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Information about abiotic regeneration of air-filled porosity in silty
soils is scarce. It could be a key mechanism to explain their low physical
resilience. In the present work, we aim at evaluating whether changes in
intrinsic soil properties (e.g., soil organic carbon, clay content, and clay
mineralogy) caused by degradation affected soil volume response to
wetting-drying cycles. Volume and size distribution of cracks and clod
shrinkage curves were determined in silty loamy soils (Typic Argiudoll)
of Argentina under nearby conventionally tilled (CT), eroded CT, and
Pasture management. Crack volume increased from 1000 cm3 in CT and
Pasture soils to 6000 cm3 in the more clayey and swelling eroded CT soil.
Crack size distribution was similar in all studied soils with large cracks
(first and second size order) prevailing over small ones (fourth and fifth
size order). Clod shrinkage curves had no S-shape, thus showing the lack
of structural shrinkage in all studied soil management regimens. Air
content in structural pores was as low as 0.03 to 0.10 cm3 gj1 at the air
entry point. This little air entry during drying agreed with the lack of
small cracks and can be related to the prevalence of plasma (i.e., silt and
clay) over sand. Results showed that key intrinsic properties did not drive
soil volume changes in the studied silty loamy soils. They change their
volume during drying, but the creation of air-filled structural pores is
little or null. (Soil Science 2008;173:130–142)

Key words: Soil cracking, clod shrinkage, shrinkage indices, silty
loamy soils.

MANY of the soils of the temperate-humid
and subhumid regions are loamy (15%–

35% clay, Oades, 1993). These soils sustain
much of the world food production. Soil
volume changes and associated cracking phe-
nomena during wetting-drying (W/D) cycles
are the most important natural abiotic mecha-
nisms affecting topsoil structure in these regions
(Dexter, 1988; Oades, 1993; Taboada et al.,
2004). These phenomena have been mainly
investigated in clayey soils (935% clay, Oades,
1993), such as Vertisols. The occurrence of
these phenomena in loamy soils has received

considerable less attention. Loamy soils with
high silt content are believed to experience little
volume changes in comparison with the normal
soil W/D cycles (Stengel et al., 1984; Senigagliesi
and Ferrari, 1993; Sasal et al., 2006). These
volume changes limit the resilience of the struc-
ture after degradation (Kay, 1998).

The abiotic creation of topsoil porosity
mainly depends on the formation of a dense
network of fine microcracks in a compacted soil
mass (Dexter, 1988; 1991). These fine micro-
cracks are the future structural voids (Brewer,
1964) of the soil, whereas their walls represent
the limits of future aggregates, although frag-
mentation and aggregation could not be the
same phenomena (Velde, 2001). The magnitude
of cracking and type of cracks depend on clay
content and mineralogy, number of W/D
cycles, nature of adsorbed cations, rain distribu-
tion, native vegetation, and land use (Kosmas
et al., 1991; Vogel et al., 2005). The crack pat-
tern can be characterized by the distribution of
crack length and width, and the size distribution
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of aggregates (Horgan and Young, 2000; Velde,
2001; Vogel et al., 2005).

Soil shrinkage curves (ShC) show the
relationship between the water content (W)
and the specific bulk volume (V) during drying
of saturated soil (Fig. 1). Soil ShC allow
quantifying the relations among solid, liquid,
and gaseous soil phases upon drying (Mc Garry
and Daniells, 1987; Braudeau et al., 1999;
Boivin et al., 2004; Braudeau et al. 2004; Boivin
et al., 2006b). In well-structured soils, ShC are
expected to have an BS[ shape, which can be
divided in three linear and two curvilinear phases
separated by four transition points (Fig. 1).
From wet to dry, the first linear phase is termed
structural shrinkage, which lasts to the maximum
swelling point (MS). The MS is assumed to be the
point of maximum swelling of the plasma in the

soil. The first phase is followed by a curvilinear
phase that lasts to the macroporosity limit (ML).
At lower water content, there is a second linear
phase that is termed basic shrinkage (Mitchell,
1992) that has a slope generally unequal to 1.
During the basic shrinkage phase, little or no air
enters the soil pores. This phase lasts until the air
entry (AE) point. At lower water content, there is
a second curvilinear phase, which lasts to the
shrinkage limit (SL) point. The linear phase at
water content lower than SL is the residual shrink-
age and does not necessarily have a zero slope.

Braudeau et al. (1999) showed that the
exponential (XP) shrinkage model gives the
most general and best fitting for experimental
ShC. The XP model assumes that the bulk soil
shrinkage combines linearly the shrinkage of
two distinct pore volumes called microporosity

Fig. 1. Example of soil shrinkage curve with the transition points SL, AE, ML, and MS; and linear phases of the XP
model (taken from Boivin et al., 2006b).

TABLE 1

Equations of the XP model according to Braudeau et al. (1999)

Slope of the basic shrinkage, KBs KBS = (VAE - VML)/(WAE - WML)

KBS = {-KStr + [exp (1) - 1] � (VML - VMS)/(WML - WMS)}/exp(1) - 2

Slope of the structural

shrinkage, KStr

KStr = (VStr - VMS)/(WStr - WMS) with VStr, WStr values recorded in the structural part

KStr = (VML - VMS) � [exp(1) - 1]/(WML - WMS) - KBS � [exp(1) - 2]

Slope of the residual

shrinkage, KR

KR = (VR - VSL)/(WR - WSL) with VR, WR, values recorded in the residual part

KR = (VAE - VSL) � [exp(1) - 1]/(WAE - WSL) - KBS � [exp(1) - 2]

Range of W values Calculation of V

W 9 WMS V = VMS - KStr � (WMS - W)

Wn = (W - WMS)/(WML - WMS)

WML e W e WMS V = VMS + (VML - VMS) � {KBS � [exp(Wn) - Wn - 1] + KStr � [exp(1) - Wn - exp(Wn) +

1]}/{KBS - [exp(1) - 2] + KStr}

WAE G W G WML V = VML - KBS � (WML - W)

Wn = (W - WSL)/(WAE - WSL)

WSL G W G WAE V = VSL + (VAE - VSL) � {KBS � [exp(Wn) - Wn – 1] + KR � exp(1) � Wn - exp(Wn) +

1]}/{KBS - [exp(1) - 2] + KR}

W G WSL V = VSL - KR - (WSL - W)

WSL, WAE, WML, WMS, VSL, VAE, VML, VMS are the gravimetric water content and specific volume at the SL, AE, ML, and

MS transition points, respectively.
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and macroporosity (Boivin et al., 2006b), which
corresponds to the plasma and structural poros-
ities as defined in micromorphology (Boivin,
2006). The XP model allows a distinction
between air and water in plasma and in
structural pores at any soil water content, and
calculation of the plasma porosity (Vp) and its
water content (Wp) by using the equations
shown in Tables 1 and 2 (Braudeau et al.,
1999; Boivin et al., 2006b).

In the rolling Pampa of Argentina, where silty
loamy soils are highly conspicuous (Senigagliesi
and Ferrari, 1993), significant losses of organic
carbon has led to widespread topsoil structural
degradation (Senigagliesi and Ferrari, 1993;
Taboada et al., 1998; Taboada et al., 2004; Sasal
et al., 2006). Topsoil structures are often massive
and, without periodic plowing, very prone to the
development of shallow compaction (Taboada
et al., 1998; Cosentino and Pecorari, 2002; Sasal
et al., 2006). In sloped areas, the eroded shallow
A horizon is mixed by plowing with the below-
lying and clayey Bt horizon. These physical
constraints limit seedling emergence and crop
establishment, causing crop yield decreases
(Senigagliesi and Ferrari, 1993). The recovery
of a desirable topsoil structure is therefore a
main challenge in the region. In the present
work, we aim at evaluating whether changes in
intrinsic soil properties (e.g., soil organic carbon,
clay content, and clay mineralogy) caused by
degradation affect soil volume response to W/D
cycles in silty loamy soils of the rolling Pampa of
Argentina. Our working hypothesis is that key
intrinsic soil properties drive soil volume changes
during W/D cycles: organic C–rich pasture soils
have high air-filled structural porosity that is

decreased by degradation when the soil is con-
ventionally tilled; in eroded topsoils, clay enrich-
ment by plowing increases soil volumetric
changes and then the recovery of air-filled
structural pores.

MATERIALS AND METHODS

Soils and Treatments

The A and Bt horizons of an illitic, termic,
Peyrano series (Typic Argiudoll) were sampled
at Uranga, Province of Santa Fe, Argentina
(33-15¶ S; 60-43¶ W), in the center of the rolling
Pampa. Three soils separated by about 2 km,
under different management regimens, because
of different soil degradation levels, were selected
for sampling: i) conventionally tilled (CT), a
cropped plot where the soil was conventionally
tilled and cropped in the last 10 years; ii) eroded
CT (CTer), a cropped plot similarly tilled and
cultivated in the last 10 yr but affected by water
erosion. Soil erosion losses (slope 2.5%–3%)
decreased the A horizon depth and formed
gullies in the borders of the plot. The resulting
shallower A horizon was mixed by plowing
with the below-lying and more clayey Bt
horizon; and iii) Pasture, a field maintained
under grass pasture that had not been plowed or
grazed by livestock for several decades.

Selected soil properties are shown in Table 3
(Taboada et al., 2004). Both cultivated soils (CT
and CTer) had shallower Ap and A horizons
than those in the pasture soil. The nondegraded
soils had subangular blocky structure in their A1

and A2 horizons. Topsoil structure was platy in
Ap horizons of both CT and CTer soils, and
prismatic in the A horizon of CTer soil. This

TABLE 2

Calculation of the plasma porosity Vp and its water content Wp using the XP model (according to Braudeau et al., 1999)

Range of water content Vp (cm3 gj1) Wp (cm3 gj1)

W G WSL WAE + 0.718 � WSL/1.718 W

WSL G W G WAE [1.718 � WSL + (WAE - WSL) � (eD-D)]/1.718 W

D = W-WSL/WAE - WSL

W = WAE W VP

WAE G W G WML W VP

W G W G WMS [1.718 � WMS + (WML - WMS) � (eD - D)/1.718]

D = W - WMS/WML - WMS

W = WMS (WML + 0.718 � WMS)/1.718 VP

WMS G W (WML + 0.718 � WMS)/1.718 VP

PD: particle density; Wstr: water content of the structural porosity; W: gravimetric water content of the clod; WSL, AE, ML, MS:

gravimetric water content at SL, AE, ML, and MS transition points, respectively.

The air content of the plasma is calculated as Vp - Wp. The structural porosity as V - Vp - 1/PD (PD in Table 1). The Wstr is

calculated as W - Wp, and the air content of the structural porosity is calculated as V - Vp - 1/PD - Wstr (adapted from Boivin

et al., 2006b).
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soil had the highest clay content. The illitic clay
mineralogy of silty loams switched to a swelling
type in the A horizon of CTer soil. Soil organic
C was higher in A1 and Ap horizons than in A2/
A horizons. The soil organic carbon varied as
follows in both depths: Pasture 9 CT 9 CTer
(Table 3).

Measurements

Soil Cracking

We carried out a greenhouse pot experi-
ment to investigate soil cracking. Soil taken
from the first 0.25 m at each selected site was
air-dried, ground, and sieved (0.50 mm). Three
kilograms of dry sieved soil (G0.25 mm aggre-
gate size) were placed in plastic pots (15 cm high,
17 cm diameter) in October (spring season).
Three replicates per soil management regimen
were used. In the pots, soil water content was
varied from field capacity (j33.3 kPa matric
potential) to half field capacity. Soil water
content was checked by weight, and water was
gently added with a sprinkler to compensate for
water loss. The number of W/D cycles was
recorded in each pot during the experiment.

Four months after the experiment was
initiated, the depth of each crack was measured
by a copper wire (0.35 mm diameter). Crack
width was measured with a 0.1-mm precision
caliber. All measurements were carefully taken
six times, avoiding crumbling and enlargement
of cracks. Each crack was drawn on an acetate
foil, and its contour projected on a screen. The
length of cracks was measured using a device for
measuring curves (0.25 mm precision), consid-
ering the scale of the projection.

Volume of cracks was calculated from an
equation proposed for triangular cracks by
Ringrose-Voase and Sanidad (1996):

VCr ¼ ACrqLCr ð1Þ

where VCr (2L) = volume of the crack, ACr

(mm2) = mean surface, and LCr (mm) = length
of the crack.

Mean surface, ACr, was calculated as:

ACr ¼2qnq~ðWCrqDCrÞ ð2Þ

where n = number of replicates, WCr (mm) =
width of the crack, and DCr (mm) = depth of
the crack.

The size distribution of cracks was deter-
mined after drawing all cracks on acetate foils,
and distinguishing between cracks of different
orders (first, second, and so on) by colors. The
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order of cracks was defined as follows: i) first
order, these cracks were isolated and not sub-
divided; ii) second order, these cracks began in a
subdivision of first order cracks, and continued in
a new subdivision distinguished by their longest
side; and third order and others: these were
determined in the same way as the second order.

Density of cracks (Id) was calculated as:

Id ¼ LCr

S
ð3Þ

where LCr (mm) = length of each crack order,
and S (cm2) = surface of the pot = 227 cm2.

Differences among soils in crack volume and
in the volume of each size order were evaluated
by analysis of variance using the Statistix 7.0
package. Significantly different means were rec-
ognized by the least significant difference.

Clod Shrinkage Curves

We used twenty clods to build up the clod
ShC. Undisturbed samples were taken at field
conditions from A and Bt horizons in each
management regimen. Samples were air-dried
in the laboratory until they reached a friable
consistency (0.20–0.24 g gj1 water content), so
that natural clods (2–3 cm in diameter) could be
easily separated by hand. Clods were saturated
over filter paper in contact with water-saturated

Fig. 2. Total volume of cracks at the end of greenhouse
experiment measured at different soil water contents
(A); and crack size distribution at air dry conditions in
the studied soil management regimens (B). Standard
errors of the means are indicated by bars. Different
letters indicate significant differences between means
at P = 0.05.

Fig. 3. Experimental clod shrinkage curve of a silty
loamy Ap horizon under CT management regimen. A,
Standardized experimental data and fitted model. B,
Cumulated calculated porosities.
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cotton. After saturation, five clods were removed
at 2-day intervals during air-drying to determine
their volume according to the method for bulk
density of aggregates described by Burke et al.
(1986). The method consists of submerging the
aggregates in kerosene for 24 h, and drying
them quickly on blotting paper until the
peripheral film of kerosene is eliminated. The
volume of clods was measured by hydrostatic
displacement in the kerosene. Clods were then
oven-dried to determine their gravimetric water
content. The inverse of soil bulk density, that is,
specific soil volume, V, was plotted against the
gravimetric water content, W.

To compare the different ShC, the XP model
was fitted on the experimental data using a
nonlinear simplex method (Chen et al., 1986)
by the procedure of Braudeau et al. (1999). The
XP model was determined by fitting the four

transition points, SL, AE, ML, and MS. The
corresponding equations are presented in Table 1.
Each transition point was determined by its two
coordinates, water content and corresponding bulk
volume. The equations giving the plasma porosity
Vp (cm3 gj1 of soil) and the plasma water content
Wp (g gj1 of soil) are presented in Table 2, which
was taken from Braudeau et al. (1999). The air
content of the plasma Airp (cm3 gj1 of soil) was
calculated as:

Air p ¼ Vp �Wp ð4Þ
The structural porosity VStr (in cm3 per g of

soil) was calculated as:

VStr ¼ V � Vp � 1=PD ð5Þ

where V represents the bulk specific volume
(in cm3 per g of soil) of the clod and PD

Fig. 4. Experimental clod shrinkage curve of a silty
loamy A horizon under CT management regimen. A,
Standardized experimental data and fitted model. B,
Cumulated calculated porosities.

Fig. 5. Experimental clod shrinkage curve of a silty
loamy Ap horizon under CTer management regimen. A,
Standardized experimental data and fitted model. B,
Cumulated calculated porosities.

VOL. 173 ~ NO. 2 SOIL CRACKING AND CLOD SHRINKAGE IN SILTY LOAMS 135

Copyright @ 2008 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



(cm3 gj1 of soil) is the specific volume of the
solid phase (Table 3). The water content of the
structural porosity WStr (g gj1 of soil) was
calculated as:

WStr ¼ W �Wp ð6Þ

where W is the gravimetric water content of the
clod, and the air content of the structural porosity
AirStr (cm3 gj1 of soil) was calculated as:

AirStr ¼ V � Vp � 1=PD�WStr ð7Þ

Soil swelling capacity (SC) and W range
from saturation to SL transition point were cal-
culated. Regression analysis was used to evaluate
the relations between SC and studied soil
properties.

RESULTS AND DISCUSSION

Soil Cracking

The volume of cracks at different soil
moisture conditions is shown in Fig. 2A. Crack
volume was equally small in CT and Pasture
soils under all moisture conditions, and in the
CTer soil when moist. When the CTer soil
dried, its crack volume increased significantly
(P G 0.01), 5-fold (half-moist) and 6-fold (air-
dry). Among studied soils, the A horizon of
CTer soil had the highest clay content. This
the only soil with swelling clay mineralogy
(Table 3), both variables being responsible for
the highest crack volume in CTer soil (Kosmas
et al., 1991; Vogel et al., 2005). In contrast, the
number of W/D cycles, which lasted 10.9 days

Fig. 6. Experimental clod shrinkage curve of a silty
loamy A horizon under CTer management regime. A,
Standardized experimental data and fitted model. B,
Cumulated calculated porosities.

Fig. 7. Experimental clod shrinkage curve of a silty
loamy A1 horizon under Pasture management regimen.
A, Standardized experimental data and fitted model. B,
Cumulated calculated porosities.
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in CT and CTer soils and 15 days in the pasture,
was not related to crack volume.

Crack size orders in CT and CTer soils
varied as follows: second 9 first = third 9 fourth
(P G 0.05). In pasture soil, crack arrangement
was: first = second 9 third 9 fourth (P G 0.05).
No crack was observed at the fifth order size in
any soil. This showed the prevalence of large
cracks with respect to small ones (Fig. 2B).
Considering this absence of small cracks, a little
favorable dry aggregate size distribution and
related porosity will be created by fragmentation
in these soils (Dexter, 1988; 1991; Velde, 2001;
Vogel et al., 2005), regardless of their clay
percentage and mineralogy. Horgan and Young
(2000) argued that crack size mostly results from
the tendency of aggregates to split according to
their size. The initial size of aggregates was only
2 mm (after grounding and sieving) in our
experiment. The origin of large crack sizes
found here can be ascribed to a process of
coalescence or welding, as previously shown by
Taboada et al. (2004).

Shrinkage Curves

Clod shrinkage data and the fitted XP
models of all studied horizons are presented in
Figures 3A through 9A. The values of air
volume and water content in plasma, and air
and water in structural porosity as a function of
clod water content are presented in Figures 3B
through 9B. The typical S-shape of structured
soils could not be easily perceived, except for
the A1 horizon of pasture soil (Fig. 8A). Clods of
the clayey Bt horizon followed the saturation
line upon drying, as would a clay paste (Giraldez
et al., 1983). ShC obtained here did not corre-
spond to those of a single soil sample (Braudeau
et al., 1999; Boivin et al., 2004; Braudeau et al.,
2004; Boivin et al., 2006b), but to several
individual soil clods. Moreover, the size of the
clods used by these authors was smaller than 100
cm3. Because of this, the XP model was fitted
on a scatter of points (i.e., one point per clod),
each one with its proper specific volume and W
values. Thus, the observed shrinkage curves
showed small and poorly defined structural do-
main in general. Given the scattering of the data,
MS and ML could not be always assessed, and
consequently W in structural porosity as well.

Soil swelling capacity (SC) was as high as
95% in the clayey Bt horizon, and reached
54.8% in the A horizon of CTer soil (Table 4).
This A horizon had slightly higher clay content
and therefore was the only one with swelling

clay mineralogy (Table 1). The influence of
intrinsic soil properties was not so evident in
other A horizons. For example, in the Ap
horizon of CTer soil and in the A horizon of
CT soil, SC values were only slightly lower
(40.9%–47.9%), but their clay content was
lower than in the other horizons and clay was
95% illite (none swelling, Table 3). Any intrinsic
soil property measured here (total organic
carbon, silt and clay contents) was related to
SC variation in A horizons. As previously
observed by Boivin et al. (2006b), mechanical
action promoted by tillage could increase soil
swelling in these horizons. Results on soil SC
showed that the volumetric response of the silty
loams studied was not as low as previously
believed (Stengel et al., 1984; Senigagliesi and
Ferrari, 1993; Sasal et al., 2006).

Fig. 8. Experimental clod shrinkage curve of a silty
loamy A2 horizon under Pasture management regimen.
A, Standardized experimental data and fitted model. B,
Cumulated calculated porosities.
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In A horizons, water content ranged (Table 4)
from saturation to SL point, varying according to
SC (R2 = 0.60; P G 0.05). Most W range was
occupied by the residual shrinkage zone (from SL
to air dry) and by curvilinear AE-SL transitions in
all A horizons (Figs. 3B through 8B). Air enters
soil pores during these shrinkage zones (Mc Garry
and Daniells, 1987; Gibbs and Reid, 1988). The
AE point is sensitive to soil management. It can
be considered to be an index of soil aeration
capacity (Mc Garry and Daniells, 1987; Gibbs and
Reid, 1988). In the A horizons studied, both
coordinates of AE (WAE or VAE) varied little
between cultivated (CT and CTer) and pasture
soils (Table 4), showing no management impact.
The smaller pores found at AE were the same as
the porosity of soil plasma (Boivin et al., 2004),
which were probably not affected by plowing.

The W range between ML and AE tran-
sition points denotes the length of the basic
shrinkage zone, as defined by Mitchell (1992).
This zone prevailed in the clayey Bt horizon
(Fig. 9B). Its slope, KBS, was about one
(Table 4), as occurs in an extensively swelling
soil (Jayawardane and Greacen, 1987; Mc Garry
and Daniells, 1987; Mitchell, 1992). The basic
shrinkage zone was small in the Ap horizon of
CT soil (Fig. 3B) and in the A1 and A2 horizons
of pasture soil (Figs. 7B and 8B). Thus, the basic
shrinkage slope could not be calculated in them
(Table 4). In the Ap horizon of CTer soil, KBS

was less than 1, showing air entry during
shrinkage. This soil behaved like a moderately
swelling soil (Jayawardane and Greacen, 1987;
Mc Garry and Daniells, 1987). In A horizons of
both CT and CTer soils, KBS approached or was
equal to one (Table 4), showing no air entry
during drying. This high slope agrees with the
high SC values and W ranges of these soils
(Table 4), and was caused by the collapse of the
pore system. Lower pore stabilities are the re-
sult of long-term cultivation in the studied soils
(Senigagliesi and Ferrari, 1993; Micucci and
Taboada, 2006; Sasal et al., 2006).

The characteristics of the scatter of points
(clods) did not allow calculating ML and MS
points in most studied soils (Figs. 3 through 9).
To calculate their V at W ranges greater than
ML using the XP model (Tables 1 and 2;
Braudeau et al., 1999), the point MS was
replaced by W content at saturation. After the
calculation of the plasma porosity, Vp, and its
water content, Wp, structural porosity was
calculated by difference. The creation of air-
filled structural porosity can be assessed by the
increase in air content of the structural porosity
(Airstr) from saturation to the AE point (Table 4).
At saturation, soil air is minimum and trapped
between water films (Wang et al., 1998). This
process seemed to show some importance in the
A horizon of CT soil, which had high Airstr

values at saturation. The critical limit of air-
filled porosity for sensitive upland plants is 0.1
vol/vol (Lal and Shukla, 2004). This threshold
was seldom exceeded in the studied soils at the
AE point (Table 4). Thus, taking into account
that these soils also had a low structural porosity
volume (Table 4) and high contents of air in
plasma (Figs. 3B through 8B), poor soil aeration
condition can then be expected. This small
contribution of structural porosity to soil aera-
tion was not caused by soil management because
Airstr values were also low in the organic C–rich

Fig. 9. Experimental clod shrinkage curve of a clayey Bt
horizon. A, Standardized experimental data and fitted
model. B, Cumulated calculated porosities.
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pasture soil (Table 4). This agrees with the low
structural porosity values often found in other
silty loamy soils in the rolling Pampas (Taboada
et al., 1998; Micucci and Taboada, 2006).

The Ap horizons of CT and CTer soils had
higher Airstr values at AE than A horizons
(Table 4), but their aeration condition is not
expected to be high because of their platy
structure (Table 3). The platy structures decrease
water infiltration (Taboada et al., 2004; Sasal
et al., 2006) and are the consequence of deg-
radation in silty loamy soils. No air in structural
porosity was found in the A horizons of CT and
CTer soils at the AE point (Table 4). They
behaved like the clayey and swelling Bt horizon
(Fig. 9B; Table 4). The lack of large structural
porosity could also be a consequence of the
small clods (2–3 cm diameter) used in the
experiment. The crack observation experiment
(Figs. 2A and B) suggested that the larger the
samples, the larger the structural porosity. Thus,
because the clods used were small, the structural
porosity was closer to a pure plasma volume,
that is, with a clay-paste–like shrinkage curve
(Giraldez et al., 1983). Taking into account that
the soils had high silt content (not expected to
be stable), we cannot exclude the case when the
basic slope is equal to the structural slope.

Analysis of Soil Cracking and Clod Shrinkage
Association and Consequences for Soil Structural

Behavior

Soil volume changes are believed to be
naturally associated with cracking phenomena,
and the variations of both are associated with
intrinsic soil properties (Kosmas et al., 1991;
Vogel et al., 2005). In our study, only crack
volume followed the variation in intrinsic soil
properties, such as clay content and clay miner-
alogy (Fig. 2A; Table 3), but crack size
distribution did not (Fig. 2B). The shape of
clod ShC (Figs. 3 through 9) and the calculated
shrinkage parameters (Table 4) were little
affected by the variation in intrinsic soil proper-
ties. The studied soils showed important varia-
tion in organic C content (Table 3), which is
both a swelling and a binding agent (Lal and
Shukla, 2004). Therefore, a higher organic C
content may result in a higher SC of plasma, but
not of the bulk soil, thus resulting in higher
cracking (Boivin et al., 2004). In summary,
cracking results form the balance between high
stability of structure (small SC, KBS, and KSTR)
and high SC of plasma (Boivin et al., 2004). In
our study, the organic C–rich pasture soil had

lower SC than the CT (A horizon) and CTer
soils (Table 4), which shows its high structural
stability. This did not result in higher cracking
in this soil, however. Soil SC was high in the
clay-enriched CTer soil (Table 4), which had
the highest crack volume and the lowest organic
C contents. It can then be concluded that soil
volume changes and cracking were little affected
by intrinsic soil properties.

The low calculated Airstr values (Table 4)
agree well with the low or null volume of fine
cracks (fourth and fifth size order) observed in
the experiment (Fig. 2B). Both results explain
why such low structural porosity values were
previously found in silty loams of the region,
regardless of their management regimen
(Taboada et al., 1998; Micucci and Taboada,
2006). In a theoretical model, Towner (1987,
1988) proposed that the formation of drying
cracks results from the agglutination of clay
platelets around coarse-grain particles (i.e., sand,
950 2m). The silty loams analyzed in this work
had only less than 10% by weight of very fine
sand (50–100 2m) (Table 3). That is, they have
insufficient skeleton to arrange their particles in
an aerated structure (Lal and Shukla, 2004). This
lack of a minimum amount of coarse-grained
materials caused the absence of fine cracks and
low structural porosities. It can also be stressed
that the often very high (91) basic shrinkage
slopes (Table 4) show low resistance to collapse
of pores during drying (Boivin et al., 2004).

CONCLUSIONS

Data from a field experiment where organic
C and texture varied by degradation and from a
greenhouse trial to quantify cracks caused the
rejection of our working hypothesis. Results
showed that key intrinsic properties did not drive
soil volume changes in the silty loamy soils studied.

Shrinkage curve analysis with the XP model
allowed us to conclude that as a consequence of
increasing clay content/type or organic C, there
was little or no air-filled porosity creation, even
when soil shrinkage capacity changed.

Soil structural resilience depended little on
soil W/D cycles in the studied silty loamy soils.
Even after long-term pasture management, W/
D cycles did not raise high air-filled structural
porosities. This is also expected to happen in
nontilled soils, in which air-filled porosity
creation only depends on natural mechanisms.

We suggest considering the influence of the
low proportion of sand (950 2m) particles (i.e.,
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skeleton) on the low structural porosities in
future studies in silty loamy soils.

ABBREVIATIONS

ACr: area of the crack calculated from its width
and length;
AE: air entry;
Airp: air content of the plasma;
Airstr (AE): air content of structural porosity at
the air entry transition point;
Airstr (SAT): air content of structural porosity at
saturation;
CT: conventionally tilled;
Cter: eroded conventionally tilled;
DCr: depth of the crack;
Id: density of cracks;
KBs: slope of the basic shrinkage;
KR: slope of the residual shrinkage;
KStr: slope of the structural shrinkage;
LCr: length of the crack;
ML: macroporosity limit;
MS: aximum swelling;
PD: particle density;
S: surface of the pot;
SC: swelling capacity of the soil from saturation
to the shrinkage limit transition point;
ShC: shrinkage curve of the soil;
SL: shrinkage limit;
Subang Bk: subangular blocks;
V: bulk specific volume;
VAE: specific volume at the air entry transition
point;
VCr: specific volume of the crack calculated
from its area and depth;
VML: specific volume at the macropore limit
transition point;
VMS: specific volume at the maximum swelling
transition point;
VP(AE): plasma porosity at the air entry
transition point;
Vp(ML): plasma porosity at the macropore limit
transition point;
Vp(MS): plasma porosity at the maximum
swelling transition point;
Vp(SL): plasma porosity at the shrinkage limit
transition point;
VSL: specific volume at the shrinkage limit
transition point;
Vstr(AE): structural porosity at the air entry
transition point;
Vstr(ML): structural porosity at the macropore
limit transition point;
Vstr(MS): structural porosity at the maximum
swelling transition point;

Vstr(SL): structural porosity at the shrinkage limit
transition point;
W: gravimetric water content;
WAE: gravimetric water content at the air entry
transition point;
WCr: width of the crack;
W/D cycles: soil wetting and drying cycles;
WML: gravimetric water content at the macro-
pore limit transition point;
WMS: gravimetric water content at the max-
imum swelling transition point;
Wp: water content in the plasma porosity;
W range (SAT-SL): gravimetric water content
range from saturation to the shrinkage limit
transition point;
WSL: gravimetric water content at the shrinkage
limit transition point;
WStr: water content in the structural porosity;
8ML: bulk density at the macropore limit
transition point;
8MS: bulk density at the maximum swelling
transition point;
8SAT: bulk density at saturation;
8SL: bulk density at the shrinkage limit transition
point.
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