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Abstract

:

Maize (Zea mays L.) is a crop widely cultivated in the state of São Paulo, and the sustainable management of nitrogen (N) nutrition is crucial to improving productivity and the environment, which calls for a reliable means of predicting potentially available soil N. A study was undertaken to evaluate and compare biological and chemical indices of potential N availability for a diverse set of 17 soils collected in the northwest region of São Paulo state. For this purpose, mineralization assays were performed at three distinct temperatures, and chemical assessments were carried out using the Illinois Soil Nitrogen Test (ISNT) and by fractionation of hydrolysable soil N. In addition, a greenhouse experiment was conducted to determine dry matter and N accumulation in the aboveground parts of maize plants. Potentially available N estimated by the incubation methods increased with increasing temperature and was strongly correlated with N uptake (r = 0.90). Hydrolysable N fractions varied widely among the soils studied and were more variable for amino sugar N than for other fractions. Potentially available N estimated by the ISNT was highly correlated with hydrolysable amino acid N and amino sugar N (r = 0.95–0.96) and also with plant dry matter accumulation (r = 0.82) and N uptake (r = 0.93). The ISNT has potential to improve fertilizer N recommendations for maize production in Brazil, provided that the test values are interpreted relative to an appropriate calibration database, planting density, and other factors affecting crop N requirement.
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1. Introduction


Nitrogen (N) fertilizer recommendations in Brazil are typically based on expected crop yield, without regard to soil variations in the indigenous supply of plant-available N [1]. This leads to inefficient use of N fertilizers, enhancing the risk that underfertilization may limit yields or that overfertilization may promote N loss by leaching, with negative consequences for the environment [2]. Such difficulties can be reduced by soil testing to estimate potentially available N and thereby improve the accuracy of fertilizer N recommendations [3].



Maize (Zea mays L.) is a major crop in the state of São Paulo that is typically grown with intensive N fertilization to increase yield, although there are reports that N response can vary greatly [4,5,6]. Considering this variation, a reliable and convenient index of soil N availability would be highly useful for site-specific optimization of the fertilizer N rate. Many such indices have been proposed, but none has been widely adopted for improving fertilizer N recommendations.



Incubation assays have long been used to estimate soil N availability in humid climates that promote active microbial N cycling, the most common techniques involving direct measurement of mineral N production under aerobic or anaerobic conditions [7,8,9,10]. Aerobic assays generally allow an accurate estimation of potentially mineralizable N in tropical regions such as Brazil [11,12]; however, underestimation can occur with temperate soils due to incomplete recovery of exchangeable NH4+-N by leaching with a dilute extractant such as 0.01 M CaCl2 [13]. A more serious limitation arises from the need for a prolonged period of incubation with precise regulation of soil temperature and moisture [14], which seriously compromises the predictive value of incubation assays in production agriculture.



Nevertheless, official policy in Brazil stipulates that the incubation approach be used to determine maximum application rates for the organic amendment of cropland, with the aim of avoiding environmental damage from excessive N inputs [15]. A standardized protocol is prescribed to facilitate the comparison of independent datasets, which according to current regulations in the state of São Paulo involves aerobic incubation for 18 weeks at a constant temperature of 25–28 °C [15]. Unfortunately, the results are unlikely to represent field conditions, because (1) microbial N cycling is qualitatively and quantitatively altered when a growing plant is not present to compete for mineral N, influence soil drying and aeration, and supply root-derived C; (2) static incubations lack the natural temperature and moisture fluctuations that affect microbial N dynamics in the field; and (3) sieved surface soil is typically used, without regard to plant-available N contributed by subsurface horizons or the artifacts caused by sieving or other sample processing.



In addition to incubation assays, numerous chemical extraction methods have been proposed for the estimation of potentially mineralizable N in soils [4,9,16]. These methods have the major advantage of being much less time-consuming than incubation and thus more suitable for routine soil testing, but most have an empirical basis and have not been widely used because of low correlations with crop N uptake and/or mineral N production during soil incubations.



A more rational approach to the chemical estimation of potentially mineralizable soil N utilizes acid hydrolysis [17] to identify a specific N fraction that reflects crop responsiveness to N fertilization. Numerous attempts have been made to find such a fraction, but for years progress was prevented by fundamental flaws in the methods for the fractionation of hydrolysable soil N. After these flaws had been eliminated [18], concentrations of amino sugar N were found to be invariably higher for soils where maize was nonresponsive to N fertilization than for those showing significant fertilizer N response, whereas there was no consistent difference in the concentrations of total hydrolysable N, hydrolysable NH4+-N, or amino acid N [19]. Incubation assays performed as part of the latter study showed that mineral N production was much greater by nonresponsive than responsive soils and that a net decrease occurred in amino sugar N but not amino acid N. Subsequent work by Khan et al. [20] simplified the process for the estimation of amino sugar N, such that alkaline diffusions are performed on the soil itself, without the need for acid hydrolysis. When the resulting technique, commonly known as the Illinois Soil Nitrogen Test or ISNT, was evaluated using data from 102 on-farm N-response trials, test values were highly significant for predicting grain yields with and without optimal N fertilization, fertilizer N uptake efficiency (FNUE), and economically optimum N rate (EONR) [21]. In further evaluations with maize, the ISNT has been effective for predicting fertilizer N response in some cases [22,23,24,25,26,27] but not in others [28,29,30,31,32]. The negative findings can be attributed, at least in part, to variability in factors that would necessarily affect ISNT calibration, e.g., soil pH, drainage class, climatic conditions, crop rotation, residue C input, and plant population.



In Brazil, ISNT levels were significantly related to dry matter production and N uptake by maize in a greenhouse experiment, although somewhat higher correlations were obtained for N extracted by heating with water or 0.01 M CaCl2 [16]. A significant relationship was also found in a recent study by Bettiol et al. [4] that evaluated the ISNT relative to mineral N production during incubation assays; however, Mariano et al. [33] were unable to predict sugarcane (Saccharum spp.) N requirement using the ISNT or 14 other chemical procedures for estimating soil N availability in conjunction with 21 N-response trials conducted at rainfed sites between 2006 and 2013. Climatic variability was probably a factor in the latter case, as the ISNT showed good potential when conditions allowed optimal sugarcane growth in five of these trials [3]. Another factor could have been asymbiotic N2 fixation, which has long been known to occur in the rhizosphere of sugarcane [34,35] and would be most effective in soils having limited capacity for mineral N production [36].



The work reported herein was undertaken to test the hypothesis that fertilizer N management for Brazilian maize production can be improved by assessing potentially available N. With this aim, incubation assays were performed, with and without diurnal temperature cycling, on 17 diverse soils from the northwest region of the state of São Paulo that were also analyzed by the ISNT and by fractionating acid hydrolysable N. The predictive value of each parameter was determined from correlations with dry matter production and N accumulation measured when the soils studied were used to grow maize without N fertilization in a pot experiment.




2. Materials and Methods


2.1. Soils


The Brazilian soils used were surface (0–20 cm) samples of nine Oxisols, seven Ultisols, and an Entisol obtained from cropped or uncropped sites in the state of São Paulo (Table 1). Sampling sites were chosen in order to include the most common soil types within this region, and to encompass a wide range in organic matter, texture, and other physicochemical properties (Table 2). After collecting a sample that totaled approximately 50 dm3 for each site, the soil was dried at room temperature (25–30 °C), crushed to pass through a 4 mm sieve, thoroughly homogenized, and then analyzed for chemical attributes [37] and particle size [38]. For bulk density, the soil mass was accommodated in a 5 dm3 pot and then weighed.




2.2. Mineralization Assays


Aerobic incubations to determine potentially mineralizable N (N0) followed the method of Stanford and Smith [40], which was modified with the use of a shorter incubation period and temperatures lower than the 35 °C adopted in their work. In addition to using a fixed temperature of 28 °C as specified by CETESB [15], each soil was incubated (3 replicates) with diurnal programming to simulate mean daily variations in soil temperature during summer (23 °C for 10 h and 28 °C for 14 h) or winter (18 °C for 10 h and 23 °C for 14 h) as previously documented for the vicinity of Jaboticabal by Volpe et al. [41].



Before initiating mineralization assays, soil reaction was eliminated as a variable by liming soils 3–6 and 8–17 to pH 5.5. For this purpose, preliminary trials were conducted to determine the quantity of lime needed for each of these soils, in which pH was measured after a 10-d incubation with different additions of a 2:1 mixture of CaCO3 and Mg5(CO3)4(OH)2, and a regression equation was developed to predict soil pH as a function of liming rate. Using the equations thereby developed, a subsample (approximately 0.5 dm3) of each soil at pH < 5.5 was thoroughly mixed with the appropriate amount of liming material, moistened to 60% water-holding capacity (WHC), and then incubated for 10 d at room temperature. The 14 pH-adjusted soils, and also 0.5 dm3 subsamples of soils 1, 2, and 7 that were moistened and incubated but not limed, were allowed to dry at room temperature, sieved to < 4 mm, and stored (4 °C) until being used for mineralization assays.



For use in performing these assays, a soil mass equivalent to 10 cm3 was mixed with 15 cm3 of acid-washed quartz sand, and the mixture was placed inside a glass leaching tube (20 cm long, 3 cm inside dia., 3.5 cm outside dia.) having a supporting disk with holes for drainage, between a 3 cm thick layer of glass wool at the bottom and a 1 cm layer at the top. Each of the three temperature regimes noted previously involved a total of 51 tubes, which were transferred to a Bio-Oxygen Demand (BOD) chamber for incubation in the dark. After 0, 3, 7, 14, 21, 28, 49, 70, and 112 d, the tubes were removed from the chamber, leaching was carried out using 100 mL of 0.01 M CaCl2, and leachates were analyzed for NH4+-N and (NO3− + NO2−)-N by steam distillation with MgO and Devarda’s alloy [42]. Before resuming incubation, samples were treated with 25 mL of a N-free nutrient solution containing CaSO4∙2H2O (0.002 M), MgSO4 (0.002 M), and KH2PO4 (0.005 M), which was drained by applying a vacuum of 40 kPa [11]. To minimize water losses while maintaining aeration, polyethylene film was applied to the top of the leaching tubes and punctured by forming 10 holes with a syringe needle.



Soil-specific data were summed to obtain (NH4+ + NO3− + NO2−)-N for each sampling date and then fitted to the exponential form of the first-order kinetic equation proposed by Stanford and Smith [40], Nm = N0(1 − e-kt), using the generalized reduced gradient algorithm of Lasdon et al. [43]. In this equation, Nm is the N mineralized at time t (mg kg−1), k is the mineralization rate constant (d−1), and t is the incubation time (d).




2.3. Soil Nitrogen Analyses


To prepare hydrolysates for soil N fractionation, duplicate 5-g soil samples were treated with 20 mL of 6 M HCl and two drops of octyl alcohol in a 50-mL bulb having a 24/40 ground glass joint for attachment to a 300 mm Liebig condenser, and heating was performed under reflux at 115 °C for 12 h. After vacuum filtration using Whatman no. 50 filter paper (GE Healthcare, Maidstone, UK), replicate hydrolysates were combined and neutralized by addition of NaOH [17]. The diffusion techniques described by Mulvaney and Khan [18] were performed (4 replicates) to determine total hydrolysable N, hydrolysable NH4+-N, (NH4+ + amino sugar)-N, and amino acid N, with titrimetric determinations of the diffused N being carried out using standard 0.01 M H2SO4 supplied by a Metrohm Model 678 EP/KF Processor equipped with a Model 665 Dosimat (Metrohm, Herisau, Switzerland) and a flat-surface electrode (Model 13-620-289; Fisher Scientific, Pittsburgh, Pennsylvania). Amino sugar N was calculated as (NH4+ + amino sugar)-N − NH4+-N, and hydrolysable unidentified N (HUN) was calculated as total hydrolysable N − (NH4+ + amino sugar)-N − amino acid N. Acid-insoluble N was determined as the difference between total soil (Kjeldahl) N and total hydrolysable N.



The alkaline diffusion technique described by Khan et al. [20] and known as the ISNT was used to estimate potentially available N for each of the 17 soils studied in our work. For this purpose, 1 g of dried soil was treated (4 replicates) with 10 mL of 2 M NaOH in a 473-mL wide-mouth Mason jar; the jar was sealed by attaching a lid with a 60 mm (dia.) Petri dish containing 5 mL of H3BO3-indicator solution (40 g H3BO3 L−1), and heating was carried out for 5 h on an electric griddle preadjusted to provide a temperature of 50 °C. The quantity of NH3-N collected was determined by titrating the H3BO3 solution as described previously.




2.4. Greenhouse Study


After correcting soil acidity by the aforementioned addition of CaCO3 and Mg5(CO3)4(OH)2 upscaled for 20 dm3 of material, the 17 soils collected for the present project were used in a pot experiment involving a completely randomized design with four replicates. For this purpose, soil samples (4.5 dm3) were weighed into 5-dm3 pots that were transferred to a greenhouse, and each sample was treated with a nutrient solution supplying 80 (<350 g clay kg−1) or 120 (≥350 g clay kg−1) mg P dm−3, 20 mg S dm−3, 0.5 mg B dm−3, 1.0 mg Cu dm−3, 1.5 mg Zn dm−3, and 0.02 mg Mo dm−3. This solution was prepared using reagent-grade KH2PO4, MgSO4∙7H2O, H3BO3, CuSO4∙5H2O, ZnSO4∙7H2O, and (NH4)6(Mo7O24)∙4H2O, and a separate KCl solution was also prepared that was applied to increase the soil’s exchangeable K content to 5 mmolc dm−3. After fertilization, sufficient deionized water was applied to bring the soil moisture content to 60% WHC, which was maintained during a 7-d incubation at ambient temperature.



The incubated soil samples were each planted with 10 maize seeds (cv DKB 390 PRO), which was followed after 7 d by thinning to 5 plants per pot. Optimal growing conditions were maintained by daily watering to 60% of the soil’s WHC during a period when air temperature averaged 24.6 °C with a mean photoperiod of 12.26 h and 73% relative humidity. As of 38 d after planting, N deficiency symptoms were evident for all soils, and plants were harvested by cutting the stem just above the soil surface. The shoots were washed with deionized water and transferred to a forced-air oven at 65–70 °C for drying to constant mass, which was recorded as dry matter (DM) production. The dried plant samples were ground to < 0.5 mm using a Model 4 Wiley mill (Thomas Scientific, Swedesboro, New Jersey), and N concentration was determined by semimicro Kjeldahl digestion followed by steam distillation of the digests with NaOH [44]. Nitrogen uptake by the aboveground biomass was calculated as DM × N concentration [45].




2.5. Statistical Analysis


All data were evaluated for normality of residues using the Shapiro–Wilk’s test, and for homoscedasticity of variances by means of Levene’s test. The agreement between estimated and observed values obtained in mineralization assays was evaluated by analysis of variance (ANOVA) and from the coefficient of determination determined by least-squares regression, while ANOVA was also performed to compare soil- and temperature-specific N0 values and soil-specific data collected for hydrolysable N fractions, potentially mineralizable N estimated with the ISNT, and plant growth and N uptake in the pot experiment. Least significant differences were calculated at p < 0.01 for comparing soils with respect to hydrolysable N fractions, the ISNT, and plant growth and N uptake. Correlation analysis was utilized to explore relationships among the parameters studied.





3. Results


Although the soils studied were obtained from sites under very different land use (Table 1) and ranged widely in OM (13–94 g kg−1) and clay (70–700 g kg−1) contents as well as other properties (Table 2), Table 3 shows that a good fit was invariably obtained in modeling N mineralization data using the first-order kinetic model of Stanford and Smith [40], with 0.97 to 0.99 as the coefficient of determination. Given the wide range in soil properties, substantial differences were expected in mineralization capacity. This was indeed observed, as values of N0 ranged from 24 to 232 mg kg−1 and depended on incubation temperature, decreasing in the order: 23/28 °C > 28 °C > 18/23 °C. As shown by Table 3, the three temperature regimes followed the opposite order in comparing mineralization rate constants (k values).



For a diverse set of soils with major OM differences, there must also be extensive variation in N content. Table 4 confirms this for the soils studied, as the range was 132% larger than the mean for total N, 61% larger for hydrolysable NH4+-N, 196% larger for amino sugar N, 94% larger for amino acid N, 149% larger for HUN, and 191% larger for ISNT-N. Total recoveries by acid hydrolysis ranged from 55 to 80% of Kjeldahl N, as the distribution of different N fractions varied according to soil texture. Acid-insoluble N tended to be most abundant and HUN least abundant for the clays (soils 1–3) and sandy clays (soils 6, 9, and 13) studied, while for coarser-textured soils (≤300 g clay kg−1), the predominant trend was for amino acid N to be most abundant and amino sugar N least abundant. The three clay-textured soils were significantly higher than all the others in every hydrolysable N fraction except NH4+-N and also in total Kjeldahl N and ISNT-N. In contrast, N concentrations were more variable for the medium- and coarse-textured soils, and in some cases, higher for a loamy sand than for a sandy loam, a sandy clay loam, or a sandy clay.



Given the wide range that existed in soil concentrations of indigenous N, major differences were expected among the soils studied when maize was grown with no input of fertilizer N. This expectation is substantiated by Table 5, which shows that numerous significant differences occurred in dry matter production, plant N concentration, and plant N uptake. The latter parameter is the most useful for evaluating the biological and chemical indices of soil N availability presented in Table 3 and Table 4 and was highest for the clay-textured soil having the most OM (soil 1) and lowest for the loamy sand with the least OM (soil 17) and a sandy clay loam cropped to sugarcane (soil 14).



Table 6 shows correlation coefficients for relating soil- and plant-based parameters relevant to soil N availability. Correlations were somewhat stronger for N uptake than for dry matter production, but in both cases, there were significant relationships with all of the soil correlates examined except for clay content. The strongest correlations of N uptake were obtained with ISNT-N, amino acid N, and N0 (18/23 °C) (Figure 1), while the latter parameter was correlated more strongly with these same two N fractions than with total N or the other N fractions studied. As might be expected for nonindependent variables, all of these fractions were significantly correlated with both total N and organic matter.




4. Discussion


The work reported was undertaken to evaluate the potential value of soil N testing for Brazilian maize production and provides encouraging evidence that fertilizer N management could be improved substantially by accounting for soil differences in the supply of indigenous N. Moreover, the findings indicate that this strategy can be successful using chemical techniques that do not require a prolonged incubation to estimate potentially mineralizable N (N0).



Despite considerable variation among N0 values estimated using the three temperature regimes adopted in our work, high coefficients of correlation were invariably obtained with dry matter production and N uptake (r ≥ 0.82), indicating that any of these regimes would enable valid estimation of potentially available N for comparisons that are only meaningful among temperature-specific N0 data. Contrary to our expectation, mineralization was more extensive with 23/28 °C temperature cycling than at a constant 28 °C, perhaps due to greater moisture loss from more rapid evaporation at the higher temperature. The implication is that N0 may be under- rather than overestimated as previously proposed [11,46] by maintaining a fixed temperature when heating is employed to maximize microbial activity, commonly at 35 °C following the procedure of Stanford and Smith [40]. That much heat would have been inappropriate in the present project as the temperature averaged 24.6 °C during the greenhouse experiment, which was very comparable to the mean temperature (25.9 °C) achieved by incubation with summer-like temperature cycling of 23/28 °C. Yet, this regime resulted in a lower correlation with dry matter production and N uptake than did either alternative (Table 6), and k values were also lower (Table 3). The latter finding has negative implications for estimating N0, because cumulative net N mineralization stabilizes more gradually with a lower k value, and thus a longer assay period is necessary for quantitative characterization [47,48]. Values of k were highest with winter-like temperatures of 18/23 °C, and this option was also advantageous for improving the correlation of N0 with N uptake.



The finding that rate constants for mineralization were maximized by incubation under winter-like conditions contrasts with previous reports of a positive relationship between incubation temperature and k values [46,49,50]. This discrepancy is due to the use of a shorter incubation period coupled with a difference in the method of modeling mineralization data, which in the present study was done to optimize data fit without the usual assumption that N0 is unaffected by incubation temperature. There was, in fact, a dramatic increase in mineral N production at higher temperatures, with no stabilization of net N mineralization within the 16-week experimental period. As a result, the model predicted a longer period for stabilization, thereby lowering the k value.



The temperature dependence of soil N mineralization reflects the thermodynamic properties of the different enzymes involved, as well as the thermal effects on the growth of the microorganisms that produce these enzymes. Consequently, the temperature adopted for incubation assays could potentially affect not only the quantity but also the chemical forms of N mineralized. The work reported provides some evidence for this view, as there were somewhat stronger correlations of N0 with the two most stable soil N fractions (HUN and AI-N) when incubations were performed at 23/28 °C rather than at 18/23 °C, while a slightly lower correlation was observed for the more labile NH4+-N fraction (Table 6). This shift in N recovery was accompanied by lower correlations with dry matter production and N uptake, indicating that the N0 increases obtained at 23/28 °C were due in part to the liberation of organic N that did not contribute to plant N uptake. The latter explanation is consistent with evidence that N0 values from laboratory incubations can overestimate the amount of N mineralized under field conditions [51,52,53], a finding normally attributed to discrepancies in soil water content and/or the use of dried and sieved soil in incubation assays.



Given the time required for the biological estimation of soil N availability and the difficulties inherent to simulating environmental conditions in the field, there has long been interest in a chemical alternative for predicting soil N mineralization. The present study provides reason for optimism, because N uptake was highly correlated with every soil N parameter evaluated and also with organic matter content. Among acid hydrolysable N fractions, the strongest correlation was obtained for amino acid N, which is consistent with previous studies identifying this fraction as a major source of mineralizable N [54,55,56,57,58,59,60,61].



The amino sugar fraction has also been identified as an important substrate for soil N mineralization [19] and has the major advantage over amino acid N of being decomposable by treatment with strong alkali, so quantitative estimation is much simpler. Significant correlations have been reported in several previous studies to evaluate alkaline hydrolysable N for predicting potentially mineralizable N estimated by incubation assays [62,63,64,65,66,67] and are confirmed in Table 6 by strong correlations obtained between ISNT-N and N0 values, regardless of incubation temperature. As further shown by Table 6, ISNT-N was correlated more highly with acid hydrolysable N fractions than with total N, which is consistent with evidence that soils and soil horizons differ in the proportion of total N liberated by alkaline hydrolysis [68]. A slightly higher correlation was observed for amino acid than amino sugar N, although the strongest relationship was with (NH4+ + amino sugar)-N (r = 0.98, p < 0.001) that largely constitutes alkaline hydrolysable N [20,63,69]. More importantly, the ISNT was highly predictive of soil differences in N uptake by maize during the greenhouse experiment reported, as evidenced by a correlation coefficient exceeding any obtained by incubation assays to estimate potentially mineralizable N. There is potential use for soil testing to improve fertilizer N management for Brazilian maize production, provided that ISNT levels are calibrated to crop N response through replicated field experiments and that test values are interpreted relative to planting density, crop rotation, residue management, and soil properties that affect N availability [21,25,27].




5. Conclusions


Diurnal temperature cycling can be utilized to improve the predictive value of incubation assays for estimating the crop uptake of mineralized soil N. For a tropical area such as Brazil, a winter-like cycle of 18/23 °C reduces the incubation period required to reach the mineralization threshold, but care must be taken to standardize the temperature regime so that comparable data can be obtained for reliable evaluation of potentially mineralizable N. Soil N fractionation by acid hydrolysis is predictive of mineralization capacity, but alkaline hydrolysis using the Illinois Soil N Test (ISNT) is far simpler and more convenient. Test values for a diverse set of Brazilian soils were strongly correlated with incubation estimates of potentially mineralizable N and also with N uptake by maize in a greenhouse study. The ISNT shows promise for improving maize N fertilization in Brazil.
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Figure 1. Linear relationship between total N uptake by maize (Zea mays L.) and soil organic matter (A), soil total N (B), potentially available N estimated by aerobic incubation at 18/23 °C (C), and the Illinois Soil Nitrogen Test (D). 
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Table 1. Taxonomy, vegetation, and collection sites for soils studied.






Table 1. Taxonomy, vegetation, and collection sites for soils studied.





	
Soil

	
Vegetation

	
Collection Site




	
No.

	
Order a

	

	






	
1

	
Oxisols

	
Native forest

	
Farm Lago Azul, Morro Agudo, São Paulo, Brazil




	
2

	
Oxisols

	
Grazing pasture

	
Farm Lago Azul, Morro Agudo, São Paulo, Brazil




	
3

	
Oxisols

	
Grazing pasture

	
Farm NS. Aparecida, Jaboticabal, São Paulo, Brazil




	
4

	
Oxisols

	
Pine tree forest

	
UNESP, Jaboticabal, São Paulo, Brazil




	
5

	
Ultisols

	
Native forest

	
ITES, Taquaritinga, São Paulo, Brazil




	
6

	
Oxisols

	
Organic sugarcane

	
Farm NS. Aparecida, Jaboticabal, São Paulo, Brazil




	
7

	
Ultisols

	
Maize crop

	
IAC, Pindorama, São Paulo, Brazil




	
8

	
Oxisols

	
Eucalyptus forest

	
UNESP, Jaboticabal, São Paulo, Brazil




	
9

	
Oxisols

	
Sugarcane crop

	
Farm Boa Esperança, Barrinha, São Paulo, Brazil




	
10

	
Ultisols

	
Native forest

	
IAC, Pindorama, São Paulo, Brazil




	
11

	
Entisols

	
Grazing pasture

	
Highway SP-323, Monte Alto, São Paulo, Brazil




	
12

	
Ultisols

	
Guava orchard

	
IAC, Pindorama, São Paulo, Brazil




	
13

	
Oxisols

	
Pine tree forest

	
UNESP, Jaboticabal, São Paulo, Brazil




	
14

	
Oxisols

	
Sugarcane crop

	
UNESP, Jaboticabal, São Paulo, Brazil




	
15

	
Ultisols

	
Eucalyptus forest

	
Highway SP-323, Monte Alto, São Paulo, Brazil




	
16

	
Ultisols

	
Rubber tree forest

	
IAC, Pindorama, São Paulo, Brazil




	
17

	
Ultisols

	
Citrus orchard

	
Farm Santa Luzia, Taquaritinga, São Paulo, Brazil








a According to Soil Survey Staff [39].
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Table 2. Physicochemical properties and fertility parameters for soils studied.
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	Soil no.
	pH a
	OM b

(g kg−1)
	Resin

P c (mg kg−1)
	K+ d

(mmol kg−1)
	Ca2+ d (mmol kg−1)
	Mg2+ d (mmol kg−1)
	H+Al (mmol kg−1)
	CEC e (mmol kg−1)
	SO42− (mg kg−1)
	B

(mg kg−1)
	Cu (mg kg−1)
	Fe

(mg kg−1)
	Mn

(mg kg−1)
	Zn

(mg kg−1)
	Bulk Density (Mg m−3)
	Sand

(g kg−1)
	Silt (g kg−1)
	Clay

(g kg−1)





	1
	5.5
	93.8
	18
	4.0
	91
	40
	48
	183
	8.8
	0.54
	12.0
	49
	231.5
	2.4
	1.25
	390
	140
	470



	2
	5.6
	75.6
	13
	4.0
	53
	24
	37
	118
	4.8
	0.41
	9.5
	25
	94.7
	1.1
	1.20
	280
	160
	560



	3
	5.2
	56.0
	24
	5.6
	47
	17
	53
	122
	5.6
	0.41
	7.4
	30
	109.5
	2.1
	1.12
	170
	130
	700



	4
	4.4
	54.4
	15
	2.2
	22
	5
	71
	101
	6.8
	0.46
	1.8
	78
	80.4
	2.2
	1.36
	720
	50
	230



	5
	5.1
	48.6
	14
	3.4
	53
	12
	38
	107
	0
	0.27
	1.1
	136
	100.7
	4.3
	1.35
	860
	40
	100



	6
	5.3
	45.5
	88
	5.3
	43
	14
	40
	103
	5.2
	0.44
	2.2
	43
	24.8
	2.0
	1.30
	590
	30
	380



	7
	5.7
	43.9
	164
	4.5
	55
	20
	27
	105
	8.0
	0.45
	2.0
	110
	14.0
	19.2
	1.33
	810
	70
	120



	8
	4.9
	41.9
	10
	2.4
	27
	9
	43
	81
	6.4
	0.36
	0.9
	57
	55.0
	0.8
	1.27
	720
	20
	260



	9
	5.1
	40.6
	22
	6.2
	30
	15
	43
	95
	7.6
	0.19
	5.3
	51
	21.0
	0.6
	1.27
	570
	50
	380



	10
	4.3
	37.2
	7
	3.6
	19
	12
	64
	99
	6.2
	0.48
	0.9
	47
	30.3
	1.2
	1.24
	740
	50
	210



	11
	4.8
	35.9
	7
	3.1
	24
	12
	41
	80
	0
	0.29
	1.3
	84
	23.0
	1.6
	1.33
	750
	70
	180



	12
	4.8
	32.4
	18
	4.8
	23
	10
	44
	80
	5.6
	0.28
	1.6
	61
	31.3
	1.3
	1.41
	860
	40
	100



	13
	4.9
	29.4
	19
	3.3
	23
	13
	40
	79
	5.1
	0.36
	1.5
	28
	37.2
	0.8
	1.28
	590
	10
	400



	14
	4.8
	28.6
	95
	2.7
	23
	5
	49
	81
	6.5
	0.20
	2.7
	30
	15.3
	1.2
	1.30
	660
	40
	300



	15
	5.1
	29.4
	7
	3.9
	28
	8
	31
	71
	0
	0.31
	0.6
	34
	55.3
	0.6
	1.40
	850
	30
	120



	16
	5.2
	19.6
	21
	2.0
	26
	5
	27
	59
	4.5
	0.41
	1.1
	23
	47.4
	2.1
	1.51
	900
	30
	70



	17
	5.1
	13.4
	36
	2.5
	13
	6
	24
	46
	0
	0.15
	1.2
	34
	18.2
	1.0
	1.49
	870
	40
	90







a Measured in 0.01 M CaCl2 (soil:solution ratio, 1:2.5); b OM, organic matter calculated as 1.724 × dichromate-oxidizable organic C; c Resin P, available P extractable with an anion exchange resin; d Estimated by extraction with 1 M NH4Cl; e CEC, cation exchange capacity.
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Table 3. Parameters obtained in fitting N mineralization data to a first-order kinetic model after triplicate incubations of 17 soils at three temperature regimes a.
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Soil

	
18/23 °C b

	

	
23/28 °C b

	

	
28 °C b




	
no.

	
N0

	
k

	
R2

	

	
N0

	
k

	
R2

	

	
N0

	
k

	
R2




	

	
(mg kg−1)

	
(d−1)

	

	

	
(mg kg−1)

	
(d−1)

	

	

	
(mg kg−1)

	
(d−1)

	






	
1

	
126

	
0.062

	
0.97 **

	

	
232

	
0.028

	
0.97 **

	

	
157

	
0.050

	
0.98 **




	
2

	
70

	
0.041

	
0.96 **

	

	
152

	
0.018

	
0.98 **

	

	
97

	
0.029

	
0.98 **




	
3

	
87

	
0.022

	
0.99 **

	

	
196

	
0.012

	
0.99 **

	

	
120

	
0.022

	
0.99 **




	
4

	
48

	
0.042

	
0.97 **

	

	
89

	
0.022

	
0.98 **

	

	
66

	
0.033

	
0.99 **




	
5

	
66

	
0.052

	
0.96 **

	

	
132

	
0.020

	
0.98 **

	

	
93

	
0.044

	
0.98 **




	
6

	
34

	
0.031

	
0.99 **

	

	
85

	
0.016

	
0.99 **

	

	
51

	
0.024

	
0.99 **




	
7

	
53

	
0.027

	
0.99 **

	

	
118

	
0.015

	
0.99 **

	

	
72

	
0.023

	
0.99 **




	
8

	
53

	
0.025

	
0.99 **

	

	
129

	
0.015

	
0.99 **

	

	
79

	
0.024

	
0.99 **




	
9

	
45

	
0.025

	
0.99 **

	

	
95

	
0.017

	
0.99 **

	

	
61

	
0.023

	
0.99 **




	
10

	
69

	
0.047

	
0.97 **

	

	
122

	
0.026

	
0.98 **

	

	
95

	
0.041

	
0.98 **




	
11

	
46

	
0.039

	
0.97 **

	

	
88

	
0.019

	
0.98 **

	

	
62

	
0.033

	
0.98 **




	
12

	
41

	
0.021

	
0.99 **

	

	
104

	
0.012

	
0.99 **

	

	
57

	
0.021

	
0.99 **




	
13

	
40

	
0.020

	
0.99 **

	

	
81

	
0.015

	
0.99 **

	

	
50

	
0.020

	
0.99 **




	
14

	
31

	
0.020

	
0.99 **

	

	
71

	
0.018

	
0.99 **

	

	
41

	
0.020

	
0.99 **




	
15

	
29

	
0.037

	
0.97 **

	

	
64

	
0.021

	
0.99 **

	

	
44

	
0.029

	
0.99 **




	
16

	
26

	
0.027

	
0.97 **

	

	
57

	
0.017

	
0.99 **

	

	
39

	
0.025

	
0.99 **




	
17

	
24

	
0.020

	
0.99 **

	

	
56

	
0.017

	
0.99 **

	

	
36

	
0.026

	
0.99 **








a N0, potentially mineralizable N; k, mineralization rate constant; R2, coefficient of determination; b Temperature regimes for incubation: 18/23 °C, 18 °C for 10 h, and 23 °C for 14 h; 23/28 °C, 23 °C for 10 h, and 28 °C for 14 h; 28 °C, 28 °C continuously; ** Significant at p < 0.01.
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Table 4. Concentrations (mg kg−1) of hydrolysable N and potentially available N estimated by the Illinois Soil Nitrogen Test (ISNT) for the soils studied. Data reported as a mean ± standard deviation (4 replicates).
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Soil

	
Form of N Determined

	
Total

	
ISNT-N




	
no.

	
Total Hydrolysable

	
NH4+

	
Amino Sugar a

	
Amino Acid

	
HUN b

	
Acid-insoluble

	
Kjeldahl N

	






	
1

	
2069 ± 64

	
368 ± 4

	
572 ± 46

	
688 ± 1

	
441 ± 91

	
1099 ± 32

	
3167 ± 157

	
616 ± 3




	
2

	
1578 ± 81

	
261 ± 13

	
442 ± 31

	
499 ± 5

	
376 ± 97

	
909 ± 41

	
2487 ± 166

	
407 ± 6




	
3

	
1585 ± 121

	
226 ± 6

	
501 ± 33

	
412 ± 106

	
446 ± 137

	
1303 ± 60

	
2888 ± 211

	
362 ± 6




	
4

	
703 ± 58

	
194 ± 12

	
102 ± 18

	
251 ± 5

	
156 ± 44

	
224 ± 29

	
928 ± 98

	
163 ± 7




	
5

	
879 ± 262

	
164 ± 9

	
153 ± 97

	
319 ± 80

	
243 ± 81

	
228 ± 82

	
1106 ± 77

	
198 ± 5




	
6

	
793 ± 177

	
219 ± 12

	
127 ± 16

	
283 ± 10

	
164 ± 98

	
438 ± 88

	
1231 ± 75

	
154 ± 6




	
7

	
875 ± 62

	
241 ± 12

	
119 ± 20

	
350 ± 13

	
165 ± 40

	
268 ± 31

	
1143 ± 69

	
160 ± 4




	
8

	
840 ± 9

	
198 ± 14

	
111 ± 21

	
307 ± 25

	
224 ± 24

	
230 ± 4

	
1069 ± 65

	
151 ± 7




	
9

	
714 ± 155

	
168 ± 22

	
134 ± 13

	
286 ± 10

	
126 ± 39

	
279 ± 77

	
993 ± 97

	
163 ± 2




	
10

	
863 ± 156

	
255 ± 18

	
111 ± 33

	
331 ± 12

	
166 ± 26

	
241 ± 72

	
1104 ± 45

	
216 ± 2




	
11

	
690 ± 44

	
183 ± 3

	
124 ± 19

	
273 ± 24

	
110 ± 15

	
168 ± 22

	
858 ± 43

	
142 ± 6




	
12

	
571 ± 28

	
174 ± 2

	
57 ± 24

	
238 ± 5

	
102 ± 32

	
179 ± 14

	
750 ± 38

	
95 ± 3




	
13

	
485 ± 32

	
151 ± 5

	
88 ± 11

	
186 ± 21

	
60 ± 24

	
228 ± 16

	
713 ± 41

	
115 ± 1




	
14

	
464 ± 91

	
140 ± 6

	
83 ± 19

	
176 ± 43

	
65 ± 54

	
265 ± 45

	
728 ± 26

	
99 ± 5




	
15

	
496 ± 79

	
139 ± 7

	
82 ± 13

	
184 ± 15

	
91 ± 64

	
140 ± 39

	
636 ± 18

	
116 ± 2




	
16

	
331 ± 80

	
110 ± 2

	
42 ± 12

	
127 ± 13

	
52 ± 23

	
147 ± 40

	
478 ± 17

	
77 ± 3




	
17

	
248 ± 30

	
60 ± 4

	
65 ± 22

	
115 ± 11

	
8 ± 7

	
108 ± 15

	
356 ± 12

	
54 ± 1




	
LSD c

	
207

	
20

	
62

	
68

	
119

	
91

	
173

	
9








a Determined as (NH4+ + amino sugar)-N − NH4+-N; b HUN, hydrolysable unidentified N; c LSD, least significant difference (p < 0.01).













[image: Table] 





Table 5. Dry matter yield, N concentration, and N uptake after growing maize in a 38 d greenhouse experiment using the soils studied. Data reported for shoots only, as a mean ± standard deviation (4 replicates).
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Soil

	
Dry Matter

	
N Concentration

	
N Uptake




	
no.

	
(g pot−1)

	
(g kg−1)

	
(g pot−1)






	
1

	
73.3 ± 2.3

	
13.5 ± 0.8

	
0.986 ± 0.035




	
2

	
57.6 ± 5.8

	
10.6 ± 1.3

	
0.604 ± 0.018




	
3

	
41.1 ± 3.0

	
8.7 ± 0.4

	
0.358 ± 0.033




	
4

	
40.9 ± 2.1

	
7.6 ± 0.1

	
0.313 ± 0.021




	
5

	
52.7 ± 3.5

	
8.0 ± 1.2

	
0.422 ± 0.057




	
6

	
29.8 ± 1.3

	
6.7 ± 0.7

	
0.200 ± 0.020




	
7

	
48.6 ± 1.7

	
7.4 ± 0.4

	
0.357 ± 0.022




	
8

	
37.9 ± 1.7

	
7.6 ± 0.2

	
0.288 ± 0.014




	
9

	
25.6 ± 2.6

	
7.7 ± 1.3

	
0.195 ± 0.015




	
10

	
49.8 ± 2.4

	
9.3 ± 1.4

	
0.463 ± 0.075




	
11

	
26.3 ± 1.8

	
5.8 ± 0.6

	
0.153 ± 0.020




	
12

	
31.7 ± 0.6

	
6.0 ± 0.3

	
0.192 ± 0.013




	
13

	
29.0 ± 1.0

	
5.6 ± 0.4

	
0.164 ± 0.009




	
14

	
11.0 ± 0.8

	
6.0 ± 0.5

	
0.067 ± 0.009




	
15

	
29.1 ± 1.2

	
7.0 ± 1.0

	
0.203 ± 0.021




	
16

	
28.4 ± 1.3

	
6.1 ± 0.9

	
0.174 ± 0.019




	
17

	
12.7 ± 0.3

	
5.4 ± 0.7

	
0.069 ± 0.008




	
LSD a

	
4.4

	
1.5

	
0.055








a LSD, least significant difference (p < 0.01).
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Table 6. Correlations among maize growth and N uptake, soil properties, potentially mineralizable N estimated by incubation (N0) or the Illinois Soil Nitrogen Test (ISNT), and hydrolysable soil N fractions.
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DM a

	
N Uptake

	
N0 b

	
N0 b

	
N0 b

	
OM c

	
Total N

	
Clay

	
ISNT-N




	

	

	

	
18/23 °C

	
23/28 °C

	
28 °C

	

	

	

	






	
N0 18/23 °C b

	
0.86 **

	
0.92 **

	
1

	

	

	

	

	

	




	
N0 23/28 °C b

	
0.82 **

	
0.87 **

	
0.97 **

	
1

	

	

	

	

	




	
N0 28 °C b

	
0.87 **

	
0.91 **

	
0.99 **

	
0.98 **

	
1

	

	

	

	




	
OM c

	
0.83 **

	
0.89 **

	
0.89 **

	
0.89 **

	
0.89 **

	
1

	

	

	




	
Total N

	
0.62 **

	
0.68 **

	
0.74 **

	
0.78 **

	
0.74 **

	
0.76 **

	
1

	

	




	
Clay

	
0.32ns

	
0.42ns

	
0.57 *

	
0.63 **

	
0.56 *

	
0.70 **

	
0.66 **

	
1

	




	
ISNT-N

	
0.82 **

	
0.93 **

	
0.94 **

	
0.92 **

	
0.93 **

	
0.95 **

	
0.76 **

	
0.68 **

	
1




	
NH4+-N

	
0.85 **

	
0.88 **

	
0.86 **

	
0.84 **

	
0.86 **

	
0.89 **

	
0.87 **

	
0.53 *

	
0.86 **




	
AS-N d

	
0.69 **

	
0.80 **

	
0.87 **

	
0.90 **

	
0.87 **

	
0.90 **

	
0.72 **

	
0.79 **

	
0.95 **




	
AA-N e

	
0.87 **

	
0.93 **

	
0.94 **

	
0.94 **

	
0.94 **

	
0.96 **

	
0.84 **

	
0.60 *

	
0.96 **




	
HUN f

	
0.80 **

	
0.82 **

	
0.90 **

	
0.95 **

	
0.92 **

	
0.93 **

	
0.75 **

	
0.72 **

	
0.91 **




	
AI-N g

	
0.58 *

	
0.68 **

	
0.79 **

	
0.85 **

	
0.80 **

	
0.84 **

	
0.72 **

	
0.86 **

	
0.88 **




	
THNh

	
0.74 **

	
0.82 **

	
0.90 **

	
0.94 **

	
0.90 **

	
0.95 **

	
0.80 **

	
0.80 **

	
0.98 **








a DM, dry matter; b Temperature regimes for incubation: 18/23 °C, 18 °C for 10 h, and 23 °C for 14 h; 23/28 °C, 23 °C for 10 h, and 28 °C for 14 h; 28 °C, 28 °C continuously; c OM, organic matter; d AS-N, amino sugar N; e AA-N, amino acid N; f HUN, hydrolysable unidentified N; g AI-N, acid-insoluble N; h THN, total hydrolysable N. *, ** Significant at p < 0.05 and 0.01, respectively. ns, not significant.
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