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Abstract

:

This study evaluated the initial growth and tolerance to water stress after planting Samanea saman seedlings produced with different substrates and inoculation patterns. The experiment used a factorial design (3 × 3), with three substrates: standard (67% subsoil + 33% cattle manure), a commercial substrate (composed mainly of peat), and treated sewage sludge; and three inoculation patterns: control (no inoculation), fertilized (no inoculation + chemical fertilization), and inoculation with nitrogen-fixing bacteria and arbuscular mycorrhizal fungi. The seedlings were planted in plastic pots inside a greenhouse. They received irrigation after planting and were submitted to water deficit for 35 days, followed by rehydration for 31 days. The inoculation promoted higher height and biomass for seedlings produced in the standard substrate. In the sludge, the roots biomass decreased when fertilized or inoculated. Seedlings grown in sludge showed higher height and biomass before planting and at the end of the experiment. Although, after rehydration, the height increment was similar for the sludge and the standard substrate. Seedlings grown with the commercial substrate are not recommended for planting sites subjected to water deficit. The standard substrate with inoculation and the sludge without inoculation or fertilization produced seedlings that showed better recovery and growth after water deficit.
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1. Introduction


The reuse of agricultural, forestry, and urban wastes as substrates for seedling production is increasing, which results in environmental and economic benefits [1]. The residues used in the substrate composition contain nutrients that will be recycled and can reduce chemical fertilization during seedlings production [2]. This practice generates benefits for the seedlings’ production and waste management since reusing is a more sustainable alternative than landfill disposal and other similar destinations [3,4].



Sewage sludge is a residue with great potential for use as a substrate to produce tree seedlings since this material can benefit the seedlings’ growth and quality [5,6,7]. The use of this material as a substrate is well explored for other tree species seedlings, but for Samanea saman only two studies were found. In their experiments, [8] observed that substrates containing 50 and 100% of sewage sludge benefited the growth of seedlings, and [9] verified acceptable growth for Samanea saman seedlings in a substrate composed of 100% sludge. These results suggest that sludge can be considered a suitable substrate for Samanea saman, even in high proportions (50 to 100% of the substrate’s volume).



The use of sludge in the substrate can also promote savings in nursery production costs, reducing the acquisition of commercial substrates and chemical fertilizers [2,10]. In the chemical composition, the sludge generally presents high contents of nitrogen (N), phosphorus (P), and other macro and micronutrients, except potassium (K) [7]. As physical properties, the sewage sludge has a high water retention capacity, which results from its microporosity and contents of organic matter [11,12]. Adding sludge to the substrate improves water delivery to plants and promotes better rehydration after water restriction events [13].



Studies with nitrogen-fixing bacteria (NFB) and arbuscular mycorrhizal fungi (AMF) inoculation for tree seedlings using sewage sludge as substrate are scarce. For seedlings of Acacia mangium and Acacia auriculiformis, [5] evaluated the NFB inoculation in substrates with 33 and 100% of sewage sludge. Higher growth was observed for the 100% sludge substrate combined with inoculation. The AMF inoculation was studied by [14] for Eucalyptus globulus and [15] for Caesalpinia ebano. The first study observed synergic effects between small doses of sludge (6 g per 100 g of soil) and AMF, and the latter observed no effects.



Combined inoculation of NFB and AMF in substrates with sewage sludge for tree seedlings was assessed by [9]. Among several substrates tested, a sphagnum peat commercial formulation was considered favorable to form the symbiosis of Samanea saman with NFB, and the sewage sludge selected as favorable to form the symbiosis among Samanea saman and AMF. Seedlings produced in these substrates can potentialize the benefits of the symbioses, resulting in better tolerance and higher growth after planting in water-stress conditions because the AMF enhance the water absorption efficiency due to the small diameter of the hyphae [16,17], and the NFB enhance the plants’ growth [18]. Due to the occurrence of short droughts, the seedlings can be subjected to water-stress conditions after planting, even during the rainy season [19]. In these situations, the planting takes place in moist soil, and seedlings must withstand a water-deficit period until precipitation or irrigation.



Commonly known as rain tree, Samanea saman (Jacq.) Merr. is a leguminous species with natural occurrence in tropical forests of Brazil, Peru, Paraguay, and Bolivia [20]. The species is extensively used in forest restoration [21,22], has medicinal properties [23], the fruits are suitable for cattle feeding [20], and it can associate with several nitrogen-fixing bacteria genera and families [24]. Samanea saman tolerates flooded environments, resists periods of drought and is flexible regarding soil fertility, showing profitable growth under low nutrient and pH levels [25].



The study’s main objective was to evaluate the initial growth and tolerance to water stress after planting Samanea saman seedlings produced with different substrates and inoculation patterns. The specific objectives were (1) to verify the leaf water potential (Ψf) during the water stress period and at the beginning of rehydration; (2) to evaluate the dynamics of seedlings’ height growth during the water stress period and after rehydration; and (3) to assess the biomass gain of plants at the end of the rehydration period.



The study’s novelty is that it evaluated the combined effects of substrate and inoculation (with NFB and AMF) and how these nursery inputs can affect seedlings’ performance under water-stress conditions after planting. Few studies were found assessing inoculation of NFB and AMF in substrates containing sewage sludge. Similar studies generally evaluate variable proportions of sludge as a substrate component when the present study evaluated a substrate composed of 100% sludge. Considering the importance of Samanea saman to restore degraded soils, it is crucial to generate more information about its seedling production, post-planting performance, and drought-stress tolerance.



It was observed that seedlings produced with the sludge substrate were bigger before planting and maintained their higher height and biomass under water-stress conditions. For planting in areas subjected to periodic droughts, it is recommended to use seedlings produced with sludge as substrate. Even though not considered the most favorable for symbiosis with NFB and AMF, the standard substrate showed the best response for the inoculation, maintaining seedlings’ growth during and after the water-deficit period. The seedlings produced in the commercial substrate are not indicated for planting in areas subjected to periodic droughts. This manuscript can contribute to future studies assessing the NFB and AMF inoculation in tree seedlings, different substrates for seedlings production, drought tolerance of Samanea saman, and the interaction among these factors.




2. Materials and Methods


The experiment was conducted for 66 days in a greenhouse in Seropédica, Rio de Janeiro, Brazil (23 K, 635,524.60 mE, 7,482,447.04 mS). The region’s climate is type Aw, according to Köppen. When the temperature inside the greenhouse exceeded 35 °C, the humidification system was automatically activated. The temperature and relative humidity inside the greenhouse were measured every 30 min during the experiment. The mean maximum and minimum temperatures and humidity were 34.7 and 20.6 °C and 25.9 and 21.7%. The general mean temperature was 25.9 °C, and the humidity 22.7%.



The experiment was assembled in randomized blocks with a factorial design (3 × 3) consisting of three substrates and three inoculation patterns, summing nine treatments with four replications (blocks).



The Samanea saman seedlings used for planting were produced during 113 days with 280 cm3 plastic tubes as containers. The substrates were (a) standard: 67% of clay subsoil plus 33% of cattle manure; (b) commercial: composed mainly of sphagnum peat plus vermiculite and carbonized rice husk; and (c) sludge: 100% of sewage sludge from the Ilha do Governador Wastewater Treatment Plant (WWTP), provided by the Companhia Estadual de Águas e Esgoto do Rio de Janeiro (CEDAE). The Ilha WWTP receives only domestic wastewater and performs secondary treatment of sewage by activated sludge process. The sludge treatment consists of densification with centrifuges, anaerobic digestion for stabilization, and dewatering in open-air drying beds where the material stays for at least 90 days until it reaches a moisture content below 30% [12]. The sewage sludge heavy metal contents were evaluated before the seedling’s production (Table 1).



The inoculation treatments were (a) inoculated: double inoculation with nitrogen-fixing bacteria (NFB) and arbuscular mycorrhizal fungi (AMF); (b) positive control: no inoculation and chemical fertilization with 111 mg of N, 16 mg of P2O5, and 51 mg of K2O per seedling, divided in ten weekly fertigations between the 31st and 93rd day after sowing; and (c) control: without inoculation or fertilization. The NFB were Bradyrhyzobium elkanii from the strains BR 6205 and BR 6212 recommended for Samanea saman by [27]. The NFB inoculant was mixed with the seeds of the inoculated treatment just before sowing. The AMF inoculation was performed with a mixed inoculant containing approximately five spores of nine different species from the following lineages: A97 Acaulospora colombiana; A96 Acaulospora morrowiae; A38 Acaulospora scrobiculata; A2 Dentiscutata heterogama; A36 Gigaspora cândida; A20 Glomus formosanum; A5 Rhizophagus clarus; A80 Scutellospora calospora; and A75 Scutellospora gilmorei. Both inoculants were provided by the Centro de Recursos Biológicos Johanna Döbereiner from Embrapa Agrobiologia.



The morphological characteristics of the seedlings produced in each treatment are presented in Table 2.



The seedlings were planted in 12 liters plastic pots (with 25 cm of diameter and height) containing soil from degraded pastureland to simulate outplanting conditions. The soil used to fill the pots was extracted from the “Terraço” experimental area located in Embrapa Agrobiologia, Seropédica, Rio de Janeiro, Brazil (23 K, 636,877.09 mE, 7,483,438.23 mS). It is classified as Argissolo Vermelho Amarelo distrófico [28] (Ultisol, [29]). The granulometric composition of the soil was 49.2% of sand (2.0–0.05 mm), 16.4% of silt (0.05–0.002 mm), and 34.4% of clay (<0.002 mm). Before being placed in the pots, the soil was sieved on a 1 cm mesh diameter. There was no supplementary fertilization. Samples of the soil and the substrates were collected to evaluate their chemical fertility (Table 3). The physical properties of the substrates were also evaluated (Table 4).



After planting the seedlings, irrigation was performed until the soil reached the field capacity, simulating the ideal planting conditions. Then the seedlings went through 35 days without receiving water, simulating a condition of post-planting drought. On the 36th day, the rehydration began with weekly irrigations to maintain the soil at field capacity, simulating precipitation return.



The water volume to be provided by the irrigations was estimated with four replications of a water retention test, which was conducted before the experiment implementation. The test’s first part consisted of weighing 1 kg of the soil, putting it in a pot with drainage holes, and slowly adding 1 L of water. In the second part, the sample was weighed after 3 h, so the water that was not retained by the soil could drain. The retained water volume was calculated by subtracting the first weight from the second. Thus, the soil could retain a mean value of 190 mL kg−1 of water. This value was multiplied by 12 (considering that the pots contained 12 kg of soil), resulting in 2.28 L of water per pot, which was the volume of water supplied in each irrigation.



The plants’ height was measured at 3, 10, 20, 24, 31, 43, 52, 59, and 66 days after planting. The daily height increment (DHI) was calculated for every measurement interval. At 66 days after planting, we took the seedlings to the laboratory, where we separated the shoot from the roots, dried them in a forced-air oven (65–70 °C), and weighed them on a precision scale. Total dry mass was obtained by summing the roots’ and shoots’ mass. To obtain the increment in root dry mass, we subtracted the value measured in the seedlings before planting by the one obtained from the plants at 66 days after planting.



The leaf water potential (Ψf) was measured at 0, 7, 16, 22, 28, 37, and 38 days after planting. The first five measurements were during the water stress period, and the last two were at the beginning of the rehydration. The Ψf was assessed before dawn between 04:30 a.m. and 05:30 a.m. using a Scholander pressure chamber.



The water stress was maintained until 35 days after planting, when the Ψf measures reached values under −40 bar (minimum pressure measured by the Scholander chamber). At this moment, the rehydration period started, and the experiment was kept until 66 days after planting when the height’s daily mean increment of some treatments indicated the return of normal plant growth.



The data were submitted to a two-way analysis of variance (ANOVA). The experimental unit consisted of five replications per block for all the variables, except for Ψf, which had only one replication per block. The residues’ normality (Shapiro–Wilk) and the homogeneity of variances (Bartlett) were tested to check the ANOVA assumptions. When the F test showed differences between treatments, their means were compared using the Scott-Knott test with a 5% error probability. The software SISVAR 5.6 (Daniel Furtado Ferreira, Departamento de Estatística, Universidade Federal de Lavras, Lavras, Minas Gerais, Brazil) was used for all the analyses.




3. Results


The interaction between the factors (substrates and inoculation patterns) was significant for height’s growth and increment at all measurement periods. Immediately after planting (0–3 days), the soil was very moist, allowing plants to grow in height (Table 5). The seedlings from sludge and commercial treatments showed higher leaf area before planting (Table 1), were in a substrate with higher nutrients contents (Table 2), and consequently presented more significant growth them seedlings from the standard substrate (Table 5).



At the beginning of the water stress period (3–20 days), the height increment was reduced in all treatments to less than 1/3 of the growth measured in the first three days (Table 5), demonstrating the water deficit’s influence in reducing the plants’ growth. The plants from the commercial substrate (favorable to nodulation according to [9]) had a higher increment in height than those of other treatments.



The plants whose seedlings were produced in the sludge substrate showed an increment in height similar to those grown in the standard substrate (Table 5). However, with inoculation, plants from the standard substrate showed a higher increment than those from the sludge. The plants from the sludge and commercial substrates did not show the effects of fertilization nor inoculation in the height increment between 3 and 20 days after planting. For plants from the standard substrate, the inoculation increased the height increment, surpassing plants whose seedlings were fertilized in the nursery.



At the end of the water-deficit period (20–31 days), the water restriction effects were drastic on the height increment (Table 3). The plants of most treatments presented negative values due to apical wilting. The non-inoculated plants from the standard substrate were the only ones to present a positive height increment during this period since, before planting, these seedlings had the lowest values of biomass, height, and diameter (Table 1). The inoculation that favored seedlings’ growth in the sludge and standard substrates (Table 2) resulted in plants that showed growth reduction when the water stress reached extreme values near the permanent wilting point (20–31 days).



The plants returned to grow in height at the rehydration period (31–52 days), showing the recovery after irrigation (Table 5). However, they presented low increments and no evidence of the treatments’ effects for substrates, fertilization, or inoculation. At the end of the rehydration period (52–66 days), the height increment reached values close to the ones observed at the beginning of water stress (3–20 days). In this final period, the plants from sludge and standard substrates showed a higher height increment. The seedlings produced with the commercial substrate were less tolerant to the drought simulation and did not recover their total growth after irrigation reestablishment. During this last phase, the inoculation treatments did not influence the plants’ height increment.



The interaction between the factors (substrates and inoculation patterns) was significant for the plants’ shoot, root, and total dry mass. The standard substrate promoted the more significant inoculation benefit effect on the plants’ biomass growth (Figure 1). The plants produced with the commercial substrate presented lower biomass growth during the experiment. However, when inoculated, the seedlings from this substrate showed higher root growth. The plants’ rooting increased with the inoculation in the standard and commercial substrates and decreased for the sludge.



Regarding the leaf water potential (Ψf) after planting Samanea saman under water-stress conditions, for 0, 7, and 22 days after planting, there was no interaction between the substrate and inoculation patterns (Table 6). While at 16, 28, 37, and 38 days after planting, there was an interaction between the factors (Table 7). The results show that the longer the plants remain in a water-deficit condition and the bigger the seedlings before planting, the lower Ψf will be. The plants produced with the standard substrate were the ones that suffered less with the water stress. On the other hand, the seedlings produced in the commercial substrate suffered more water stress. The sludge presented intermediate results, with a significant increase of Ψf after rehydration at 37 and 38 days after planting (Table 7).




4. Discussion


The initial growth in height after planting is essential, allowing the plants to compete better for space and sunlight with spontaneous invasive fast-growing species [32]. For this reason, the average height of tree species is one of the success indicators of forest restoration projects [33]. For seedlings’ nursery evaluation, height is a non-destructive morphological parameter that is easy to measure and can indicate water stress. In [34], the authors mentioned that, for tree species, water stress influences more the growth in height than in diameter, since, under water deficit, the plant reduces the cellular turgidity and inhibits the cellular elongation and expansion reducing the height’s growth [35].



The plants from sludge and commercial substrates presented more significant growth in the experiment’s early stages, responding to the higher availability of nutrients in the substrates (Table 3) and the seedlings’ higher leaf area (Table 2). These characteristics promoted an increase in CO2 assimilation [36], more efficient utilization of solar energy to photosynthesis [37], higher production of photoassimilates, and higher transpirational flux, permitting better assimilation of the water with the nutrients [38].



Between the 3rd and 20th day after planting, the commercial substrate plants (that showed higher nodulation before planting; Table 2) had higher height growth than those produced with sludge. Higher growth of nodulated plants facing initial water-stress conditions was found by [18], in which a higher number of nodules in peanut plants favored their growth in a water-deficit situation. However, [39] discussed the influence of water restriction on different bean genotypes and found that the nodules’ dry mass did not reduce the plants’ water stress.



The plants produced with the standard substrate inoculated with nitrogen-fixing bacteria (NFB) and arbuscular mycorrhizal fungi (AMF) showed a higher height increment in the initial period of water restriction (3–20 days). Among the benefits of inoculation, the nodulation with NFB can increase plants’ growth, and the association with AMF can reduce the effect of water stress due to the efficiency of hyphae in absorbing water from soil micropores [17,40,41]. This result shows that even in a substrate that is not considered favorable to symbiosis [9], there may be an after-planting beneficial effect of seedling inoculation.



When the soil water deficit increased to the extreme (20–31 days), there was an intense restriction in the plants’ growth. According to [36], cupuaçu plants (Theobroma grandiflorum) submitted to water stress after planting presented an 86% height increment reduction than plants from an irrigated treatment. The authors also observed that the height growth had negative values in some progenies due to the shoot apical wilting. Studying Indian neem (Azadirachta indica) after planting, [42] also found that intense water stress reduced the plant height increment. In the present experiment conditions, when the water restriction was intense (20–31 days), the seedlings with a larger leaf area before planting (Table 2) were less prepared for water stress. The leaf area reduction is a morphological response of the plants to water-deficit conditions [43], together with the shoot dry mass reduction [44].



The commercial substrate has a hydrophobic behavior (difficult rehydration) when it reaches low humidity [45]. This physical property is common in substrates composed mainly of sphagnum peat. This substrate rehydration problem harmed the roots’ water absorption and intensified water stress damages in plants.



Tree species are fast to recover their growth when submitted to rehydration after a water-deficit period. In [46], the authors mention that after a water restriction period, African mahogany (Khaya ivorensis) seedlings returned to grow three days after the irrigation was restarted. The present study verified similar results with Samanea saman and [47] for the cupuaçu tree (Theobroma grandiflorum).



Despite having a larger leaf area before planting (Table 2), the seedlings produced with sludge resisted more than 20 days of water restriction without reducing their height increment (Table 5). Higher available water (retained at tensions between 1 to 10 KPa) was observed in the sludge than in the commercial and standard substrates (Table 4). The authors of [11,12], among other studies, also verified the higher water retention capacity of substrates composed mainly of sludge. The information cited above justifies the water-deficit resistance and the height and biomass growth results observed in the present study for plants produced with the sludge substrate.



The microporosity increase is another effect of using sewage sludge as a substrate component to produce tree seedlings [2,11,12]. This parameter is related to the water retention capacity and can justify the growth regain after water restriction that we observed for plants produced with sludge. According to [48], the higher microporosity results in substrate rehydration improvements, considering both its effects in increasing the water retention capacity and decreasing the drainage of irrigation water. Such results indicate the use of substrates composed mainly of sewage sludge to produced seedlings for planting in areas subjected to short droughts or other temporary water restriction situations.



The sludge substrate also presented higher N and P contents than other substrates (Table 3), which could have nurtured plants along with the experiment, increasing their growth in biomass (Figure 1). Other studies show that the application of sewage sludge in the soil can reduce or even replace chemical fertilization in agricultural production systems due to its high nutrient content [49,50]. The higher rooting of plants produced with sludge (Figure 1) may have also enhanced water absorption from the soil and reduced the damages caused by water restriction [51]. In the sludge substrate, the high contents of N and P could have restricted AMF and NFB symbiosis benefits during the experiment [52] because when nutritional conditions are optimal, the microorganisms behave like a drain of photoassimilates of the plants [53].



The seedlings in the standard substrate had a lower leaf area before planting (Table 2), which resulted in lower water loss by transpiration [54], maintaining the water from the after-planting irrigation in the soil for more time, reducing the effects of the water restriction [55], and enabling higher growth of shoot biomass during the water restriction period.



The higher roots biomass in plants from the standard substrate combined with inoculation contributed to their recovery in shoot growth after rehydration. The presence of AMF hyphae could have enhanced the water absorption efficiency [17] and potentialized the effects of NFB in nitrogen biological fixation [56]. In the study of [57], the biomass of sabiá (Mimosa caesalpiniaefolia) after outplanting was superior when the seedlings were inoculated with NFB and AMF together.



In substrates with lower P contents, [58] mention more significant AMF inoculation effects in the seedlings’ survival and growth after outplating. We observed similar results in the present study for seedlings produced in the standard substrate combined with AMF and NFB inoculation. The seedlings produced with this substrate did not present the better morphological characteristics before planting (Table 2) but showed higher increments after outplanting (Table 5), even in adverse water-deficit conditions. For this reason, seedlings produced in this treatment should be considered of good quality [59].



The plants from commercial substrate invested more in roots biomass than in shoot biomass. As observed by [44,60], in water-stress conditions, the plants allocate photoassimilates to roots instead of the shoot to enhance their capacity of absorbing water from the soil. The commercial substrate’s hydrophobic behavior in low humidity conditions [45] harmed the roots’ water absorption and intensified the water-stress damage, reducing the biomass growth [61]. When combined with inoculation, the commercial substrate plants presented higher root biomass (Figure 1). Like the standard substrate, for the commercial, the presence of symbiotic microorganisms enhanced the plants rooting in water-stress conditions.



The planting soil texture also influenced the response of treatments to water stress and rehydration. In general, soils with a clay loam texture have a decent water retention capacity, which provides a gradual reduction in water availability after the irrigation interruption [62]. This characteristic was beneficial in the present study, considering that it permitted the water stress evaluation for a longer time and in more detail. The soil could also maintain its high moisture after irrigation, allowing the rehydration of the plants.



The plants’ responses to water-stress conditions vary according to the species, cultivar, exposure time, edaphic factors, among others [63]. The leaf water potential (Ψf) is an essential parameter for studying water stress due to its relation with stomatal conductance, gas exchanges, transpiration, and soil water availability [64]. When the soil reaches a water potential inferior to −15 bar, the plants cannot absorb water from the soil, reaching the permanent wilting point [61]. However, this same author mentions that some species can survive in soils with −60 bar of Ψf. In our study, Samanea saman absorbed water from the soil without reaching the permanent wilting point in pressures lower than −15 bar in all treatments (Table 6 and Table 7), showing that this is species is tolerant to water stress.



The fast recovery of the Ψf after irrigation restart corroborates with the study of [65]: analyzing plants of pajeú (Triplaris gardneriana), seven days after the irrigation’s return, the plants presented the same Ψf than plants from the treatment without water stress. The recovery of Ψf after irrigation confirms the tolerance of Samanea saman to water stress since the damages caused during the 35 days that plants stayed without irrigation did not restrict their physiologic functions of absorbing and transporting water from the roots to shoot [46]. Considering that until the 20th day, the plants have not stopped growing in height (Table 5), it is possible to state that the Ψf reached before this period (−7.8 bar) did not affect Samanea saman growth.



The seedlings produced with the standard substrate were the ones that suffered less from the water stress. The lower leaf area and height of seedlings before planting (Table 2) possibly justify this result since these morphological characteristics positively correlate with transpiration and soil water consumption after planting [66].



The commercial substrate produced the seedlings that most suffered from water stress. The sphagnum peat’s hydrophobic behavior can explain this result since after reaching low humidity, the substrates based on this material have difficulties rehydrating [45]. In the commercial substrate, the inoculation favored the plants’ resistance to water stress, corroborating the studies of [40,67,68].



Studying the water stress in corn plants, [69] concluded that using humic acids from sewage sludge improved the Ψf, softened the physiological effects, and enhanced plants’ morphological growth. However, the present study’s results show that the sludge substrate had favorable effects on Ψf only at the beginning of water stress (at seven days after planting), at 28 days when combined with inoculation, and after rehydration (at 37 and 38 days). Before planting, the higher leaf area and height of the seedlings may have caused higher transpiration and, consequently, lower Ψf during the water-stress period.



It is also essential to state the limitations of using inoculants in tree seedlings’ production. For NFB inoculants, it is worth mentioning the specificity of the relation between leguminous species and the different species and strains of NFB [27], affecting the competition for symbiotic zone colonization between the inoculated bacteria and the ones that are naturally present in the planting soil [70]. Besides, there is a limited number of institutions producing and commercializing NFB inoculants for tree species. Regarding the AMF, the scale production is hampered by the obligation of a host for multiplication since it is impossible to produce inoculants in a culture medium without functional roots [71]. In addition, the high standards required by specific laws that regulate the licensing of production and commercialization of biological inoculants in Brazil [27,72,73,74] reduce the feasibility of using the AMF inoculation for tree species.



It is crucial to evaluate the sludge properties before using it as a nursery substrate since their chemical and physical characteristics vary among different batches from the same or different WWTPs [4,12]. The limitations can occur due to high salinity, toxic elements, high density, poor stability, among other factors [4,6,48]. Regarding physical properties, for [11], the high density and microporosity of substrates with 60–80% sludge hindered the aeration and drainage, harming the growth of the roots. According to [75], higher proportions of sludge in the substrate harm root aggregation and complicate removing seedlings from the container.



Although the high salinity of sludges can be a significant issue to produce seedlings of ornamental plants [4], forest species can present better tolerance [2,48], which shows that it is essential to consider the requirements and characteristics of each cultivated species [6]. The authors of [75] observed for Mimosa scabrella seedlings that even small proportions (10%) of sludge had adverse effects on the growth compared with a commercial substrate composed of pine bark and vermiculite. On the other hand, for Eucalyptus benthamii, the authors observed similar growth for the commercial and substrates containing up to 50% sludge. Considering the growth in the nursery and after planting, the sludge used in the present study can be considered adequate to produce Samanea saman seedlings.



From a circular economy perspective, the transformation of a residue in a resource and the nutrient recycling makes it interesting to use the sewage sludge as a substrate [3].The other substrates evaluated in the present study have components that generate environmental impacts during their extraction, namely, the sphagnum peat and clay subsoil. Meanwhile, using sewage sludge as a substrate can be considered a sustainable alternative compared to the landfilling of this material [76]. From a nursery perspective, using substrates composed mainly of sewage sludge can reduce production costs, especially with commercial substrates and chemical fertilizers [2,10]. In the present study, similar results for fertilized (positive control) and control (no inoculation and no fertilization) seedlings before and after planting suggests that chemical fertilizers may be avoided to produce Samanea saman seedlings with the sludge substrate.







Author Contributions


Conceptualization, G.W.A., O.J.S.J. and S.M.d.F.; formal analysis, G.W.A., J.M.A. and O.J.S.J.; funding acquisition, O.J.S.J. and S.M.d.F.; investigation, G.W.A., O.J.S.J. and S.M.d.F.; methodology, G.W.A., O.J.S.J. and S.M.d.F.; project administration, G.W.A. and O.J.S.J.; supervision, O.J.S.J. and S.M.d.F.; writing—original draft, G.W.A., J.M.A., O.J.S.J. and S.M.d.F.; writing—review and editing, G.W.A. and J.M.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Embrapa Management System (Project: 11.15.02.001.04.03) and CNPQ (Process: 311436/2017-0).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data sharing not applicable.




Acknowledgments


To the Embrapa Management System (Project: 11.15.02.001.04.03) and CNPQ (Process: 311436/2017-0) for their support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bandeira, S.B.; Fernandes, H.E.; de Medeiros, G.H.; Dotto, M.C.; Gonçalves, F.B.; Ramos, N.; Erasmo, E.A.L. Qualidade de mudas de Jacaranda cuspidifolia produzidas em diferentes substratos. Rev. Bras. Agropecu. Susten. 2018, 8, 79–84. (In Portuguese) [Google Scholar] [CrossRef]

	



Ribeiro, H.M.; Vasconcelos, E.; Cabral, F.; Ribeiro, D. Fertilization of Pinus Pinea L. seedlings with a sewage sludge-based compost. Waste Manag. Res. 2009, 27, 112–118. [Google Scholar] [CrossRef]

	



Manca, A.; da Silva, M.R.; Guerrini, I.A.; Fernandes, D.M.; Villas Bôas, R.L.; da Silva, L.C.; da Fonseca, A.C.; Ruggiu, M.C.; Cruz, C.V.; Sivisaca, D.C.L.; et al. Composted sewage sludge with sugarcane bagasse as a commercial substrate for Eucalyptus Urograndis seedling production. J. Clean. Prod. 2020, 269, 122145. [Google Scholar] [CrossRef]

	



Stewart-Wade, S.M. Efficacy of organic amendments used in containerized plant production: Part 1—Compost-based amendments. Sci. Hortic. 2020, 266, 1–21. [Google Scholar] [CrossRef]

	



Cunha, A.M.; Cunha, G.; Sarmento, R.A.; Cunha, G.M.; do Amaral, J.F.T. Efeito de diferentes substratos sobre o desenvolvimento de mudas de Acacia sp. Rev. Árvore 2006, 30, 207–214. (In Portuguese) [Google Scholar] [CrossRef]

	



Alonso, J.M.; Abreu, A.H.M.; de Melo, L.A.; Leles, P.S.; Cabreira, G.V. Biosolids as substrate for the production of Ceiba speciosa seedlings. Cerne 2018, 24, 420–429. [Google Scholar] [CrossRef]

	



Abreu, A.H.M.; Alonso, J.M.; Melo, L.A.D.; Leles, P.S.S.; Santos, G.R.D. Caracterização de biossólido e potencial de uso na produção de mudas de Schinus terebinthifolia Raddi. Eng. Sanit. Ambient. 2019, 24, 591–599. (In Portuguese) [Google Scholar] [CrossRef]

	



Rahman, M.M.; Sultana, S.; Mahmud, M.A.; Islam, K.N. Green manure potentials of water hyacinth and sewage sludge: The seed germination and seedling growth trials of Albizia saman. Res. Agric. Vet. Sci. 2017, 1, 18–31. [Google Scholar]

	



Abaurre, G.W.; Júnior, O.J.S.; Schäfer, G.; de Faria, S.M. Substrates for the production of Samanea saman (Jacq.) Merr seedlings inoculated with nitrogen-fixing bacteria and arbuscular mycorrhizal fungi. Symbiosis 2020, 82, 157–163. [Google Scholar] [CrossRef]

	



Uesugi, G.; Simões, D.; Moraes, C.B.; da Silva, M.R. Economic and financial analysis of tree seedling production using composted biosolids substrate. Floresta Ambient. 2019, 26, 1–9. [Google Scholar] [CrossRef]

	



Guerrini, I.A.; Trigueiro, R.M. Atributos físicos e químicos de substratos compostos por biossólidos e casca de arroz carbonizada. Rev. Bras. Cienc. Solo 2004, 28, 1069–1076. (In Portuguese) [Google Scholar] [CrossRef]

	



Abreu, A.H.M.; Marzola, L.B.; de Melo, L.A.; Leles, P.S.S.; Abel, E.L.S.; Alonso, J.M. Urban solid waste in the production of Lafoensia Pacari seedlings. Rev. Bras. Eng. Agric. Ambient. 2017, 21, 83–87. [Google Scholar] [CrossRef]

	



Donoso, S.; Peña-Rojas, K.; Pacheco, C.; Durán, S.; Santelices, R.; Mascaró, C. The physiological and growth response of Acacia caven under water stress and the application of different levels of biosolids. Cienc. Investig. Agrar. 2015, 42, 273–283. [Google Scholar] [CrossRef]

	



Arriagada, C.; Pacheco, P.; Pereira, G.; Machuca, A.; Alvear, M.; Ocampo, J.A. Effect of arbuscular mycorrhizal fungal inoculation on Eucalyptus globulus seedlings and some soil enzyme activities under application of sewage sludge amendment. Rev. Cienc. Suelo Nutr. Veg. 2009, 9, 89–101. [Google Scholar] [CrossRef]

	



Gómez, F.O.H.; Vega, N.W.O.; Pelaez, J.D.L. Biological inoculation and organic amendments as strategies to improve ebony (Caesalpinia ebano) tree-seedling growth at the nursery. Rev. Fac. Nac. Agron. 2018, 71, 8489–8497. [Google Scholar] [CrossRef]

	



Sharma, N.; Yadav, K.; Cheema, J.; Badda, N.; Aggarwal, A. Arbuscular mycorrhizal symbiosis and water stress: A critical review. Pertanika J. Trop. Agric. Sci. 2015, 38, 427–453. [Google Scholar]

	



Diniz, P.F.A. Influência do Fungo Micorrízico Arbuscular (Glomus clarum) Sobre Características Biofísicas, Nutricionais, Metabólicas e Anatômicas em Plantas Jovens de Seringueira. Master’s Thesis, Mestrado em Agronomia na Universidade Federal de Lavras, Minas Gerais, Brasil, 2007. (In Portuguese). [Google Scholar]

	



Brito, S.; Barbosa, D.; de Lima, L.M.; Fernandes Júnior, P.I. Atividade antioxidante em genótipos de amendoim inoculados com bradyrhizobium e submetidos a estresse hídrico. Embrapa semiárido. In Proceedings of the Congress, Encontro de Genética do Nordeste, Recife, Brasil, 12 May 2016; SBG: Ribeirão Preto, Brasil, 2016. (In Portuguese) [Google Scholar]

	



Cruz, E.S.; Carvalho, D.F.; Ceddia, M.B.; Antunes, M.A.; Aquino, R.M. Ocorrência de veranicos no estado do Rio de Janeiro. Eng. Agríc. 2004, 24, 68–79. (In Portuguese) [Google Scholar] [CrossRef]

	



Lorenzi, H. Árvores Brasileira, 3rd ed.; Instituto Plantarum: Nova Odessa, Brasil, 2002; Volume 2, p. 201. (In Portuguese) [Google Scholar]

	



dos Santos, N.K.F.; Maneschy, R.Q. Avaliação de espécies madeireiras em sistemas agroflorestais familiares. In Proceedings of the Cadernos de Agroecologia, IX Congresso Brasileiro de Agroecologia, Belem, Pará, Brasil, 1 October 2015; Cadernos de Agroecologia: Belém, Brazil, 2015. (In Portuguese) [Google Scholar]

	



Goes, L.G.; Quintela, M.F. Florística e estrutura de um reflorestamento no maciço da Tijuca, Rio de Janeiro, RJ, Brasil. Rev. Int. Cienc. 2015, 5, 106–126. (In Portuguese) [Google Scholar] [CrossRef]

	



Prasad, R.N.; Viswanathan, S.; Devi, J.R.; Nayak, V.; Swetha, V.C.; Archana, V.R. Preliminary phytochemical screening and antimicrobial activity of Samanea saman. J. Med. Plants. Res. 2008, 2, 268–270. [Google Scholar]

	



de Faria, S.M.; de Carvalho, B.; Paula, R.R.; Santos, F.M.; Zilli, J.E. Biological Nitrogen Fixation (BNF) in mixed-forest plantations. In Mixed Plantations of Eucalyptus and Leguminous Trees, 1st ed.; Cardoso, E.J.B.N., Gonçalves, J.L.M., Balieiro, F.C., Franco, A.A., Eds.; Springer: Cham, Switzerland, 2020; pp. 103–135. [Google Scholar]

	



Barwick, M.; Van Der Schans, A.; Claudy, J.B. Tropical & Subtropical Trees: A Worldwide Encyclopaedic Guide, 1st ed.; Thames & Hudson: London, UK, 2004. [Google Scholar]

	



Ministério do Meio Ambiente/Conselho Nacional do Meio Ambiente. Resolução No. 498, de 19 de Agosto de 2020. Available online: https://www.in.gov.br/en/web/dou/-/resolucao-n-498-de-19-de-agosto-de-2020-273467970#:~:text=Define%20crit%C3%A9rios%20e%20procedimentos%20para,solos%2C%20e%20d%C3%A1%20outras%20provid%C3%AAncias.&text=Art.&text=%C2%A7%202%C2%BA%20Para%20a%20produ%C3%A7%C3%A3o,ser%20observada%20a%20legisla%C3%A7%C3%A3o%20pertinente (accessed on 30 April 2021). (In Portuguese)

	



Ministério da Agricultura Pecuária e Abastecimento. Instrução Normativa SDA No. 13, de 24 de Março de 2011. Available online: https://www.gov.br/agricultura/pt-br/assuntos/insumos-agropecuarios/insumos-agricolas/fertilizantes/legislacao/in-sda-13-de-24-03-2011-inoculantes.pdf (accessed on 28 February 2021). (In Portuguese)

	



dos Santos, M.T.; Jacomine, P.K.T.; dos Anjos, L.H.C.; de Oliveira, V.A.; Lumbreras, J.F.; Coelho, M.R.; de Almeida, J.A.; de Araújo Filho, J.C.; de Oliveira, J.B.; Cunha, T.J.F. Brazilian Soil Classification System, 5th ed.; Livro Técnico; Embrapa Solos (INFOTECA-E): Rio de Janeiro, Brazil, 2018. [Google Scholar]

	



Staff, S.S. Keys to Soil Taxonomy, 1st ed.; United States Department of Agriculture, Natural Resources Conservation Service: Washington, DC, USA, 1996.

	



Nogueira, A.R.A.; de Souza, G.B. Manual de Laboratórios: Solo, Água, Nutrição Vegetal, Nutrição Animal e Alimentos, 1st ed.; Embrapa Pecuária Sudeste: São Carlos, Brasil, 2005. (In Portuguese) [Google Scholar]

	



Ministério da Agricultura Pecuária e Abastecimento. Instrução Normativa No. 17, de 21 de Maio de 2017. Available online: https://www.gov.br/agricultura/pt-br/assuntos/insumos-agropecuarios/insumos-agricolas/fertilizantes/legislacao/in-17-de-21-05-2007-aprova-metodo-substrato.pdf/view (accessed on 30 April 2021). (In Portuguese)

	



Rossa, Ü.B.; Angelo, A.C.; Bognola, I.A.; Westphalen, D.J.; Milani, J.E. Fertilizante de liberação lenta no desenvolvimento de mudas de Eucalyptus grandis. Floresta 2014, 45, 85–96. (In Portuguese) [Google Scholar] [CrossRef]

	



Resolução INEA No. 143, de 14 de Junho de 2017. Available online: http://www.inea.rj.gov.br/Portal/Agendas/BIODIVERSIDADEEAREASPROTEGIDAS/ServicoFlorestal/ProjetoDeRestauracaoFlorestal/index.htm&lang=PT-BR (accessed on 28 February 2021). (In Portuguese)

	



Duarte, D.M.; Rocha, G.T.; de Lima, F.B.; Matos, F.S.; Rodrigues, F. Responses of Paricá seedlings to water stress. Floresta 2016, 46, 405–412. [Google Scholar] [CrossRef]

	



Taiz, L.; Zeiger, E. Fisiologia Vegetal, 5th ed.; Artmed: Porto Alegre, Brasil, 2013. (In Portuguese) [Google Scholar]

	



Rodrigues, J.D.B.; Fernandes, J.R.Q.; Alves, R.M.; da Cunha, R.L.M.; Bastos, A.J.R.; Teixeira, A.L. Comportamento morfológico no período de crescimento de progênies de cupuaçuzeiro em resposta a restrição hídrica. Ciênc. Tecnol. 2017, 9, 1–6. (In Portuguese) [Google Scholar]

	



Navroski, M.C.; Nicoletti, M.F.; Lovatel, Q.C.; Pereira, M.O.; Tonett, E.L.; Mazzo, M.V.; Felippe, D. Efeito do volume do tubete e doses de fertilizantes no crescimento inicial de mudas de Eucalyptus dunnii Maiden. Agrarian 2016, 9, 26–33. (In Portuguese) [Google Scholar]

	



Toledo, R.D.; Victoria Filho, R.; Pitelli, R.A.; Alves, P.L.; Lopes, M.A. Efeito de períodos de controle de plantas daninhas sobre o desenvolvimento inicial de plantas de eucalipto. Planta Daninha 2000, 18, 395–404. [Google Scholar] [CrossRef]

	



Pimentel, C.; Perez, A.J.D.L.C. Estabelecimento de parâmetros para avaliação de tolerância à seca, em genótipos de feijoeiro. Pesq. Agropec. Bras. 2000, 35, 31–39. (In Portuguese) [Google Scholar] [CrossRef]

	



Cavalcante, U.M.T.; Maia, L.C.; Nogueira, R.J.M.C.; Santos, V.F.D. Respostas fisiológicas em mudas de maracujazeiro amarelo (Passiflora edulis Sims. f. flavicarpa Deg.) inoculadas com fungos micorrízicos arbusculares e submetidas a estresse hídrico. Acta Bot. Bras. 2001, 15, 379–390. (In Portuguese) [Google Scholar] [CrossRef]

	



Moratelli, E.M.; Costa, M.D.; Lovato, P.E.; Santos, M.; Paulilo, M.T.S. Efeito da disponibilidade de água e de luz na colonização micorrízica e no crescimento de Tabebuia avellanedae Lorentz ex Griseb. (Bignoniaceae). Rev. Árvore 2007, 31, 555–566. (In Portuguese) [Google Scholar] [CrossRef]

	



Martins, M.D.O. Aspectos Fisiológicos do nim Indiano sob Déficit Hídrico em Condições de Casa de Vegetação. Master’s Thesis, Mestrado em Botânica pela Universidade Federal Rural de Pernambuco, Pernambuco, Brasil, 2008. (In Portuguese). [Google Scholar]

	



Pereira, M.R.R.; Klar, A.E.; Melhorança Filho, A.L.; Rodrigues, A.C.P.; da Silva, M.R. Influência de solos de diferentes texturas no desenvolvimento de plantas de Eucalyptus urograndis submetidas a déficit hídrico. Irriga 2008, 13, 249–260. (In Portuguese) [Google Scholar] [CrossRef]

	



Figueirôa, J.M.D.; Barbosa, D.C.D.A.; Simabukuro, E.A. Crescimento de plantas jovens de Myracrodruon urundeuva Allemão (Anacardiaceae) sob diferentes regimes hídricos. Acta Bot. Bras. 2004, 18, 573–580. (In Portuguese) [Google Scholar] [CrossRef]

	



Schindler, U.; Müller, L.; Eulenstein, F. Hydraulic performance of horticultural substrates—1. Method for measuring the hydraulic quality indicators. Horticulturae 2017, 3, 5. [Google Scholar] [CrossRef]

	



Albuquerque, M.P.F.D.; Moraes, F.K.C.; Santos, R.I.N.; Castro, G.L.S.D.; Ramos, E.M.L.S.; Pinheiro, H.A. Ecofisiologia de plantas jovens de mogno-africano submetidas a déficit hídrico e reidratação. Pesq. Agropec. Bras. 2013, 48, 9–16. (In Portuguese) [Google Scholar] [CrossRef]

	



Oliveira-Neto, C.F.; de Freitas, J.M.N.; Bariane, A.; Carvalho, C.; da Costa, R.C.L. Estudos ecofisiológicos e bioquímicos do cupuaçuzeiro [Theobroma grandiflorum (Wild. ex. Spreng.) Schum] submetido ao estresse hídrico e a reidratação. In Embrapa Amazônia Oriental-Artigo em Anais de Congresso (ALICE) 2005. Seminário de Iniciação Científica da UFRA. Ciência e Tecnologia com Inclusão Social: Anais; UFRA, Embrapa Amazônia Oriental: Belém, Brazil, 2005. (In Portuguese) [Google Scholar]

	



Hernández-Apaolaza, L.; Gascó, A.M.; Gascó, J.M.; Guerrero, F. Reuse of waste materials as growing media for ornamental plants. Bioresour. Technol. 2005, 96, 125–131. [Google Scholar] [CrossRef]

	



Pereira, R.D.; Takenaka, E.M.M.; Fluminhan Jr, A. Reciclagem agrícola de biossólidos: Aspectos ambientais e aceitação pública. Colloq. Hum. 2013, 10, 90–101. (In Portuguese) [Google Scholar] [CrossRef]

	



Tsutiya, M.T. Biossólido da Agricultura, 1st ed.; Sabesp: São Paulo, Brasil, 2001. (In Portuguese) [Google Scholar]

	



Scalon, S.D.P.Q.; Mussury, R.M.; Euzébio, V.L.M.; Kodama, F.M.; Kissmann, C. Estresse hídrico no metabolismo e crescimento inicial de mudas de mutambo (Guazuma ulmifolia Lam.). Ciênc. Florest. 2011, 21, 655–662. (In Portuguese) [Google Scholar] [CrossRef]

	



Grant, C.; Bittman, S.; Montreal, M.; Plenchette, C.; Morel, C. Soil and fertilizer phosphorus: Effects on plant P supply and mycorrhizal development. Can. J. Plant Sci. 2005, 85, 3–14. [Google Scholar] [CrossRef]

	



Smith, S.E.; Smith, F.A.; Jakobsen, I. Mycorrhizal fungi can dominate phosphate supply to plants irrespective of growth responses. Plant Physiol. 2003, 133, 16–20. [Google Scholar] [CrossRef]

	



Caldeira, M.V.W.; Delarmelina, W.M.; Lübe, S.G.; Gomes, D.R.; Gonçalves, E.O.; Alves, A.F. Biossólido na composição de substrato para a produção de mudas de Tectona grandis. Floresta 2012, 42, 77–84. (In Portuguese) [Google Scholar] [CrossRef]

	



Mendonça, J.C.; Sousa, E.F.; Andre, R.G.B.; Bernardo, S. Coeficientes do tanque classe a para a estimativa da evapotranspiração de referência em Campos dos Goytacazes, RJ. Rev. Bras. Agrometeorol. 2006, 14, 123–128. (In Portuguese) [Google Scholar]

	



Jesus, E.D.C.; Schiavo, J.A.; de Faria, S.M. Dependência de micorrizas para a nodulação de leguminosas arbóreas tropicais. Rev. Árvore 2005, 29, 545–552. (In Portuguese) [Google Scholar] [CrossRef]

	



Mendes, M.C.; Von Pinho, R.G.; Von Pinho, E.V.R.; Faria, M.V. Comportamento de híbridos de milho inoculados com os fungos causadores do complexo grãos ardidos e associação com parâmetros químicos e bioquímicos. Ambiência 2012, 8, 275–292. (In Portuguese) [Google Scholar] [CrossRef]

	



Carneiro, M.A.C.; Siqueira, J.O.; Davide, A.C. Fósforo e inoculação com fungos micorrízicos arbusculares no estabelecimento de mudas de embaúba (Cecropia pachystachya Trec). Pesq. Agropec. Trop. 2004, 34, 119–125. (In Portuguese) [Google Scholar]

	



Johnson, J.D.; Cline, M.L. Seedling quality of southern pines. In Forest Regeneration Manual, 1st ed.; Duryea, M.L., Dougherty, P.M., Eds.; Springer: Dordrecht, The Netherlands, 1991; Volume 1, pp. 1431–1459. [Google Scholar]

	



Suassuna, J.F.; Fernandes, P.D.; Nascimento, R.D.; Oliveira, A.; de Brito, K.S.; Melo, A.S.D. Produção de fitomassa em genótipos de citros submetidos a estresse hídrico na formação do porta-enxerto. Rev. Bras. Eng. Agric. Amb. 2012, 16, 1305–1313. (In Portuguese) [Google Scholar] [CrossRef]

	



Pimentel, C. A Relação da Planta com a Água, 1st ed.; Edur: Seropédica, Brasil, 2004. (In Portuguese) [Google Scholar]

	



da Silva, M.A.S.; Mafra, Á.L.; Albuquerque, J.A.; Bayer, C.; Mielniczuk, J. Atributos físicos do solo relacionados ao armazenamento de água em um Argissolo Vermelho sob diferentes sistemas de preparo. Cienc. Rural 2005, 35, 544–552. (In Portuguese) [Google Scholar] [CrossRef]

	



Nascimento, S.P.D.; Bastos, E.A.; Araújo, E.C.; Freire Filho, F.R.; Silva, E.M.D. Tolerância ao déficit hídrico em genótipos de feijão-caupi. Rev. Bras. Eng. Agr. Amb. 2011, 15, 853–860. (In Portuguese) [Google Scholar] [CrossRef]

	



Tonello, K.C.; Teixeira Filho, J. Ecofisiologia de três espécies arbóreas nativas da mata atlântica do Brasil em diferentes regimes de água. Irriga 2012, 17, 85–101. (In Portuguese) [Google Scholar] [CrossRef]

	



Queiroz, J.C.P. Respostas Ecofisiológicas e Bioquímicas do Pajeú (Triplaris gardneriana Wedd.) Submetido ao Déficit Hídrico. Master’s Thesis, Mestre em Ecologia e Conservação pela Universidade Federal de Sergipe, Sergipe, Brasil, 2018. (In Portuguese). [Google Scholar]

	



Martins, F.B.; Streck, N.A.; Silva, J.C.D.; Morais, W.W.; Susin, F.; Navroski, M.C.; Vivian, M.A. Deficiência hídrica no solo e seu efeito sobre transpiração, crescimento e desenvolvimento de mudas de duas espécies de eucalipto. Rev. Bras. Ciênc. Solo 2008, 32, 1297–1306. (In Portuguese) [Google Scholar] [CrossRef]

	



Nonato, E.R.L.; dos Santos, D.R.; Leite, J.A.; da Silva, G.A.; Pereira, C.T.; Luz, M.N.; Nóbrega, C.M.B. Crescimento da Craibeira inoculada com fungos micorrizicos sob diferentes regimes hídricos. Braz. J. Dev. 2020, 6, 98929–98940. (In Portuguese) [Google Scholar] [CrossRef]

	



Bonacina, C.; Cruz, R.M.S.; Zaina, I.C.; Alberton, O.; de Souza, S.G.H. Arbuscular mycorrhizal fungi in drought tolerance: Response in the antioxidant metabolism of Ocimum basilicum L. Res. Soc. Dev. 2020, 9, 1–29. [Google Scholar] [CrossRef]

	



Rocha, D.S.; Rodrigues, C.S.; Gallo, P.B.; Ticelli, M.; Paterniani, M.E.A.G.Z. Tolerância ao déficit hídrico em híbridos intervarietais de milho. Rev. Caatinga 2021, 34, 80–89. (In Portuguese) [Google Scholar] [CrossRef]

	



Jaeger Neto, A.; de Oliveira Junior, J.Q.; de Faria, S.M. Seleção de estirpes de rizóbio eficientes na fixação biológica de nitrogênio para a espécie Chamaecrista nictitans (L.) Moench. In Proceedings of the Científica Johanna Döbereiner, Seropédica, Brasil, 24 October 2010; Embrapa: Seropédica, Brasil, 2010. (In Portuguese) [Google Scholar]

	



Souza, V.C.D.; Silva, R.A.D.; Cardoso, G.D.; Barreto, A.F. Estudos sobre fungos micorrízicos. Rev. Bras. Eng. Agríc. Ambient. 2006, 10, 612–618. [Google Scholar] [CrossRef]

	



Presidência da República/Casa Civil. Lei No. 6.894, de 16 de Dezembro de 1980. Available online: http://www.planalto.gov.br/ccivil_03/LEIS/1980-1988/L6894.htm#:~:text=L6894&text=LEI%20N%C2%BA%206.894%2C%20DE%2016%20DE%20DEZEMBRO%20DE%201980.&text=Disp%C3%B5e%20sobre%20a%20inspe%C3%A7%C3%A3o%20e,agricultura%2C%20e%20d%C3%A1%20outras%20provid%C3%AAncias (accessed on 30 April 2021). (In Portuguese)

	



Câmara dos Deputados. Decreto No. 4954, de 14 de Janeiro de 2004. Available online: https://www2.camara.leg.br/legin/fed/decret/2004/decreto-4954-14-janeiro-2004-497758-normaatualizada-pe.html (accessed on 30 April 2021). (In Portuguese).

	



Ministério da Agricultura, Pecuária e Abastecimento. Instrução Normativa No. 30, de 12 de Novembro de 2010. Available online: https://www.normasbrasil.com.br/norma/instrucao-normativa-30-2010_78100.html (accessed on 30 April 2021). (In Portuguese)

	



Kratz, D.; Wendling, I.; Nogueira, A.C.; Souza, P.V.D. Utilização de resíduos urbanos e agroflorestais para produção de mudas de Eucalyptus benthamii e Mimosa scabrella. Floresta Ambient. 2013, 20, 530–537. (In Portuguese) [Google Scholar] [CrossRef]

	



Abreu, A.H.M.; Leles, P.S.S.; Alonso, J.M.; Abel, E.L.D.S.; de Oliveira, R.R. Characterization of sewage sludge generated in Rio de Janeiro, Brazil, and perspectives for agricultural recycling. Semin. Agrar. 2017, 38, 2433–2448. [Google Scholar] [CrossRef]








[image: Water 13 01306 g001a 550][image: Water 13 01306 g001b 550] 





Figure 1. Root dry mass (RDM) and shoot dry mass (SDM) of Samanea saman plants, in which seedlings were produced with different inoculation patterns and substrates. Equal lower-case letters for inoculation patterns (a) and equal upper-case letters for substrate (b) do not differ from each other by Scott-Knott test at 5% of probability. Letters inside the black bars refer to seedlings’ dry mass before planting (CV = 7.2 and 10.2% respectively for SDM and RDM), inside white bars to their increment during the 66 days of the experiment (CV = 23.2 and 17.2% respectively for SDM and RDM), and out of the bars for the total dry mass at 66 after planting (CV = 12.1 and 9.1% respectively for SDM and RDM). Inoculation treatments: NFB + AMF (seedlings inoculated with nitrogen-fixing bacteria and arbuscular mycorrhizal fungi); PC = positive control (non-inoculated seedlings fertilized with 111 mg of N, 16 mg of P2O5, and 51 mg of K2O); C = control (no inoculation and no fertilization). Substrate treatments: sludge (sewage sludge from the Ilha do Governador WWTP, provided by CEDAE); commercial (commercial substrate composed mainly of sphagnum peat plus vermiculite and carbonized rice husk); standard (67% clay subsoil plus 33% of cattle manure). 
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Table 1. Heavy metal total contents of the sewage sludge used as a substrate to produce Samanea saman seedlings with different substrates and inoculation patterns.
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As

	
Ba

	
Cd

	
Pb

	
Cu

	
Cr

	
Ni

	
Zn






	
Reference

	
--------------------------------------------------------------- mg kg−1 -----------------------------------------------------------------




	
Sludge

	
0.12

	
217.12

	
1.35

	
119.21

	
202.45

	
55.40

	
79.17

	
920.05




	
Conama *

	
41.00

	
1300.00

	
39.00

	
300.00

	
1500.00

	
1000.00

	
420.00

	
2800.00








* Maximum heavy metal contents allowed by the Conama resolution no 498/20 [26] for class A sewage sludges. The analysis used the acid digestion method, and the chemical elements were determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES).
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Table 2. Morphological parameters before planting of Samanea saman seedlings produced with different treatments of substrate and inoculation.






Table 2. Morphological parameters before planting of Samanea saman seedlings produced with different treatments of substrate and inoculation.





	
Substrate Treatment

	
Inoculation Treatment




	
Control

	
Positive Control

	
NFB + AMF

	
Control

	
Positive Control

	
NFB + AMF

	
Control

	
Positive Control

	
NFB + AMF






	

	
Nodule dry mass (mg) CV = 21.9%

	
Height (cm) CV = 4.0%

	
Roots dry mass (g) CV = 10.2%




	
Standard

	
170 Bb

	
64 Bc

	
380 Ba

	
23.4 Cb

	
24.8 Cb

	
28.2 Ba

	
0.63 Cb

	
0.89 Ca

	
0.70 Cb




	
Commercial

	
584 Aa

	
243 Ab

	
656 Aa

	
33.8 Ba

	
32.3 Ba

	
34.2 Aa

	
1.40 Bb

	
1.73 Ba

	
1.41 Bb




	
Sludge

	
150 Bb

	
25 Bc

	
372 Ba

	
37.4 Ab

	
39.1 Aa

	
35.2 Ac

	
1.98 Aa

	
1.95 Aa

	
1.65 Ab




	

	
Root colonization (%) CV = 130.0%

	
Collar diameter (mm) CV = 3.8%

	
Shoot dry mass (g) CV = 7.2%




	
Standard

	
0 Ab

	
0 Ab

	
13 Aa

	
3.7 Cb

	
3.7 Cb

	
4.1 Ba

	
1.67 Cc

	
2.04 Cb

	
2.83 Ca




	
Commercial

	
0 Ab

	
0 Ab

	
13 Aa

	
4.9 Ba

	
5.1 Ba

	
5.0 Aa

	
4.70 Ba

	
4.84 Ba

	
5.05 Ba




	
Sludge

	
0 Ab

	
0 Ab

	
10 Aa

	
5.7 Aa

	
5.5 Aa

	
5.1 Ab

	
5.26 Ab

	
5.31 Ab

	
5.73 Aa




	

	
Spore density CV = 142.0%

	
Leaf area (cm2) CV = 14.2%

	
Total dry mass (g) CV = 7.1%




	
Standard

	
0 Ab

	
0 Ab

	
33 Ba

	
129 Bb

	
192 Ba

	
252 Ba

	
2.30 Cc

	
2.93 Cb

	
3.53 Ca




	
Commercial

	
0 Ab

	
0 Ab

	
21 Ba

	
417 Aa

	
438 Aa

	
444 Aa

	
6.09 Ba

	
6.57 Ba

	
6.47 Ba




	
Sludge

	
0 Ab

	
0 Ab

	
411 Aa

	
375 Ab

	
452 Aa

	
503 Aa

	
7.24 Aa

	
7.25 Aa

	
7.38 Aa








Inoculation treatments: NFB + AMF (seedlings inoculated with nitrogen-fixing bacteria and arbuscular mycorrhizal fungi); positive control (non-inoculated seedlings fertilized with 111 mg of N, 16 mg of P2O5 and, 51 mg of K2O); control (no inoculation and no fertilization. Substrate treatments: sludge (sewage sludge from Ilha do Governador Wastewater Treatment Plant provided by Companhia Estadual de Águas e Esgoto do Rio de Janeiro—CEDAE); commercial (commercial substrate composed mainly of sphagnum peat plus vermiculite and carbonized rice husk); standard (67% clay subsoil plus 33% of cattle manure). CV: coefficient of variation. Equal letters, upper-case comparing substrates (columns), and lower-case comparing inoculation patterns (rows) do not differ from each other by the Scott-Knott test at 5% of probability.
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Table 3. Chemical fertility (methodology in [30]) and pH of the substrates and components used to produce Samanea saman seedlings with different substrates and inoculation patterns.
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Substrate

	
pH

	
Npot

	
P

	
K

	
Ca

	
Mg

	
H + Al

	
Al




	
(H2O)

	
--------------------- mg L−1 -----------------------

	
------------- cmolc dm−3 -----------






	
Standard

	
7.4

	
98

	
81

	
729

	
3.2

	
1.8

	
1.3

	
0.0




	
Commercial

	
5.4

	
141

	
193

	
313

	
3.5

	
15.0

	
5.5

	
0.3




	
Sludge

	
5.1

	
409

	
388

	
189

	
3.6

	
1.3

	
10.2

	
0.1




	
Soil

	
5.2

	
69

	
13

	
64

	
1.6

	
0.8

	
3.8

	
0.04








Npot = potentially available nitrogen (nitrate + ammonium + nitrite + organic labile forms). Methodology: Npot (potassium chloride—KCl) extraction, acid digestion determination—Kjeldahl); available P (Mehlich I extraction, colorimetric determination); exchangeable K Mehlich I extraction, determination by flame photometry); exchangeable Ca and Mg (KCl 1M extraction, determination by atomic absorption spectroscopy); H + Al and Al (KCl 1M extraction and titration determination).
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Table 4. Physical properties (methodology in [31]), organic carbon, and organic matter of substrates used to produce Samanea saman seedlings with different substrates and inoculation patterns.






Table 4. Physical properties (methodology in [31]), organic carbon, and organic matter of substrates used to produce Samanea saman seedlings with different substrates and inoculation patterns.





	
Substrate

	
EC

	
BD

	
TP

	
AP

	
EAW

	
WBC

	
AW

	
UW

	
Corg

	
OM




	
(mS/cm)

	
>(kg/m3)

	
------------------------------------------------ % --------------------------------------------------






	
Standard

	
0.85

	
932.49

	
60.84

	
12.43

	
18.43

	
3.76

	
22.19

	
26.22

	
5.70

	
9.82




	
Commercial

	
1.03 *

	
183.28 *

	
83.84 *

	
23.66 *

	
21.79 *

	
3.93 *

	
25.72 *

	
34.46 *

	
21.58

	
37.21




	
Sludge

	
2.97 *

	
453.48 *

	
83.21 *

	
15.25 *

	
28.32 *

	
7.76 *

	
36.08 *

	
31.88 *

	
12.61

	
21.74








EC: electrical conductivity obtained in 1:5 solution (V:V); BD: bulk density; TP: total porosity; AP: air-filled porosity; EAW: easily-available water; WBC: water buffering capacity; AW: available water; UW: unavailable water; Corg: organic carbon (determined by dry combustion method); OM: organic matter (calculated with Corg using the “van Bemmelen” factor). * Data presented in [9] that evaluated the same batch of these substrates.
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Table 5. Height total values and increment at 3, 20, 31, 52, and 66 days after planting Samanea saman seedlings produced with different inoculation patterns and substrates under water restriction (until the 36th day) and rehydration (after the 36th day).






Table 5. Height total values and increment at 3, 20, 31, 52, and 66 days after planting Samanea saman seedlings produced with different inoculation patterns and substrates under water restriction (until the 36th day) and rehydration (after the 36th day).





	
Substrate Treatments

	
Inoculation Treatments




	
Height (cm)

	
Daily Mean Height Increment (mm)




	
Control

	
Positive Control

	
NFB + AMF

	
Control

	
Positive Control

	
NFB + AMF






	

	
3 days after planting CV = 4.84%

	
between 0 and 3 days after planting CV= 36.88%




	
Standard

	
26.6 Bb

	
28.0 Cb

	
31.6 Ba

	
10.7 Ba

	
10.6 Ba

	
11.4 Ba




	
Commercial

	
39.5 Aa

	
37.4 Ba

	
40.0 Aa

	
18.9 Aa

	
16.9 Aa

	
19.2 Aa




	
Sludge

	
41.9 Aa

	
44.7 Aa

	
42.5 Aa

	
15.1 Aa

	
18.5 Aa

	
24.2 Aa




	

	
20 days after planting CV = 4.06%

	
between 3 and 20 days after planting CV= 17.53%




	
Standard

	
30.6 Bc

	
34.5 Cb

	
42.4 Ba

	
2.3 Bc

	
3.8 Bb

	
6.3 Aa




	
Commercial

	
48.9 Aa

	
48.6 Ba

	
51.1 Aa

	
5.6 Aa

	
6.6 Aa

	
6.6 Aa




	
Sludge

	
47.6 Ab

	
51.6 Aa

	
50.3 Aa

	
3.3 Ba

	
4.1 Ba

	
4.6 Ba




	

	
31 days after planting CV = 4.93%

	
between 20 and 31 days after planting CV= 52.19%




	
Standard

	
31.9 Bc

	
35.1 Cb

	
41.1 Ba

	
1.2 Aa

	
0.6 Aa

	
−1.1 Ab




	
Commercial

	
45.0 Aa

	
43.6 Ba

	
46.0 Aa

	
−3.6 Ca

	
−4.5 Ca

	
−4.7 Ba




	
Sludge

	
47.1 Ab

	
50.1 Aa

	
45.7 Ab

	
−0.4 Ba

	
−1.3 Ba

	
−4.2 Bb




	

	
52 days after planting CV = 5.44%

	
between 31 and 52 days after planting CV= 51.85%




	
Standard

	
35.4 Cb

	
37.5 Cb

	
46.2 Ba

	
1.7 Aa

	
1.1 Aa

	
2.4 Aa




	
Commercial

	
46.8 Ba

	
46.8 Ba

	
47.5 Ba

	
0.8 Aa

	
1.5 Aa

	
0.7 Aa




	
Sludge

	
51.4 Aa

	
54.5 Aa

	
52.2 Aa

	
2.1 Aa

	
2.1 Aa

	
3.1 Aa




	

	
66 days after planting CV = 6.62%

	
between 52 and 66 days after planting CV= 21.27%




	
Standard

	
44.8 Cb

	
45.9 Bb

	
56.4 Ba

	
6.7 Aa

	
6.1 Aa

	
7.3 Aa




	
Commercial

	
50.4 Ba

	
50.7 Ba

	
52.3 Ba

	
2.6 Ba

	
2.8 Ba

	
3.4 Ba




	
Sludge

	
64.6 Aa

	
64.7 Aa

	
61.4 Aa

	
9.4 Aa

	
7.3 Aa

	
6.6 Aa








Inoculation treatments: NFB + AMF (seedlings inoculated with nitrogen-fixing bacteria and arbuscular mycorrhizal fungi); positive control (non-inoculated seedlings fertilized with 111 mg of N, 16 mg of P2O5 and, 51 mg of K2O); control (no inoculation and no fertilization. Substrate treatments: sludge (sewage sludge from the Ilha do Governador WWTP, provided by CEDAE); commercial (commercial substrate composed mainly of sphagnum peat plus vermiculite and carbonized rice husk); standard (67% clay subsoil plus 33% of cattle manure). CV: coefficient of variation. Equal letters, upper-case comparing substrates (columns), and lower-case comparing inoculation patterns (rows) do not differ from each other by the Scott-Knott test at 5% of probability.
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Table 6. Leaf water potential (Ψf in bar) at 0, 7, and 22 days after planting Samanea saman when there was no interaction between the factors: substrates and inoculation patterns.
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Inoculation Treatments

	
Substrates




	
Ψf (bar)

	
Control

	
Positive Control

	
NFB + AMF

	
Standard

	
Commercial

	
Sludge






	
0 days (CV = 17.4%)

	
−2.9 a

	
−2.7 a

	
−3.1 a

	
−2.8 a

	
−3.1 a

	
−2.7 a




	
7 days (CV = 16.6%)

	
−3.1 a

	
−3.6 a

	
−3.5 a

	
−3.7 b

	
−3.5 b

	
−3.0 a




	
22 days (CV = 16.1%)

	
−12.7 a

	
−12.9 a

	
−17.2 b

	
−7.5 a

	
−20.2 c

	
−15.2 b








Inoculation treatments: NFB + AMF (seedlings inoculated with nitrogen-fixing bacteria and arbuscular mycorrhizal fungi); positive control (non-inoculated seedlings fertilized with 111 mg of N, 16 mg of P2O5, and 51 mg of K2O); control (no inoculation and no fertilization. Substrate treatments: sludge (sewage sludge from the Ilha do Governador WWTP, provided by CEDAE); commercial (commercial substrate composed mainly of sphagnum peat plus vermiculite and carbonized rice husk); standard (67% clay subsoil plus 33% of cattle manure). CV: coefficient of variation. Equal letters in the same row do not differ by the Scott-Knott test at 5% probability.













[image: Table] 





Table 7. Leaf water potential (Ψf in bar) at 16, 28, 37, and 38 days after planting Samanea saman when there was an interaction between the factors: substrates and inoculation patterns.






Table 7. Leaf water potential (Ψf in bar) at 16, 28, 37, and 38 days after planting Samanea saman when there was an interaction between the factors: substrates and inoculation patterns.





	
Substrates

	
Inoculation Treatments




	
Control

	
Positive Control

	
NFB + AMF






	

	
Ψf at 16 days after planting (CV = 12.3%)




	
Standard

	
−5.3 Aa

	
−5.2 Aa

	
−5.9 Aa




	
Commercial

	
−7.7 Ba

	
−6.9 Ba

	
−6.4 Aa




	
Sludge

	
−7.1 Ba

	
−6.6 Ba

	
−8.2 Bb




	

	
Ψf at 28 days after planting (CV = 5.2%)




	
Standard

	
−26.5 Aa

	
−31.2 Ab

	
−38.5 Cc




	
Commercial

	
−38.5 Ca

	
−37.8 Ba

	
−37.2 Ba




	
Sludge

	
−31.5 Ba

	
−38.5 Bb

	
−33.6 Aa




	

	
* Ψf at 37 days after planting (CV = 10.8%)




	
Standard

	
−10.2 Aa

	
−28.2 Ab

	
−37.5 Cc




	
Commercial

	
−36.0 Bb

	
−37.4 Bb

	
−20.0 Aa




	
Sludge

	
−33.4 Bb

	
−33.2 Bb

	
−26.0 Ba




	

	
* Ψf at 38 days after planting (CV = 10.7%)




	
Standard

	
−8.1 Aa

	
−16.8 Bb

	
−9.5 Aa




	
Commercial

	
−18.0 Ca

	
−30.5 Cc

	
−24.0 Cb




	
Sludge

	
−15.0 Bb

	
−10.2 Aa

	
−16.2 Bb








* After the irrigation return. Inoculation treatments: NFB + AMF (seedlings inoculated with nitrogen-fixing bacteria and arbuscular mycorrhizal fungi); positive control (non-inoculated seedlings fertilized with 111 mg of N, 16 mg of P2O5, and 51 mg of K2O); control (no inoculation and no fertilization. Substrate treatments: sludge (sewage sludge from the Ilha do Governador WWTP, provided by CEDAE); commercial (commercial substrate composed mainly of sphagnum peat plus vermiculite and carbonized rice husk); standard (67% clay subsoil plus 33% of cattle manure). CV: coefficient of variation. Equal letters, upper-case comparing substrates (columns), and lower-case comparing inoculation patterns (rows) do not differ from each other by the Scott-Knott test at 5% of probability.
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