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Abstract 

In many agricultural soils in the semi-arid and arid mediterranean climates, exposure to cyclic 
wetting and drying (WD) can reduce aggregate stability. The extent to which soil pretreatment 
with coal-derived humic substances (HS) can increase aggregate stability in soils exposed to cyclic 
wetting and drying (WD) was evaluated in this study. The soils studied are an Acireale silty clay 
loam from Sicily, a Principina silt loam from Tuscany and a Bovolone loam from Venetia in Italy. 
On each soil eight rates of the HS (0, 0.001, 0.01, 0.05, 0.10, 0.50, 1.00 and 10.00 g / k g  of soil) 
and four WD cycles (0, 3, 6 and 9) were used to assess any changes in stability. 

On the Principina and Bovolone soils dominated by iUitic and smectic clay minerals, 
successive WD cycles reduced aggregate stability. On the Acireale soil, dominated by kaolinitic 
clay mineral, after initial decrease in stability following three WD cycles, the aggregates regained 
stability as cyclic WD continued. Amending the soils with low rates of HS (equivalent to 100-200 
kg/ha)  not only improved aggregate stability significantly ( p  -- 0.05) on all the three soils, but 
also reduced substantially the disaggregating effects of WD cycles. This work indicates that 
exogenous humic substances have a potential as soil conditioners in conservation practices aimed 
at increasing the structural stability of soils. 
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I. Introduction 

One of the most important natural processes affecting structural stability of soils is 
the intensity of wetting and drying (WD) cycles they are exposed to. In poorly-struc- 
tured soils, such as those with massive clods or compacted surface, cyclic wetting and 
drying may help to loosen the soil surface and produce a friable seedbed with better 
aggregation. This process has been referred to as "soil mellowing" (Dexter, 1991; 
Barzegar et al., 1995). Conversely, in naturally well-aggregated agricultural soils, cyclic 
wetting and drying (WD) may induce structural collapse thereby producing erodible 
microaggregates (Mbagwu and Bazzoffi, 1988; Shiel et al., 1988). The production of 
these small aggregates is due to a reduction in the size of the large aggregates to smaller 
diameters as a result of fractures created during shrinking and swelling (Singer et al., 
1992). In such WD-susceptible soils the consequences of reduced aggregate stability can 
be enormous and include reduced infiltration rates, increased slaking and crusting, 
accelerated runoff erosion and poor crop productivity. A great effort is devoted to apply 
soil management techniques that can counteract these effects. 

Traditionally the most common approach to improve aggregate stability is to incorpo- 
rate organic residues (e.g. green manures, farmyard manures, crop residues) into the 
plough layer to increase the organic matter (OM) status (Metzger and Yaron, 1987). The 
disadvantage of undecomposed organic residues are that (i) very large amounts (50 to 
200 t /ha)  are needed to obtain significant improvements in aggregate stability, (ii) the 
humified fractions of SOM (the humic and fulvic acids and humin) which play a 
dominant role in aggregate stability (Piccolo and Mbagwu, 1990) are produced from 
fresh organic residues after prolonged decomposition processes within the soil, and (iii) 
fresh residues (especially those of animal origin or from urban wastes) can be sources of 
pollutants and harmful microorganisms. Attention has therefore, focused on identifying 
soil conditioners that can be effective at low rates as well as spontaneous in their action. 

Some synthetic polymers like polyacrylamides (PAM) and polyvinyl alcohols (PVA) 
proved effective when used as soil conditioners at low rates (Gabriels, 1990; Bryan, 
1992; De Boodt, 1993; Sojka and Lentz, 1994). With respect to cyclic WD-induced 
reduction in structural stability, Willis (1955) was able to moderate this effect by 
pretreating soils with a hydrolyzed polyacrylonitrile or a water-soluble sodium methyl 
siliconate before exposing them to 20 WD cycles. However, because these synthetic 
polymers are easily degraded by microorganisms (Grula et al., 1994) their effects are 
transient, often necessitating frequent applications which involve extra costs and labour. 

Humic substances, which have modes of action similar to synthetic conditioners, have 
been evaluated as potential soil conditioners. The advantage of humic substances is the 
refractory nature of their chemical structures, that makes them more resistant to 
microbial attacks. They are also available at costs that range from US$0.50 to 
US$1.00/kg which makes them inexpensive. In a study with British soils, Chaney and 
Swift (1986) reported higher relative improvement in stability from humic acids (HA) 
than from the less stable carbohydrates. Fortun et al. (1989) also reported that humic 
substances extracted from farmyard manure improved and prolonged aggregate stability 
more than the bulk farmyard manure, even when higher rates of the manure than humic 
substances were used. Piccolo and Mbagwu (1990) found that not only soil aggregate 
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stability was highly correlated with humic  substances content  o f  soils but also that the 

larger the molecu la r  size o f  humic  matter, the h igher  was the stability o f  microaggre-  

gates. 

The  long- te rm effec t iveness  o f  humic  substances as soil condi t ioners  may  well  

depend on how their action is inf luenced by extraneous disaggregat ing factors like cycl ic  

wet t ing and drying or  f reezing and thawing. The purpose of  the present  study is to 

de termine  the extent  to which humic  substances- induced aggregate  stability can be 

mainta ined fo l lowing  exposure  to success ive  wet t ing and drying cycles.  Informat ion 

f rom this study will  also enable  us evaluate  the extent  to which humic  substances can be 

used to reduce any disaggregat ing effects o f  cycl ic  wett ing and drying on structural 

stability. 

2. Materials and methods 

2.1. Soi& and the physical environment 

The soils used for the study were f rom three agricultural  lands located along a 

c l imosequence  that runs f rom the south to north of  Italy. They are typical o f  the arid and 

semi-ar id  soils found in Medi ter ranean climates.  The locations and soils are Aci rea le  

(Typic  Xerochrept)  in Sici ly (southern Italy), Pr incipina (Typic  Xerof luvent )  in Tuscany  

Table 1 
Some properties of the ca. 0-20 cm layer of the soils investigated 

Property Soil 

Principina (Tuscany) Bovolone (Venetia) Acireale (Sicily) 

Texture a SiL L SiCL 
Sand, g/kg 297 441 201 
Silt, g/kg 549 435 450 
Clay, g/kg 157 124 349 
Classification ~ Typic Xerofluvent Udic Ustochrept Typic Xerochrept 
OM, g/kg 21 7 12 
CaCO 3, g/kg 109 37 443 
pH (1:2.5, H20) 7.8 7.7 8.6 
CEC, cmol/kg 13.9 7.9 16.9 
EC ~, mS/m 8.0 BD ~ 2.0 
Dominant clay minerals e S; V IL; K; H; INT K; IL; CH 
MWD, mm f 0.430 0.224 0.892 
Erodibility factor (K), th MJ - i mm- 1 0.031 0.046 0.027 
CDR g 61 74 46 
El h 4.75 6.69 1.80 

SiL = silty loam; L = loam; SiCL = silty clay loam. 
b According to USDA Soil Taxonomy. 
c EC = electrical conductivity of the soil extract. 

BD = below detection. 
IL = illite; K = kaolinite; S = smectite; H = halloysite; CH = chlorite; V = Vermiculite; INT = intergrade 

(CH-S-V). 
f MWD = mean-weight diameter of water-stable aggregates. 
g CDR = clay dispersion ratio, i.e. (H20-dispersed clay/Calgon-dispersed clay)× 100. 
h El = erosion index, i.e. (sand + silt)/(OM + clay). 
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(central Italy) and Bovolone (Udic Ustochrept) in the Venetia Po Valley (northern Italy). 
The parent materials are mainly sandstone and limestone/dolomite and they make up 
the dominant agricultural soils in Italy. The following crops are grown on these 
agricultural soils: citrus trees (Acireale), wheat (Principina), and maize (Bovolone). 

Bulk soil samples were collected from 0-20 cm depth in each location and air-dried 
at room temperature. The 9.51-4.76 mm dry aggregates used for this study were 
thereafter separated by dry sieving using a RETSCH (plane rotary) sieving machine. 
These aggregates were analyzed for particle size distribution by the pipette method (Gee 
and Bauder, 1986), total OM by the wet oxidation method (Nelson and Sommers, 1982) 
and cation exchange capacity by the sodium acetate technique (Rhoades, 1982). Calcium 
carbonate was determined by the calcimeter method (Avery and Bascomb, 1974) and 
electrical conductivity of the soil extract with a digital conductivity meter. These 
properties are given in Table 1. 

2.2. Humic acids and wetting and d~ing  cycles 

The humic acids (HA) were extracted from a raw oxidized coal that was obtained by 
dry phase oxidation of a sample of Sulcis subbituminous coal (Rausa et al., 1989). The 
techniques used for the extraction and purification of the HA from oxidized coal as well 
as the elemental and functional group analyses were described by Piccolo et al. (1992). 
A ~3C-NMR solution spectrum of the HA was quantitatively recorded on a Varian 
CXP-300 spectrometer at 75.47 MHz using conditions reported earlier by Piccolo et al. 
(1990). The distribution of C intensities as revealed by ~3C-NMR were, aliphatic C 
(0-110 ppm), 18%; aromatic C (110-160 ppm), 72% and carboxyl C (160-190 ppm), 
10%. Data for the elemental analyses were total ash content, 4.0%; carbon, 62.9%; 
hydrogen, 3.0%; nitrogen, 1.9%; and sulphur, 5.6%. The total acidity, carboxyl and 
phenolic groups were 9.0, 3.4 and 5.6 meq/g  of soil, respectively. 

Seven HA stock solutions were prepared separately by suspending 0.0005 g, 0.005 g, 
0.025 g, 0.05 g, 0.25 g, 0.50 g and 5.0 g of the material in 300 cm 3 of distilled water 
and dissolving, under continuous stirring, by adding dropwise 2 M NaOH followed by 
0.1 M NaOH until the pH stabilized at 7.0. The final volumes were then made up to 500 
cm 3. A control with only 500 cm 3 of distilled water was also included. The humic 
solutions were mixed separately with 500 g of the 9.51-4.76 mm air-dry aggregates 
placed in aluminium cans to give the following treatment rates: 0, 0.001, 0.01, 0.05, 
0.10, 0.50, 1.0 and 10.0 g/kg.  After air-drying, the soils were subjected to 0, 3, 6 and 9 
wetting and drying (WD) cycles before measuring the aggregate stability. Each cycle 
consisted of 12 h of equilibration at field capacity moisture content, followed by 
air-drying. 

2.3. Determination of  aggregate stability and data analysis 

The mean-weight diameter of water-stable aggregates (MWD) index (Kemper and 
Rosenau, 1986) was used to evaluate the structural stability of the aggregates. Higher 
values indicate the dominance of the less erodible, large aggregates in the soil. For each 
soil the role of the added humic substances (HS) in influencing aggregate stability at 
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each WD treatment was assessed by comparing the MWD at the zero HA rate with the 

7(MWD0001 + MWD001 average MWD from the HA-treated soils, i.e. i 
+ • • • + MWD10), where the subscripts represent the respective HA rates. 

Data for each soil were analyzed as a 4 X 8 factorial in a completely randomized 
design (CRD) with three replications. The 4 WD cycles constituted the first factor and 
the eight HA rates the second factor. Where the F-values were significant, Duncan's 
Multiple Range test was used to compute LSD values for comparing differences 
between pairs of treatment means. 

3. Results 

3.1. Intrinsic stability of the aggregates 

The four indices of structural stability used to compare the soils (Table 1) showed 
consistently the order of inherent stability as Acireale > Principina > Bovolone. With 
the CDR, E1 and erodibility factor (K),  lower values indicate better stability whereas 
with the MWD, higher values indicate better stability. The susceptibility of the clay 
fraction to disperse in water (CDR) varied in the order, Bovolone (74%) > Principina 
(61%) > Acireale (46%). This trend reflects increasing clay and CaCO 3 contents of 
the soils (Table 1) with the least stable Bovolone having the least amount of CaCO 3 
(3.7%) and clay (12.4%). Also the most stable soil is dominated by kaolinite, a 1 : 1 clay 
mineral, whereas the less stable soils (Bovolone and Principina) are dominated by illite 
and smectite, which are 2:1 clay minerals. 

Table 2 
Effects of wetting/drying cycles and humic acids rates on mean-weight diameter (MWD, mm) of Acireale soil 

Humic acids ratesy (HA, g / k g )  Wetting/drying (WD) cycles 

0 3 6 9 

Mean 

0 0.892 0.418 0.610 0.658 0.645 
0.001 1.073 0.530 0.575 1.052 0.808 
0.01 1.274 0.632 0.646 1.113 0,916 
0.05 1.639 0.631 0.819 1.182 1.068 
0.10 1.993 1.124 1.036 1,440 1,398 
0.50 1.410 0.790 0.833 1.025 1,015 
1.00 1.137 0.510 0.883 0.935 0,866 
10.00 0.752 0.404 1.053 0.962 0,793 

Mean 1.271 0.630 0.807 1.046 - 

Sources of variation DF LSD (0.05): 

WD cycles: 3 0.348 
HA rates: 7 0.231 
W D × H A :  21 0.149 
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3.2. Effects of cyclic wetting and drying and humic acids 

On the Acireale soil, maximum disaggregation occurred at the 3rd WD cycle, beyond 
which increasing WD cycles increased MWD (Table 2). This trend was consistent at all 
HA rates. With the Principina (Table 3) and Bovolone (Table 4) soils, exposure to 
successive WD cycles consistently reduced MWD. Considering the first three cycles, the 
disaggregating effect of WD cycles was most severe on the most stable Acireale soil, 
followed by the Principina soil and then the least stable Bovolone soil. 

Relative to the control, increasing amounts of HA increased the MWD of the three 
soils up to the 0.10 g /kg  rate beyond which aggregate stability decreased as HA 
increased. This trend was observed at all cyclic WD treatments. At the zero WD cycle, 
HA rates from 0.05 to 0.10 g /kg  (equivalent to 100 to 200 kg/ha) produced between 84 
and 123% increase in aggregate stability on the Acireale soil, 37 to 62% on the 
Principina soil and 51 to 74% on the Bovolone soil relative to the controls. 

3.3. Effects of humic acids-pretreatment on response to wetting and drying cycles 

On all soils amendment with HA prior to exposure to WD cycles reduced the 
disaggregating effect of cyclic WD (Tables 2-4) .  For example on the Acireale soil 
(Table 2), after exposure to 3 WD cycles, the zero HA rate-MWD value of 0.892 was 
reduced by 113% but pretreatment with 0.05 g / k g  HA narrowed the relative reduction 
to 41%. Pretreating the soil with 0.10 g / k g  HA before exposure to 3 WD cycles 
increased the MWD by 26% over the control. In fact at the 0.10 g /kg  HA rate, all the 

Table 3 
Effects of wetting/drying cycles and 
soil 

humic acid rates on mean-weight diameter (MWD, mm) of Principina 

Humic acid rates (HA, g /kg)  Wetting/drying (WD) cycles 

0 3 6 9 

Mean 

0 0.370 0.308 0.245 0.177 0.275 
0.001 0.437 0.393 0.235 0.189 0.272 
0.01 0.532 0,406 0.341 0.224 0.376 
0.05 0.638 0.410 0.401 0.313 0.441 
0. I 0 0.674 0,407 0.403 0,380 0.466 
0.50 0.363 0.320 0.281 0,242 0.302 
1.00 0,324 0.274 0.244 0,277 0.267 
10.00 0.243 0.276 0.246 0,207 0.266 

Mean 0,459 0.349 0.300 0,245 - 

Sources of variation DF LSD (0.05): 

WD cycles: 3 0.199 
HA rates: 7 0.139 
WD x HA: 21 NS 
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Table 4 
Effects of wetting/drying cycles and humic acids rates on mean-weight diameter (MWD, mm) of Bovolone 
soil 

Humic acids rates (HA, g / k g )  wetting/drying (WD) cycles 

0 3 6 9 

Mean 

0 0.224 0.217 0.152 0.130 0.181 
0.001 0.234 0.229 0.154 0.157 0.194 
0.01 0.248 0.239 0.171 0.160 0.205 
0.05 0.351 0.338 0.230 0.178 0.274 
0.10 0.428 0.411 0.236 0.185 0.315 
0.50 0.377 0.262 0.188 0.160 0.247 
1.00 0.281 0.255 0.178 0.148 0.216 
10.00 0.261 0.231 0.173 0.145 0.204 

Mean 0.301 0.273 0.185 0.158 - 

Sources of variation DF LSD (0.05): 

WD cycles: 3 0.172 
HA rates: 7 0.103 
WD × HA: 21 NS 
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Fig. 1. Effects of pretreatment with humic substances on response of three soils to wetting and drying cycles 
(A) Acireale; (B) Principina; (C) Bovolone. 
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MWD values were higher than the control value irrespective of the number of WD 
cycles the soil was exposed to. This is shown more clearly in Fig. 1A where for each 
WD cycle, the MWD value obtained from all the other HA rates are compared to that at 
zero HA rate. From this figure the MWD of the HA-treated sample was significantly 
(p  = 0.05) higher than the untreated sample, for all the WD cycles. The same trend was 
observed in the Principina (Fig. IB) and Bovolone (Fig. IC) soils. 

From Table 3, the MWD of the unamended Principina soil of 0.370 was reduced to 
0.177 after exposure to 9 WD cycles, representing a reduction of 109%. Pretreating the 
sample with 0.05 g /kg  HA narrowed this to 18% reduction. At 0.10 g /kg  HA, the 
MWD was even slightly enhanced to 0.380, representing a relative increase of 3%. In 
the unamended Bovolone soil (Table 4), the MWD value of 0.224 for the sample not 
exposed to WD cycle was reduced by 72% following exposure to 9 WD cycles. When 
the samples were treated with 0.05 and 0.10 g /kg  HA rates before exposure to 9 WD 
cycles, the relative reductions were narrowed down to 26 and 21%, respectively. 
Furthermore, the MWD values of the samples pretreated with either 0.05 or 0.10 g /kg  
HA rate before subjecting to 3 and 6 WD cycles were even higher than the unamended 
sample which was not exposed to any WD cycle. 

The summary of these results is that on the most stable Acireale soil, the effect of 
exposure to WD cycles on structural stability was most severe at the 3rd cycle, beyond 
which reaggregation and regaining of stability occurred as successive WD cycles 
increased. On the Principina and Bovolone soils however, successive WD cycles 
consistently reduced aggregate stability. Pretreating the soils with low HA rates (equiv- 
alent to 100 to 200 kg/ha)  was not only able to increase aggregate stability but also 
reduced significantly, the disaggregating effect of WD cycles on soil structure. 

4. Discussion 

It was observed that increasing WD cycles consistently reduced structural stability in 
the Principina and Bovolone soils, whereas in the Acireale soil, maximum disaggrega- 
tion occurred at the 3rd WD cycle, beyond which increasing cycles enhanced aggregate 
stability. The relative susceptibility of these soils to 3 WD cycles, (at zero HA rates), 
decreased in the order: Bovolone < Principina < Acireale. Considering the weighted 
average of these effects across all the 9 WD cycles, the order was again the same. This 
order shows that disaggregation following exposure to WD cycles depends on the initial 
size of aggregates and amount and type of clay present. 

According to Utomo and Dexter (1982), wetting and drying cycles create planes of 
weakness which allow the soils to break up into smaller aggregates upon the impact of 
mechanical stress by the wetting-up and further agitation by the wet-sieving procedure. 
Hussein and Adey (1995) attributed reduction in stability of aggregates following cyclic 
WD to increased intraaggregate porosity. Singer et al. (1992) attributed the recovery of 
stability with increased number of WD cycles (as observed in the Acireale soil) to 
increasing uniformity of clay distribution around the sand particles and stronger clay- 
sand linkages. This could also induce stronger edge-to-edge clay particle interaction 
which prevents the complete disruption or collapse of aggregates when wet-sieved, as 
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observed by Singer et al. (1992) under scanning electron microscope (SEM) and inferred 
by Kay and Dexter (1992). 

The Acireale soil, where reaggregation occurred beyond exposure to 3 WD cycles, is 
dominated by kaolinite whereas the Principina and Bovolone soils, where such a 
phenomenon did not occur, are dominated by illite and smectite, respectively (Table 1). 
Singer et al. (1992) also obtained direct evidence which showed that with synthetic 
sand-smectite and sand-illite aggregates, stability decreased with increasing WD cycles 
whereas sand-kaolinite aggregates regained stability after initial decrease following 
exposure to WD cycles. The response of these soils to WD cycles appears therefore, to 
be influenced by the initial size of aggregates and the dominant type and amount of clay 
present. 

The results for all the three soils showed that increasing HA rates enhanced aggregate 
stability up to the 0.10 g /kg  (equivalent to 200 kg/ha) and also reduced the disaggre- 
gating effect of WD cycles on soil stucture. The role of humic substances in the 
formation and stabilization of soil aggregates has been reviewed in detail by Piccolo 
(1996). Many researchers have also observed the influence of both endogenous and 
exogenous humic substances in enhancing soil aggregate stability. For example Bartoli 
et al. (1988), showed that in stable soils rich in amorphous minerals, aggregates were 
formed by association of A1 and Fe with higher molecular weight organic materials 
which represent the humified fraction of OM. 

The mechanism by which HA induces greater stability on soil aggregates was 
explained by the formation of clay-humic complexes through bridging polyvalent 
cations adsorbed on clay surfaces (Piccolo and Mbagwu, 1994). This orients the 
chelating acidic functional groups of the humic material (the carboxyls and phenols), 
towards the interior of the aggregates, leaving the aliphatic and aromatic hydrophobic 
components facing outwards from the soil particle to form a water-repellent coating 
(with high surface tension), that reduces water infiltration into the aggregates. The 
overall effect is increased stability of the HA-treated aggregates as well as improvement 
in their capacity to resist the disaggregating effect of WD cycles as the present study has 
shown. The HA used here has > 70% aromatic C, which confers a high degree of 
hydrophobicity to the soils with which they are treated. 

In earlier study, Piccolo and Mbagwu (1994) showed that treatment with exogenous 
humic substances from oxidized subbutiminous coal protected the soils from the 
disaggregating effects of anionic agrochemicals applied to agricultural soils. In the 
present study this coal-derived humic material has also proved capable of reducing the 
disaggregating effect of WD cycles on soil structure. This aggregate-stabilizing effect 
was optimum at relatively low rates (100 to 200 g/kg)  in each soil. This is ideal when 
considering the practical use of this material in the field. 

The slight decrease in MWD beyond the 0.10 g /kg  HA rate could be attributed to the 
fact that at the fundamental level of aggregation humic substances can act as either 
aggregating or disaggregating materials (Emerson, 1983; Oades, 1984). At high rates, 
humic substances can penetrate the clay domain (Theng, 1982) and preferentially form 
complex chelates with the polyvalent cations inside the intercrystalline domains. In 
doing so they are able to displace the less strongly bound clay particles thereby causing 
more clay to be dispersed. This invariably leads to lowered stability as also observed by 
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Visser and Caillier (1988). This effect was observed here at high HA rates which, 
however, may not be reached under field conditions from the practical and economic 
point of view. 

5. Conclusion 

The results of this study show that the susceptibility of the three soils to disaggrega- 
tion when exposed to cyclic wetting and drying (WD) varied with the initial size of 
aggregates and the type and amount of clay in each soil. The Acireale soil with the 
highest stability, and amounts of CaCO 3 and clay and dominated by kaolinite, was not 
only the most susceptible to cyclic WD-induced reduction in stability, but also regained 
stability as exposure to WD cycles continued beyond the 3rd cycle. The Bovolone soil 
with the lowest stability and amount of CaCQ,  OM and clay and dominated by illite, 
was the least susceptible to cyclic WD. The Principina soil, dominated by smectite and 
with intermediate values in these properties, behaved more like the Bovolone than the 
Acireale soil. 

Soil application of low rates of coal-derived humic acids (HA), equivalent to 200 
kg/ha, improved aggregate stability in all the three soils relative to the unamended soils. 
Moreover, pretreating soils with this HA at rates equivalent to 100-200 kg/ha  before 
exposing them to cyclic WD was effective in moderating the magnitude of reduction in 
structural stability due to successive WD cycles. Therefore, enhancing the humified OM 
contents of these WD-susceptible soils is an effective management practice for reducing 
the disaggregating effect of wetting and drying cycles on structural stability. 
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