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Abstract
Indicators used to estimate the soil structure stability facing erosion are the basis of major indicators of soil qual-
ity, and their behaviour is affected by permanent soil properties, vegetation and management. The relation between
the pore-volume fraction occupied by water and the pore size distribution in clay soils is studied by the shrinkage
curve describing clay soil porosity dynamics as a function of soil moisture. The aim of this work is to study the
shrinking behaviour of the surface soil in a badland site through the shrinkage curve and to assess its relations with
vegetation. Six treatments with different soil vegetation cover and aspect were selected on a badland site in Pistic-
ci (Southern Italy). Shrinkage curves were built from natural aggregates collected in the 0-10 cm soil depth. Soil
stability under shaking in water was also determined, with pre-treatments in water, alcohol and benzene for the de-
termination of the SSI (Soil Stability Index). Soil organic matter, electrical conductivity, ESP were determined in
order to investigate the relations between soil cover, chemical properties, SSI and shrink-swell behaviour. Vegeta-
tion was associated with lower soil salinity and ESP, and higher soil organic matter content. Vegetated sites showed
a higher SSI and a lower overall swelling. The shrinkage curves for samples from vegetated areas lack of the struc-
tural phase of shrinkage, likely due to the combined effect of lower ESP and the mechanical effect of plant roots.
All soil properties and indicators point to a higher stability of soils under grass in the south aspect and under shrub
in the north one.

Key-words: shrinkage curves, soil structure stability, erosion, soil porosity, badlands.

Introduction

The amount and distribution of soil pores are
major concerns in farm management and soil
use, and they affect many soil physical proper-
ties (Boivin et al., 2005). Among the latter, there
are saturated hydraulic conductivity and air per-
meability, which have important consequences
on surface runoff and erosion (Arvidsson, 2001;
Logsdon et al., 1992; Kirby, 1991; Blackwell et
al., 1990). Due to their manifold effects on soil
behaviour, soil pores are used to build the most
used physical indicators of soil quality (Bouma,
2002). Among the several factors affecting soil
porosity and its dynamics, plants play a major
role. They positively affect soil structure by

shedding and exuding large amounts of organ-
ic matter and exert direct mechanical effects re-
inforcing the soil by their root systems (Green-
way, 1987), thus stabilizing soil structure.

Traditionally, only static indicators have been
used to quantify the effects of vegetation on the
status of the soil-pore system, either linked to
the amount and distribution of pores, or to the
stability of soil aggregates to wet-shaking. The
most used indicator is soil compaction that is a
reduction of total porosity (Alakukku, 1996;
Arvidsson and Hakansson, 1996), but pore mor-
phology (Kremer et al., 2002; Wiermann et al.,
2000; Horn et al., 1994; Bullock et al., 1985) and
pore size distribution (Richards et al., 2001;
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Alakukku, 1996; Horn et al., 1995; Gupta et al.,
1989) are also of great importance.

Vegetation has been found to be associated
with changes in soil properties linked to soil
structure stability in badland areas (Del Prete
et al., 1997) where erosion is a major phenom-
enon linked to the dynamics of the surface soil
layer (Clarke and Rendell, 2000). This has led
to the hypothesis that vegetation may be asso-
ciated with areas of different shrinkage behav-
iour of soil or, as defined by Braudeau et al.
(2004; 2005), different hydrostructural behavior
of the soil surface layer.

Badlands are deeply dissected landforms of
high relative relief and drainage density, con-
sidered among the areas with the highest ero-
sion rate in the world. The interactions between
soil and climate have been the object of sever-
al studies in the formation of these landforms
and their rate of erosion. Different mechanisms
of erosion dominate in different badland areas,
but in southern Italy formation processes like
rain splash are important (Rendell, 1982, 1986)
and the amount of eroded soil is strongly de-
pendent on the thickness of the weathered clay
layer (Clarke and Rendell, 2005) which is
washed away during one or a few events gen-
erally at the end of summer. Phillips (1998a and
b) found that the most significant soil features
in determining soil erodibility are the percent-
age of organic matter and the exchangeable
sodium percentage (ESP), which affect the sta-
bility of soil aggregates to the action of water.
Another mechanism of soil erosion in these
landforms involves the formation of subsurface
“piping” channels which then collapse (Del
Prete et al., 1997; Farifteh and Soeters, 1999).
Piccarreta et al. (2006) linked piping mecha-
nisms to the dispersive nature of the material
as well as topographic landscape features, and
argued that the process of badland formation is
more complex, since mass movement also plays
an important role.

In such environments, indicators of soil sta-
bility to erosion are traditionally linked to sta-
bility of surface soil, like the stability of aggre-
gates to shaking. This indicator has been exten-
sively measured in agronomical works by means
of the SSI (Soil Stability Index) (Henin et al.,
1973) equal to the percent ratio of aggregated
material to the material susceptible to aggrega-
tion after shaking soil aggregates in water on a

sieve. The index has been used to assess the sus-
tainability of different agricultural management
techniques and the susceptibility of surface soil
to erosion, because it was taken as a measure
of inter-aggregate bond strength and of the ex-
tent to which aggregates would yield smaller –
and therefore easier to be transported by runoff –
particles under the mechanical and physical-
chemical action of water (Cavazza and Linsala-
ta, 1969). It has also been proposed as a test for
geomorphology (Grieve, 1979) that has been
used to describe the stability of badland soils
(Robinson and Phillips, 2001; Phillips, 1998a; b).

The shrinkage behaviour of soils may be
used to study the relation between the pore-
volume fraction occupied by water and the pore
size distribution in clay soils (Boivin et al., 2005;
Chertkov, 2003). The shrinkage curve describes
clay soil porosity dynamics as a function of soil
moisture. Its canonical form relates soil specif-
ic volume (cm3 g-1) with soil water content in
weigh (g g-1), following McGarry and Malafant
(1987), as shown in figure 1, but more recently
many authors described the theoretical shrink-
age curve as the ratio between void ratio (cm3

cm-3) and moisture ratio (cm3 cm-3) (Chertkov,
2007; Cornelis et al., 2006; Boivin et al., 2005;
Groenevelt and Grant, 2004), which allows a
more precise checking of the obtained results.
That is the reason why we have chosen to built
the curves according to later authors. The curve
is generally divided in three zones (Fig. 1). Start-
ing from a full saturated sample of clay soil, the
first phase of the shrinkage process is called
“structural”, where the shrinkage curve de-
scribes a bulk volume reduction smaller than
the volume of the lost water. As the sample
shrinkage proceeds, bulk volume decreases at
the same rate of, or slightly smaller than
(Groenevelt and Grant, 2004), the lost water
volume and this phase is called “normal”. The
third part of the curve describes a process
where, again, the lost water volume exceeds the
sample volume decrease, and it is called “resid-
ual”. The transition point between the normal
and residual zones of the curve is called “air en-
try point”, and it marks the air entry inside the
aggregates. The other transition point, between
the structural and the normal shrinkage zones
of the curve, is the limit of the sample swelling
because, at this point, a further and limited in-
crease of volume, as a function of soil moisture
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increment, is caused by water entering the in-
ter-aggregate pores. When measurements are
made at the scale of single aggregates, this lat-
ter increment is not registered because of the
lack of big inter-aggregates pores. Mitchell
(1992) proposed to call the central part of the
shrinkage curve “basic” while Groenevelt and
Grant (2004, 2001) preferred referring to it as
“proportional”, since the sample volume reduc-
tion is actually proportional to the water loss,
even though the ratio is not always 1:1. In fact,
according to Brandeau et al. (1999), the slope
of this part of the curve is 1 only for structure-
less clay soils, while in well structured ones it
can be much smaller than 1 and as low as 0.1.
A fourth stage of the shrinkage process is de-
scribed (Bronswijk, 1991; Stirk, 1954; Haines,
1923) and called “zero shrinkage stage”, where
there is no volume reduction as water volume
further decreases since soil particles have
reached their densest configuration (Bronswijk,
1991) in the given conditions and only undergo
a reorganization leading to micro-cracks forma-
tion (Bruand and Prost, 1987). Groenevelt and

Grant (2004) reported that two shrinkage
processes, which the authors refer to as “pri-
mary” and “secondary”, occur from the air en-
try point to the oven dry state, their magnitude
changing according to soil composition.

Total soil porosity can be calculated from the
shrinkage curve as the difference between bulk
and solid phase volumes, and water loss upon
drying gives the water filled porosity with the
complementary porosity filled by air. The dif-
ference between water loss and bulk soil de-
crease volumes depends on the stability of soil
structure and is described by the slopes of the
different shrinkage phases.

The structural stage of the shrinkage curve
only occurs in soils that develop inter-aggregate
porosity. Chertkov (2007) developed a model to
predict the reference soil shrinkage curve based
on soil with a clay content equal to or greater
than 40%. He suggested to estimate the crack
volume as the difference between the reference
and the observed shrinkage curve, and ascribed
the differences to soil texture, together with
cracks and other pore distribution since silt,
sand and voids of any origin disturb the conti-
nuity of clay and its shrinkage behaviour in soils
(Chertkov 2003, 2007). Non-textural effects on
soil shrinkage are included in the shrinkage
curves of McGarry and Daniels (1987) from cul-
tivated soils. The objective of this study was to
investigate the swelling/shrinkage cycle of clay
soils under different vegetation types, building
shrinkage curves in badland soils to integrate in-
formation provided by SSI as an indicator of
soil quality.

Materials and methods 

The study was carried out at Pisticci (MT), Italy,
on a badland hill in six sites selected for differ-
ent vegetation cover (bare, grass, shrub) in fac-
torial combination with aspect (N, S), thus yield-
ing six experimental treatments:

BS = bare, south facing;
BN = bare, north facing;
GS = grass cover, south facing;
GN = grass cover, north facing
SS = shrub cover, south facing;
SN = shrub cover, north facing.
Vegetation of GS and GN areas was a grass-

land community dominated by Lygeum spartum
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Figure 1. The theoretical shrinkage curve. The Y axis shows
the specific volume (cm3/g-1) or the void ratio (cm3/cm-3) while
X axis shows the water content (g/g-1) or the moisture ratio
(cm3 cm-3) of soil samples. 1, 2 and 3 are the Structural, Nor-
mal and Residual shrinkage phases, respectively. A = air en-
try point; B = aggregate swelling limit. The dotted line is the
reference line showing the shrinkage curve of a theoretical
biphasic system made up by a solid and a liquid phase where
each water loss is equal to a correspondent loss of total vol-
ume. PQ and QR are the relative part of specific volume of
solid and liquid phases in each point of the curve. SR is the
relative part of specific volume of water phase (McGarry and
Malafant, 1987, modified).
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L. (Brullo, et al., 1990). In SS isolated small
halophyte bushes like Sueda fruticosa L. were
common, whereas in the NS area larger bushes
were found, with more continuous soil cover
and relict forms of Pistacia lentiscus L.

The clay content of the area ranged from 32
and 40 %, with a clay mineralogy of 5% Int.,
14% Smec., 27% Ill., 6% Kaol., with 18%
Quarz. and 20% Carb. (Del Prete et al., 1997).

In each site triplicate soil samples were tak-
en from the first 5 cm of soil depth for the mea-
surement of soil chemical characteristics and
root density: organic matter content (K dichro-
mate method), pH (soil-water suspension), elec-
trical conductivity (saturated paste), exchange-
able and soluble cations. ESP (Exchangeable
Sodium Percentage) was assessed as a percent-
age of exchangeable sodium cation on the total
exchangeable cations.

Root length density (RLD, cm of roots per
cm3 of soil) was determined according to Ama-
to and Pardo (1994) after clay dispersion by a
solution of sodium hexametaphosphate (85%)
and sodium bicarbonate (15%) at 10% w/w di-
lution, and after filtering through a 0,2 mm
square meshed sieve. Root length was measured
by a line-intersection method (Newman, 1966)
and converted into RLD multiplying the ob-
tained values, expressed per unit soil dry weight,
by the soil bulk density that was obtained with
the cylinder method on triplicate samples
(Blake and Hartge, 1986)

Ten aggregates were collected in each area
and used for building the soil shrinkage curve:

clods were wrapped by two orthogonal wire
loops previously weighed, leaving enough wire
to hang the clod to a suspension balance. Then
clods were weighed with the wires, and mois-
ture content was determined after oven-drying
at 105 °C on three aggregates per treatment.
Remaining aggregates were dip in Saran*
(Saran resin/methyl-ethyl-ketone 1/7 w:w) for
about 1/4 of their surface in order to allow han-
dling after saturation without altering their bulk
volume. When resin was dry they were weighed
again to account for the weight of added Saran,
then saturated on pressure plates made with
porous glass bed over Buchner funnels and with
cotton as contact material, at 0.001 bar of pres-
sure (Hillel, 1971), and completely coated after
saturation. Saran* was used for its ability to al-
low water vapour losses during the shrinkage

phase but to prevent water entry during aggre-
gate immersion in water.

Some samples showed an abnormally high
moisture content since the moisture ratio was
higher than the void ratio. We attributed this to
water trapping between the aggregate and the
Saran coating during saturation, and discarded
the corresponding measurements.

The coating was completed by dipping clods
in the resin holding them by the wire and left
hanging under hood for 15-30 min. to allow sol-
vent to evaporate. Submerging and drying were
reiterated once or more times, as necessary, till
getting clod waterproofed. Covered clod and wire
were again weighed in air and afterwards in wa-
ter for volume determination by the Archimedes
principle, recording water temperature.

Aggregates were then left to dry at 20 °C
under hood. The volume and weight were de-
termined during the course of water loss by
double weighing in air and water for volume de-
termination.

In order to correct the measurements for soil
water content, we calculated sample dry weight
Wods (g) as follows for all samples:

where:
θw = water content of the sample (g/g);
Wsa = net weight of soil aggregate in air (g).

We calculated sample bulk density as fol-
lows:
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WsaWods = –––––––ddd 222
1 + θw

ρwWods
ρb = ––––––––––––––––––––––––––––––  ddd

[Wsa – Wspw + Wpa – (Wpa ρw/ρp)]

where:
ρb = sample bulk density (g/cm3)
ρw = water density (g/cm3)
Wods = sample oven-dry weight (g)
Wsa = clod net weight in air (g)
Wspw = sample net weight plus Saran in water
(g)
Wpa = Saran weight in air (g)
ρp = Saran density (g/cm3)

Resin density ρp was determined during dry-
ing by periodical weighing of a resin-coated
glass lens, in order to account for changes due
to evaporation of the solvent throughout the
course of the experiment.

(1)

(2)
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Shrinkage curves were built based on clod
bulk density determined as above at different
moisture levels by relating void ratio and mois-
ture ratio for each experimental treatment.

The stability of soil aggregates to shaking in
water was also measured, on triplicate samples
with the method of Tiulin – Meyer modified as
in Cavazza and Linsalata (1969): aggregates of
1 to 2 mm were obtained by sieving air-dried
soil samples and were shaken over a 0.2 mm
sieve in water.

The stability index was calculated as:

the geological history of the studied area deeply
carved in the Upper Pliocene-Calcabrian Sub-
Appennine Clay formation of the Bradanic
Foredeep covered by marine sediment terraces
(Piccarreta et al., 2006) (Fig. 5). Both aspect and
plant cover are involved in hillslope hydrology.
The salt balance of vegetated soils is affected by
several features of plant cover and physiology:
shading from plant canopies alters the heat-bal-
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(Ao – Gs)
SSI = ––––––––––– x 100 222

(At – Gs)
(3)

where:
Ao = weight of materials collected on the sieve

after shaking in water (g)
At = total sample weight (g)
Gs = gross sand fraction (soil particles larger

than 0.2 mm diameter) (g/g).

Before shaking in water, samples were sub-
jected to three pre-treatments as suggested by
Henin et al. (1973): one with ethyl alcohol, one
with benzene, one with no treatment.

Soil analysis data underwent variance analy-
sis and means were separated with the Duncan’s
test. Shrinkage curve parameters were estimat-
ed by the regression with a three stage model
as suggested by McGarry and Malafant (1987).

Results and discussion

Soil chemical characteristics are shown in Fig-
ures 2, 3 and 4. Values of organic matter were
significantly lower in bare areas, and higher un-
der shrubs sites, more so in the north-facing
slope (Fig. 2a) where shrubs were larger and
provided a more continuous soil cover. All soil
chemical features also showed a statistically sig-
nificant relation with plant cover and aspect:
soils at the north-facing slope showed the low-
est pH (Fig. 2b) and amount of total, ex-
changeable and soluble salts and sodium (Fig.
3b and 4b), especially under shrubs, whereas in
the south-facing soils values were not statisti-
cally different between vegetation types but
they were lower than those recorded in the bare
soil. The origin of salts, and namely sodium chlo-
ride, in the soil under investigation is based on

Figure 2. a = Organic Matter (%); b = pH; c = Electric Con-
ductivity (mS/m); d = Exchangeable Sodium Percentage
(%). Different letters show significantly different values for
P ≤ 0,01.
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ance (Ritchie, 1972), while evaporation/infiltra-
tion ratio is affected by plant residues and cov-
er (Amato, 2004).

Plant ion uptake is selective but halophytic
species, such as those found in our study area, are
able to take up and store sodium chloride in spe-
cific organs and structures (Skaggs et al., 2006;
Worrall and Pearson, 2001; Johannesson and
Lyons, 2000). Such processes are compatible with
the reduced content of total salts and specifically
sodium in the surface soil of vegetated areas.

On the south-facing slope the picture is fur-
ther complicated by the different topography of
areas with different soil cover, since grassland
corresponds to less steep locations in this as-
pect.

Plant roots (Tab. 1) were not found in bare
soil and RLD was highest in grassland sites, and
in the north-facing slope for all types of vege-
tation. Root density was highly variable within
sites, as shown by the standard deviations in the
table, corresponding to coefficients of variation
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Figure 3. Exchangeable ions in soil (meq/100g): a = Ca2+; b
= Na+; c = Mg2+; d = K+. Different letters show significant-
ly different values for P ≤ 0,01.
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Figure 4. Soluble ions in soil water (meq/l): a = Ca2+; b =
Na+; c = Mg2+; d = K+. Different letters show significantly
different values for P ≤ 0,01.
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ranging from 14% in GN to around 40% in SS.
A high variability in root data is common, espe-
cially when no structured component is identifi-
able (Amato and Ritchie, 2002), and the higher
variability in shrubland, especially on south-fac-
ing slopes, is linked to the sparse soil cover and
the architecture of shrubs compared to grasses.

Aggregate stability (Fig. 6), was the lowest in
bare areas, and the highest for herbaceous vege-
tation for all pre-treatments as for the south fac-
ing slope while, in the north facing slope stabili-
ty was the highest in shrub areas. Benzene pre-
treatments enhance the effects of organic matter,
showing large differences between treatments,
whereas alcohol pre-treatments enhance the co-
hesive effects due to clay-to-clay bonds (Henin
et al., 1973), showing no significant difference.

The general trend of our values is in agree-
ment with findings of Philips (1998b), who re-
ported that the water stability of aggregates is
closely related to organic matter content and
that above a threshold of 2% stability would be
between 90 and 100%. Nevertheless he also
found that where ESP is higher than 10-12, sta-
bility is between 10 and 50%. The high number
of sites analysed in that study allowed the au-
thor to formulate the observation that a high

organic matter content is associated with a low
ESP. Our results confirm this association: data
in figure 8 are arranged in a soil Organic Mat-
ter – ESP plane, where thresholds for soil dis-
persive conditions are drawn at 2% organic
matter and 12% ESP, according to Phillips,
1998b (for a discussion see Piccarreta et al.,
2006). All data from bare soil fall in the dis-
persive condition quadrant, whereas soil sam-
ples from vegetated sites fall in non-dispersive
conditions due to high O.M., low ESP or both.
Data show that low values of ESP and high val-
ues of organic matter are associated with the
presence of plant cover, and to the type of veg-
etation, allowing to substantiate the hypothesis
that the two conditions are related because both
functionally dependent on plant-driven process-
es. The former is most likely due to the known
mechanisms of residue and exudates deposition
and evolution under plant cover, and the latter
due to salt uptake by halophytes and the less
stressed effect of plants on those components of
the soil water cycle which affect the salt balance
(Amato, 2004). Aggregate stability is also relat-
ed with high organic matter content and low
ESP, and associated with vegetation cover.

The values of aggregate stability reported by
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Figure 5. Map of the study
area and structural scheme of
the southern Apennines. Re-
drawn from Piccarreta et al.,
2006.

Tab. 1. RLD (Root Length Density) (cm cm-3) recorded under different covers in the study area.

Average C.V. STDDEV

Cover Grass Shrub Bare Grass Shrub Bare

South 5,60 0,25 0 15,96 40,40 0 0,89 0,10
North 7,20 1,40 0 14,18 28,43 0 1,02 0,40
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Robinson and Phillips (2001) for bushland of
the same area of our study was higher than
those found in our study, maybe due to differ-
ences in time of sampling and aggregate size
used, which are known to affect soil stability, as
illustrated in the literature (e.g. Bryan, 2000; Pa-
truno et al., 1992; Henin et al., 1973). Yearly os-
cillations of the stability index in Mediterranean
climates are linked to seasonal rainfall and tem-
perature patterns, affecting the strength of in-
ter-aggregate bonds mainly through the physi-
cal-chemical action of water, microbial activity,
and compressive effects of soil freezing and dry-
ing (Patruno et al., 1992). Our choice to sample
in September was linked to the need to char-
acterize conditions relevant for soil erosion, fol-

lowing reports that most of the erosion in the
area occurs with the early fall rainstorms
(Clarke and Rendell, 2000). Furthermore, in this
study, small aggregates (equivalent diameter 
< 2mm) were chosen for the measurements be-
cause they are less sensitive to micro-variations
linked to very short-term conditions (Patruno et
al., 1992).

In our study bush vegetation was represent-
ed by isolated individuals on the south-facing
slopes, and our interpretation of the observation
that their influence on soil properties was small-
er than that of herbaceous communities is part-
ly linked to the fact that their limited spatial ex-
tent reduces their influence on the soil process-
es linked to aggregate stability (evaporation and
deposition of organic matter), whereas the con-
tinuity and larger spatial extent of herbaceous
plant cover allows them to affect those process-
es more markedly.

Shrinkage curves (Fig. 7) showed differences
between bare and vegetated areas for some pa-
rameters only. The values of the intercept for
the residual contraction curve phase was not
statistically different among treatments. This is
in agreement with the interpretation of this pa-
rameter as being affected by texture more than
by other factors (Cornelis, et al., 2006; Chertkov,
2003). In fact, it represents the intra-aggregates
porosity, being roughly 27% of dry soil volume
for all treatments in our study. The slope of this
curve stage was around 0,5 for all curves. The
‘normal’ shrinkage phase of the curve did not
significantly differ among treatments, its slope
not being statistically different from 1 in all ar-
eas, corresponding to a unitary decrease of wa-
ter content per unit decrease of specific volume.

The structural shrinkage stage was detected
in bare soil samples only, with a higher slope in
BS (Fig. 7a) than in BN (Fig. 7d), and was miss-
ing in samples from vegetated sites with live
roots. This phase corresponds to water replace-
ment by air in inter-aggregate pores and there-
fore only occurs in soils that develop inter-ag-
gregate porosity. This condition has been dis-
cussed in terms of presence of biological activ-
ity (Cornelis et al., 2006) in well-structured soils.
While being a generally valid interpretation, our
findings lead to question its validity for badland
soils. In fact, in saline badland soils the presence
of inter-aggregate pores is not due to aggrega-
tion dynamics linked to the formation of bio-
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Figure 6. Aggregate stability in water (% of stable aggre-
gates): a = control; b = alcohol pre-treatment; c = benzene
pre-treatment. Different letters show significantly different
values for P ≤ 0,01.
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Figure 7. Shrinkage
curves under different
aspect and soil cover: a =
SB; b = SS; c = SG, d =
NB; e = NS and f = NG.

pores and their stabilization by organic matter,
but to fragmentation dynamics creating a hier-
archic network of cracks under desiccation, and
therefore it is much more likely to be enhanced
in the absence of biological activity. In vegetat-
ed areas the reduction of sodium concentration

and the increase of organic matter explain a
part of the reduced soil swelling, and in addi-
tion the presence of an active root network is
likely to exert a bridling effect contrasting soil
swelling under wetting and the formation of
cracks upon drying. To support our finding, oth-
er studies on the effect of vegetation on soil
cracking showed that the presence of vegetation
is associated with reduced swell-shrink soil be-
haviour (Mitchell and van Genuchten, 1992;
Fox, 1964) and plants with dense root networks
and high mechanical strength of roots reduce
soil cracking compared to bare soils (Di Tom-
maso et al., 2007). Our shrinkage curves showed
that, during saturation, aggregates from vege-
tated areas didn’t swell to the same extent as
those taken from bare soil: aggregates from bare
soils reached a moisture value greater than 45%
in weight and a 0,80 cm3g-1 specific volume,
while those from vegetated areas reached a
moisture value smaller than 35% except the ag-
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Figure 8. Relationship between ESP and O.M. Circles =
south and north facing bare soils, squares = grass covered
soils, and lozenges = shrub covered soils.
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gregates from SS which attained a water con-
tent of 41%. This confirms the lesser effect that
the isolated plants have on soil characteristics,
as already described for chemical properties.

Conclusions

The presence and type of vegetation in a bad-
land area were associated with differences both
in soil chemical characteristics and in indicators
linked to soil stability like ESP, soil stability in-
dex and shrinkage curves. All indicators of soil
sensitivity to erosion indicated that the highest
stability was associated with shrubland in the
north facing slope and grass cover in the south
facing slopes, likely due to the lack of continu-
ity in the south-slope shrub formations. The use
of soil stability indicators linked to aggregate
shaking in water can be integrated with addi-
tional information from shrinkage curves, de-
scribing the swelling behaviour of soils. The
analysis of the single shrinkage phases high-
lighted the role of plant roots and soil chemical
properties associated with plant cover in reduc-
ing overall soil swelling by affecting the struc-
tural swelling stage. An important finding of the
analysis made with this technique is therefore
that in saline badland soils swelling is complete
and can be described with the theoretical ref-
erence curve only in bare soil areas, whereas
curves obtained from vegetated areas (both
shrub and grassland) do not conform to the
three-stage model due to the lack of significant
swelling and shrinkage in the structural phase,
likely due to bridling by the root network and
lower sodium content. This also leads to ques-
tioning the validity of the current interpretation
of the structural shrinkage phase as an indica-
tor of biological activity in badland environ-
ments, where inter-aggregate porosity is linked
to fragmentation dynamics.
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