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EFFECT OF TILLAGE AND NITROGEN ON DURUM WHEAT IN A MEDITERRANEAN CLIMATE.
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Abstract

Consciousness of reducing production costs and environmental impact induces farmers to revise the use of traditional techniques. This study was aimed at determining the effect of different tillage methods and N fertilization rates on soil strength and wheat yield under Mediterranean conditions in south Italy. The experiments were conducted from 1990 to 1993 in silty clay soil (Typic Chromoxerert). The treatments consisted of four tillage systems : A -  conventional (double-share ploughing at 45 cm depth, two rotary tillage applications at 20 cm with disc plough, 10 cm rotary tillage); B - two-layer (combined equipment - 60 cm subsoiling + 10-cm rotary tillage; C - surface (25 cm five-share ploughing, 10 cm rotary tillage); D - minimum (10 cm rotary tillage) combined with three nitrogen (N) rates : 0, 50, 100 kg ha-1.  In all treatments a continuous cropping of  durum wheat (Triticum durum Desf.) was grown in every trial crop season. The experimental design was split-plot with three replications. Grain yield was measured at harvest time in each season. Once a year measurements of penetration resistance in the soil 0-50 cm layer were carried out, but only in the plots fertilized with 100  kg ha-1. So, the experimental design for soil penetration resistance was a randomized complete block. As soil resistance varies with water content, the penetration measurements were standardized to a common water content and log-transformed. To examine the relationships within the set of 15 variables corresponding to penetration measurements at different depths and reduce the number of variables, the measurements were submitted to Principal Component Analysis and the first two principal components (PC) were retained and separately processed according to multivariate analysis of variance. The first PC was associated to soil penetration measurements in the 27-50 cm depth and the second PC was associated to the measurements in the top layer. The first PC was significantly influenced by the effect of SEASON, whereas the second PC  by the three-way interaction SEASON * BLOCK * TILLAGE, revealing the influence of soil variability at the surface on penetration measurement.

As regards wheat yield, the effect of TILLAGE was significant only in the second season, whereas N was always significant. N fertilization increased production only in the first wettest season, whereas it produced a negative effect in the second driest season and partially in the third one. Temporal trend analysis showed that several factors might have influenced crop yield, among which natural processes and management practices. These results demonstrated that a good combination of soil tillage management and N fertilization may reduce production costs and environmental impact under semi-arid mediterranean conditions. 
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Introduction

Global grain price competition has forced growers to increase production  and decrease cost. This has often entailed the use of agronomic techniques that are not always environmentally sound. However, the recent and growing awareness of a more appropriate use of natural factors and the need to achieve a sustainable agriculture, together with availability of advanced know-how and technical means, induced the agricultural world to revise the use of traditional techniques. These include primarily soil tillage and the application  of nitrogen fertilizers, which have direct and indirect implications both on production costs and on soil fertility.

Soil tillage problems have been historically studied  for their complexity. Its dependence on specific environments, crops, adopted agro-techniques and the  availability of recent mechanical engineering equipment have been debated by researchers from different areas (Patterson, et al., 1980; Cihia, 1982; Carter, 1991; Caliandro et al., 1992; Arnor, 1994; Borresan and Njos, 1994; Cannel and Hawes, 1994; Carter, 1994; O’ Callaghan, 1994): the current trend is to reduce both the number and the depth of tillage. To be generalised this trend needs to be supported by experimental data since it involves many soil-related issues such as the change in soil air,  aggregate stability,  weed control,  incorporation of plant residues,  structure, specific weight, organic matter, temperature, moisture, roots’ resistance to penetration and nutrient  uptake. This makes the scenario particularly complicated and not easy to be interpreted due to synergetic and complementary relations that are often established between them.

Previous research has been  conducted on this subject in both  Italy (Ferri et al., 1988; Patruno et al., 1989; D’Antuono et al., 1991; Bonari et al., 1992; Rizzo et al., 1992; De Giorgio et al., 1994) and abroad (Dowdell, 1983; Mendera and Feyen, 1994; Pierce et al., 1994). However, the dependence of tillage on soil and climatic conditions makes the study of its effects on soil physical properties and crop production necessary for different areas of the world.

In semi-arid areas, such as southern Italy, continuous cropping of durum wheat (Triticum durum Desf.) is widespread and water availability is the most important limiting factor in agriculture under rainfed conditions. Traditional cultivation systems include ploughing, disking and harrowing before sowing. The fallow practices and the minimum tillage system are practised only in few locations, whereas these techniques might help to make the system more sustainable, by reducing the inputs and evaporation loss of accumulated soil water.

The objectives of this study were to evaluate how tillage can affect a continuous winter wheat grown under mediterranean conditions.

2.0 Materials and Methods

2.1 Site location and climate

The study was conducted at the Experimental Agronomic Institute’s research farm, Foggia, southern Italy (altitude 90 m a.s.l. ; latitude 41° 27’ N, longitude 15° 36’ E) during three crop seasons (1990/91 ; 1991/92 ; 1992/93). The area has a climate characterized by hot,  dry summers and cold, rainy winters although mild winter and low rainfall have been increasingly recorded over the last few years. In the first crop season rainfall was high early in the season (186 mm in November-December 1990) (Fig. 1), which caused a good moisture storage in soil, helping plant development. On the contrary, the second season was characterized by rainfall which remained low until February. Therefore, the crops suffered owing to moisture stress during the long dry spell to April. Rainfall pattern was more favourable to crop growth in the third season, with rains distributed more evenly during crop cycle. However, early-season rainfall was not sufficient to create a soil water reserve fulfilling crop water requirements for potential yield.

In the second and third seasons May mean temperature was 3° C greater than the one of the first season. Also evaporation, measured with a class A pan evaporimeter, varied over the critical growth stages, i.e. tillering-anthesis and anthesis-ripening, among the years, being greater in the seasons 2 and 3 than in the season 1 before anthesis (table 1).

2.2 Soil

The study site is located in a coastal plain  (Tavoliere) of southern Italy; the soil is a silty clay, classified as fine, mixed, thermic, Typic Chromoxerert (Soil Survey Staff, 1992), developed from Holocene, alluvial sediments originating from the Apennines. It shows evident Vertic characteristics, with several cracks, 4-5 cm wide in surface and 1-cm wide in depth to further 50 cm, especially during dry season. It has a good structure in surface, which facilitates root penetration and water drainage, while its texture, rich in clay, enhances moisture and nutrient holding capacity (Costantini and Tellini, 1990).

Some physical, chemical and hydrological properties of the soil are given in table 2.

2.3 Treatments and experimental design

The experimental field design of the complete trial was a split-plot design with three blocks. The treatments consisted of four tillage systems : A -  conventional (double-share ploughing at 45 cm depth, two rotary tillage applications at 20 cm depth with disc plough + 10-cm rotary tillage); B - two-layer (combined equipment - 60 cm subsoiling + 10-cm rotary tillage); C - surface (25 cm five-share ploughing + 10 cm rotary tillage); D - minimum (10-cm rotary tillage), combined with three nitrogen (N) fertilization rates : 0, 50, 100 kg   ha-1. The tillage treatments were randomly assigned to the whole  900-m2  plots, whereas the split-plots were assigned to N fertilization. The treatments were applied to the same plots in each crop season.

2.4 Crop management

Durum wheat (cv. Simeto) was grown in every trial season and the previous crop had been wheat for two years.  Sowing dates were 11/5/90, 11/20/91 and 11/7/92. Nitrogen was applied as top dressing, half at the start of tillering and half at the time when the first node became visible (stem extension stage).

The rate of phosphorus fertilization was 100 kg ha-1 of P2O5 before sowing and no potassium fertilization was used. All plots were characterized by low weed infestation level during the three trial seasons.

The wheat reached the physiological maturity  190, 182 and 184 days after emergence (occurred on November 21 1990, December 4 1991 and December 6 1992) in the three seasons, respectively.

All stubble and crop residues were burnt in each plot. 

2.5 Penetration resistance

Penetration resistance (cone index) was measured  by using a Bush Recording soil penetrometer with a 30 degree and 12.83-mm diameter cone, corresponding to the American Society of Agricultural  Engineering standard. Penetrations were made by recording cone resistance at 3.5-cm increments from the surface to a maximum depth of 52 cm. (P1-P15). The first depth of measurement (0-3.5 cm) (P1) was excluded from analyses because it usually showed values near 0 MPa, owing to an incomplete contact of the penetrometer base plate on the uneven soil surface. Ten random penetration profiles were made in each treatment plot. At the same time of penetration resistance recording soil samples were collected with an auger at 20-cm deep increments in each treatment plot ; samples were then dried in oven at 105° C to determine gravimetric water content. 

As the main objective of the trial was to study the effect of tillage on soil resistance under no-limiting nutrient conditions, the measurements were made only in the plots fertilized with 100 kg  ha-1 N once a year when the first node of stem became visible. Therefore, the experimental field design for cone index was a randomised complete block with four treatments for soil tillage and three replications. 

2.6 Statistical Analysis

2.6.1  Correction of cone index for soil water content

Since even small differences in soil moisture may cause large changes in penetrometer resistance (Spiverly et al., 1986 ; Perumpral, 1987 ; Campbell and O’Sullivan, 1991 ; Busscher et al., 1997), that might mask the effects of penetration resistance from imposed tillage treatment. Correcting strengths for significant differences in water contents among the various treatments permits examination of soil strength aspects other than those caused by water (Busscher, 1987). Perumpral (1987) examined various soil-water correction methods; Campbell and O’Sullivan (1991) showed that cone index could be predicted as a function of moisture content and bulk density by: 

PR = AmB ((b)C             [1],

where PR is cone index (MPa), (b  is  bulk density (g cm-3), m is gravimetric water content (g g-1) and A, B and C are empirical soil dependent parameters. To correct cone indices for differences in water content and then make them comparable, the correction model takes the form:

PR1/PR2  =  (m1/m2)B     [2],

where the indices 1 and 2 are corrected and uncorrected values.

The [1] had been previously determined for different combinations of cone index, water content and bulk density, measured on the same site in an independent trial. The empirical coefficients of [1]  were estimated by non-linear least-squares regression for the two depths 0-25 cm and 25-50 cm, separately (Castrignanò, personal communication).

All penetrometer values  were then corrected using the [2], by standardisation to a common water content, set equal to the maximum soil water content recorded in the three study years (m1).

2.6.2 Principal Component Analysis

As measurements made at different depths in one penetration are not independent (O’Sullivan et al, 1987), to examine the relationships within the set of 14 variables (P2-P15), corresponding to the penetration measurements at each soil depth increment, Principal Component Analysis (PCA) (Rao, 1964) was applied, pooling all penetration data recorded during the three crop seasons (Stelluti et al., 1998; Castrignanò et al., 1999; Maiorana et al., 1999). That allowed to derive a smaller number of linear combinations (Principal Components, PC) of the original variables, which retained most of information. To aid their interpretation a Varimax rotation was applied to PCs.

The more serious problem that soil physics has to face with penetration properties of soil is the nature of their statistical distributions. Soil strength is notoriously skewed ( McIntyre and Tanner, 1959; Cassel and Nelson, 1979). Computing arithmetic averages from data which are so strongly skewed   inevitably means that a few very large values will affect the means disproportionately and then the estimation error will be very large (Webster and Oliver, 1990). Because the distributions were approximately lognormal, data were transformed to logarithms and all means and variances were computed in the logarithms. Finally, to obtain unbiased estimates of the means, the logarithms were transformed back using the standard formula:

PR = exp (<y> +1/2 (2y)     [3],

where <y> is the mean of the transformed values of PR (y) and  (2y is the estimated variance of y (Aitchison and Brown, 1957). 

2.6.3 Univariate and Multivariate Variance Analysis

Each retained PC was submitted to univariate variance analysis in order to test the effect of tillage management on soil penetration resistance at any recording date. Tillage effect was considered fixed. However, as penetration values represented a repeated-measures design, so observations on the same plot might be correlated, a multivariate analysis of variance (Winer, 1971; Castrignanò, 1990) was performed to test hypotheses about the significance of the measurement factor (SEASON , also called within-subject factor) as well as the one of the main factor (TILLAGE , also called between-subject factor) and of the two-way interaction of within-subject factor with between-subject factor. To test the null hypothesis, various multivariate tests are available. In general, no test is uniformly best. Giri (1977) provides a review of various optimality properties for four tests: Wilks’ Lambda ; Pilai’s Trace ; Hotelling-Lowely Trace and Roy’s Greatest Root. Because, on occasion, one may be superior to the other in achieving specific tasks, we preferred to report the results of all the four multivariate tests, which always resulted highly concordant .

To analyse temporal trend, orthogonal polynomial single-degree-of-freedom contrasts were generated for the within-subject factor.

The same approach was followed to analyse crop production data, with the only difference that in this case the experimental design was split-plot with two between-subject factors: TILLAGE (main factor) and N (secondary factor). The null hypothesis for TILLAGE was tested on interaction BLOCK*TILLAGE, whereas N on residual error. Multiple comparisons among means were made using Student-Newman-Keuls test.

The multivariate approach was preferred to univariate analysis for each season, because it allowed to test if soil strength and yield were changing over time owing to tillage and eventually give some general recommendation in soil management.

All statistical procedures were made by using the statistical software package of SAS\STAT (SAS\STAT, SAS Institute, 1998).

3.0 Results

3.1 Soil Penetration Resistance

Results of soil penetration resistance measurements in the four tillage systems on the sampling dates of each crop season are shown in fig. 2a. There were no significant differences among all the four tillage treatments in the top layer (0-20 cm). However the 0-20 cm depth had lower penetration resistance than the one at deeper depth. It then was clear that a strong compact layer had developed below the depth of conventional tillage in all tillage systems. The existence of a layer, also termed as hoe pan or plough pan is actually a common feature in cultivated soils and is thought to be caused by annual tillage to the same depth.

Using the generally accepted criteria (Taylor and Gardner, 1963 ; Threadgill, 1982) that cone index values greater than 2MPa frequently reduce crop yields and values above 1.5 MPa frequently reduce root growth, it is evident that below approximately 25-cm depth root growth would be hindered (Gooderham, 1973 ; Taylor and Brar, 1991). Compaction of soil below this depth was persistent in all tillage systems and in any crop season and concern about this issue is increasing over time, because of its detrimental effects on crop yields (Gaultney et al., 1982 ; Oussible et al., 1992).

At deeper depth minimum tillage was different from the other treatments in the first two seasons, recording the greatest soil resistance. However, the pattern in changes of soil penetration resistance mirrored the changes in water content of soil. Actually, soil was drier at the 20-40 cm depth in the minimum tillage system in the first two seasons, whereas in the third season there were no significant differences in soil resistance among the all tillage treatments, because of more similar water contents (fig. 2b)

The dependence of penetration resistance on soil water content is now well established and it has been widely shown by several experimental results that penetration resistance increases with decreasing soil water content due to increasing cohesion (Kemper and Rosenau, 1987). Comparisons between tillage treatments may then be complicated by water content differences, which may cause difficulties in interpretation. To eliminate water content effects, measurements might be made at field capacity, but this was not possible in our case being a rain-fed crop. Therefore, the cone index measurements were first standardised to a common water (the maximum value recorded in the three seasons) according to the [2] and then transformed to natural logarithms, to make their statistical distributions more symmetric. The corrected values were then submitted to PCA.

As the first PC explained  73% of total variance and the second PC 16 %, the cumulative percentage of variance explained by both components being more than 88%, only the first two PCs were retained. The pattern of the rotated PCs is reported in table 4. It is clear from the table that the first PC can be associated to soil penetration measurements in the soil layer below approximately the 27-cm  depth, whereas the second  PC is related to measurements in the top layer.  This result confirms what found  by O’Sullivan et al., 1987; Perfect et al, 1990; Lipiec and Usowicz, 1997, who showed that there was a high degree of correlation between penetration measurements at depth separated by up to 25 cm. Therefore, also PCA displays a discontinuity in soil profile at 27-cm depth.

Orthogonality between the two principal components authorizes us to submit each PC to distinct variance analyses of both univariate and multivariate type. As regards the first PC, tillage management caused no significant effect on cone index measurements  either in each season or averaged over time. In the multivariate analysis only SEASON was highly significant, as proved unambiguously by all the four multivariate tests (table 5).

The temporal trend analysis shows that the linear component was significant but not different among the tillage systems (table 6). We can then conclude that soil strength showed a continuous trend in changing over time.

All the above results were confirmed for the second PC as regards the main factor. On the contrary, as regards the repeated factor, the only significant term at the probability level p<=0.01 was the three-way interaction SEASONxBLOCKxTILLAGE (table 7), revealing  the influence of position on soil resistance measurement at top layer. Indeed, the existence of probable horizontal gradient in soil structure seems to affect soil resistance variability as well as weather pattern. Therefore, soil resistance was a function not only of meteorological variability but also of  the position on soil surface. Moreover, such spatial-temporal variability may have masked the actual effect of tillage on soil resistance. The approach followed in this study did not allow to deeply investigate spatial variation and then estimate the influence of soil structure on penetrability. As any location in space cannot be sampled, uncertainties are manifested in variables. These uncertainties can be accounted in two different ways. The first one, that is the approach adopted in this study, consists in treating the variable stochastically, through the use of classical statistical methods, such as random sampling and variance analysis. However, both procedures assume independence of measurements, which does not generally occur with spatial data.

An alternative approach , when observations are autocorrelated, is the use of geostatistics (Matheron, 1963). This methodology is based on the assumption that samples taken over small distances are more likely to be similar than those taken over large distances. Geostatistical techniques might better identify physical factors, such as tillage, contributing to the soil resistance variability and examine the extent of spatial autocorrelation.

3.2 Grain yields

The results of the univariate variance analysis relative to the main factors (TILLAGE and N) for each season are reported in table 8. At this point it needs to emphasise that also N was considered a fixed effect, because the aim of the trial was comparing  the local standard of fertilization (100 kg ha-1) with other more ecologically sounded treatments (50 kg ha-1 and unfertilized). Tillage was significant (p<=0.05) only in the second season; on the contrary N was always highly significant. When the effects  were averaged over the years, tillage was not significant, whereas N was highly significant (table 9).

As regards the effect within subjects in the multivariate analysis, SEASON was highly significant, as all the four multivariate tests agree (table 10). Yields were significantly higher (p<=0.05) in 1990/91 season compared with the other seasons, which was very probably caused by early-season rainfall ensuring enough water supply to crops during the growth.

Variation in grain yield was also associated with N treatments in each season (table 11). N fertilization increased production only in the first season, whereas a large decrease in grain yield (more than 64%) occurred with the highest N level in 1991/92 and in 1992/93, as a consequence of rainfall pattern and then reflecting the negative effect of N fertilization under drought conditions. This effect was partly compensated by the wetter meteorological pattern in 1992/93 compared with the one in 1991/92, so N fertilization increased grain yield in the third year. The results then confirm that available soil water is the principal factor that limits yield potential of wheat and its response to nitrogen fertilization under Mediterranean climatic conditions. Actually, crop growth is limited by N availability, which, in turn, is dependent on rainfall amount and distribution. Therefore, yield response of wheat was reduced during the seasons 1991/92 and 1992/93 owing to the low rainfall, especially during early crop season. As nitrogen fertilization constitutes a large portion of production costs,  it often represents a risky strategy in low-rainfall seasons. Therefore a better understanding of the interactive effects of N and water on wheat yield would be desirable in order to produce economically sound yield increases. Supplementary irrigation and rainwater-harvesting might be used around the Mediterranean to increase water supply to wheat. This would produce two important effects : increasing and stabilising of wheat production. Of course, the application of supplemental irrigation in rainfed areas would involve additional costs, which might not be counterbalanced by increased profits. Taking into consideration the fact that farm condition is greatly diversified in the study area, the choice of the optimum levels of both N and supplementary irrigation, for maximising  wheat yield under Mediterranean climatic conditions, requires an economic analysis specific for each rain-fed farming system.

Multivariate analysis showed that the two-way interactions SEASON*N (table 12) and  the three-way interaction of SEASON*BLOCK*TILLAGE (table 13) produced significant effects on grain yield. That means several interacting factors had varying influence on yield obtained in each season : undoubtedly, low rainfall contributed to the low yields in the seasons 1991/92 and 1992/93, but also tillage management in interaction with local soil properties caused yield variation in the three seasons.

The results of temporal analysis (table 14) prove that wheat yield pattern showed a continuous trend, significantly affected by N fertilization and also by many contingent factors related to soil microvariability, resulting from natural processes and management practices.

4.0 Discussion and conclusions

This study has demonstrated the importance of water supply, in turn depending on rainfall pattern, during the growth season of wheat under Mediterranean climatic conditions on both soil resistance to penetration and grain yield. Soil mechanical resistance can influence the distributions of roots in the profile. The existence of a compact layer (soil resistance greater than 2MPa) below the 25-27 cm layer may have slowed downward growth of roots, restricting the root system to the upper part of the profile. That may have caused severe effects on plant growth, especially during the dry seasons, because of the inability of the roots to absorb water and nutrient in the subsoil.

As regards wheat response to N fertilization, high N levels adversely affected grain yields in the two drier seasons. A probable explanation was the over-stimulation of vegetative growth early in the season, which reduced soil water availability during grain filling. Therefore, in a dry season supplemental irrigation is very crucial for increasing crop production in the semi-arid Mediterranean conditions, but this solution should be tested in farms with different water availability. Fertilizer N, applied at sowing or at the onset of stem elongation, may not have been sufficient for crop demand, because it was not fully available owing to soil dryness. Thus, appreciable amounts of N may have been immobilized or lost before rain. It then is advisable to apply N fertilization only when soil moisture status appears favourable. Water and N availability should be matched together in order to ensure better utilization of resources according to sustainable agriculture.

Under these particular experimental conditions tillage management seems to have produced no significant effects on soil strength and wheat grain yield. These results, if appropriately confirmed by further research findings, provide interesting indications about the possibility to reduce energy input at the moment of land preparation for seeding, without jeopardising yields. An alternative to traditional soil tillage might then be  minimum tillage. However, since age-hardening processes might occur in field soils, it is recommended   to alternate years of more intensive tillage with others of reduced tillage. 

A good combination between soil tillage and nitrogen fertilization may then reduce production costs and  lay the basis for a sustainable agriculture with beneficial economic and environmental effects. 
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Table 1. Cumulative evaporation (mm) of the main growth stages for the three seasons.

	Growth Stage
	1990/91
	1991/92
	1992/93

	Germination-Tillering
	98
	127
	106

	Tillering-Anthesis
	165
	266
	309

	Anthesis-Maturity
	456
	434
	318

	Total
	719
	827
	733


Table 2. Main physical, chemical and hydrological properties of the Foggia soil.

	Horizon
	Ap
	A
	Ck1
	Ck2
	Ck3

	Depth (cm)
	50
	70
	113
	135
	145+

	Sand:
	
	
	
	
	

	Coarse and medium sand 2-0.250 mm (%)
	3.1
	1.8
	2.2
	4.2
	1.5

	Fine sand 0.250-0.125 mm (%)
	4.5
	3.2
	7.7
	14.8
	12.4

	Very fine sand 0.125-0.050 mm (%)
	5.3
	4.6
	11.6
	15.4
	19.2

	Total sand 2-0.050 mm (%)
	12.9
	9.6
	21.5
	34.4
	33.1

	Silt: 0.050-0.002 mm (%)
	43.4
	35.8
	43.9
	37.9
	38.2

	Clay:<0.002 mm (%)
	43.7
	54.6
	34.6
	27.7
	28.7

	
	
	
	
	
	

	pH (H2O)
	8.4
	8.5
	8.6
	8.6
	8.6

	pH (KCl)
	7.5
	7.4
	7.5
	7.5
	7.5

	CaCO3 (%)
	9.3
	22.2
	43.5
	39.6
	31.9

	o.m. (%)
	3.06
	1.59
	0.54
	0.63
	0.54

	C (%)
	1.77
	0.92
	0.31
	0.36
	0.31

	N (%()
	1.59
	0.85
	0.37
	0.25
	0.25

	C/N
	11.1
	10.8
	8.6
	14.2
	12.4

	Exchangeable bases (meq/100g)
	
	
	
	
	

	Ca+Mg
	25.2
	19.8
	6.8
	10.0
	10.8

	Na
	2.2
	2.1
	2.2
	1.7
	1.6

	K
	2.8
	2.1
	2.0
	1.7
	1.9

	H
	-
	-
	-
	-
	-

	CEC 
	30.3
	24.0
	11.0
	13.4
	14.3

	Sat. (%)
	100
	100
	100
	100
	100

	Water content (%)
	
	
	
	
	

	at 1.5 MPa 
	29.6
	31.0
	22.1
	22.9
	25.0

	at 0.033 MPa
	47.3
	52.3
	45.1
	51.1
	53.7

	at 1.5 MPa 
	21.9
	24.4
	19.3
	16.5
	18.2

	at 0.005 MPa
	41.6
	40.8
	38.2
	36.2
	36.9

	Available water content
	17.7
	21.3
	23.0
	28.1
	28.7

	Air capacity
	8.2
	4.5
	0.0
	0.0
	0.0

	Bulk density (g/cm3)
	1.33
	1.45
	1.67
	1.93
	1.95


Table 3. Parameter estimate, its confidence internal and residual error of the relationship among penetration resistance, soil water content and bulk density at the two soil depths.

	Parameter
	Estimate
	Confidence Interval

	
	
	Lower
	Upper

	0-25 cm
	
	
	

	A
	0.14949
	0.09035
	0.20864

	B
	-1.94560
	-2.23013
	-1.66106

	C
	0.47469
	-0.01516
	0.96454

	Residual Error                             0.025012

	25-50 cm
	
	
	

	A
	0.26777
	0.15675
	0.37879

	B
	-1.73307
	-2.01433
	-1.45180

	C
	0.38452
	0.01101
	0.75803

	Residual Error                             0.019128


Table 4. Pattern of the first two rotated Principal Components.

	Depth
	1
	2

	P12
	0.91*
	0.26

	P13
	0.90*
	0.18

	P14
	0.90*
	0.16

	P11
	0.87*
	0.31

	P10
	0.85*
	0.30

	P15
	0.83*
	0.20

	P9
	0.78*
	0.38

	P8
	0.67*
	0.51

	P2
	0.60
	0.33

	P5
	0.13
	0.88*

	P6
	0.16
	0.86*

	P4
	0.25
	0.80*

	P7
	0.38
	0.74*

	P3
	0.43
	0.62*


Values greater than 0.61 have been flagged by an (*).

Table 5. Manova test criteria and exact F statistics for the hypothesis of no SEASON effect for the Principal Component 1.

	Statistic
	Value
	F
	Pr>F

	Wilks’ Lambda
	0.05835
	112.9585
	0.0001

	Pillai’s Trace
	0.94164
	112.9585
	0.0001

	Hotelling-Lawley Trace
	16.13692
	112.9585
	0.0001

	Roy’s Greatest Root
	16.13692
	112.9585
	0.0001


Table 6. Variance analysis results for the linear component of the temporal trend of the Principal Component 1.

	Source
	Degrees of Freedom
	Mean Square
	F Value
	Pr>F

	Linear component
	
	
	
	

	Mean
	1
	18.834
	84.05
	0.0001

	Block
	1
	0.052
	0.23
	0.6380

	Tillage
	2
	0.034
	0.15
	0.8605

	Block*Tillage
	2
	0.114
	0.51
	0.6106

	
	
	
	
	

	Error
	15
	0.224
	
	


Table 7. Manova test criteria and exact F statistics for the hypothesis of no SEASON*BLOCK*TILLAGE effect for the Principal Component 2.

	Statistic
	Value
	F
	Pr>F

	Wilks’ Lambda
	0.38309
	4.3096
	0.0077

	Pillai’s Trace
	0.68485
	3.9055
	0.0114

	Hotelling-Lawley Trace
	1.43302
	4.6573
	0.0057

	Roy’s Greatest Root
	1.29621
	9.7216
	0.0020


Table 8. Variance analysis of grain yield for each of the three sasons.
	SEASON
	Source
	Degrees of Freedom
	Mean Square
	F Value
	Pr>F

	
	
	
	
	
	

	1990/91
	Block
	2
	1358.93
	47.11
	0.0001

	
	Tillage
	3
	328.39
	3.50
	0.0894

	
	First Error
	6
	93.69
	
	

	
	N
	2
	1841.76
	63.85
	0.0001

	
	Tillage*N
	6
	40.75
	1.41
	0.2284

	
	Residual Error
	50
	28.85
	
	

	
	
	
	
	
	

	1991/92
	Block
	2
	13.20
	1.09
	0.3443

	
	Tillage
	3
	146.24
	6.03
	0.0305

	
	First Error
	6
	24.25
	
	

	
	N
	2
	247.23
	20.41
	0.0001

	
	Tillage*N
	6
	23.24
	1.92
	0.0961

	
	Residual Error
	50
	12.11
	
	

	
	
	
	
	
	

	1992/93
	Block
	2
	248.74
	19.06
	0.0001

	
	Tillage
	3
	13.00
	0.20
	0.8896

	
	First Error
	6
	63.55
	
	

	
	N
	2
	196.29
	15.04
	0.0001

	
	Tillage*N
	6
	15.29
	1.17
	0.3365

	
	Residual Error
	50
	13.05
	
	


Table 9. Variance analysis for the between-subject effects.

	Source
	Degrees of Freedom
	Mean Square
	F Value
	Pr>F

	Block
	2
	800.256
	33.65
	0.0001

	Tillage
	3
	14.571
	0.21
	0.8858

	First Error
	6
	69.314
	
	

	N
	2
	580.108
	24.39
	0.0001

	Tillage*N
	6
	30.908
	1.30
	0.2746

	
	
	
	
	

	Residual Error
	50
	23.780
	
	


Table 10. Manova test criteria and exact F statistics for the hypothesis of no SEASON effect for grain yield.

	Statistic
	Value
	F
	Pr>F

	Wilks’ Lambda
	0.03760
	627.0438
	0.0001

	Pillai’s Trace
	0.96240
	627.0438
	0.0001

	Hotelling-Lawley Trace
	25.59362
	627.0438
	0.0001

	Roy’s Greatest Root
	25.59362
	627.0438
	0.0001


Table 11. Student-Newman-Keuls Multiple comparison Test for grain yield relative to each season.

	SEASON
	SNK Grouping (1)
	Mean

(103 kg)
	N

Fertilization rates

	1990/91
	
	
	

	
	A
	48.809
	100

	
	B
	41.488
	50

	
	C
	31.066
	0

	1991/92
	
	
	

	
	A
	23.913
	0

	
	B
	21.762
	50

	
	C
	17.222
	100

	1992/93
	
	
	

	
	A
	19.214
	50

	
	A
	18.505
	100

	
	B
	14.026
	0


(1) Means with the same letter are not significantly different for P(0.05.

Table 12. Manova test criteria and F statistics for the hypothesis of no SEASON * N effect for grain yield.

	Statistic
	Value
	F
	Pr>F

	Wilks’ Lambda
	0.22059
	27.6648
	0.0001

	Pillai’s Trace
	0.82582
	17.5830
	0.0001

	Hotelling-Lawley Trace
	3.32299
	39.8759
	0.0001

	Roy’s Greatest Root
	3.25843
	81.4607
	0.0001


Table 13. Manova test criteria and F statistics for the hypothesis of no SEASON * BLOCK * TILLAGE effect for grain yield.

	Statistic
	Value
	F
	Pr>F

	Wilks’ Lambda
	0.47318
	3.7056
	0.0001

	Pillai’s Trace
	0.61036
	3.6602
	0.0001

	Hotelling-Lawley Trace
	0.93684
	3.7474
	0.0001

	Roy’s Greatest Root
	0675549
	5.6291
	0.0002


Table 14. Variance analysis of the linear component of the grain yield temporal trend.

	Source
	Degrees of Freedom
	Mean Square
	F Value
	Pr>F

	Linear component
	
	
	
	

	Mean
	1
	18404.028
	1273.72
	0.0001

	Block
	2
	222.723
	15.41
	0.0001

	Tillage
	3
	168.167
	2.19
	0.1903

	First Error
	6
	76.831
	
	

	N
	2
	504.992
	34.95
	0.0001

	Tillage*N
	6
	21.930
	1.52
	0.1917

	
	
	
	
	

	Residual Error
	50
	14.449
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Figure 1. Monthly variation of some meteorological the parameters at Foggia site during the three seasons.
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Figure 2. Penetration resistance (a) and soil water content (b) on the selected dates of the seasons 1990/91, 1991/92 and 1992/93 for the four tillage systems (((( A = conventional, ((( B = two-layer, ((( C = surface, ((( D = minimum), with the relative mean standard deviations ((().
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