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ABSTRACT

Although there is not a sole satisfactory methodology that applies universally up to now, aggregate stability has been proposed as an indicator
of soil physical quality (SPQ). Difficulties persist when comparison of aggregate stability from different procedures are performed. The
objective of this study is to evaluate appropriate aggregate stability methods that enable to distinguish the SPQ condition of both temperate
and tropical medium-textured soils. Among different methods tested, results show that wet sieving using the well known fast wetting methods
of Kemper & Rosenau and of Le Bissonnais rendered similar results in both environments. The mean weight diameter value of both methods
for assessing aggregate stability can be considered as a dependable indicator of soil structure status for comparing soils. These aggregate
stability methods are in correspondence with only one out of the eight SPQ indicators when entirely soils were used. It was concluded that
the aggregate stability should be used judiciously and in concert with other indicators for an overall assessing of the SPQ condition.
Copyright © 2013 John Wiley & Sons, Ltd.
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INTRODUCTION

Soil aggregate stability is the ability of the soil to retain its
arrangement of solids and pore spaces after the application
of a mechanical stress or destructive forces (Diaz-Zorita
et al., 2002). When the stress applied is higher than the
binding forces, weak aggregates are disrupted, and as a
result, the deterioration of the soil structural quality takes
place (Horn et al., 1994; An et al., 2010).
There are different methods for measuring aggregate

stability that are based on the fragmentation of the soil samples
after applying mechanical stresses (Amezketa, 1999).
According to Lal & Shukla (2004), aggregate stability methods
can be grouped into three categories: ease of dispersion by
turbidimetric techniques (Emerson, 1967); evaluation of aggre-
gate strength in terms of raindrop impact (Bruce-Okine & Lal,
1975); and aggregate size distribution and aggregate stability
by wet sieving (Yoder, 1936).
From the wet sieving method, many other methodologies

have been developed (Le Bissonnais, 1996), which differ in
one or more of the following aspects: i) the prewetting tech-
niques (Beare & Bruce, 1993); ii) the limit of the aggregate
sizes, which determines their physical properties (Niewczas
& Witkowska-Walczak, 2003); iii) the use of a single sieve
or a nest of sieves (de Leenheer & de Boodt, 1959; Beare &
Bruce, 1993; Le Bissonnais, 1996) and the different
intensities of disruptive mechanical energy to the sample
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(Amezketa, 1999); and iv) the liquid used to immerse the
sample (Henin et al., 1958; Le Bissonnais, 1996). These
aspects make the comparison of aggregate stability from dif-
ferent procedures very difficult. Additionally, the different
expressions of the stability results also complicate the com-
parison among them.
Other simple and sophisticate methods, such as visual soil

structure information (Mueller et al., 2013) and aggregate
stability measurements by laser granulometry with sonication
(Rawlins et al., 2013) have been developed to monitor the soil
structure or the aggregate stability as a soil physical quality
(SPQ) indicator. However, in this study we focus on standard
methods to measure water-stable soil aggregates (WSA),
involving sieving. Although there is not a sole satisfactory
methodology that applies universally up to now, aggregate
stability has been proposed as one of the soil physical
properties that can be used as an important physical indicator
of soil quality (Arshad & Coen, 1992; Rawlins et al., 2013).
There are also several indirect indicators of soil structure

used as SPQ indices. For instance, the relationship between
the particle size distribution and the soil organic matter
(Lal & Shukla, 2004), the bulk density (BD), the porosity,
the air capacity (AC), the field capacity and the plant available
water capacity (PAWC) (Reynolds et al., 2007; Reynolds
et al., 2009). Some of these indicators are well related with S
index proposed by Dexter (2004a), which is also an index of
SPQ. In most soils, larger values of S index are consistent with
the presence of a better-defined microstructure. The usefulness
of the S index was demonstrated in a series of papers presented
by Dexter (2004a, 2004b and 2004c).
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Whether aggregate stability ‘function’ in terms of soil
strength, the storage and transmission of water and air can
be estimated by the parameters mentioned previously, and
hence, the aggregate stability being a good indicator of
SPQ can be tested through the comparison against other in-
dicators. The objective of this study is to evaluate appropri-
ate aggregate stability methods that enable to distinguish the
SPQ condition of both temperate and tropical medium-
textured soils. Additionally, the evaluation of selected
methods by comparing them with other indicators of SPQ
is conducted with the purpose of using aggregate stability
as a dependable indicator of the soil structure status.
MATERIALS AND METHODS

Soils Description and Soil Sampling

Ten soils were selected, with six located in a tropical envi-
ronment (V1–V6; Venezuela) and four in a temperate one
(B1–B4; Belgium). The soils are described in Table I. Three
transects were randomly laid out along the soils. Disturbed
and undisturbed soil samples were taken at two spots in each
transects. At each spot, the disturbed samples were taken
from the upper layer to 20 cm depth and the core samples
to 10 cm depth. Disturbed samples were analysed to deter-
mine the particle size distribution by the pipette method
(Gee & Or, 2002), soil organic carbon (SOC) measured by
wet oxidation (Walkley & Black, 1934), and the aggregate
stability using different methods described hereafter.
For taking core samples, 100 cm3 Kopecky rings were

driven into the soil using a ring holder. Three core samples
were taken in each spot to obtain a total of 18 for each field site.
Saturated hydraulic conductivity (Ksat), soil water retention
curve (SWRC), and BD were determined on the core samples.

Saturated Hydraulic Conductivity, Soil Water Retention
Curve and Soil Bulk Density

The Ksat was determined using the constant head method
with a closed laboratory permeameter system (Eijkelkamp
Agrisearch Equipment, the Netherlands). The SWRC was
constructed by measuring soil water content at eight heads
using the same cores. For the pressure potential ranging
from �1 to �100 cm, the sand box apparatus (Eijkelkamp
Table I. Description and characteristics of the tropical (V1–V6; Venezu

Soil Textural class
Geographic
coordinates L

V1 Sandy clay loam 10� 220N 67� 120W La Colonia
V2 Clay loam 10� 150N 67� 370W Maracay, A
V3 Loam 10� 210N 68� 390W Danac, Yar
V4 Loam 8� 460N 67� 450W La Fundaci
V5 Silt loam 9� 00N 67� 410W El Cujicito
V6 Silty clay 9� 020N 67� 410W Las Nubes,
B1 Sandy loam 50� 590N 3� 310E Kruishoute
B2 Silt loam 50� 460N 3� 350E Nukerke, F
B3 Silt loam 50� 470N 3� 250E Heestert, F
B4 Loam 50� 470N 2� 490E Kemmel, F

Copyright © 2013 John Wiley & Sons, Ltd.
Agrisearch Equipment, the Netherlands) was used. Pressure
chambers were used to measure water content at �340 cm,
�1,020 cm and �15,000 cm (Soil Moisture Equipment,
Santa Barbara, C.A., USA). The procedure is described by
Cornelis et al. (2005). Soil dry BD was determined at
�100 cm matric head. Shrinkage was observed in some of
the rings as well as some stones hence a correction of the
volume was performed. AC (yh = 0 cm – yh =�100 cm), PAWC
(yh =�340 cm – yh =�15,000 cm) and relative water capacity
(RWC, yh =�340 cm/ yh = 0 cm) were calculated from the
SWRC data, with h denoting matric head.

Aggregate Stability

Aggregate stability was measured on air-dried soil samples by
using three different methods: i) the wet sieving method with
multiple sieves proposed by de Leenheer & de Boodt (1959)
and adjusted by Hofman (1973); ii) the three treatments of
the method by Le Bissonnais (1996); and iii) the wet sieving
method using one single sieve based on Kemper & Rosenau
(1986). All analyses were replicated three times for
each sample.
The method of de Leenheer & de Boodt (1959) and adjusted

by Hofman (1973), abbreviated here as dLdB, was conducted
as described by Leroy et al. (2008). The results were expressed
in terms of the mean weight diameter (MWD):

MWD ¼
Xi¼n

i¼1
midi

mi
(1)

Where: mi=mass of aggregate fraction i; di=mean diameter
of fraction i.
The instability index (IS) was calculated as the difference

between the initial MWD and the final MWD. The inverse
of the instability index, the stability index (SI), was taken
as a measure of the stability of the aggregates:

SI ¼ 1
IS

(2)

Classification of the aggregate stability based on SI
(de Leenheer & de Boodt, 1959), for medium-textured
Belgian soils include the following rating: >1=excellent; 0�8
to 1=very good; 0�66 to 0�8=good; 0�5 to 0�66=unsatisfactory;
and <0�5=bad.
ela) and temperate (B1–B4; Belgium) soils

ocation

Clay Silt Sand SOC

(g kg�1)

Tovar, Aragua 285�2 198�6 516�2 42�6
ragua 291�0 282�3 426�7 24�4
acuy 172�8 350�7 476�5 7�5
ón, Guárico 229�5 485�8 284�7 20�3
, Guárico 261�0 583�0 156�0 29�1
Guárico 423�1 501�3 75�6 16�1
m, Flanders 136�5 119�6 743�9 11�6
landers 164�5 627�9 207�6 13�4
landers 125�4 657�7 216�9 9�4
landers 97�7 531�8 370�5 9�6
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The procedure of Le Bissonnais (1996), shortened here as
LB, involves three treatments, which represent different
wetting procedures: fast wetting (LB1), slow wetting
(LB2) and mechanical breakdown by shaking after
prewetting (LB3). The aggregate stability resulted from the
three treatments was expressed by calculating MWD and SI
from Equations (1) and (2). Le Bissonnais (1996) suggested
the following classes of stability according to MWD values
measured with the three treatments: >2= very stable; 1�3 to
2 = stable; 0�8 to 1�3 =medium; 0�4 to 0�8= unstable; and
<0�4= very unstable.
Finally, the Yoder method modified by Kemper &

Rosenau (1986), denoted here as KR, calls for air-drying
and rehumidifying the soil samples prior to wet sieving in
distilled water to determine the recovery of aggregated
particles on a single sieve (0�25mm). Fast wetting (FW)
and slow wetting (SW) were applied to determine the
aggregate stability by using the wet sieving apparatus by
Eijkelkamp Agrisearch Equipment (the Netherlands). The
SW of aggregates was performed on a tension table at a
matric potential of �3 cm for 30min. For both prewetted
conditions, 2 to 1mm air-dried aggregates were wet sieved
for 3min at a constant, automatically controlled speed.
From the WSA, the MWD was calculated:

MWD ¼ Ws d
Wt

(3)

Where: Ws is the stable soil aggregate fraction; d is the
mean diameter of the fraction; Wt is the total weight of
the sample.
In this study, for dLdB and LB methods, a very stable soil

was considered as having >70% of WSA remained on the
sieve of 0.5mm and those above it. An unstable soil has
<50% WSA. For KR method, a stable soil was considered
having >70% of the aggregates remaining on the sieve of
0.25mm after wet sieving, and an unstable soil has <50%.

Soil Structure and Soil Quality Indices

Structural stability index
Particle size distribution and SOC content were used to
calculate the structural stability index (StI) suggested by Pieri
(1992), which expressed the risk for soil structural degrada-
tion associated with SOC depletion:

StI ¼ 1 � 72� SOC
Clayþ Silt

� 100 (4)

Where: SOC is the SOC content (%) and Clay + Silt is the
soil’s combined clay and silt content (%). StI< 5%
indicates a structurally degraded soil; 5%< StI< 7%
indicates a high risk of soil structural degradation; 7%< StI
9% indicates a low risk of soil structural degradation;
and StI> 9% indicates sufficient SOC to maintain the
structural stability.
Copyright © 2013 John Wiley & Sons, Ltd.
Index of soil physical quality, S index
The SWRCs were used for deriving the parameters of the
van Genuchten equation (van Genuchten, 1980) by curve
fitting with the m= 1 to 1/n constraint:

y hð Þ ¼ yres þ ysat � yres
1þ ahj jn½ �m (5)

Where: ysat is the soil water content at saturation; yres is
the residual soil water content; h is the suction in
centimetres; a as well as n and m are parameters, respec-
tively, related to h and the curve’s slope at its inflection
point. The estimation of these parameters was performed
with the Retention Curve programme (RETC).
The following equation was used to calculate the slope at

the inflection point, S index, in terms of the parameters of
the function:

S ¼ �n ysat � yresð Þ 2n� 1
n� 1

� � 1
n�2ð Þ

(6)

Because the index depends on yres, it was necessary to set
the residual water content in Equation 5 equal to zero to
prevent negative fitted values being obtained (Cornelis
et al., 2005). This was also performed by Dexter (2004b)
and should allow better comparison between the various
soils. The following categories of this SPQ index have been
suggested by Dexter (2004c): S> 0�035 = good; 0�02< S
0�035 = poor; and S< 0�02 = very poor.

Statistical data analysis
Differences between coefficients of variation of the aggre-
gate stability methods were determined with an analysis of
variances, with methods as factor, on the ration of the
absolute deviations associated with each observation from
its respective group mean divided by the group mean. A post
hoc Duncan test was used to detect statistical differences
among methods. Further, a Spearman correlation test was
conducted between each pair of variables. Similarities
between methods were revealed and displayed by
multidimensional scaling (ALSCAL procedure of SPSS)
on the standardised data by ranking. This procedure assigns
observations to specific locations in a chosen conceptual
two-dimensional space such that the distances between
points in the space match the given similarities as closely
as possible. These analyses were performed using the
statistical package SPSS (version 17�0, SPSS Inc., USA).
RESULTS

Comparison of Methods for Measuring Aggregate Stability

Similitudes by ranking soils and expressing results
To present the aggregation data by using a common index,
results from the three aggregate stability methods were
expressed in terms of MWD. Others as WSA and SI were
selected according to the methodology used. Method abbre-
viations are shown in Table II.
LAND DEGRADATION & DEVELOPMENT, (2013)
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The difference between initial MWD and final MWD
represents a comparison of the aggregate status after dry
and wet sieving. In case of the method of dLdB, the initial
MWD was 4�45mm. Soils V1, V2 and V5 showed less than
20% reduction in MWD. Soils V6 and B3 showed 30 to
40% and the other soils more than 50% MWD reduction.
Higher instability is manifested by a higher reduction of
MWD, hence lower SI. Soils V1, V2 and V5 have a high
SIdLdB (>1, excellent), B3 has a good aggregate stability
(SIdLdB = 0�68) and the other soils showed a low SIdLdB
(≤0�66).
As illustrated in Figure 1a and 1b, >70% of WSA com-

prises the size fractions between 2 and 8mm in diameter
of the soils V1, V2 and V5, and between 50 and 70% of
the soils V3, V6, B1, B2 and B3. Other soils have a higher
proportion (> 50%) of the mass of aggregates in fractions
<0�5mm in diameter. Overall, the method of dLdB indi-
cated that the soils with a higher aggregate stability and
‘good’ structural condition are V1, V2, V5 and B3.
Figure 2 displays the aggregate size distributions of the

0 to 20 cm soil layer, obtained after treatments according
to the LB method. The aggregate size fractions were clearly
affected by the treatment used. In the soils from the tropical
environments, V1, V2 and V5 showed the highest propor-
tion of aggregates in the fraction 5 to 2mm with the three
treatments. The other soils, after treatment LB1> 50% of
aggregates (in terms of mass) was retained between the
sieves of 0�5 and 0�05mm, and between 40 and 50% of
aggregates, was retained in between 2 and 0�2mm after
treatments LB2 and LB3.
In the ‘temperate’ soils (B1 to B4), the trend in aggregate

distribution among the three treatments of LB was different
compared with the ‘tropical’ soils. When LB1 was applied,
>50% of aggregate (in terms of mass) was collected in the
fractions between 0�5 and 0�1mm. After treatment LB2, B1
and B2 soils showed a very low breakdown of aggregates with
91 and 82%, respectively, remaining in the fraction 5 to 2mm,
which was not the case of B3 and B4. When LB3 was applied,
fractions between 2 and 0�5mmadd up to>50% of aggregates
for B1, B3 and B4. But with soil B2,>50% of the aggregates
was collected in the fraction 5 to 2mm.
These differences between LB treatments are also

evidenced in the values of MWD. The MWD obtained after
the different treatment of LB resulted in the order MWDLB2

MWDLB3>MWDLB1 for the soils except V6 and B1. The
soils are according to the MWDLB1 values classified as very
stable for V5, stable for V1 and V2, medium for V6 and un-
stable for the other soils. In terms of MWDLB2, all soils are
considered as very stable or stable. Finally, considering the
MWDLB3, soils are stable or very stable except for B1, B3
and B4, which are classified as unstable soils.
For both tropical and temperate soils, the higher MWD

values obtained after treatment LB2, compared with the other
treatments of LB method, suggest that this procedure
prevents the disruption of the aggregates much more than
the others. The differences in trends found by the used treat-
ment of the LB method evidenced that a better discrimination
LAND DEGRADATION & DEVELOPMENT, (2013)
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Figure 1. Distribution of the aggregate size fractions of the 0 to 20 cm layer according to the de Leenheer & de Boodt method (1959) for soils from tropical
(V1–V6; Venezuela) (a) and temperate (B1–B4; Belgium) (b) environments.

AGGREGATE STABILITY TESTS FOR SOIL PHYSICAL QUALITY INDICATORS
between unstable soils is obtained when LB2 is applied. Soils
B1 and B2 were very stable when slaking was prevented.
The results obtained from the KR method, were expressed

in terms of WSA and MWD. With respect to WSA, the soils
can be classified in terms of stability after FW as: V1, V2
and V5 being very stable soils; V6 is a stable soil; and
the other soils are considered unstable (Table II). The re-
duction of MWD using FW of aggregates 2 to 1mm in di-
ameter was 30% for V5, between 50 and 60% for V1, V2,
and V6 soils and >70% for the other soils. When compar-
ing with the reduction of the initial MWD considered in the
previous methodologies, the 2 to 1mm size fraction is less
resistant to breakdown after wet sieving when an FW was
applied, except for V5.
Table II shows that when slowly prewetted aggregates

were used, all the soils appeared as very stable. Between
70 and 90% of aggregates remained on the sieve after wet
sieving. The results show a reduction of MWDKRSW with
less than 30% for all soils. Consequently, when SW at a
matric potential of �3 cm for 30min is used to prevent
slaking, all soils expressed a high stability after shaking.
This shows that the aggregate stability of our medium-
Copyright © 2013 John Wiley & Sons, Ltd.
textured soils was strongly affected by the moisture content
of the aggregates before wet sieving.

The variability of the scores and the relationship between
methods
Analysis of the differences between coefficients of varia-
tion was performed with the purpose of comparing the
variability in the scores between the different methods of
aggregate stability (Table III). Differences in variability
were found between methods (p< 0�01) for both tropical
and temperate soils.
Table III shows that in our tropical soils, two groups of

comparable methods are formed (a= 0�05), MWDKRFW

and MWDLB1 as one group, and MWDLB2 and MWDLB3

as another. The latter group is expected to give a better
SPQ class when aggregate stability is used as an indicator
(p< 0�01). MWDLB2 and MWDKRSW are distinct in classi-
fying the SPQ condition of soils associated with a greater
variability (p< 0�01). For these soils, the different groups
formed confirm that the procedures used in each method
destroy the aggregates with a different intensity. In case
of MWDdLdB, MWDKRFW, MWDLB1 and MWDLB3, the
LAND DEGRADATION & DEVELOPMENT, (2013)
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Figure 2. Distribution of the aggregate size fractions of the 0 to 20 cm layer from the Le Bissonnais method (1996) for soils from tropical (V1–V6; Venezuela)
and temperate (B1–B4; Belgium) environments.
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input energy by slaking and shaking over dry aggregates is
more aggressive than prewetting the aggregates prior to
wet sieving.
Both methods for determining MWDLB2 and MWDKRSW

start with removing the air from the aggregates (prewetting
with water at a given matric head and with ethanol, respec-
tively) before the energy is applied (hand or mechanical
shaking). The different results found between the methods
can be attributed to LB2 having a shorter wet sieving dura-
tion than KR, the immersion of the aggregates into different
liquids for wet sieving and the aggregate size used.
On the other hand, there were high correlation coefficients

with most of the methods applied on tropical soils (Table IV).
The Spearman Rho was used as a numerical expression of the
degree of correlation between the stability indices of the
different methods providing similar parameters. The higher
correlation between MWDLB1 and MWDKRFW confirms the
comparison of their results. These methods simulate aggressive
forces, which promote breakdown of the unstable aggregates.
Even if they include different sizes of aggregates, they produce
the same degradation mechanics on the aggregates.
Copyright © 2013 John Wiley & Sons, Ltd.
In case of temperate soils, the efficiency of the MWDKRFW,
MWDLB3 and MWDLB1 methods was similar for measuring
aggregate stability as an SPQ indicator (a=0�05). A different
classification in SPQ condition is expected when results of
aggregate stability determined by MWDKRSW, MWDdLdB

and MWDLB2 are compared between them and against
MWDKRFW, MWDLB3 and MWDLB1 (p< 0�01). However,
in contrast with the Venezuelan soils, no significant correla-
tion was found between most of the MWD of the aggregate
stability methods for Belgian soils (Table IV).

Association of aggregate stability with other SPQ indicators
To select an appropriated aggregate stability method for the
tropical and temperate soils, we tested their validity through
their association with SPQ indicators mentioned by
Reynolds et al. (2009). The mean of the SPQ indicators
(Table V) were compared with the ‘optimal’ values used
by Reynolds et al. (2009), except for BD, which was evalu-
ated against critical BD values that limit root growth for
various soils proposed by Pierce et al. (1983).
LAND DEGRADATION & DEVELOPMENT, (2013)



Table III. Summary statistics for stability indices related to tropical (V1–V6; Venezuela) and temperate (B1–B4; Belgium) soils

Methods

Methods
of

expressing
Methods

abbreviation

Venezuelan soils Belgian soils

Mean StDev
C.
V.* Min Max Mean StDev

C.V.
* Min Max

de Leenheer & de
Boodt

MWD MWDdLdB 3�00 0�88 29 c 0�95 4�12 1�83 1�32 72 b 0�15 3�67
SI SIdLdB 1�07 0�74 69 0�29 3�03 0�52 0�30 57 0�23 1�29

Le Bissonnais MWD MWDLB1 1�47 0�87 59 b 0�32 3�18 0�58 0�19 33 bc 0�24 1�06
MWDLB2 2�63 0�86 33 a 1�16 3�53 2�47 0�82 33 a 0�00 3�45
MWDLB3 2�50 0�79 31 a 1�13 3�42 1�06 0�61 57 c 0�46 2�47

Kemper & Rosenau MWD MWDKRFW 0�59 0�26 45 b 0�14 1�04 0�41 0�11 26 c 0�24 0�69
MWDKRSW 0�86 0�13 15 d 0�61 1�07 0�83 0�06 7�2 d 0�69 0�93

WSA WSAKRFW 64�03 21�27 33 33�67 95�50 39�28 9�55 24 24�00 60�17
WSAKRSW 88�76 11�40 12 54�75 99�33 79�44 6�01 7�5 67�67 88�58

Between methods MWD p-value — — 0�00 — — — — 0�00 — —

*Homogeneous subsets of Levene’s test of the coefficients of variation (C.V.) among MWD of the different methods.
See also legend of Table II for abbreviations.

AGGREGATE STABILITY TESTS FOR SOIL PHYSICAL QUALITY INDICATORS
Within tropical soils, with medium to fine texture, the
SPQ indicators except for S index enabled to distinguish
two groups of SPQ within their respect ranges, that is, an
optimal range for soils V1, V2 (good SPQ) and V3 (moder-
ately good SPQ) as well as ‘limited’ range for V4 (moder-
ately poor SPQ), V5 and V6 (poor SPQ).
This quality designation was based on the follow analysis.

With the exception of V1, V2 and V5, the SOC content of
the soils was lower than 2�3% (3�5% soil organic matter),
which is the lower critical limit proposed by Greenland
(1981) for maintaining soil structure in tilled soil. On the ba-
sis of the StI ranking proposed by Pieri (1992), soil V1 is
considered as having a stable structure and V2 has a low risk
of structural degradation. In contrast, the other soils are
structurally degraded. Soils V5 and V6 have a BD higher
than the ‘critical’ values (1�67 and 1�49Mg m�3, respec-
tively) for causing reduction in root growth. The other soils
have a mean BD in the optimum range for root growth.
V1 and V3 have an AC> 0.10m3 m�3, a value required

for good crop production and for adequate root zone aera-
tion in sandy loam to clay loam soils. The other soils were
not well aerated. A similar classification was obtained for
Table IV. Correlation matrix (Spearman Rho) of the methods used for e

MWDdLdB MWDLB1 MWDLB

MWDdLdB 1�00 0�92** 0�85*
MWDLB1 �0�74** 1�00 0�89*
MWDLB2 �0�74** 0�86** 1�00
MWDLB3 �0�38NS 0�12NS �0�03N
MWDKRFW 0�34NS 0�10NS 0�00N
MWDKRSW 0�19NS �0�33NS �0�42*
Values on the upper right side of the table correspond to the tropical dataset and
*p< 0�05.
**p< 0�01.
***p< 0�001.
NSnot significant.
See also legend of Table II for abbreviations.

Copyright © 2013 John Wiley & Sons, Ltd.
the RWC indicator. With respect to PAWC, only V1, V5
and V6 fell into the limited category, which is suboptimal
with respect to root growth/function and resistance to
drought. The values of Ksat in V3, V4 and V5 are below
the optimal range (18–1�8 cm h�1), which might evidence
a poor condition for water movement.
Note also that the optimal to limited SPQ groups provided

by the indicators SOC, StI, BD, AC, RWC, PAWC and Ksat
were consistent with the results of the aggregate stability
tests expressed as MWDdLdB, MWDKRFW and MWDLB1

for soils V1, V2 (stable aggregates) and V3,V4 and V6
(moderately to unstable aggregates). In contrast, V5 has a
contrasting condition when aggregate stability and SPQ pro-
vided by the other indicators are compared.
The temperate soils, also with medium texture, showed

SOC values below the lower critical limit (≤2�2%) and StI
values below 5%, except B1, which indicate a structurally
degraded soil. BD was in the optimal range (1�33Mg m�3≤
BD≤ 1�48Mg m�3) with exception of B3. The PAWC
values were limited for B1 and B3 (0�10≤ PAWC≤ 0�15)
and within the good range (0�15≤ PAWC≤ 0�2) for B2
and B4. AC and RWC were below their minimum (0�10m3
valuating aggregate stability

2 MWDLB3 MWDKRFW MWDKRSW

* 0�90** 0�91** 0�73**
* 0�94** 0�98** 0�63**

0�90** 0�86** 0�70*
S 1�00 0�93** 0�66**
S 0�07NS 1�00 0�64**

0�33NS 0�18NS 1�00
the ones in the lower left part to the temperate dataset.

LAND DEGRADATION & DEVELOPMENT, (2013)



Table V. Mean overall SPQ indicators for soils from tropical (V1–V6; Venezuela) and temperate (B1–B4; Belgium) environments

Indicators V1 V2 V3 V4 V5 V6 B1 B2 B3 B4

SOC 4�26 2�44 0�75 2�03 2�91 1�61 1�16 1�34 0�94 0�96
(0�31) (0�56) (0�06) (0�54) (0�53) (0�37) (0�15) (0�10) (0�05) (0�07)

StI 15�25 7�32 2�48 4�97 5�94 2�98 7�79 2�91 2�08 2�63
(1�95) (1�67) (0�16) (1�69) (1�09) (0�63) (1�03) (0�21) (0�14) (0�20)

BD 1�10 1�41 1�55 1�34 1�65 1�53 1�33 1�44 1�51 1�46
(0�08) (0�09) (0�09) (0�05) (0�06) (0�11) (0�09) (0�11) (0�09) (0�10)

AC 0�16 0�12 0�08 0�05 0�04 0�05 0�17 0�07 0�09 0�05
(0�05) (0�04) (0�01) (0�02) (0�02) (0�01) (0�01) (0�03) (0�04) (0�01)

PAWC 0�13 0�17 0�13 0�18 0�13 0�13 0�17 0�17 0�16 0�18
(0�03) (0�08) (0�01) (0�02) (0�01) (0�02) (0�01) (0�02) (0�01) (0�01)

RWC 0�66 0�65 0�68 0�78 0�82 0�82 0�49 0�72 0�65 0�73
(0�07) (0�10) (0�03) (0�04) (0�05) (0�04) (0�02) (0�07) (0�07) (0�03)

S index 0�048 0�047 0�047 0�057 0�038 0�038 0�086 0�059 0�057 0�061
(0�015) (0�01) (0�002) (0�005) (0�003) (0�005) (0�010) (0�009) (0�008) (0�003)

Ksat 53�82 25�97 0�88 0�87 0�75 2�30 77�00 11�11 18�90 0�36
(416�9) (16�87) (1�62) (1�18) (3�49) (117�2) (102�5) (224�1) (31�31) (9�64)

SOC, soil organic carbon (%); StI, structural stability index by Pieri (%); BD, bulk density (Mg m�3); AC, air capacity of total soil (m3 m�3); PAWC, plant
available water capacity (m3 m�3); RWC, relative water capacity (m3 m�3); S index, inflection point in the SWRC by Dexter; Ksat, saturated hydraulic con-
ductivity (geometric means, cm h�1).
Standard deviation for each index is given in parenthesis (�).

M. PULIDO MONCADA ET AL.
m�3≤AC; 0�6m3 m�3≤RWC) except for soil B1. The Ksat
was very low for B4.
These indicators gave a consistent indication of ‘moder-

ately good’ SPQ for B1 and B2, and limited SQP for B3
and B4. As was mentioned previously, our temperate soils
were designated as unstable soils concluded from the mean
values of MWDdLdB, MWDKRFW, MWDLB1 and MWDLB3

(except B2 and B3 in MWDLB3 and MWDdLdB).
With respect to the S index, in both groups of soils, trop-

ical and temperate, values were higher than 0�035, designat-
ing an optimal SPQ condition (Dexter 2004a). This index
did not enable to distinguish differences in soil quality
conditions among the soils as with the other indicators.
Apparently, the S index ranking given by Dexter (2004c)
is not generally valid and does not apply for the soil
conditions in our study.
A multidimensional scaling analysis presented in Figure 3

gives a visual impression of the similarity between the
methods in terms of MWD and other SPQ indicators for
tropical and temperate soils. The closer the Eucledian
distance between the parameters, the higher the similarity in
SPQ condition they provide. For the tropical soils dataset
(Figure 3a), MWDKRFW, MWDLB3, MWDLB2 and MWDLB1

were closest with SOC.
Methods more distant from this cluster were MWDKRSW

and MWDdLdB. With respect to temperate soils, as can be
seen in Figure 3b, MWDKRFW, MWDLB1 and MWDLB3

were closely associated with SOC and S index. Methods
having a larger distance from this cluster were applying
prewetting (MWDdLdB, MWDKRSW and MWDLB2). Indica-
tors such as StI, AC, RWC, BD and PAWC were located
away from the comparable aggregate stability tests (FW of
KR, LB1 and LB3). Ksat had an isolated position in this
distance matrix. This might be associated with the high
variation coefficient of this soil physical property.
Copyright © 2013 John Wiley & Sons, Ltd.
When a multidimensional scaling was plotted with all the
soils, both tropical and temperate soils datasets (Figure 3c),
then MWDKRFW and MWDLB1 are considered as the most
similar methods. The isolated condition of MWDKRSW and
MWDLB2 and the SPQ indicators such as Ksat, AC, PAWC,
S index, BD and RWC is still evident. The closest SPQ
indicator with respect to MWDKRFW and MWDLB1 is SOC.
DISCUSSION

The large differences in aggregate stability estimation be-
tween the SW in KR and LB2 with the other methods confirm
that aggregate stability increased with increasing degree of
soil wetting. This is attributed to a decrease in the volume
of entrapped air resulting in lower compression forces acting
on the aggregates during fast wetting (Vermang et al., 2009).
However, the absence of similarity, in terms of soil structure
status, between MWDKRSW and MWDLB2, suggests that the
results from these two methods are noncomparable, neither
for tropical soils nor for temperate soils.
Differences in distribution of aggregate size fractions with

the three treatments of LB were higher in temperate soils
than in tropical soils (Figure 2). Such differences with these
treatments of LB have also been reported for temperate soils
by other authors (D’Haene et al., 2008; Leroy et al., 2008).
Although Roho�sková & Valla (2004) have mentioned that
the three treatments of LB allow distinction between the
particular mechanisms of aggregate breakdown, which is
an advantage for evaluating bonding agents, our temperate
medium-textured soils are only comparable with methods
MWDLB1 and MWDLB3 (p> 0�05).
Furthermore, Deviren Saygin et al. (2012) suggest that

dLdB method could work much better, compared with LB
and KR methods, to evaluate aggregate stability of coarse
textured soils. This is not the case in our soils, because
LAND DEGRADATION & DEVELOPMENT, (2013)



(a)

(b)

(c)

Figure 3. Euclidic distance model of MDW and the other physical soil in-
dicators for tropical (a) and temperate (b) soils and for the complete dataset

(c). See also legend of Tables 2 and 5 for abbreviations.

AGGREGATE STABILITY TESTS FOR SOIL PHYSICAL QUALITY INDICATORS
dLdB displayed an isolated position with respect to the
other aggregate stability methods and the SPQ indicators
evaluated (Figure 3b). In both temperate and tropical soils
when dLdB was applied, the reduction in MWD after wet
sieving was lower compared with the other methods. This
can be attributed to the size range of aggregates used
(Gijsman, 1996), but also to the low energy of the drop
impact applied and the initial moisture content of the
aggregates before wet sieving (Cerdà, 2000).
Under both tropical and temperate conditions, MWDKRFW

and MWDLB1 are comparable (a=0�05). Comparison of
aggregate stability of different soils is possible if any of these
two methods is used. Roho�sková & Valla (2004) also found
that LB1 and KR using FW are comparable methods in terms
of aggregate stability for reclaimed dumpsite soils. Both LB1
Copyright © 2013 John Wiley & Sons, Ltd.
and KR methods involve FW of air-dried soil. Seybold &
Herrick (2001) have mentioned that applying FW is a better
indicator for detecting changes in aggregate stability as a result
of management.
In temperate soils the homogeneous group of comparable

methods also include MWDLB3. The LB3 includes the use of
ethanol, which according to Nimmo & Perkins (2002),
preserves aggregate structure in dry condition. However,
the similarity found among KR, LB1 and LB3 suggests that
for the temperate soils, the wet mechanical cohesion of
aggregates appears to be similar, whether or not under
presence of slaking. In spite of this, the methodology applied
to obtain MWDKRFW is less time-consuming than LB3.
The absence of similarity between the comparable aggre-

gate stability methods and the common SPQ indicators illus-
trate the complexity of soil structure. This can be related to
site-specific relationships. Similarities between these SPQ
indicators and parameters directly related to soil structure
have been reported as site-specific dependents by Mueller
et al. (2009). The inconsistency between aggregate stability
comparable methods and other SPQ indicators can also indi-
cate that a combination of ‘unsuitable’ soil physical charac-
teristics with ‘suitable’ aggregate stability or vice versa may
occur, for instance soils with high proportion of water-stable
aggregates and high BD and low Ksat.
Nevertheless, SOC appeared to be an indicator well asso-

ciated with aggregate stability (FW of KR and LB1), at least
in our medium-textured soils. SOC and WSA have been
reported as dynamic soil quality indicators, which are able
to vary with management practice (Shukla et al., 2006).
Therefore, to assess the effect of changes in SOC content
on soil structure condition, the aggregate stability by KR
using FW or LB1 can be considered as a good indicator.
Caution is required in using the SOC as an estimator of
aggregate stability, because a specific fraction of the SOC
can be the principal stabilising agent (Pulido Moncada
et al., 2009).
CONCLUSIONS

Among different methods tested to distinguish soil quality in
terms of aggregate stability, only the wet sieving with a sin-
gle sieve modified from KR (using FW) and LB1 rendered
similar results for both tropical and temperate soils. The
MWD value of both methods for assessing aggregate stabil-
ity can be considered as a dependable indicator of the soil
structure status for comparing soils. Because only one SPQ
indicator supported the trend of these comparable aggregate
stability methods, it was concluded that the aggregate
stability should be used judiciously and in concert with other
indicators for an overall assessing of SPQ condition. For
medium-textured soils, aggregate stability assessment from
MWDdLdB, MWDLB2 and MWDKRSW are not suitable in
terms of SPQ condition to distinguish differences between
different soils. Methods involving prewetting should be
avoided when the aim of the survey is to make comparison
LAND DEGRADATION & DEVELOPMENT, (2013)
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among different conditions. If a simple and rapid analysis of
the structure status is needed, single tests such as
MWDKRFW or MWDLB1 can be used.
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