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ABSTRACT 

The assessment of the impacts of different crop rotations on soil physical properties is needed to identify those with the 

potential to improve such properties which enhance crops´ responses to soil nutrients. The effects of eight crop rotations 

on physical properties of a Rhodic Ferralsol (Typic Haplorthox) were assessed in Palmital, Svo Paulo, Brazil, using a 

randomized complete block design with three replications of each treatment. The study lasted for five years (1985 –1990). 

The crop rotations, planted during the winter from 1985 to 1987, were mucuna, pigeon pea, rye, oat, pisum, wheat, 

crotalaria and black oat. In 1988 wheat was planted on all plots and from 1989 to 1990, lathyrus, lupin, rye, oat, lupin + 

black oat, wheat, crotalaria and black oat were planted. The summer crops were maize and soybean. In all treatments 

and taking the average of all the soil horizons, lupin+black oat and lathyrus produced the lowest bulk density in both 

maize and soybean plots. When the ranking of the performance of these crop rotations was performed, the order in the 

maize plots was lupin+black oat > rye > lathyrus > lupin/wheat > oat > crotalaria/black oat. On soybean plots the order 

was lathyrus > lupin > lupin+black oat > rye > oat > crotalaria > black oat > wheat. It is evident that for the summer 

crops, lupin+black oat, rye, lathyrus and lupin were consistent in improving these soil physical properties and are 

therefore, better than the rest of the rotation crops in moderating these properties. Even though there was low 

improvement in OM content of the soil, OM moderated very significantly bulk density (r =0.602**) and saturated 
hydraulic conductivity (Ksat) (r = 0.674**) under soybean plots. However, macro-porosity (Pe) had positive 

improvement in Ksat (r = 0.684**) under maize of all the physical properties measured. Longer lasting crop rotations 

may produce more positive influences of OM on these soil physical properties. 
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                     density; Organic matter; Maize; Soybean.  
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INTRODUCTION 

The introduction of no-tillage crop rotation 
systems started in Brazil in the ‘70’s when the 
high cost of fertilizers necessitated curtailing 
their use on farmlands (FAO, 2000). The idea 
was to increase the organic matter (OM) levels 
and their associated nutrients in soils by 
utilizing the biomass produced by the rotation 
crops. Other than the release of nutrients by the 
decomposing biomass, additional benefits from 
these rotations were stabilization of surface soil 
temperature, improvement in soil water holding 
capacity, infiltration and saturated hydraulic 
conductivity, enhancing aggregate stability and 
to some extent in reducing bulk density and 
penetration resistance in soils (Corsini, 1991; 
Lal, 1974; Lal and Stewart, 1990; Christensen 
and Johnston, 1997). The interest in physical 
properties of soils is predicated on the fact that 
they influence crop responses to chemical 
fertilizers in soils, especially in tropical and 
subtropical regions. This is so because crop 
responses to nutrient levels in soils are 
moderated by the physical status of the soil. 
Some of the soil physical constraints to crop 
production in the tropical and sub-tropical 
regions are proneness to erosion by water or 
wind, low available water-holding capacity and 
increased subsoil compaction. This compaction 
is caused by conventionally tilling the soil to a 
particular depth and consolidation of dispersed 
clay particles, which move down to the 
subsurface horizons. Others are low movement 
of water into and within the soils, especially in 
the soils of subtropical regions, which are prone 
to dispersion (Bouma and Hole, 1971; 
Fernández-Reuda and Paz-González, 1998; Kay, 
1990; Mc Farlane et al., 1992). 

One of the reasons for the poor physical state of 
these soils is their low organic matter (OM) 
content and several researchers have tried to 
develop ways to increase the OM levels in soils 
so as to improve their physical conditions. 
Under intensive crop production systems found 
in Brazil the combination of different tillage and 
crop rotation systems have been investigated 
and it appears that the no-tillage system is very 
promising in increasing and sustaining crop 

production. However, the choice of winter crops 
for rotation with summer crops in the no-tillage 
system has not been resolved yet (Alves et al., 
1994; Dechen et al., 1988).  
 In Brazil and elsewhere in the tropics, 
increased water entry into the soil, reduced bulk 
density and penetrometer resistance, and 
enhanced water holding capacity of soils are 
some of the advantages of using no-tillage with 
crop rotations (Lal, 1998; Mbagwu, 1990: 
Dechen et al., 1988; Alves et al., 1994: Kemper 
and Derpsch, 1981). All these improvements 
have been linked to high OM contents of the 
treated soils. The objective of this study is to 
evaluate eight crop rotation systems in southern 
Brazil for their ability to improve some physical 
properties of a Rhodic Ferralsol (Typic 
Haplorthox) as well as to examine the 
relationship between such improvements and 
the organic matter levels of the soil. 
 
MATERIALS AND METHODS 
 
Location and climate of the study site: This 
study was conducted at a private farm near 
Palmital, São Paulo, southern Brazil, for five 
years (1985 – 1990). The coordinates of the 
location are latitude 24o 47’ S and longitude 50o 
13’ W, at 500 m height asl. The warm and wet 
season here is from October to March, which 
area has a mean temperature of 18 to 2200  C, 
average total precipitation of 1280 mm y-1 and 
relative humidity of 70%. The dry season is 
from April to September, with a mean 
temperature of 25oC and total precipitation of 
350 mm during the year (Köppen, 1936; 
Ortolani et al., 1995). Beginning from 1980, the 
experimental area was grown to soybean in the 
summer and wheat in the winter for five years 
under no-tillage system before initiating this 
study in 1985. The soil is a Rhodic Ferralsol 
(FAO/UNESCO system) or Typic Haplorthox 
(Soil Taxonomy), and the initial topsoil physical 
properties were 5 g kg-1 sand, 24 g kg-1 silt and 
71g kg-1 clay, bulk density, 1.13 g cm-3, total 
porosity {calculated as 1- [dry bulk 
density/particle density, where particle density 
is assumed to be 2.65 g cm-3]}, 57.4%, macro-
porosity, 22.4%, and micro-porosity, 35.0%. 
The water retained at saturation was 60% and at 
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-2, -6, -10, -30, -70, -100 and –1500 kPa were 
respectively, 46, 39, 39, 35, 33, 32 and 22%.  
 
 Treatments:  In 1985 a study with eight crop 
rotation systems, and two summer crops: maize 
(Zea mays L.) and soybean (Glycine max L.) 
was initiated. The eight winter treatments which 
lasted until 1987, were as follow: 
a. Mucuna: (Mucuna aterrima Piper &  
b. Tracy)   
c. Pigeon pea (Cajanus cajan (L.) Millsp) 
d. Rye (Secale cereale L.) 
e. Oat (Avena sativa L.) 
f. Ervilhaca (Lathyrus sativus L.) 
g. Wheat (Triticum aestivum L.) 
h. Crotalaria (Crotalaria juncea L.) 
i. Black oat (Avena strigosa Schieb)  
In 1988 wheat was planted on all the plots 
because of low dry matter yields of the winter 
crops in 1986 and 1987 but from 1989 to 1990 
the following winter crops were used: 
a. Ervilhaca (Lathyrus sativus L.) 
b. Lupin (Lupinus albus L.) 
c. Rye  (Secale cereale L.) 
d. Oat (Avena sativa L.) Lupin + Black oat 
(Lupinus albus L. + Avena strigosa 
Schieb)Wheat (Wheat, Triticum aestivum L.) 
e. Crotalaria (Crotalaria juncea L.) 
f. Black oat (Avena strigosa Schieb). 
Conventional spacing and cultural practices 
were adopted throughout this study. Each year 
fertilizer was applied at the rate of 70 kg ha-1 P 
and 50 kg ha-1 K for soybean and 102 kg ha-1 N, 
50 kg ha-1 P and 50 kg ha-1 K for maize. Two–
thirds of the N fertilizer was applied at planting 
and one-third four weeks after germination. 
These are the commonly used rates by farmers 
in this area. The granular fertilizers were placed 
in the groove opened by a double-disk opener, 
5-10 mm from the seeds. Nitrogen was applied 
as ammonium sulphate, P as single super-
phosphate and K as potassium chloride. Weeds 
were controlled by pre- and post- emergence 
herbicides. 
 
 
 
 
 

 Experimental set up: The set up of the 
experiment was a randomized complete block 
design in which each of the eight treatments was 
replicated three times. Each treatment covered 
an area of 96 m2. A distance of 2 m separated 
two treatments and a distance of 10 m separated 
the replicates. The total area of the experiment 
was 4,368 m2.  
 
Soil sampling and analysis:  Soil samples were 
collected from all plots after harvest of summer 
crops in 1990 for evaluating any changes in soil 
physical properties due to the crop rotations. For  
the determination of bulk density, porosity, pore 
size distribution and water retention curve, 
undisturbed soil samples were taken with cores 
of 0.05 m internal diameter and 0.051 m height, 
at four depths (0-0.05, 0.05-0.10, 0.10-0.20 and 
0.20-0.30 m). Bulk density was calculated by 
the method of Blake and Hartge (1986a). Total 
soil porosity was determined by the method of 
Danielsen and Sutherland (1986) using the 
relationship between soil bulk and particle 
densities (Blake and Hartge, 1986b). Macro-
porosity was calculated using the following 
relationship    ( ) 100×−= msaF θθ … (1)    
       where Fa is macro-porosity (%), θs is total 
porosity (cm3cm-3), calculated from bulk and 
particle densities relationships indicated above 
and θm is volumetric moisture retained at -10 
kPa matric potential (cm3 cm-3). Micro-porosity 
was determined as the difference between total 
porosity and macro-porosity. 
 Soil water retention was measured by the 
method of Klute (1986) at 0 and -2, -6, -10, -30, 
-70, –100 and -1500 kPa matric potentials. The 
0, -2 and -6 kPa matric potentials were 
measured with a tension table and potentials -10 
kPa and above were measured with a pressure 
plate apparatus (Topp and Zebchuk, 1979; Ball 
and Hunter, 1988). The available water holding 
capacity (AWC) was integrated for the four 
horizons in a treatment using the following 
equation: 
                   n 
    xDiAWC ii ){( 150010 θθ −= ∑ } … (2)        
                  i=1 
    where AWC is in cm, θi10 is the volumetric 
water retained in the ith horizon at -10 kPa 
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matric potential (cm3/cm3), θi1500 is the 
volumetric water retained in the ith horizon at -
1500 kPa matric potential (cm3/cm3), Di is the 
horizon depth (cm) and i varies from 1 to 4. 
This integration produced one value per 
treatment, which enabled us to make a valid 
assessment of the contributions of crop rotation 
systems to the AWC of the soil. 
Aggregate stability was measured at 0-5, 5-15, 
and 15-30 cm depths with disturbed soil 
samples. These samples were air-dried and 
sieved through a 9.52-mm sieve diameter. The < 
9.52 mm aggregates were then placed on the 
topmost of a nest of sieves of diameters 7.63, 
6.35, 4.00, 2.00, 1.00 and 0.50 mm and agitated 
in water following the methods of Kemper and 
Rosenau (1986). Care was taken to ensure that 
all aggregates were below the water surface 
during agitation in water. An amplitude of 3.7 
cm was used and each sieving was completed 
after 10 min at 29 times/min. Thereafter, each 
aggregate remaining on each sieve and the one 
that passed through the 0.50 mm mesh were 
dried in the oven at 105oC for 24 h and weighed. 
Since the sand fraction on the soil samples was 
low no correction for sand was made in this 
analysis. The proportion of water-stable 
aggregates on each sieve size fraction was then 
calculated from: 

 
icii WWWWWWSA 3132 ))1/(/(()( −+−= …(3)                 

where i  =  1, 2, 3, …, n and corresponds to each 
size fraction. These WSA values were used to 
calculate the mean-weight diameter (MWD), an 
index of aggregate stability thus: 
    n      

∑= )*( ii WSAXMWD  … (4)   

               i=1                  

 where i  =  1, 2, 3, …, n and corresponds to 
each fraction collected, including the one that 
passed the finest (0.05 mm) sieve; Xi is the 
mean diameter of each size fraction (i.e., mean 
intersieve size); and WSAi is as defined in 
Equation 3 (Angers and Mehuys, 1993). The 
higher the MWD of a soil sample the better its 
stability in water. 

Saturated hydraulic conductivity (Ksat) was 
measured at two depths (0-15 and 15-30 cm) 

with the Guelph permeameter technique 
(Reynolds and Elrick, 1987; Klute and Dirksen, 
1986) and calculated using the transposed 
Darcy’s equation for vertical flows of liquids 
thus: 

/()4( QLKsat = πtHdc
2)… (5)                                   

 where Ksat is saturated hydraulic 
conductivity (cm/s); Q (mL) is the volume of 
water collected during time interval, t (s); L is 
the length of the sample core (m); H is the 
difference in levation between the water level in 
the reference tube and the water level in the side 
arm of the outflow dripper (cm); and dc is the 
inside diameter of the core (cm). Five 
determinations of Ksat were made/plot. 

Organic matter was determined on the 
disturbed samples by oxidizing 1 cm3 of soil 
with a 4 N sodium dichromate solution and 10 
N sulphuric acid. The amount of OM was 
evaluated by colorimetric method and the results 
obtained from a standard curve of a series of 
soils in which OM was determined by the 
Walkley and Black method. 

 These soil physical data were analyzed 
as a randomized complete block design using 
analysis of variance and F-test procedure. 
Where the F-tests were significant at p < 0.05, 
comparisons among treatment means was made 
using the least significant differences (LSD) test 
(Snedecor and Cochran, 1976). 
 
RESULTS AND DISCUSSION 

  
The focus of this study is to identify some 
winter cover crops that can be used in crop 
rotation systems in southern Brazil to optimize 
soil physical properties. The extent to which any 
of these cover crops optimizes the soil physical 
properties is the extent to which its use as a 
cover crop is suggested. Hence what is being 
investigated here is which cover crops improved 
soil physical properties most. For ease of 
presentation, the cover crops existing in 1990, 
when the soil samples for physical 
measurements were taken, will be used. 

 
Effects of crop rotation on soil bulk density 
and pore size distribution:  The impact of crop 
rotation on soil bulk density (Table 1) for maize 
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and soybean indicates generally higher values 
and wider variations (CV%) in soybean (3.1%) 
than in maize (2.9%) plots.  
Table 1. Effects of crop rotations on bulk density of a 

Ferralsol under maize and soybean plots in 
southern Brazil. 

Profile depths (cm) Crops/Treatments 
0-5 5-10 10-20 20-30 Means 

Maize 
Lupinus+Black oat 1.12 1.10 1.08 1.04 1.09 
Lupinus 1.14 1.15 1.23 1.16 1.17 
Rye 1.04 1.11 1.15 1.01 1.08 
Oat 1.12 1.13 1.24 1.09 1.15 
Lathyrus 1.08 1.15 1.10 1.04 1.09 
Wheat 1.14 1.15 1.10 1.08 1.12 
Crotolaria 1.14 1.17 1.17 1.07 1.14 
Black oat 1.09 1.19 1.20 1.07 1.14 
LSD (0.05): Trts (T): 0.03 
Depth (D): 0.17 
TxD: 0.08 

 

Soybean 
Lupinus+Black oat 1.12 1.14 1.13 1.06 1.11 
Lupinus 1.16 1.22 1.16 1.10 1.16 
Rye 1.07 1.21 1.23 1.13 1.16 
Oat 0.99 1.14 1.26 1.13 1.13 
Lathyrus 1.06 1.13 1.18 1.06 1.11 
Wheat 1.15 1.25 1.26 1.17 1.20 
Crotolaria 1.19 1.24 1.23 1.14 1.20 
Black oat 1.14 1.21 1.23 1.11 1.17 
LSD (0.05): Trts (T): 0.04 
Depth (D): 0.15 
TxD: 0.12 

 

 
The variations were, however, rather low 

and confirm the results of Mbagwu (1995) 
among others, of smaller variation in bulk 
density (11.7%) than in hydraulic properties 
(70.6 – 125.2%) of tropical soils. Under maize 
the highest soil bulk density was obtained with 
lupin (1.17 g cm-3) followed by rye (1.15 g cm-

3) whereas the least values (1.09 g cm-3) 
occurred in lupin+black oat and lathyrus. Under 
soybean the highest soil bulk density values 
occurred in wheat (1.26 g cm-3) and crotalaria 
(1.24 g cm-3) and the least with lathyrus (1.06 g 
cm-3) and lupin+black oat (1.06 g cm-3). It is 
evident therefore, that in both crops the rotations 
that optimized soil bulk density are lupin+black 
oat and lathyrus. Also, lupin+black oat and 
lathyrus produced the highest values in total 
porosity in soybean whereas rye and 
lupin+black oat followed very closely by 
lathyrus produced the highest values in maize 
(Table 2).  
 
 
 

Table 2. Effects of crop rotations on total porosity of a 
Ferralsol (%) under maize and soybean 
plots   in southern Brazil. 

Profile depths (cm) Crops/Treatments 
0-5 5-10 10-20 20-30 Means 

Maize 
Lupinus+Black oat 57.7 58.5 59.2 59.6 58.8 
Lupinus 57.0 56.6 53.6 56.2 55.9 
Rye 60.8 58.1 56.6 61.9 59.4 
Oat 57.7 57.4 53.2 58.9 56.8 
Lathyrus 59.2 56.6 58.5 59.6 58.5 
Wheat 57.0 56.6 58.5 59.2 57.8 
Crotolaria 57.0 52.5 52.5 59.6 55.4 
Black oat 58.9 55.1 54.7 59.6 57.1 
LSD (0.05): Trts (T): 2.2 
Depth (D): 6.1 
TxD: 5.0 

 

Soybean 
Lupinus+Black oat 57.7 57.0 57.4 60.0 58.0 
Lupinus 56.2 54.0 56.2 58.5 56.2 
Rye 59.6 54.3 53.4 57.4 56.2 
Oat 62.6 57.0 52.5 57.4 57.4 
Lathyrus 60.0 57.4 55.4 60.0 58.2 
Wheat 56.6 53.6 52.5 55.8 54.6 
Crotolaria 55.1 53.2 53.6 57.0 54.7 
Black oat 57.0 54.3 53.6 58.1 55.8 
LSD (0.05): Trts (T): 1.3 
Depth (D): 7.9 
TxD: 6.3 

 

 
The association of lupin (a legume) and black oat 

(a grass) appears to produce an ideal soil environment 
for optimizing soil bulk density during maize 
production of the total porosity values, the micro-
porosity was higher than the macro-porosity.   
Table 3. Effects of crop rotations on macro-porosity of 

a Ferralsol (%) under maize and soybean plots 
in southern Brazil. 

Profile depths (cm) Crops/Treatments 
0-5 5-10 10-20 20-30 Means 

Maize 
Lupinus+Black oat 17.0 17.5 19.9 21.5 19.0 
Lupinus 18.1 16.3 11.3 16.9 15.7 
Rye 23.0 19.2 16.3 23.9 20.6 
Oat 17.7 17.8 10.7 20.6 16.7 
Lathyrus 20.9 15.1 18.4 21.1 18.9 
Wheat 16.9 16.1 20.9 19.8 18.4 
Crotalaria 18.4 13.0 12.9 21.2 16.4 
Black oat 21.7 13.8 13.4 27.1 17.8 
LSD (0.05): Trts (T): 2.9 
Depth (D): 6.1 
TxD: 4.3 

 

Soybean 
Lupinus+Black oat 19.0 19.4 17.2 21.4 19.3 
Lupinus 15.3 12.4 15.4 19.4 15.6 
Rye 21.7 13.8 11.2 16.7 15.9 
Oat 26.1 18.4 10.9 19.8 18.8 
Lathyrus 22.3 18.8 13.9 20.1 18.9 
Wheat 15.4 11.1 9.6 14.7 12.7 
Crotalaria 13.2 11.8 12.1 16.9 13.5 
Black oat 17.9 14.0 12.9 18.8 15.9 
LSD (0.05): Trts (T): 4.6 
Depth (D): 9.2 
TxD: 7.8 
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Table 4. Effects of crop rotations on micro-porosity of 
a Ferralsol (%) under maize and soybean 
plots in southern Brazil. 

Profile depths (cm) Crops/Treatments 
0-5 5-10 10-20 20-30 Means

Maize 
Lupin+Black oat 40.7 41.0 39.3 38.1 39.9 
Lupin 38.9 40.3 42.3 39.3 40.2 
Rye 37.8 38.9 40.3 38.0 39.8 
Oat 40.0 38.8  47.8 39.0 41.4 
Lathyrus 38.3 41.5 40.1 38.5 39.6 
Wheat 40.1 40.5 37.6 39.4 39.4 
Crotalaria 38.6 39.5 39.6 38.4 39.0 
Black oat 37.7 41.3 41.3 37.5 39.5 
LSD (0.05): Trts (T): 2.8 
Depth (D): 5.1 
TxD: 3.6 

 

Soybean 
Lupin+Black oat 38.7 37.6 40.2 38.6 38.8 
Lupin 40.9 41.6 40.8 39.1 40.6 
Rye 37.9 40.5 42.2 40.7 40.3 
Oat 36.5 38.6 41.6 37.6 38.6 
Lathyrus 37.7 38.6 41.5 39.9 39.4 
Wheat 41.2 42.5 42.9 41.1 41.9 
Crotalaria 41.9 41.4 41.5 40.1 41.2 
Black oat 39.1 40.3 40.7 39.3 39.9 
LSD (0.05): Trts (T): 3.6 
Depth (D): 4.3 
TxD: 2.9 

 

 
The micro-porosity here includes all pore 

spaces draining between –100 and –6 kPa 
potentails but did not include those draining 
between –1500 and -100 kPa potentials. The 
macro-porosity values were rather low (Table 3) 
and varied between 10.5 and 16.8% in maize 
plots and between 9.6 and 15.5% in soybean 
plots. Hence these rotations reduced the macro-
porosity but increased the micro-porosity of this 
soil slightly. Mbagwu (1995), Ahuja et al. 

(1989), Franzmeier (1991) and Carter (1988) 
had shown the positive contribution of macro-
pores to water movement within the soil and 
also the fact that it is affected easily by land use. 
Bouma (1991) also noted that it is mainly 
through macro-pores that water moved down to 
contaminate ground water. Taking the average 
of the four horizons, the three best crop 
rotations that optimized the macro-orosity of the 
maize plots were rye > lupin+black oat > 
lathyrus and of the soybean plots, oat > 
lupin+black oat > lathyrus.  

The micro-porosity values (Table 4) were 
large and could be responsible for the fairly low 
water movement within the soil. There was also 
no consistent pattern of their distribution within 
the soil. They varied between 42.5 and 43.7% in 
the maize plots and between 42.0 and 45.1% in 
the soybean plots, implying small variability of 
1.1% in maize and 2.5% in soybean plots. 
Mbagwu (1995) obtained wider variations in 
these properties than the ones got from this 
study, even though he worked mainly with 
Ultisols and Entisols. Considering that the lower 
the values of this property the better the 
improvement of the rotation crops, it is seen 
here that for maize crops the best three rotations 
are crotalaria > wheat > lathyrus and for 
soybean, oat > lupin+black oat > black oat.  

 
 Effects of crop rotation on soil water 
retention properties: The soil water content 
and available water holding capacity data are 
shown in Table 5 for maize and in Table 6 for 
soybean.  
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Table 5. Water content (%) and available water holding capacity (cm) of a Ferralsol under maize in southern Brazil.  

 Moisture retained at different matric potentials (KPa) Treatments Depths  
(cm) 0 -2 -6 -10 -30 -70 -100 -1500 AWC 
0-0.05 57.7 51.8 44.2 40.7 35.4 33.0 30.8 19.7 
0.05-0.10 56.3 51.8 43.9 39.5 35.1 32.9 31.3 19.6 
0.10-0.20 58.7 48.6 40.6 37.5 31.9 30.3 29.4 20.6 

Lupin+Black  
oat 
 

0.20-0.30 59.2 50.2 42.5 38.5 32.9 30.6 29.5 21.2 

5.45 

0-0.05 58.4 50.5 43.2 38.9 33.1 31.0 29.8 20.0 
0.05-0.10 57.6 51.0 44.0 40.3 35.0 32.7 30.6 19.7 
0.10-0.20 56.4 50.4 45.1 42.3 38.1 36.2 34.9 19.2 

Lupin 

0.20-0.30 60.7 48.8 42.3 39.3 34.7 33.2 32.2 20.9 

6.13 

0-0.05 60.0 50.1 41.5 37.8 31.6 29.2 27.9 21.6 
0.05-0.10 59.6 52.6 43.2 38.9 32.8 31.2 29.9 20.8 
0.10-0.20 56.7 50.3 43.5 40.3 35.0 33.0 31.9 10.9 

Rye 

0.20-0.30 60.6 52.2 42.1 38.0 31.8 29.4 28.3 22.2 

5.43 

0-0.05 57.5 49.7 43.3 40.0 33.7 31.2 30.2 19.6 
0.05-0.10 57.1 48.3 43.4 39.6 34.0 32.2 30.8 19.3 
0.10-0.20 54.8 51.4 45.6 42.5 38.0 36.2 35.3 17.2 

Oat 

0.20-0.30 58.1 50.9 41.4 38.3 33.1 31.3 30.6 20.2 

6.38 

0-0.05 57.8 49.7 42.3 38.3 32.2 30.2 29.1 20.0 
0.05-0.10 56.3 51.9 45.3 41.5 35.9 33.5 31.9 18.7 
0.10-0.20 57.1 51.5 44.0 40.1 34.4 32.6 31.5 19.0 

Lathyrus 

0.20-0.30 58.9 50.1 42.2 38.5 33.2 31.3 30.3 21.0 

6.23 

0-0.05 57.4 51.0 43.5 40.1 33.9 32.1 30.9 19.5 
0.05-0.10 56.1 52.1 45.7 40.5 37.5 36.0 33.8 18.6 
0.10-0.20 57.5 49.6 42.1 39.2 34.1 33.5 32.5 18.3 

Wheat 

0.20-0.30 59.8 50.1 42.9 39.4 33.8 32.2 30.5 21.2 

5.85 

0-0.05 57.9 50.4 42.5 38.6 35.6 31.2 30.3 19.7 
0.05-0.10 57.0 51.3 43.7 39.5 33.5 32.3 30.7 19.0 
0.10-0.20 56.5 48.4 42.4 39.6 34.5 33.0 31.9 18.7 

Crotalaria 

0.20-0.30 59.8 50.1 42.5 38.4 32.4 30.5 29.5 21.3 

5.77 

0-0.05 58.1 48.1 40.9 37.7 32.0 30.1 29.3 20.2 
0.05-0.10 55.0 50.7 43.9 41.3 35.0 32.9 32.1 17.7 
0.10-0.20 55.9 51.1 43.7 41.3 37.6 35.6 33.7 18.1 

Black oat 

0.20-0.30 55.9 51.0 41.3 37.5 32.0 30.2 29.4 19.3 

6.20 

 
Table 6. Water content (%) and available water holding capacity (cm) of a Ferralsol under soybean in southern Brazil.

Water content at different matric potentials (KPa), % 
0 -2 -6 -10 -30 -70 -100  -1500 AWC 

 Treatments Depths 
(m) 

        (cm) 
0-0.05 57.2 48.9 42.6 38.7 32.8 31.0 29.9 19.5 
0.05-0.10 55.0 47.3 40.8 37.6 32.3 31.1 30.1 19.4 
0.10-0.20 58.2 50.0 44.0 40.2 35.3 33.8 32.8 21.0 

 
Lupin+ Black oat 

0.20-0.30 60.3 50.7 42.8 38.6 32.8 31.2 29.9 22.1 

5.44 

0-0.05 57.1 51.0 44.7 40.9 34.1 31.9 30.9 20.5 
0.05-0.10 54.6 50.6 45.4 41.6 36.1 34.2 33.3 19.2 
0.10-0.20 56.7 49.5 43.9 40.8 37.1 36.2 32.7 20.3 

Lupin 

0.20-0.30 57.2 50.5 43.3 39.1 34.5 32.3 31.3 20.5 

6.05 

0-0.05 58.1 50.2 41.8 37.9 31.6 29.4 28.3 21.0 
0.05-0.10 53.6 50.2 44.4 40.5 36.3 34.2 32.5 18.7 
0.10-0.20 55.5 48.1 45.0 42.2 37.0 35.2 34.2 19.7 

Rye 

0.20-0.30 57.6 48.2 44.6 40.7 34.6 32.7 31.8 20.7 

6.28 

0-0.05 59.9 48.4 40.2 36.5 30.9 29.2 28.2 21.9 
0.05-0.10 53.3 50.0 42.7 38.6 33.4 32.0 30.4 18.5 
0.10-0.20 54.5 49.5 44.3 41.6 36.8 35.2 34.3 19.1 

Oat 

0.20-0.30 55.7 49.0 40.9 37.6 32.5 30.7 30.0 19.8 

5.77 

0-0.05 58.6 50.1 42.0 37.7 31.3 29.3 28.2 21.2 
0.05-0.10 56.5 50.9 43.4 38.6 33.6 31.4 29.9 20.2 
0.10-0.20 56.7 51.1 44.9 41.5 35.6 34.6 32.9 20.3 

Lathyrus 

0.20-0.30 58.8 51.6 43.7 39.9 33.2 30.8 29.8 21.3 

5.46 

0-0.05 56.1 50.4 44.3 41.2 35.1 32.7 31.1 20.0 
0.05-0.10 54.3 51.5 46.1 42.5 37.8 35.0 33.3 19.0 
0.10-0.20 54.5 50.2 45.4 42.9 37.9 36.2 34.8 19.0 

Wheat 

0.20-0.30 56.7 50.5 44.5 41.1 36.0 36.3 32.9 20.3 

6.44 

0-0.05 57.5 51.1 45.4 41.9 35.5 33.6 32.2 20.7 
0.05-0.10 55.8 50.2 45.0 41.4 35.7 33.8 32.6 19.8 
0.10-0.20 55.4 50.0 44.5 41.5 36.4 34.4 33.4 19.6 

Crotalaria 

0.20-0.30 59.2 49.7 43.7 40.1 34.8 32.7 31.9 21.5 

6.19 

0-0.05 56.6 49.4 42.4 39.1 33.3 31.2 30.2 18.8 
0.05-0.10 53.9 49.7 43.8 40.3 35.3 33.5 32.4 19.7 
0.10-0.20 55.6 50.0 43.6 40.7 35.4 34.6 33.8 19.7 

Black oat 

0.20-0.30 57.8 50.4 43.1 39.3 33.8 31.9 30.9 20.8 

6.00 
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For most of the rotations there were no 
significant differences among the water retained 
at different depths for any of the metric 
potentials or for maize and soybean plots. 
However, when the available water holding 
capacity (AWC) was obtained by integrating 
water retention values from 0.0–0.30 m 
horizons, it varied from 5.43 to 6.38 cm in 
maize and from 5.44 to 6.44 cm in soybean 
plots. The three best crop rotations that 
improved this property in maize plots are oat > 
lathyrus > black oat (Table 5) and in soybean 
plots (Table 6), wheat > rye > crotalaria. This 
suggests the predominantly better performance 
of the grass than legume cover crops in 
improving this soil physical property. Similar 
results have been reported in other parts of the 
tropics ( Lal et al., 1978; 1979) and other states 
in Brazil (Landers, 2000) and point to the 
suggested use of grasses (with dense root 
systems which enhance the availability of water 
in the rhizosphere) as cover crops. 
 
Effects of crop rotation on aggregate stability 
of soil:   Aggregate stability values for the two 
crops varied significantly (p < 0.05) within soil 
horizons and among the crop rotations(Table 7).  
 
Table 7. Effects of crop rotations on mean-weight diameter of water-stable 

aggregate (mm)  of a Ferralsol under maize and soybean in southern 
Brazil.  

Profile depths (m) Crops/Treatments 
0-0.05 0.05-0.15 0.15-0.30 Means

Maize 
Lupin+Black oat 2.995 1.798 1.932 2.302 

Lupin 2.262 2.071 2.215 2.183 
Rye 3.146 1.938 1.609 2.231 
Oat 2.119 2.183 1.548 1.950 
Lathyrus 1.906 1.939 1.689 1.845 
Wheat 2.363 2.156 1.605 2.041 
Crotalaria 2.188 2.021 1.657 1.955 
Black oat 2.143 1.710 1.599 1.817 
LSD (0.05): Trts (T): 0.345 
Depth (D): 0.786 
TxD: 0.550 

 

Soybean 
Lupin+Black oat 2.867 1.789 1.922 2.193 
Lupin 2.301 2.063 2.204 2.189 
Rye 2.997 1.982 1.607 2.195 
Oat 2.101 2.139 1.549 1.930 
Lathyrus 2.010 1.908 1.692 1.870 
Wheat 2.402 2.166 1.611 2.062 
Crotalaria 2.078 2.008 1.650 1.912 
Black oat 2.043 1.693 1.593 1.776 
LSD (0.05): Trts (T): 0.378 
Depth (D): 0.903 
TxD 0.662 

 

Their large values are indicative of the large 
diameter used (<9.52 mm) and the controlling 
influence of other aggregating agents like iron 
and aluminium oxides, since as will be shown 
later, the contribution of organic matter to the 
aggregate stability of this soil is quite low. 
Taking the average of the two horizons for each 
of the rotations for maize or soybean, the crops 
that produced the best aggregate stability values 
(> 2.000 mm) were the same and varied in the 
order, rye > lupin+black oat > lupin > wheat. 
Here the grasses did better than the legumes 
apparently because they produce more 
mucilages and gums, which bind the aggregates 
into stable structures and/or they accumulate 
more humic susbstances (which are responsible 
for aggregate stability at the colloidal level) than 
legumes because of their slower decomposition 
rates (Piccolo and Mbagwu, 1994; 1999, 
Mbagwu and Auerswald, 1999). 
  
Effects of crop rotation on saturated 
hydraulic conductivity of soil:   The saturated 
hydraulic conductivity values (Table 8) showed 
consistent increase from the 0.0-0.15 m to 0.15 
– 0.30 m depths in all the rotations and the two 
crops.  

 
Table 8. Effects of crop rotations on saturated hydraulic 

conductivity (m/day) of a Ferralsol under maize and 
soybean in southern Brazil. 

Maize Soybean 
Profile depths (m) Profile depths (m) 

 Treatments 

0.0-
0.15 

0.15-
0.30 

Means 0.0-
0.15 

0.15-
0.30 

Means

Lupin+Black oat 0.34 0.41 0.38 0.31 0.38 0.35 
Lupin 0.37 0.44 0.41 0.34 0.47 0.41 
Rye 0.26 0.52 0.39 0.24 0.32 0.28 
Oat 0.33 0.43 0.38 0.30 0.40 0.35 
Lathyrus 0.35 0.39 0.37 0.32 0.39 0.36 
Wheat 0.27 0.30 0.29 0.23 0.31 0.27 
Crotalaria 0.35 0.37 0.36 0.31 0.40 0.36 
Black oat 0.31 0.43 0.37 0.29 0.39 0.34 
LSD (0.05): Trts 
(T): 

0.07  0.08  

Depth (D): 0.19 0.16 
TxD 0.12 

 
0.09 

 

 
The average values obtained for the horizons 

showed narrower variability in this property for 
maize (9.5%) than for soybean (13.3%). These 
variations are small for this hydraulic property 
but may be related to the fact that it was 
measured in the field and large measurements, 
five (5) per replicate, were obtained as against 
those of Mbagwu (1995) and Khan and Afzal 
(1990) where small core samples (≈100 cm3) 
were used. 
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 The rotation crops that performed best in 
maize plots are lupin > rye > oat and 
lupin+black oat and in soybean, lupin > lathyrus 
and crotalaria > oat and lupin+black oat. It 
would have been expected that those rotations 
that stabilized the aggregates most would also 
increase the saturated hydraulic conductivity. 
This was not the case here perhaps because this 
Ferralsol is very prone to dispersion and the 
factors that influence its aggregate stability may 
not be having any controls on its saturated 
hydraulic conductivity. Also the wide variability 
in Ksat compared to aggregate stability suggests 
that different factors may be controlling the two 
processes. 
 

 Effects of crop rotation on organic matter 
content and relationship between organic 
matter and physical properties 

The distribution of organic matter (OM) 
with depth did not follow any consistent pattern 
among the crop rotations and between maize 
and soybean plots (Table 9).  

Table 9. Effects of crop rotations on organic matter content of 
a Ferralsol (%) under maize and soybean in southern 
Brazil. 

Profile depths (cm) Crops/Treatments 
0-5 5-10 10-20 20-30 Means

Maize 
Lupin+Black oat 4.0 3.8 4.0 4.1 4.0 
Lupin 3.7 3.7 3.5 3.8 3.7 
Rye 3.9 3.6 3.9 3.5 3.8 
Oat 3.6 3.8 3.9 3.6 3.7 
Lathyrus 3.8 4.0 4.2 4.1 4.0 
Wheat 3.7 3.7 3.9 3.7 3.8 
Crotalaria 3.7 3.8 3.8 3.8 3.8 
Black oat 4.1 3.9 4.1 3.7 4.0 
LSD (0.05): Trts (T): 0.10 
Depth (D): 0.42 
TxD: 0.22 

 

Soybean 
Lupin+Black oat 3.6 4.1 3.9 3.8 4.0 
Lupin 4.3 4.2 3.9 3.9 4.1 
Rye 4.0 4.1 3.9 3.7 3.9 
Oat 4.1 4.2 4.1 3.8 4.1 
Lathyrus 4.2 4.8 4.1 3.5 4.2 
Wheat 4.1 3.7 3.8 3.5 3.8 
Crotalaria 4.0 3.9 3.9 3.6 3.9 
Black oat 3.9 4.1 4.0 4.1 4.0 
LSD (0.05): Trts (T): 0.31 
Depth (D): 0.83 
TxD: 0.50 

 

Also the magnitude of variations in OM 
contents with depth for the treatments was low 

and varied from 1.3% in crotalaria to 6.3% in 
lathyrus plots. The average OM values for the 
horizons of each crop rotation varied from 3.7% 
in lupin, rye and oat plots to 4.1% in lathyrus 
treatments in both maize and soybean plots. 

 Considering that OM is a moderator of soil 
physical properties, it is appropriate to evaluate 
how far changes in this property affected other 
soil physical properties. It must be pointed out 
however, that considering the 1985 value of 
4.1% for OM in this soil, only lathyrus raised 
OM slightly to 4.2% after five years of this 
study. Hence these crop rotations are not 
effective for building up OM content of this soil 
in the short-term.  

 The relationships between soil OM and 
the measured soil physical properties will enable 
an evaluation of the extent to which any changes 
in OM affected them.  

As can be seen from Table 10 only the 
negative relationship between OM and bulk 
density in the maize plots was significant.  

 
Table 10. Significant relationships between organic matter 

and soil physical properties 
Independent 
variable1 

Dependent
variable2 

α 
(Intercept) 

β 
(Slope) 

r 
(Correlation 
coefficient)3 

R2 

(Coefficient of 
determination, 
%) 

Maize 
OM BD 1.465 -0.089 -0.4340* 18.8 
 TP 46.019 2.972 0.3370NS 11.4 
 Pe -1.092 3.917 0.3098NS 9.6 
 Pi 45.358 -0.583 -0.1927NS 3.7 
 AWC 2.558 0.264 0.2097NS 4.4 
 MWD 3.651 -0.418 -0.3712NS 13.8 
 Ksat 0.465 -0.025 -0.1138NS 1.3 

Soybean 
OM BD 1.790 -0.159 -0.6022** 36.3 
 TP 31.854 6.165 0.5750** 33.1 
 Pe -26.454 9.835 0.5852** 34.3 
 Pi 57.122 -3.379 -0.4218* 17.8 
 AWC 1.743 0.458 0.3166NS 10.0 
 MWD 3.717 -0.427 -0.3488NS 12.2 
 Ksat -0.558 0.225 0.6735** 45.4 
1OM = organic matter (%). 
2BD = bulk density (g/cm3); TP = total porosity (%); Pe = 
macroporosity (%); Pi = microporosity (%); AWC = available 
water holding capacity (cm); MWD = mean-weight diameter of 
water-stable aggregates; Ksat = saturated hydraulic conductivity 
(m/day). 
* Significant at P < 0.05; ** Significant at P < 0.01: NS  = Not 
significant. 
 

However, the low value of the correlation 
coefficient (-0.4340*) shows that not much can 
be made of this relationship in the physical 
interpretation of the data.  
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On the soybean plots the relationship 
between OM and soil physical properties was 
generally significant. In this highly clay soil (71 
g kg-1 clay) it appears that OM values are not 
high enough to contribute highly to 
improvement in its AWC. In other relationships 
OM explained 17.8% of variability in Pi, 34.3% 
in Pe, 36.4% in BD, 33.1% in TP and 45.4% in 
Ksat. These are relatively significant 
explanations considering the low OM values 
when compared with their initial (1985) value. 
 
Relationships among soil physical properties 

 
In the maize plots the relationships among 

soil physical properties given in Table 11 show 
that AWC correlated significantly with bulk 
density, total porosity and macro-porosity.  
 
Table 11. Relationships among some physical properties1 (N 
= 24) 

 BD TP Pe Pi AWC MWD Ksat OM 
BD - Maize 
TP -0.908** -       
Pe -0.613** 0.627** -      
Pi 0.338NS -0.226NS -0.591** -     
AWC -0.868** 0.679** 0.690** -0.342NS -    
MWD -0.274NS 0.341NS 0.295NS -0.055NS 0.362NS -   
Ksat 0.127NS 0.067NS 0.648** -0.191NS 0.202NS 0.270NS -  
OM -0.434* 0.337NS 0.310NS -0.193NS 0.210NS -0.371NS -0.114NS - 
BD - Soybean 
TP -0.999** -       
Pe -0.952 0.867 -      
Pi 0.789** -0.785** -0.936** -     
AWC -0.321NS 0.332NS 0.043NS 0.295NS -    
MWD -0.089NS 0.064NS 0.059NS 0.145NS 0.135 -   
Ksat -0.334NS 0.406* 0.323NS -0.255NS 0.138NS -0.113NS -  
OM -0.602** 0.575** 0.585** -0.422* 0.317NS -0.349NS 0.674** - 

1The physical properties are as defined in Table 10. 
 

The negative relationship between macro- 
and micro-porosity is expected, whereas that 
between bulk density and macro-porosity 
implies a reduction in macro-porosity as the soil 
increases in strength, which should also be 
expected. The significant and positive 
correlation between saturated hydraulic 
conductivity (Ksat) and Pe should also be 
expected but according to Mbagwu (1995), 
Smetten and Collis-George (1985) and 
Franzmeier (1991), the correlation between the 
two properties was described better by log-
transformed than normal Ksat values. Also 
higher OM in soils reduced their bulk densities 
as the present study has shown and indicates 
that OM forms bridges between the soil 
particles thereby preventing them from parking 
too closely together. 

 In the soybean plots the relationships 
among the bulk density, total, macro- and 
micro-porosity values where highly significant. 
Increases in bulk density reduced macro-
porosity but increased total and micro-
porosities. Also indicated here is that increase in 
total porosity resulted in a concomitant increase 
in Ksat but it has already been shown that 
macro- rather than total porosity accounts for 
much of the movement of water within the soil 
(Grismer, 1986; Bouma, 1991). The 
relationships between OM and all measured 
properties but available water holding capacity 
(AWC) and aggregate stability (MWD) confirm 
the moderating influence of OM on soil bulk 
density and its positive influence on Ksat. It is 
envisaged that with longer crop production 
under these rotation systems more influences of 
OM on these properties may be expected. 
 
CONCLUSION 

   
From the results of this study it is evident 

that on both the maize and soybean plots a 
combination of lupin and black oat performed 
best in enhancing the measured physical 
properties of this soil. This agrees with literature 
in which combinations of grasses and legumes 
perform better than either when used alone in 
crop rotation experiments. Hence it is concluded 
that this rotation crop is better than the rest of 
the rotations in enhancing the physical integrity 
of this Ferralsol.  
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