	
167.19




	
WS

	
1

	
0.26 ns

	
127.19 *

	
10.18 **

	
10290 ns

	
56441257 ns

	
15678 *




	
DR × WS

	
3

	
4.87 ns

	
23.13 ns

	
3.44 **

	
856.81 **

	
4508573 **

	
1252 ns




	
Residue 2

	
8

	
1.78

	
15.63

	
0.21

	
154.99

	
905647

	
251.56




	
CV 1 (%)

	
-

	
3.00

	
8.42

	
3.77

	
13.27

	
12.27

	
12.50




	
CV 2 (%)

	
-

	
8.18

	
13.55

	
5.90

	
14.82

	
15.06

	
17.02








1 Wastewater sources (WS) and Dilution rates (DR). Source of variation (PV), Degree of freedom (DF), Mean square (MS) and Coefficient of variation (CV). Number of grain rows (NGR), number of grains per row (NGPR), grain sizes (GS), grain dry weight (GDW), grain yield (GY) and harvest index (HI). ** and * significant at 1 and 5% probability, respectively, ns not significant by the 5% probability F test.
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