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Macro- and micro-aggregate stability of soils determined
by a combination of wet-sieving and laser-ray diffraction
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Abstract

Soil structural stability affects the profitability and sustainability of agricultural systems. Different-sized structu-
ral units have different stability mechanisms and respond differently to such external factors as rain, wind, irrigation
and management. A comprehensive analysis of the soils structural stability requires its characterization at the macro-
and micro-aggregate scales. We determined the aggregate stability of 36 soils at the macro-aggregate scale using wet-
sieving methods and of 20 soils at the micro-aggregate scale using laser-ray diffraction techniques. All the tests gave
consistent estimates of aggregate stability. Most soils were homogeneous and quite stable at the macro-aggregate le-
vel as determined by the «water stable aggregate» parameter, but differed significantly among them and were quite
unstable at the micro-aggregate level as determined by the «<mean weight diameter of micro-aggregates» parameter.
Slaking induced by the fast wetting of aggregates was the main destabilizing mechanism in these soils (88% of the
soils had slaking stability index values <0.5), whereas most soils were quite tolerant to the mechanical shaking of ag-
gregates (89% of the soils had stirring stability index values > 0.5). The combination of the macro- and micro-aggre-
gate stability tests is a consistent way for describing the structural stability of the studied soils.

Key words: soil structural stability, wetting, stirring, aggregate-breakdown, slaking stability index, stirring stabi-
lity index.

Resumen

Determinacién de la estabilidad de macro- y micro-agregados del suelo mediante una combinacion
de técnicas de tamizado en humedo y difraccion de rayos laser

La estabilidad estructural del suelo afecta a la rentabilidad y sostenibilidad de los agrosistemas. Los agregados
de distintos tamafios son estabilizados por mecanismos diferentes, y responden de forma diferente frente a la lluvia,
el viento, el riego y otras practicas agronémicas. Un analisis completo de la estabilidad estructural de los suelos re-
quiere su caracterizacién a nivel de macro- y micro-agregados. En este trabajo se ha determinado la estabilidad de
macroagregados de 36 suelos mediante métodos de tamizado en hiumedo, y la estabilidad de microagregados de
20 suelos mediante técnicas de difraccion de rayos laser. Todos los ensayos estimaron de forma consistente la estabi-
lidad de agregados. La mayoria de los suelos se comportaron homogéneamente y de forma bastante estable al nivel
de macroagregados, de acuerdo con los valores del pardmetro «agregados estables en agua», mientras que se com-
portaron de forma muy diferente y muy inestable al nivel de microagregados, de acuerdo a los valores del pardmetro
«diametro medio ponderado de los microagregados». La desagregacién inducida por la humectacién rapida de los
agregados (slaking) fue el mecanismo mas desestabilizador en estos suelos (el 88% de los suelos present6 indices de
estabilidad frente a slaking <0,5), mientras que la mayoria de los suelos fueron bastante estables frente a la agitacion
mecéanica de los agregados (el 89% de los suelos presentd indices de estabilidad frente a la agitacion >0,5). La com-
binacion de pruebas de estabilidad de macro- y micro-agregados es un procedimiento consistente y necesario para en-
tender la estabilidad estructural de los suelos estudiados.

Palabras clave: estabilidad estructural de suelos, humectacidn, agitacion, desagregacién, indice de estabilidad fren-
te a slaking, indice de estabilidad frente a agitacion.
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Introduction

Soil aggregate stability, defined as the ability of the
aggregates to remain intact when subject to a given
stress, is an important soil property that affects the mo-
vement and storage of water, aeration, erosion, biolo-
gical activity and the growth of crops. Tisdall and
Oades (1982) categorized soil aggregates by size
into three main hierarchical levels: clay-aggregate
(<2 mm), micro-aggregate (2-250 mm), and macro-
aggregate (> 250 mm) units. These differential-sized
structural units are stabilized by diverse mechanisms
and behave differently against external stresses such
as rain, wind, irrigation and other cultural practices.
Consequently, a complete characterization of the struc-
tural stability of soils requires an analysis of aggrega-
te stability at both macro- and micro-scales.

Macro-aggregate stability may be quantified by me-
ans of the parameter «water stable aggregates» (WSA)
defined as the percentage of total aggregates that re-
main stable (aggregates > 250 pum) following slow-wet-
ting and shaking and chemical actions. WSA is obtai-
ned through a simple, fast and reproducible wet-sieving
test proposed by Kemper and Koch (1966) and impro-
ved by Kemper and Rosenau (1986). Macro-aggrega-
te stability may also be quantified by means of the pa-
rameter «mean weight diameter» (MWD) of the
aggregates remaining stable after their exposure
to three treatments (fast wetting, slow wetting and
stirring after prewetting) plus a subsequent wet sieving
in ethanol (Le Bissonnais, 1988). This method, later
modified by Amézketa et al. (1996), is more laborious
and complex than the standard Kemper and Rosenau
test, but characterizes better some of the basic me-
chanisms of aggregate breakdown. Thus, fast wetting
MWD (MWDy,,) measures the stability of aggregates
subject to the compression of the entrapped air within
the aggregates (slaking of aggregates), slow wetting
MWD (MWDy,,) measures the stability of aggregates
subject to differential swelling (microcracking of ag-
gregates), and stirring after prewetting MWD
(MWDyg;,) measures the stability of aggregates subject
to mechanical shaking (wet mechanical cohesion of
aggregates) (Le Bissonnais, 1996).

Micro-aggregate stability may be quantified by
measuring clay-size particles (<2 mm diameter) (van
Olphen, 1977), specific silt-size particles (<5 and/or
<20 mm) (Abu-Sharar et al., 1987), or specific sand-
size particles (125 mm) (Loch and Foley, 1994),
although it is best quantified by analysing the overall

size distribution of the fragments that result from the
breakdown of aggregates in the macro-aggregate tests
(Le Bissonnais et al., 1989; Chan and Mullins, 1994;
Le Bissonnais, 1996). Pojasok and Kay (1990) mea-
sured the dispersible clay in the same soil sample where
WSA was determined in order to save time and per-
form both measurements at the same energy input
level. Fragment size distribution and micro-aggrega-
tion may be easily quantified by laser-ray diffraction
(Cooper etal., 1984; Buurman et al., 1997). This tech-
nique was used by Muggler et al. (1997) to study
aggregation in Brazilian Oxisols, and by Westerhof
etal. (1999) to determine the changes in grain size dis-
tribution of these soils upon stirring and wetting.

We used these macro- and micro-aggregate stability
tests with the objectives of (1) quantifying and ranking
the structural stability of the studied soils and (2) de-
termining the relative importance of some of the des-
tabilizing processes in these soils.

Material and Methods

We studied 36 soils from two important irrigated
areas (Bardenas and Monegros) of the middle Ebro ri-
ver basin (Spain). These soils were variable in their ta-
xonomic classification (Soil Survey Staff, 1999), crop-
ping history and chemical and physical properties
(Table 1). The soil samples were taken at 0-20 cm depth
(6 soils were also sampled at deeper depths), air-dried
and stored. Chemical and physical soil properties
were analysed by standard methods (Carter, 1993). X-
ray diffraction patterns of the clay fraction showed
them to be rich in hydrated micas (>70% of total clay)
and chlorites (5-20% of total clay), very low in kaoli-
nite and pyrophyllite (< 5% of total clay) and absent in
swelling smectites and vermiculites.

The macro-aggregate stability of these soils was
measured in four-replicated 1-2 mm aggregates using
the wet-sieving tests developed by Kemper and Rosenau
(1986) and Le Bissonnais (1988) (modified by Améz-
keta et al., 1996). The methodology of these tests was
given in Amézketa et al. (1996). The stability para-
meters obtained were the previously defined WSA and
MWD. Figure 1 shows a schematic diagram of the ma-
cro-aggregate stability tests.

The micro-aggregate stability was quantified in
20 soils by determining through laser-ray diffraction
techniques (Coulter LS230 laser grain-sizer with
a 5-mW, 750 nm laser beam of 0.04 to 2,000 um
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range), the fragment size distribution (FSDicroag, in %
volume) in each of the four-replicated suspensions
(fragments < 250 pum in diameter) obtained in the
macro-aggregate breakdown of the Kemper and Ro-
senau test (Figure 1). The fragments were grouped
in six classes (0.04-2, 2-5, 5-20, 20-50, 50-100, and
100-250 um). The suspensions with densities higher
than those given by the instrument’s specifications
were diluted with tap water following Buurman et al.
(1997). The calculation model uses Fraunhofer, the
«polarization intensity differential of scattered light»
(PIDS) and Mie theory. For the calculation model,
we used tap water as medium (refractive index = 1.33
at 20°C), and a refractive index of 1.5 for the solid
phase.

The FSDnicroag Values were integrated for each soil
by means of the «<mean weight diameter of micro-ag-
gregates» (MWD icroag), Calculated as the sum of the
soil mass fractions of each class multiplied by the mean
size of each class. The reproducibility of the FSD
measured with the Coulter LS230 on the same soil
sample suspension was very high (coefficient of va-
riation, CV=1-2%). The stirring time for a complete
FSD characterization was 90 seconds. We measured
the percent of fragments <5 um after various increa-
sing stirring times and found that it increased only by
2-4% at a maximum stirring time of 450 seconds. Di-
saggregation during the time of measurement was there-
fore negligible, so that the measured FSD was ex-
clusively the result of macro-aggregate breakdown.

< MACROAGGREGATE STABILITY TESTS >
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Figure 1. Schematic diagram of the macro- and micro-aggregate stability test. DW: deionized water. SM: sand mass. WSA: water
stable aggregates. FSD: fragment size distribution. MWD: mean weight diameter.
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The fragment size distribution resulting from macro-
aggregate breakdown in the Le Bissonnais method was
not quantified because (i) the broken fragments in this
method were immersed in ethanol, and (ii) it was not
possible to use the coulter with large proportions of
this organic liquid.

Statistical analyses were performed using the Stat-
graph Plus 2.1 software. One-way ANOVA was carried
out to compare the means of the stability parameters
among soils. When ANOVA showed significant diffe-
rences at P <0.05, the Duncan’s multiple range test was
used to classify the soils in homogeneous groups. A
non-parametric statistical test (Spearman rank corre-
lation test) was also applied. The non-parametric sta-
tistical Spearman correlation is based on the ranks of
the data rather than the data itself, so that it is resistant
to outliers. Statistical significance was reported at the
0.05 ("), 0.01 (™) and 0.001 (") probability levels.

Results
Soil macro-aggregate stability

The results obtained in the macro-aggregate stabi-
lity tests were precise and reproducible. Thus, 92% of
the CV’s of the mean WSA values obtained in the Kem-
per and Rosenau test and 85% of the CV’s of the me-
an MWD values obtained in the Le Bissonnais test for
the four replicated soil suspensions were lower than
10%, and the average CV of the WSA and the MWD
parameters were 5.1% and 6.2%, respectively.

The average WSA for the 36 soils was 84%, and ran-
ged between 57% (Fraella 2) and 98% (SA 16/1) (Ta-
ble 2). The low CV (12%) of the mean WSA suggests
that this parameter did not properly discriminate for the
differential stability among soils shown later in other
tests. Thus, the Duncan test established 5 different ho-
mogeneous groups of soils on the basis of their WSA
values, but 28 soils were in the same group (Table 2).

The results obtained for the 36 soils in the macro-ag-
gregate stability test of Le Bissonnais were evaluated
through the MWD values obtained in the 3 treatments
(slow wetting: MWDy,,,; fast wetting: MWDy,q; and sti-
rring after prewetting: MWDy;,). Since soil stability de-
creases as MWD decreases, the results shown in Table 3
indicate that macro-aggregate stability decreased in the
order: slow wetting (average MWDy, = 1.29 mm) > sti-
rring after prewetting (average MWDg;, = 0.83 mm) >
fast wetting (average MWDy, = 0.41 mm).

Table 2. Macro-aggregate stability (Kemper and Rosenau)
test: mean water stable aggregate (WSA) values of the 36
studied soils. Soils ranked from low to high WSA.. Soils with
«x» within the same column are not significantly different
(P>0.05)

Soil WSA Homogeneous
(%) groups
Fraella 2 56.5 X
Flumen 62.9 XX
SA 31/1 64.6 XXX
Grafién 1 70.4 X X X X
Barbues 3/2 70.6 XX XXX
GrafiénT1 73.1 XX XXX
SA 63/1 75.0 XXX XX
Tramaced 2 75.3 XXX XX
SA 49/1 76.1 XX XXX
Barbués 3/1 76.6 XX XXX
Valfonda 1 78.2 XX XXX
Montesusin 1B 81.3 XX XXX
SA 44/1 82.6 XX XXX
Callen 1 83.4 XX XXX
SA 60/1 83.6 XX XXX
SA 92/1 85.0 XX XXX
SA 42/1 85.2 XX XXX
SA 20/1 86.2 XX XXX
SA 2/E7 88.0 XX XXX
SA 13/1 88.3 XX XXX
Violada 10 88.9 XX XXX
SA 21/1 89.2 XX XXX
SA 30/5 89.4 XX XXX
Sarifiena 4 90.2 XX XXX
Grafién T2 90.5 XX XXX
SA 81/1 90.9 XX XXX
SJF 8 91.1 XX XXX
Barbués 2/1 92.1 XX XXX
EC 2/E8 92.9 XX XXX
SA 37/1 94.5 XX XXX
SA 20/5 94.9 XXX XX
Fraella 1 95.1 XX XXX
SA 26/2 95.6 X XXX
SA 3/1 96.3 XXX
SA 27/2 96.3 XX
SA 16/1 97.6 X

MWDy, varied between 1.05 (Grafién T1) and 1.43
mm (SA 26/2), and the CV of the mean MWDy, was
low (7%). Even though 5 homogeneous groups were
found on the basis of the MWDy, values, 28 out of
the 36 soils were in the same group, indicating that
most studied soils behaved similarly and were relati-
vely stable from the point of view of microcracking of
aggregates. Based on the MWDy, values, SA 26/2 and
Grafien T1 will be the most stable and unstable soils,
respectively.
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Table 3. Macro-aggregate stability (Le Bissonnais) test: mean weight diameter (MWD) values of the 36 studied soils ob-
tained in the slow, fast and stirring treatments. For each parameter, the soils are ranked from low to high values. Soils with
«xx» within the same column are not significantly different (P >0.05)

Soi MWDy, Homogen.*| . MWDs,; Homogen.*| . MWDy, Homogen.*
oil Soil Soil

(mm) groups (mm) groups (mm) groups
Grafién T1 1.05 X SA 60/1 0.21 X SA 92/1 0.31 X
Barbués 3/1 1.08 XX SA 44/1 0.24 XX Fraella 2 0.52 X
SA 92/1 1.12 XXX SA 42/1 0.24 XXX Flumen 0.60 XX
Barbués 3/2 1.16 XXX X EC 2/E8 0.27 XXX Callen 1 0.61 XX
SA 44/1 1.19 xxxxx | SA 27/2 0.29 XXX SA 49/1 0.63 XX
Grafién 1 1.20 xxxxx | SA92/1 0.29 XXX SA 44/1 0.68 XX
SA 49/1 1.23 xxxxx | SA 20/5 0.30 XXX SA 63/1 0.69 XX
Montesusin 1B 1.24 xxxxx | Montesusin 1B 0.30 XXX Grafién T1 0.69 XX
Callen 1 1.25 xxxxx | SA 63/1 0.30 XX X Barbués 3/2 0.72 XX
Tramaced 2 1.25 xxxxx | Grafién Tl 0.31 XXX SA 60/1 0.75 XX
Barbués 2/1 1.26 xxxxx | Violada 10 0.33 XXX SA 20/1 0.76 XX
SA 31/1 1.26 xxxxx | Tramaced 2 0.33 XXX SA 16/1 0.77 XX
Grafién T2 1.26 xxxxx | SA 20/1 0.33 XXX Tramaced 2 0.78 XX
SA 2/E7 1.29 xxxxx | SA 37/1 0.34 XXX Valfonda 1 0.80 XX
Valfonda 1 1.30 xxxxx | SA13/1 0.35 XX X SA 13/1 0.82 XX
SA 60/1 1.30 xxxxx | SA 16/1 0.35 XXX Montesusin 1B 0.83 XX
SA 63/1 1.30 xxxxx | Grafién 1 0.36 XXX SA 31/1 0.84 XX
Flumen 1.31 xxxxx | Callen 1 0.40 XXX SA 2/E7 0.85 XX
SA 42/1 1.31 xxxxx | SA 30/5 0.41 XXX EC 2/E8 0.85 XX
SA 30/5 1.31 xxxxx | SA 81/1 0.42 XXX SA 37/1 0.87 XX
Violada 10 1.32 xxxxx | SJF 8 0.42 XX X Grafién T2 0.89 XX
Fraella 2 1.32 xxxxx | SA 49/1 0.42 XXX Barbués 2/1 0.90 XX
SA 37/1 1.34 xxxxx | SA 2/E7 0.43 XXX Violada 10 0.90 XX
SA 81/1 1.35 xxxxx | Sarifiena 4 0.44 XXX SA 21/1 0.92 XX
SJF 8 1.35 xxxxx | SA 26/2 0.45 XXX SJF 8 0.93 XX
SA 27/2 1.35 xxxxx | SA 31/1 0.46 XXX Barbués 3/1 0.93 XX
Sarifiena 4 1.35 xxxxx | SA 3/1 0.5 XXX Grafién 1 0.94 XX
SA 13/1 1.35 xxxxx | Flumen 0.52 XXX SA 30/5 0.95 XX
SA 20/1 1.36 xxxxx | Barbués 3/2 0.53 XXX SA 81/1 0.95 XX
SA 21/1 1.36 xxxxx | Barbués 2/1 0.54 XXX SA 3/1 0.96 XX
EC 2/E8 1.37 xxxxx | Barbués 3/1 0.61 XXX SA 42/1 0.96 XX
SA 20/5 1.39 xxxxx | Grafién T2 0.63 XXX SA 20/5 0.96 XX
Fraella 1 1.39 xxxx | SA21/1 0.63 XX Sarifiena 4 0.97 XX
SA 16/1 1.40 xxx | Valfonda 1 0.70 X SA 27/2 1.01 X
SA 3/1 1.42 xx | Fraella2 falad SA 26/2 1.13 x
SA 26/2 1.43 x | Fraellal 0.87 x | Fraellal 1.26 x

*Homogen.: homogeneous groups. ** Anomalous value (not included).

MW0Dx, varied between 0.21 (SA 60/1) and 0.87
mm (Fraella 1), although most soils had values lower
than 0.5 mm, indicating that their aggregates readily
slaked when subject to fast wetting. The high CV
(35%) of the mean MW Dx,, reflects the differential be-
haviour of these soils against fast wetting. The Dun-
can test showed significant differences among our stu-
died soils, grouping them in 4 stability classes,
although 30 of them were in the same group. Based on
the MWDx,; values, Fraella-1 and SA 60/1 will be, res-
pectively, the most stable and unstable soils to slaking.

MWDyg;, varied between 0.31 mm (SA 92/1) and
1.26 mm (Fraella 1), with a CV of the mean of 21%.
The Duncan test showed significant differences
among soils, grouping them in 5 groups (although
31 were in the same group). Based on this parame-
ter, Fraella 1 will be the most stable soil, followed
by SA 26/2 and SA 27/2, whereas SA 92/1 and Frae-
Ila 2 will be the most unstable soils to mechanical
shaking.

Based on the MWD values shown in Table 3, we cal-
culated two macro-aggregate stability indexes related
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to slaking and stirring (Table 4). The «slaking stabi-
lity index» (Slgjaking), Calculated as
SIslaking = M ’
MWDyjon

quantifies the decreases in stability caused by the sla-
king of aggregates in the fast wetting treatment as com-
pared to the lack of slaking in the slow wetting treat-
ment. This index varies between 1 and 0, and high
values indicate that aggregates subject to the fast wet-
ting treatment exhibit minor slaking.

Table 4. Macro-aggregate stability (Le Bissonnais) test:
slaking stability index (Slsaxing) @nd stirring stability index
(Slstirring) Values of the 36 studied soils

SOII Slslaking SIslirring
SA 2/E7 0.33 0.66
EC 2/E8 0.20 0.62
SA 3/1 0.35 0.68
SA 13/1 0.26 0.61
SA 16/1 0.25 0.55
SA 20/1 0.24 0.56
SA 20/5 0.22 0.69
SA 21/1 0.46 0.68
SA 26/2 0.31 0.79
SA 27/2 0.21 0.75
SA 30/5 0.31 0.73
SA 31/1 0.37 0.67
SA 37/1 0.25 0.65
SA 42/1 0.19 0.73
SA 44/1 0.20 0.57
SA 49/1 0.34 0.51
SA 60/1 0.16 0.58
SA 63/1 0.23 0.53
SA 81/1 0.31 0.70
SA 92/1 0.26 0.28
Callen 1 0.32 0.49
Tramaced 2 0.26 0.62
Sarifiena 4 0.33 0.72
Violada 10 0.25 0.68
SJF 8 0.31 0.69
Fraella 1 0.63 0.91
Fraella 2 * 0.39
Flumen 0.40 0.46
Valfonda 1 0.54 0.62
Montesusin 1B 0.24 0.67
Barbués 2/1 0.43 0.71
Barbués 3/1 0.56 0.86
Barbués 3/2 0.46 0.62
GrafiénT1 0.30 0.66
Grafén T2 0.50 0.71
Grafién 1 0.30 0.78

* Anomalous value (not included).

The «stirring stability index» (Slgring), calcula-

ted as

SIstirring = M '
MWDyjon

quantifies the decreases in stability caused by the re-
duction of the wet mechanical cohesion of aggregates
(slaking and swelling of aggregates is prevented in the
stirring treatment due to the ethanol prewetting, so that
only the wet mechanical cohesion of aggregates is mea-
sured; Le Bissonnais, 1996). This index varies bet-
ween 1 and 0, and high values indicate that aggrega-
tes subject to the stirring treatment exhibit a high wet
mechanical cohesion.

The low Sl .ing Values given in Table 4 indicate that
most of the soils were very susceptible to slaking. Thus,
the average Slging Was 0.32, 88% of the 36 soils had
Slgaking <0.5 and 4 of them (SA 60/1, SA 42/1, EC 2/E8
and SA 44/1) had Slgking <0.2, so that they will be
highly susceptible to the mechanical breakdown of ag-
gregates caused by fast wetting.

On the other hand, the relatively high Slg;ing Values
given in Table 4 indicate that the wet mechanical co-
hesion was generally high enough to maintain soil ag-
gregation. Thus, the average Slg;ring Was 0.64 and only
11% of the 36 soils had Slg;ring <0.5 (SA 92/1, Frae-
lla 2, Flumen and Callen 1 soils), so that only these
soils will be susceptible to the mechanical breakdown
caused by the impact energy of water drops.

Soil micro-aggregate stability

The results obtained in the micro-aggregate stabi-
lity test were not as consistent as those obtained in the
macro-aggregate stability tests, since the average CV
of all the size classes and soils was 17%, with only
53% of the CV’s of the mean percentage of each size
fraction calculated from the four-replicated suspen-
sions being lower than 10%. However, the highest CV’s
were obtained for the largest fragments (> 50 um) due
to its very low quantity, so that this apparent variabi-
lity was not relevant in practical terms. In fact, the re-
producibility of the test for fragments smaller than 50
pm was high, as indicated by their CV’s that were lo-
wer than 10%, and by the average CV of 9.3% for the
FSDsoum parameter.

The breakdown of macro-aggregates in the stan-
dard test (Kemper and Rosenau, 1986) produced dif-
ferent micro-aggregate sizes, as shown by their frag-
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Figure 2. Fragment size distribution of microaggregates (FSDmicroag) resulting from the macro-aggregate breakdown in the Kem-
per & Rosenau test for the 20 studied soils. Each bar is the mean of four replications.

ment size distribution values (FSDpicroaq) (Fig. 2).
These fragments were generally small, the highest
proportion being between 5 and 20 um, whereas the
low proportion of fragments <2 um indicate that clay
dispersion was not important in general. Significant
differences were observed among s0ils” FSDjicroaq, @S
illustrated in Table 5, where the FSDyicrosq Values we-
re grouped into two size-classes (<20 um and
>20 um).

The FSDnicreag Values were integrated for each soil
by means of the parameter MWD picroag. The theoreti-
cal variation interval of the MWD picroqq IS between 1
and 175 pum. The average MWD yicroaq TOr the 20 soils
was 29.3 um (CV = 39%), with a variation interval
between 9.1 and 47.1 um (Table 5), indicating that
the studied soils were in general quite unstable from
the micro-aggregate point of view. The high CV of
the mean is a consequence of the differential beha-
viour of soils. Thus, the Duncan test ranked them in-
to 8 homogeneous groups (Table 5). Since soil’s sus-
ceptibility to crusting increases as the MWD picroag
decreases, we concluded that Sarifiena 4 and SA 21/1
(MWD pigroag > 46 pm) were most tolerant, and Frae-
Ila 2, SA 20/5, Tramaced 2, EC 2/E8 and SA 16/1
(MWD pnigroag < 17 pm) most susceptible, respectively,
to crusting.

Comparison among soil-aggregate stability
parameters

The values of standardized skewness and standar-
dized kurtosis indicate that the macro-aggregate sta-
bility parameters departed from normality, therefore
preventing the use of linear regression techniques. We
therefore compared the ranking in soil’s structural sta-
bility established by the nine parameters determined in
this work (WSA, MWDy, MWDy,st, MW Dyir, Slsjakings
SIstirringa MWDmicroagy FSDmicroag<20um and FSDmicroag>20um)
by means of the Spearman rank correlation (r,) test,
which does not require normality (Table 6).

WSA ranked the soils in a similar order than
MWDy (fs = 0.72"), MWDy, (rs = 0.65"") and Sl
ming (s = 0.43™), and in a different order than MWDy,
(rs = 0.03"5) and Slgjaing (rs = -0.11N). This is an ex-
pected and consistent result, since WSA is determined
through slow-wetting and shaking of the aggregates.
Increases in the water-stable macro-aggregates were
therefore related to increases in the mean weight dia-
meter of aggregates subject to slow wetting and
stirring after prewetting (wet mechanical cohesion),
but not with those subject to fast wetting (slaking).

The comparison among the three parameters obtai-
ned in the Le Bissonnais method (MW Dyqy, MWDy
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Table 5. Micro-aggregate stability test: fragment distribution of sizes <20 um (FSDmicroag <20 um) @nd > 20 um (FSDmicroag > 20 ym)
and mean weight diameter (MWD icr0g) Values of the 20 studied soils. For each parameter, the soils are ranked from low to
high values. Soils with «x» within the same column are not significantly different (P >0.05)

SOll FSD_microagQOum Homogen-* SOll FSD_microagQOpm Homogen-* SOll MWDmicroag HomOgen-
(% involume)  groups (% in volume)  groups (um) groups

Sarifiena 4 45.0 X Fraella 2 6.4 x Fraella 2 9.1 X
SA 21/1 45.3 X Tramaced 2 13.3  xx SA 20/5 12.5 X
SA 3/1 50.1 XX SA 20/5 17.2 XX Tramaced 2 13.5 x
Flumen 51.6 XX EC 2/E8 19.6 XXX EC 2/E8 16.3 XX
SA 13/1 51.9 XX SA 16/1 24.3 XXX SA 16/1 16.7 XX
SA 30/5 51.9 XX Callen 1 26.8 XXX X SA 20/1 23.0 XX
SA 27/2 56.0 XX Fraella 1 28.3 XXX Violada 10 25.8 XX
SA 26/2 58.8 XXX Violada 10 29.9 XX Callen 1 26.8 XX
SA 2/E7 59.4 XX X SA 20/1 30.4 XX SA 31/1 27.1 XXX
SJF 8 64.0 XXX SA 31/1 315 XXX Fraella 1 30.4 XX X
SA 31/1 68.5 XXX SJF 8 36.1 XXX SA 26/2 30.7 XXX
SA 20/1 69.6 XX SA 2/E7 40.6 xxx | SA13/1 31.0 XXX
Violada 10 70.2 XX SA 26/2 41.3 xxx | SA3/1 33.1 XXX
Fraella 1 71.7 XXX SA 27/2 44.0 xx | SJF8 33.9 XXX X
Callen 1 73.3 XX XX SA 30/5 48.1 xx| SA27/2 36.2 XXX
SA 16/1 75.7 XXX SA 13/1 48.2 xx| Flumen 41.8 XXX
EC 2/E8 80.5 xxx | Flumen 48.3 xx| SA 2/E7 41.9 XXX
SA 20/5 82.8 xx | SA3/1 50.0 xx| SA 30/5 42.4 XX
Tramaced 2 86.8 xx| SA 21/1 54.7 x| SA21/1 46.4 X
Fraella 2 93.7 x| Sarifiena 4 55.1 x| Sarifiena 4 47.1 X

* Homogen.: homogeneous groups.

and MWDyg;,) indicates that MWDy, and MWDy, rank
the soils in a similar order (ry = 0.52™), whereas
MWDy, is not correlated with the other two parame-
ters (Table 6). The different ranking of the soils based
on MWDy, and MWDy, indicates that they behaved
differently to slaking and to the loss of mechanical co-
hesion when wet.

The micro-aggregate stability parameter MWD picrosg
integrates the fragment size distribution of micro-ag-
gregates measured in the Kemper and Rosenau method
(FSDmicreag), increasing with increases in the coarser
fraction content (FSDmicroag>20um) @nd with decreases in

the finer fraction content of s0ils (FSDicroag<aoum)- The
micro-aggregate stability parameters (MWD picroag,
FSDmicroag<2oum @Nd FSDmicroag>20um) ranked the soils in a
different order than the macro-aggregate stability pa-
rameters (WSA, MWDyo,, MWDy, and Slgirring) (Ta-
ble 6). Micro and macro-aggregates thus behave dif-
ferently when subject to these destructive energies.
Moreover, micro and macro-aggregates behaved dif-
ferently against the same external stress or treatment
(Kemper and Rosenau test). By contrast, MWD microsg
ranked the soils in a similar order than MWDy, (1 =
0.58") and Slyjaking (rs = 0.567). This result agrees with

Table 6. Spearman rank correlation coefficients among the stability parameters of 36 soils (35 soils for MWDx,q and Slgaing and

20 SO”S fOf MWDmicroag1 FSDmicroag<20 pm and FSDmicroag>20 pm)

MWDsIow MWDfasl MWDstir Slslaking SIslirring MWDmicroag FSDmicroag<20 um FSDmicroag>20 um
WSA 0.72%** 0.03Ns 0.65*** -0.11Ns 0.43** 0.12Ns -0.15M8 0.15Ns
MWDo 0.07Ms 0.52** -0.13Ns 0.21Ns -0.08Ns -0.09Ns 0.10Ns
MWDy, 0.24ns 0.96*** 0.31Ns 0.58* -0.56* 0.56*
MWDy 0.11ns 0.92%** 0.40MNs -0.36Ms 0.36MNs
SIslaking 0_24NS 056* —0.50* 050*
SIstirring 0.4].NS —0.34'\‘S O.33NS
MWDmicroag —0.92*** 0.91***

Levels of significance: *P <0.05, **P <0.01, ***P <0.001, "SP>0.05
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the fact that MWDy, and Slyaing ranked the soils in the
same order (P<0.05) as the ranking based on the con-
tent of the coarser fragments (FSDmicroag >20 um), Whereas
the ranking was inverse (P<0.05) to that established by
the content of finer fragments (FSDmicroag <20 ym) MeaSU-
red in the Kemper and Rosenau method. The toleran-
ce of soils to slaking thus increased with increases in
the coarser fraction content and with decreases in the
finer fraction content of soils measured in the Kemper
and Rosenau method. These results indicate that sla-
king depends on micro-aggregate stability, and parti-
cularly the tolerance of soils to this process directly de-
pends on the content of fragments greater than 20 um.

Discussion

Laffan et al. (1996) set a threshold WSA value of
70% as indicative of soils resistant to macro-aggrega-
te breakdown. Since only three soils (Fraella 2, Flu-
men and SA 31/1) had WSA values lower than 70%
(Table 2), we determined that, according to the Kem-
per and Rosenau test, most of the studied soils were
stable from the macro-aggregate point of view.

With respect to the breakdown of macro-aggrega-
tes in the standard test (Kemper and Rosenau, 1986),
half of the soils had a high proportion (FSDmicroag
around 80 £ 10%) of fragments <20 pum (Table 5). The-
se soils will be most susceptible to crusting according
to Le Bissonnais et al. (1989), Chan and Mullins
(1994), and Le Bissonnais (1996). These authors con-
cluded that the development of crusts and seals were
related to the FSD resulting from aggregate break-
down, so that the soils developing finer fragments we-
re those more susceptible to crusting. Furthermore,
Shainberg et al. (1997) and Farres (1987) indicated that
the size of the detached and broken fragments deter-
mined the soil’s rate of sealing, the physical properties
of the seal (porosity and hydraulic conductivity) and
the transportability of fragments (soil erosion).

Most of the 36 studied soils were homogeneous and
quite stable at the macro-aggregate level as determi-
ned by the WSA (water stable aggregate) parameter
(Table 2), but differed significantly among them and
were quite unstable at the micro-aggregate level as de-
termined by the MWD picreag (Mean weight diameter)
parameter (Fig. 2 and Table 5). Macro- and micro-ag-
gregate stability thus behaved differently so that both
tests were needed for a comprehensive characteriza-
tion of soils’ structural stability.

According to the Le Bissonnais method, macro-ag-
gregate stability of the studied soils decreased in the
order slow wetting > stirring after prewetting > fast
wetting, indicating that they were most susceptible to
aggregate slaking (fast wetting). Amézketa et al.
(1996) and Zhang and Horn (2001) found the same or-
der of stability for 10 Californian and 9 China soils
respectively, whereas Le Bissonnais and Arrouays
(1997) found the order: stirring after prewetting > slow
wetting > fast wetting, when using 3-5 mm-diameter
aggregates of 12 soils.

The aggregate stability at a fast rate of wetting pre-
sented the highest coefficient of variation (CV of the
mean MWDy, = 35%, versus the CVs of 21% and 7%
of the means MWDy;, and MWD,,,, respectively), re-
flecting the differential behaviour of these soils against
fast wetting. Pierson and Mulla (1990) observed that
the aggregate stability at a fast rate of wetting had a
coefficient of variation (40%) that was nearly twice
that for slow wetting.

Slaking induced by the fast wetting was the main
destabilizing mechanism in these soils (32 out of the
36 soils had Slging <0.5; Table 4). Levy and Miller
(1997) found that more than half of their studied soils
had a stability ratio (ratio of the fast to slow structu-
ral indexes, equivalent to our Slging index) < 0.5, sug-
gesting a low level of aggregate stability. Paré et al.
(1999) and Six et al. (2000) also found that soil di-
saggregation under conventional tillage and no-tilla-
ge was predominantly attributed to slaking forces, and
Dinel et al. (1991) observed that slaking was again the
dominating process involved in reducing aggregation
in a group of marine clays.

On the other hand, most soils were quite tolerant to
the mechanical shaking of aggregates (only 4 soils had
Slsirring < 0.5, indicating that they will be susceptible
to the mechanical breakdown caused by the impact
energy of water drops).

Based on these findings we concluded that irriga-
tion management techniques should be devised on the
basis of the most important limiting processes (slaking
and crusting) for these soils. Thus, from an irrigation
management point of view, the 32 soils susceptible to
slaking of aggregates (those with Slging < 0.5) should
not be irrigated by such systems as furrow or flooding
irrigation where the soils are rapidly wetted. In cases
where furrow or flood irrigation systems are to be used,
slaking could be prevented or minimized by forming
raise-beds (Chan and Mullins, 1994), and/or adding
organic matter or hydrophobic polymers such as
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polyacrylamides (Ferruzzi et al., 2000). On the other
hand, the 4 soils susceptible to the loss of wet mecha-
nical cohesion of aggregates (SA 92/1, Fraella 2, Flu-
men, and Callen 1) should not be irrigated by such
systems as sprinkler irrigation and/or should be mul-
ched by cover crops or crop residues to prevent the im-
pact energy of the water drops.

The similar ranking of soil stability based on the pa-
rameters WSA (Kemper and Rosenau method) and
MWDy, and MWDyg;, (Le Bissonnais method) con-
trast with the results of Amézketa et al. (1996) for 10
Californian soils, where WSA and the three MWD pa-
rameters were not correlated.

Contrasting results were also obtained when com-
paring the ranking of the soils on the basis of the 3
MWD parameters. In our study, MWDy,, and MWDy,
rank the soils in a similar order (r; = 0.52™), whereas
MWDz, does not rank the soils in the same order. Le
Bissonnais and Arrouays (1997) found that the ranking
of the soils on the basis of the 3 MWD parameters was
different, whereas Amézketa et al. (1996) found that
these parameters ranked the soils in the same order of
aggregate stability. These contrasting results suggest
that the breakdown processes of the macro-aggregates
subject to the slow, fast, and stirring treatments were
affected by different physical and/or chemical soil pro-
perties.

Finally, since the aggregate-stability processes are
soil-dependent and cannot be generalized, an empha-
sis should be made at developing and validating sim-
ple and reproducible laboratory tests aimed at esta-
blishing concurrently the macro- and micro-aggregate
stability of soils.
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