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Abstract

The Priorat region, a traditional area for wine production in the Mediterranean mountain environment of NE Spain, has been undergoing drastic
changes since the 1990s, with the conversion of abandoned and natural vegetation areas into new terraced vineyard plantations. In most cases,
these land cover changes involve land terracing, with risers more than 2 m high and benches with the soil surface structure completely altered. The
objective of this work is to analyse the impacts of these land transformations on soil physical properties such as texture, water retention and
infiltration capacity in a sample area of the region. Soils are classified as Lithic Xerorthents and are locally called “llicorell”. For this study two
different situations on a 100-m-long hillslope were studied: one in an undisturbed position, with natural vegetation and one in a disturbed two-
year-old terraced vineyard. Samples of the soil surface from 0 to 20 cm were collected at several points along the slope for analysis of texture,
organic matter and aggregate stability. At these locations, saturated hydraulic conductivity was measured using a disc permeameter. The results
show that in these soils with a high percentage of coarse elements (N60%), work carried out during land transformation produced changes in the
particle size distribution of the fine fraction. In addition, levelling reduced the organic matter content of the cultivated soils. These changes
affected hydraulic conductivity, water retention capacity (which decreased by 45%) and aggregate stability, as well as the relationships between all
these variables.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The radical changes that European agriculture has undergone
in the last few decades have entailed large-scale processes of
land-use and land-cover change (LUCC). These changes are
leading to major landscape modifications, land degradation and
new management techniques as a result of the abandonment of
traditional practices and the intensification of more productive
land (García-Ruiz et al., 1996; Zalidis et al., 2002; Borselli
et al., 2006). In the Mediterranean region, these changes act as
one of the main environmental degradation forces through the
impacts on soil and water resources (Zalidis et al., 2002) and
biodiversity (Bielsa et al., 2005).

Specifically, agricultural land intensification has emerged as
a consequence of technological progress and the socio-
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economic constraints of adapting fields to make them
competitive in the framework of new national and international
market prospects. This process requires earth movements (land
levelling and/or land terracing operations) to prepare the area
for new cultivation, and management to implement the new land
use through the removal of unwanted vegetation and field
boundaries, etc. (Borselli et al., 2006). In some cases, these
changes are supported by the Common Agricultural Policy
(CAP), which gives various incentives and subsidies that affect
not only agricultural land use but also the rural landscape
(Busch, 2006).

In the Mediterranean region, vineyards are one of the main
crops which during the last decade have suffered significant
land transformations (Martínez-Casasnovas and Sánchez-
Bosch, 2000; Pla and Nacci, 2003). They have been stimulated
by the EU Common Agricultural Policy, through the restructur-
ing and conversion plans (Commission Regulation EC No.
1227/2000 of 31 May 2000, which specifies detailed rules for
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the application of Council Regulation EC (1493/1999) as
regards production potential) that support the large economic
cost of implementation of such operations.

One clear example of drastic transformation to adapt land for
new vineyard plantations is the Priorat Qualified Designation of
Origin (Priorat QDO). The Priorat is a traditional area for wine
production in Catalonia, NE Spain, where vineyards have been
cultivated since the 12th century. The period of maximum
expansion was in the 19th century, when vineyards occupied up
to 75% of the land and entirely transformed the Priorat
landscape (Figueras and Calvó, 2003). During the first half of
the 20th century, the sector underwent a crisis that led to a major
deintensification of land use and the abandonment of agricul-
tural land (Douglas et al., 1996). This situation was only
partially overcome in the 1990s, when a small group of
producers introduced new vinification and marketing techni-
ques that pushed the wines towards the top of the international
market. This has attracted producers from other areas who have
been buying land during the last decade to create new
mechanised plantations systems.

Heavy machines such as bulldozers are being used for large-
scale earthmovements in order to create new terracing systems for
vineyards. The new terraces have average risers more than 2.5 m
high, with no protection and slopes of about 36°. The earth
movements are not controlled by any law or technical guidelines
and are determined by the needs of the owner or the person on
charge of the machinery. The movements account for about
77,750 m3 ha−1 (Cots-Folch et al., 2006). Those works modify
the soil surface characteristics, which influence the infiltration
properties at the surface (Poesen et al., 1990; Léonard and
Andrieux, 1998; Malet et al., 2003) and interact with other
geomorphological processes such as erosion (Lundekvam et al.,
2003) and mass movements, mainly during extreme precipitation
events (Abreu, 2005). The spatial variability created by all these
operations leads to heterogeneous infiltration and runoff
responses on hillslopes. The soil redistribution also modifies the
soil slope stability and the stability of the terraces, increasing the
risk of surface mass movements.

Some studies have pointed out the spatial variability of soil
properties along the hillslopes (Agbenin and Tiessen, 1995;
Bartoli et al., 1995) and with the slope degree (Janeau et al.,
2003). However, there are no studies documenting the effects of
the new mechanised terracing systems on soil properties. We
could expect accumulative effects produced by the redistribu-
tion of the soil such as some authors have pointed out to some
extent by studies on tillage erosion (Van Muysen et al., 1999;
Torri et al., 2002; De Alba et al., 2004) on slow-forming terraces
(Dercon et al., 2003), on compaction due to the use of heavy
machinery (Ferrero et al., 2005) or by translocation caused by
terracing on steep slopes. All these operations give rise to
gradients in soil properties from the upper to the lower parts
within the plots (Thapa et al., 1999; Turkelboom et al., 1997),
even affecting soil productivity (Turkelboom et al., 1996).

To cover this gap in new mechanised terracing systems, the
objective of the present work is to analyse the impact of land
terracing on soil physical properties such as water stable
aggregates, water infiltration and retention capacity by com-
paring the same properties in old traditional vineyards and forest
areas that conserve the natural soil and slope morphology and
the new terraced vineyards resulting from earth movement
operations in a sample area of the Priorat QDO, (northeastern
Spain).

2. Materials and methods

2.1. Study area

The study was conducted in the Priorat Qualified Designa-
tion of Origin region (Priorat QDO, Catalonia, NE Spain)
(Fig. 1). It is a depression formed in the split of the southern part
of the Montsant mountain chain. The average slope of the
terrain is about 25°. Climate is classified as Mediterranean
temperate tending to continental, being characterised by dry
winds, mainly from the NE, and an annual average temperature
of 15 °C (ranging from 6 to 23 °C). Average rainfall is about
600 mm, mainly distributed in Spring and Autumn.

Based on the Soil Taxonomy of the USDA (Soil Survey Staff,
1999), soils are classified as Lithic Xerorthents, developed on
schist, locally called “llicorell”, which give the wines special
distinctive characteristics. Soils are slightly acid (pH about 6) and
the organic matter content in the surface horizon is less than 2%.

Traditionally, the landscape has been a mosaic of traditional
agriculture and natural vegetation (Iglésies, 1975). The main
agricultural use is vineyards (Vitis vinifera), with Grenache,
Carignan, Cabernet Sauvignon, Merlot and Syrah as the main
varieties. The vineyard surface has changed from 700 ha in the
1990 to 1650 ha at present and the wine production increased
from 18600 HL in 2000 to 29000 HL in 2004 (Priorat QDO,
2005). This sharp increase is a result of the introduction of new
mechanised vineyard plantations taking over natural areas and
traditional agricultural land.

2.2. Soil sampling

The assessment of land transformation effects on soil
hydrological properties was carried out in three plots with a
convex-concave slope in the municipality of Porrera (318900,
4562900 UTM 31n zoneT) (Fig. 1). One plot consisted of an old
vineyard cultivated on hillslopes according to the traditional
system. The other two plots consisted of new terraced vineyards,
in which a different degree of land transformation on the soil
surface could be observed: in one of them soil surface was
mechanically crushed using a stone-crusher machine to leave on
top of the surface soil particles less than 30 mm. In addition, the
same characteristics were analysed in a forest area and in an
abandoned area, which had been previously cultivated with
hazel nuts but at this time was covered with natural vegetation.

The average slope of each plot was about 27°. On each plot,
several sampling points were considered uniformly distributed
along the slope: 12 points on terraced plots with crushed
material on the surface (TVc) at 6 positions along the slope
ranging from 269 m to 298 m a.s.l; 12 points on terraced
vineyard plots without crushed surface material (TV), at 6
positions ranging from 309 m to 463 m a.s.l.; 7 points on the old



Fig. 1. Location of the study fields in the municipality of Porrera, Priorat QDO (NE Spain).
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vineyard-plot (OV) at positions ranging 289 m to 419 m a.s.l.
and 6 points on an abandoned non-cultivated area covered with
forest vegetation (AB) located between 360 m and 489 m a.s.l.
The locations of the sampling point are indicated in Fig. 1.

2.3. Soil characteristics

At each position, surface soil samples (0–20 cm) were taken
for laboratory analysis. All samples were air dried and sieved
using a 2-mm mesh. The following parameters were analysed:
Soil pH and electrical conductivity (EC), were determined in
a water suspension of soil using a 1:5 soil/solution ratio
(EC1:5 water extract). Particle size distribution without extraction
of carbonates was analysed according to (Gee and Bauder,
1986), organic matter was previously destroyed and then
extracted with Na hexametophosphate. Organic matter content
(OM) was evaluated following the method proposed by (Nelson
and Sommers, 1982) (OM=Organic carbon⁎1.72). Aggregate
stability was evaluated following the standard method (Kemper
and Rosenau, 1986) using 1–2 mm diameter aggregates (OSM),
saturated and placed in a Yoder apparatus. The material
remaining on the sieve after 3 min raised and lowered trough
a 1.3-cm vertical distance at 36 cycles/min was oven-dried
(105 °C) and weighed (stable aggregate mass=SA). Then this
material was dispersed by sonication in distilled water three
times for 10 min each and sieved. The fraction remaining on the
0.25 mm sieve was oven-dried and weighed to obtain the mass
of N0.25 mm sand (SM). The water stable aggregate percentage
(WSA) was calculated by the Eq. (1):

WSA ¼ SA� SM
OSM� SM

⁎100 ð1Þ

where:WSA=water stable aggregate percentage (%); SA=stable
aggregate mass; SM=mass of N0.25 mm sand; OSM=original
soil mass.

In addition, water retention capacity at −33 kPa (FC) and
−1500 kPa (WP) were evaluated in the fine soil fraction b2 mm),
using Richard plates. Bulk density (BD) was measured in situ by
making a 25 cm⁎25 cm⁎15 cm hole in the soil and measuring
soil mass and volume (Pla, 1983; Blake and Hartge, 1986). Soil
mass was measured after dried at 105 °C for 24 h. Volume was
measured by filing the whole, previously recover with plastic
film, with distilled water. From this information (water retention
capacity (WRC—33 kPa andWRC—1500 kPa) and bulk density
(BD)) available water capacity (AWC) was calculated for each
sample according to Eq. (2).

AWC ¼ WRC�33kPað Þ � WRC�1500kPað Þ½ �⁎BD⁎SD ð2Þ

where: AWC=available water capacity (kg water/kg soil);
WRC− 33 kPa =water retention capacity at −33 kPa (%)
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(field capacity); WRC−1500 kPa=water retention capacity at
−1500 kPa (%) (wilting point); BD=bulk density (kg soil/m3);
SD=soil depth (m).

The results were them referred to the total soil volume. For
this calculation the results observed by Fonseca (2006) related
to the water retention capacity of the different particle size of
these soils were taken into account. He found that the fraction
b2 mm retained most of water (85% on average at −33 kPa and
84% at −1500 kPa), which is in agreement with the results
obtained for stony soils by Cousin et al. (2003), who pointed out
that when hydraulic properties are neglected percolation can be
overestimated up to 15.8%. Saturated hydraulic conductivity
(Ks) was evaluated with a CSIRO disc permeameter for
saturated infiltration with a 25-cm-diameter base (Perroux and
White, 1998). A thin (5 mm) moist contact sand layer was
applied to the soil surface to cover exposed rock edges and to
provide a better surface contact. Ks was determined from
measured infiltration rates.

2.4. Statistics

A statistical analysis (mean tests and ANOVA analysis) was
performed in order to confirm significant differences. The least-
significant differences (LSD) option of the ANOVAwas used as
a test of significance of differences among means (significant
differences at 95% level were analysed). In addition, a
multivariate analysis (principal component and cluster analysis)
was made to analyse the relationship between the studied
variables and the changes caused by the mechanical operations.
The analysis was carried out using the STATGRAPHICS 5.1
software.

Both principal component analysis (PCA) and cluster
analysis (CA) are widely used in environmental studies for
classification, modelling and evaluation. Principal component
analysis (PCA) reduces the dimensionality by revealing several
underlying components, which are called principal components.
Each principal component (PC) is described in terms of p new
components (Fi), which are defined as a linear combination of
the original variables. The first component, associated with the
larger eigenvalue, accounts for the maximum of the total
variance; the second component is the second linear combina-
tion, uncorrelated with the first, which accounts for the
maximum of the residual variance, and so on until the total
variance is accounted. Usually, a small number of components
explain a high percentage of the total variance; that is, the data
set can be described in a smaller-dimensional space. In order to
facilitate the interpretation of each component, Varimax
Rotation was applied. The data were standardised to zero
mean and unit variance. A first principal component analysis of
all samples belonging to all land use treatments were performed,
in order to see if there were differences between land use
treatments. The factor scores of the retained PC were analysed.
From the observed results the samples were separated into two
data sets depending on the soil modification: terraced vineyards
(treatments TV+TVc) and old vineyard+abandoned areas with
natural vegetation (cultivated on the original hillsplope) (treat-
ments OV+AB).
For cluster analysis (CA), a hierarchical cluster technique
was used (Massart and Kaufman, 1983). The purpose of cluster
analysis (CA) is to place objects into groups in which the
objects show some similarity to each other. The dissimilarity
between them is a distance measure. The hierarchical cluster
technique uses a Euclidean distance metric to separate a set of
objects into groups according to chosen criteria. Among the
different methods, two aggregation criteria were used: the
group-average method and Ward's minimum variance method.
Both have been pointed out as methods that give good results
(Milligan, 1980).

The group-average method is a weighted method which
calculates the distance between two clusters as the arithmetic
average distance from observations in one cluster to observa-
tions in another cluster. This method tends to combine clusters
that have small variances and may produce clusters that have the
same variance. Ward's method calculates the distance between
two clusters as the sum of squares between the two clusters
added up over all the variables. At each generation, the within-
cluster sum of squares is minimised over all partitions
obtainable by merging two clusters from the previous
generation. This method tends to join clusters with a small
number of observations and is strongly biased towards
producing clusters with a similar number of observations.
This method attempts to minimize the Sum of Squares (SS) of
any two (hypothetical) clusters that can be formed at each step.
In general, this method is regarded as very efficient, but it tends
to create clusters of small size. In both cases the results were
presented by a dendogram, a two-dimensional figure that
represents the sequence and the distance at which the
observations are clustered.

The variables included in the analysis were the physical
characteristics of the soil analysed in each land use treatment:
proportion of water stable aggregates (WSA); water retention
capacity at −33 kPa (field capacity) (FC); water retention
capacity at −1500 kPa (wilting point) (WP); available water
capacity (AWC); saturated hydraulic conductivity (Ks); bulk
density (BD); organic matter content (OM); and particle size
distribution (proportion of clay, silt, sand and gravels). The
values used in this analysis were referred to total soil mass. The
hierarchical technique was carried out using standardised data
to zero mean and unit variance in two series: terraced vineyards
(treatmentsTV+TVc) and old vineyard+abandoned areas with
natural vegetation (treatments OV+AB). The average values of
each variable in each cluster as well as the characteristics of the
sampling points included in each of them were taken into
account to interpret the results.

3. Results and discussion

3.1. Changes in soil characteristics

The most remarkable characteristic of the analysed soils is
their high percentage of gravels (N2 mm), ranging from 46.9 to
85.6% in both traditional and new terraced plots, with mean
values ranging between 65.2% (CV=0.10) in traditional vine-
yards and 69.7% in terraced vineyards (CV=0.18) (Table 1).
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Different letters indicate significant differences at 95% level of
significance. No significant differences were observed between
the undisturbed plots (old vineyards and abandoned plots with
natural vegetation) and the disturbed plots (new terracing
systems). In spite of this, the gravels of 2–8 mm size were
significantly lower on the new terraced plots than on the old
vineyards and abandoned fields. This is due to the work carried
out to prepare the soil surface, which involved scratching and
extraction of rocky material. The percentage of gravels (N2 mm)
decreased from top to bottom in the undisturbed plots and in
those terraced vineyards in which the material was not crushed.
These results are in agreement with those observed by
Ampontuah et al. (2003) on arable hillslopes.

The soils are slightly acid, with pH values ranging between
4.4 and 7.6, being significantly lower in the old vineyards (4.6±
0.22, CV=0.048) than in the terraced plots (6.48±0.28,
CV = 0.043) or in the abandoned areas (6.61 ± 0.55,
CV=0.083). The lower pH in the old vineyards could be due
to the use of fertilisers or herbicides for a long time in those soils
which are usually not ploughed. However, in the new terraced
plots topsoil horizons come from deeper layers of abandoned
lands where these products had been not used for a long time.
This result is in agreement with that found by Sevink et al.
(1998) in a study carried out near to our study area. These
authors found differences between the soil surface (pH ranging
form 4.5 to 5) and the deeper layers (pH near 6). In our study
case, in the terraced vineyards the deeper layers are now on the
surface. The electrical conductivity (EC) ranged between 0.09
and 0.17 dS m−1 at 25 °C, without significant differences
between land use treatments (0.16, CV=0.5 in terraced soils
and 0.09, CV=0.33, in abandoned areas). The organic matter
Table 1
Mean values, standard deviation and coefficient of variation (CV) of soil particle dis
each land use treatment: new terraced vineyards (TV), new terraced vineyards with cr
with natural vegetation(AB), number of sampling points (n)

Land use
treatment
(n)

Texture (USDA)

Clay (%) Silt (%) Sand (%)
(CV) (CV) (CV)

Values in b2 mm soil mass
TV (12) 9.2±3.3a 16.8±3.8a 74.4±5.2a

(0.36) (0.23) (0.07)
TVc (12) 11.2±3.8a 18.9±3.5a 69.8±6.3a

(0.34) (0.09) (0.09)
OV (8) 9.0±3.4a 18.7±4.9a 72.3±5.6a

(0.38) (0.08) (0.09)
AB (6) 6.5±0.7a 23.1±2.5a 70.4±1.9a

(0.11) (0.03) (0.03)

Values referred to total soil mass
TV (12) 3.4±1.6a 5.52±2.3a 24.2±10.3a

(0.47) (0.42) (0.43)
TVc (12) 2.5±0.8a 5.86±2.4a 20.8±5.1a

(0.32) (0.41) (0.25)
OV (8) 3.4±0.7a 5.56±1.1a 25.8±6.9a

(0.21) (0.20) (0.27)
AB (6) 2.1±0.1a 7.59±1.6a 22.8±2.2a

(0.05) (0.21) (0.10)

Different letters indicate significant differences between land use treatment.
content (OM) was relatively low, with significantly lower
values on the terraced plots (0.17%, CV=0.47) than on the
traditional vineyard plots (0.43%, CV=0.30) and in the soils of
abandoned areas (0.48%, CV=0.61), as a consequence of the
levelling works.

Bulk density was very variable within each plot, ranging
between 1650±310 kg m−3 (CV=0.19) in the abandoned areas
and 1756±158 kg m−3 (CV=0.09) on the terraced plots
(Table 2). The small increase observed on the new terraced plots
could be due to compaction not only during the construction of
the terraces but also during mechanised tilling and other crop
labours. These results are also confirmed by other studies
carried out in other new terraced fields in the Priorat QDO
(Abreu, 2005). In the traditional vineyards the bulk density was
similar to that in the abandoned areas (1650 kg m−3).

The changes in structure and bulk density, together with the
low organic matter content of the soils after the terracing, have a
significant influence on some hydrological properties such as
the available water content (AWC), the hydraulic conductivity
(Ks) and the aggregate stability (WSA) (Table 2). Different
letters indicate significant differences at 95% level of
significance. Significant differences were observed between
Ks values of the abandoned areas (403 mm h−1, CV=0.24) or in
old vineyards 198 mm h−1, CV=0.44) and those observed in
the new terraced vineyards, being the last the lowest measured
values: 91 mm h−1 (CV=0.48) in those with crushed material
on top vs. 146 mm h−1 (CV=0.58) in those without crushed
material on top. These values as well as their high variability are
of the same order of magnitude to those found by other authors
in stony soils (Sauer and Logsdon, 2002), with high proportion
of gravels.
tribution, organic matter content (OM), pH and electrical conductivity (EC) for
ashed material on top of the surface (TVc), old vineyards (OV), abandoned areas

Gravels
(N2 mm)
(%)
(CV)

OM (%)
(CV)

pH
(CV)

EC (d Sm−1)
(CV)

67.8±12.6a 0.9±0.4a 6.0±0.7a 0.18±0.10a

(0.18) (0.44) (0.12) (0.56)
69.7±8.9a 0.6±0.5a 6.5±0.3a 0.16±0.08a

(0.12) (0.83) (0.05) (0.50)
65.2±6.8a 1.2±0.4b 5.3±1.2b 0.14±0.03a

(0.10) (0.33) (0.19) (0.21)
67.4±3.8a 1.8±1.1b 6.6±0.5a 0.09±0.03b

(0.05) (0.61) (0.08) (0.33)

67.8±12.6a 0.16±0.08a 6.0±0.7a 0.18±0.10a

(0.18) (0.50) (0.12) (0.56)
69.7±8.9a 0.18±0.13a 6.5±0.3a 0.16±0.08a

(0.12) (0.72) (0.05) (0.50)
65.2±6.8a 0.42±0.14b 5.3±1.2b 0.14±0.03a

(0.10) (0.33) (0.23) (0.21)
67.4±3.8a 0.57±0.30b 6.6±0.6a 0.09±0.03b

(0.05) (0.53) (0.09) (0.33)
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Table 2
Mean values, standard deviation and coefficient of variation (CV) of some soil properties: bulk density; saturated hydraulic conductivity (Ks), water retention capacity
at −33 kPa (FC) water retention capacity at −1500 kPa (WP); available water capacity (AWC) of soil surface; aggregate stability in b2 mm soil mass (WSA) of each
land use treatment-new terrace vineyards (TV), new terraced vineyards with crashed material on top of the surface (TVc), old vineyards (OV), abandoned areas with
natural vegetation (AB)-, number of sampling points (n)

Land use treatment (n) Bulk density
(kg m−3)

FC (%)
(CV)

WP (%)
(CV)

AWC (mm)
(CV)

WSA (%)
(CV)

Ks (mm h−1)
(CV)

Values in b2 mm soil mass
TV (12) 1640±160a 31.8±20.1a 17.9±1.3 44.5±26.2ab 64.4±13.0a 146.4±85.4ab

(0.10) (0.63) (0.07) (0.59) (0.20) (0.58)
TVc (12) 1756±160a 14.7±7.6b 7.2±1.5 26.4±4.0a 52.5±17.3ab 91.4±44.1a

(0.09) (0.52) (0.14) (0.15) (0.33) (0.48)
OV (8) 1660±150a 41.6±23.9a 18.3±1.8 78.8±33.9b 78.8±7.7b 198.3±88.1b

(0.09) (0.57) (0.10) (0.43) (0.10) (0.44)
AB (6) 1650±310a 30.4±21.4a 25.0±3.4 131.1±27.7c 73.6±12.5b 403.2±95.8c

(0.19) (0.70) (0.14) (0.21) (0.17) (0.24)

Values referred to total soil mass
TV (12) 1640±160a 13.9±8.6a 8.6±6.2a 17.2±7.5a 21.4±11.0a 146.4±85.4ab

(0.10) (0.62) (0.72) (0.44) (0.51) (0.58)
TVc (12) 1756±160a 6.2±1.3b 3.1±0.8b 10.97±2.5a 16.15±8.9ab 91.4±44.1a

(0.09) (0.21) (0.26) (0.23) (0.55) (0.48)
OV (8) 1660±150a 14.0±1.0ab 6.8±5.8b 22.8±18.3a 27.4±5.6ab 198.3±88.1b

(0.09) (0.07) (0.85) (0.80) (0.24) (0.44)
AB (6) 1650±310a 28.0±1.70c 11.3±1.0b 57.7±14.0a 23.9±4.5b 403.2±95.8c

(0.19) (0.06) (0.09) (0.24) (0.19) (0.24)

Different letters indicate significant differences between land use treatment.
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Available water capacity (AWC) was also significantly
reduced in the new situations: 17.2 mm (CV=0.44) in terraced
vineyards and 10.9 mm (CV=0.23) in terraced vineyards with
crushed material vs. 22.8 mm (CV=0.80) and 57.7 mm
(CV=0.24) in the old vineyards and abandoned areas.
According to those figures and the critical values established
for soils with a xeric regime (Porta et al., 1999), the AWC of
terraced soils can be classified as very low (b64 mm), which
forces the new management systems to have support irrigation.
In the study area, water infiltration rates are very high (Abreu,
2005), even in the step slope areas. The presence of rock
fragments on the soil surface prevents from sealing and, as in
most cases these steep slopes are not ploughed, the porosity is
maintained, which favours water infiltration. However, in the
disturbed soils, the removal of rock fragments leads to a
decrease in infiltration because part of the porosity has
disappeared and the soil surface has less protection.

However, water retention capacity is really low. The
volumetric percentage of the rock fragments in the soil usually
has a negative influence on the AWC. For soils developed on
schist, Hanson and Blevins (1979) pointed out that the available
water for plants not always decreases when the percentage of
rock fragments increases, which was not observed in the study
case. However, other factors such as the size and the position of
the rock fragments, on the surface or inside the soil profile has a
large influence on the total water (Poesen and Lavee, 1994). In
the study case, although most of water infiltrate and water losses
by runoff are very low the available water content is scarce, and
in the cases in which the topsoil material was crushed,
decreasing the rock fragments size, water retention did not
increase. AWC and also hydraulic conductivity decreased,
mainly due to the alteration of the soil porosity and the soil
particle distribution within the soils. The alterations on AWC
may imply stress conditions for plants during long dry periods,
in particular in the seasons were rainfalls is scarce and water
needs are higher (late spring and summer).

Proportions of water stable aggregates were lower in the
terraced plots (WSA value of 64.4%, CV=0.20 and 52.5%,
CV=0.33 in the uncrushed and crushed new vineyard topsoils,
respectively) than in the old vineyard topsoils and the topsoils
developed on abandoned areas with natural vegetation (WSA
values of 73.6%, CV=0.17 and 78.7%, CV=0.1, respectively)
Significant differences at 95% level were confirmed when the
b2 mm soil mass was considered. However, if the data were
referred to total soil mass the differences were only significant
between terraced soils with crushed material on the top (mean
WSA=16.1%) and in the traditional vineyards (mean
WSA=27.3%). The other two land use treatments gave
intermediate values: 21.3% in terraces soil and 23.9% in the
forest or the abandoned fields (Table 2). Despite the low organic
matter content in the analysed soils, a significant correlation was
observed between WSA and OM. This result is in agreement
with that found by different authors in various soils types and
managements (Tisdall and Oades, 1982; Chaney and Swift,
1984; Elwell, 1986; Bartoli et al., 1988; Dutartre et al., 1993),
who showed a strong association between organic C and water
stable aggregates. Nevertheless, water stable aggregates in the
study soils are very low when they are referred to total soil
mass, although the observed values in b2 mm soil mass may
classify the soils of moderate stability.

On the other hand, other authors indicated the relationship
between the organic matter content and some physical soil
properties, such as soil porosity, structure and water-holding
capacity (Tisdall and Oades, 1982; Diaz et al., 1994; León-



Table 3
Varimax rotated principal component loading (PCi) for the three first
components (old vineyards+abandoned areas-undisturbed soils)

PC 1 PC 2 PC 3 Estimated
communality

Fig. 3. Differences between land use treatments according to the factor scores of
the principal component analysis of all soil samples. The first four PC,
representing 86% of total variance were retained (terraced vineyards (TV),
terraced vineyards with crushed material on top of the surface (TVc), old
vineyards (OV) and abandoned areas with natural vegetation (AB).
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González et al., 2000; Ouédraogo et al., 2001; Nyamangara
et al., 2001), as well as biological activity (Carpenter-Boggs
et al., 2000). In our study, the changes observed in hydraulic
conductivity and available water capacity cannot be explained
only by the observed changes in texture and organic matter.
Although the increase in the fine silt fraction could help to seal
the soils, the interpretation should include additional informa-
tion about the changes in the pore redistribution and the break of
the natural water circulation channels in the soil profile.

3.2. Relationship between variables under different land use
treatments: multivariate analysis

3.2.1. Principal component analysis
The principal component analysis of all topsoil samples

allowed the similarity between the soil samples belonging to
different land use treatments to be known (Fig. 2). A clear
difference between the samples belonging to the abandoned
areas and most of samples belonging to the traditional vineyards
was observed, being the rest of samples related to terraced
vineyards highly correlated (without differences between soil
surface crushed and uncrushed). Using the factor scores
obtained in this PC analysis for the four first principal
components, which represented 86.5% of the total variance,
significant differences were observed between terraced soil and
the rest of samples (Fig. 3). Due to the lack of significant
differences between crushed and uncrushed terraced vineyard
soils and between old vineyards and abandoned areas, two
groups were considered in the following analysis: terraced
vineyards (after land levelling and terracing operations:
disturbed) and old vineyards+ abandoned areas (without
previous land levelling or soil alteration works: undisturbed).
Principal component analysis of the variables of both series
shows the relationship between them in each land use treatment.

For the undisturbed areas, three components were retained
with eigenvalues higher than one (Kaiser's rule; Kaiser and
Rice, 1974), explaining 78.8% of total variance. The commu-
nality of all variables was higher than 0.5. Loading factors after
varimax rotation and the eigenvalues are shown in Table 3. The
first principal component, which represented 46.81% of the
Fig. 2. Dispersion diagram of soil samples after PCA analysis of all topsoil soil
samples: ⁎ terraced vineyards;♦ terraced vineyards with crushed material on top
of the surface; ▲ old vineyard plot; ◇: abandoned area.
total variance, showed high values for the variables related to
water retention capacity and hydraulic conductivity (FC, WP,
AWC, Ks), which were positively correlated with the proportion
of silt content and negatively correlated with the proportion of
clay content. The second principal component, with 21.17% of
total variance, showed high loading values of the parameters
related to water aggregate stability and organic matter content,
which were negatively correlated with bulk density.

The third component was associated with the proportion of
sand in the soil. Fig. 4 shows the projection of components 1
and 2 for the undisturbed areas. If the number of principal
components were increased up to four, the bulk density would
change from PC1 to PC2, but the relationship between OM and
WSA were lost, appearing the OM in a separate cluster.

For new mechanised terraced vineyards, following Kaiser's
rule (Kaiser and Rice, 1974), three principal components which
explain 73.7% of the total variance were retained.
AWC 0.956201 −0.0962936 0.0183493 0.92393
WP 0.778532 0.266859 −0.204359 0.979139
FC 0.957782 0.233773 −0.198279 0.719089
Clay −0.927319 −0.198279 0.165086 0.926489
Silt 0.827418 −0.124595 0.127722 0.716457
Sand −0.0524379 0.0386224 0.937068 0.882339
WSA −0.0081158 0.825064 0.0283844 0.681602
Ks 0.660934 −0.0355872 −0.495617 0.683737
OM 0.0735394 0.754417 −0.012829 0.574718
BulkDens −0.109143 −0.887234 −0.027368 0.799845
Eigenvalue 4.68122 2.11678 1.08934
% total variance 46.812 21.168 10.893
%cum. Variance 46.812 67.980 78.87

AWC: available water content; FC: water retention at −33 kPa; WP: water
retention at −1500 kPa; Ks: saturated hydraulic conductivity; WSA: proportion
of water stable aggregates; OM: organic matter content; BulkDens: bulk density;
Clay; proportion of clay; Silt: proportion of silt; Sand: proportion of sand (all
values are referred to total soil mass).
Loading factors higher than 0.5 (absolute value) are shown in bold.



Fig. 5. Varimax rotated principal component loadings: PC loading 2 vs. PC
loading 1 (for terraced vineyards-disturbed soils).

Fig. 4. Varimax rotated principal component loadings: PC loading 2 vs. PC
loading 1 (for old vineyards+abandoned areas with natural vegetation).
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Loading factors after varimax rotation and the eigenvalues
are shown in Table 4. The first component, explaining 38.9% of
total variance, showed high loading values for the variables
associated with water retention capacity (WRC, FC and WP)
which were negatively correlated with bulk density. The second
component, which accounted for 24.03% of total variance, was
associated with soil particle distribution (clay, silt and sand
content). The third component accounted for 10.73% of total
variance and showed high loading values for WSA, OM and Ks.
Fig. 5 shows the projection of components 1 and 2. In this case
the relationship between Ks and the variable related to water
retention was lost, and WSA loading was lower than in the
undisturbed soils.

The main differences between the two land use treatments
are the lack of correlation between Ks and the variables related
to water retention capacity in the terraced soils, which appear
now in the component associated with aggregate stability, and
the lack of correlation between these properties and the soil
particle distribution. It is clear that the huge disturbance of the
Table 4
Varimax rotated principal component loading (PCi) for the four first components
(terraced vineyards-disturbed soils)

PC 1 PC 2 PC 3 Estimated
communality

AWC 0.83759 −0.067311 0.186552 0.907907
FC 0.94510 0.145188 0.220059 0.962725
WP 0.93981 0.0610936 0.239004 0.944103
Ks 0.37590 −0241076 0.639652 0.608576
Clay −0.45955 0.67673 0.336718 0.782536
Silt 0.06573 0.939699 0.13229 0.904821
Sand 0.183804 0.805321 −0.103026 0.692940
WSA 0.388237 0.351731 0.518994 0.543798
OM 0.187588 0.134453 0.727003 0.546959
BulkDens −0.63791 −0.86216 0.061334 0.57665
Eigenvalue 3.89208 2.4027 1.07623
% total variance 38.921 24.027 10.762
% cum. variance 38.921 62.948 73.710

AWC: available water content; FC: water retention at −33 kPa; WP: water
retention at −1500 kPa; Ks: saturated hydraulic conductivity; WSA: proportion
of water stable aggregates; OM: organic matter content; BulkDens: bulk density;
Clay; proportion of clay; Silt: proportion of silt; Sand: proportion of sand
(all values are referred to total soil mass).
Loading factors higher than 0.5 (absolute value) are shown in bold.
terrain for terrace construction and soil preparation is affecting
typical relationships such as those existing between organic
matter content and water stable aggregates and between
different soil properties related to water infiltration and storage.
In order to clarify the relationships between the analysed
variables, a cluster analysis was performed using the same
series.

3.2.2. Cluster analysis
The graphical representations of the results (dendograms)

obtained with the group-average method andWard's method are
presented in Figs. 6 and 7 for both undisturbed and disturbed
soils. Ward's method allows higher discrimination between
groups.

For the undisturbed plots, three clusters could be considered
according with both Ward's method and the group-average
method (Fig. 6). Both methods give similar results: one cluster
grouping WSA and OM, other cluster grouping AWC, WP, FC,
Ks and silt, which are in agreement with the relationship
observed by the principal component analysis; and a third
cluster including bulk density, clay and sand content, which are
linked at higher distance than the variables included in the other
two clusters. Bulk density and clay content, which appeared
negatively correlated in the two first principal components, are
now included in a separate group linked to the sand content.

When the same variables were analysed for the terraced
vineyards (disturbed soils), cluster analysis with both methods
showed a different number of clusters (Fig. 7). While according
with Ward's method the analysed variables were clustered into
three groups, with the group-average method four clusters
should be considered, due to the large distances at which some
variables are linked to the nearest cluster. According to Ward's
method, there was one cluster in which a high correlation
between variables was observed. This cluster grouped the
variables related to water retention capacity (AWC, FC, and
WP). A second cluster included Ks, WSA and OM. The third
group included bulk density and clay content linked at higher
distances with silt and sand content. However, using the group-
average method, although AWC, FC, and WP were highly
correlated, there was no clear separation between these
variables and those included in the second group of Ward's



Fig. 7. Dendograms (Ward's method and average) for the terraced vineyards
(disturbed soils).

Fig. 6. Dendograms (Ward's method and average method) for the old vineyard+
abandoned areas (undisturbed soils).
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method, being Ks and WSA linked within this cluster at higher
distances. A second cluster grouping the Clay, Silt and Sand
fractions is observed. In addition, OM and Bulk density are
separated into two clusters. These instabilities are in agreement
with the results observed in the PC analysis, in which the
increase from three to four PC separated OM in a new PC.
However, while in the PC analysis with four PC retained there
was difficult to explain the PC including high loading factors for
WSA and Bulk density, the variable separation is now clearer.
As it was argued before, the low organic matter content
observed in terraced soils after removing the top horizon for
terrace construction and the higher variability in the values of
these properties recorded in these situations are probably the
cause of these instabilities.

The combination of the different multivariate analysis
techniques applied to the variables measured in different land
use treatments (new terraced vineyards and traditional vine-
yards planted on steep slopes+abandoned areas, also without
terraces) confirmed some changes in the relationship between
variables. A strong correlation was observed in both cases
between water retention capacity at both potentials and the
available water capacity, but while on the undisturbed plots
these variables were correlated with hydraulic conductivity, this
was not the case in the new terraced vineyards after all
multivariate analysis. In addition, the analysis confirmed that
the correlation observed between aggregate stability and
organic matter on the undisturbed plots disappeared on the
new terraced plots due the levelling works. Instead, water stable
aggregates and hydraulic conductivity seemed to show some
correlation, but it was not well correlated with the organic
matter content, although this correlation changes from one
multivariate method to another.

Regarding the comparison of the different analysis
techniques used to classify the variables, it is clear that it
could be useful to use more than one method in order to extract
as much information as possible. Using hierarchical clustering
has the advantage of representing graphically the clustering
procedure with the dendogram, which shows the combination
of the variables that form the clusters and the number of
clusters to be retained. It could always be useful to analyse and
interpret different solutions for a different number of clusters
or different numbers of components to be retained. The
identification of the number of groups of variables or
observations is a common problem in multivariate techniques,
and it is not always satisfactorily solved using statistics
(Heidam, 1982), especially in cluster techniques (Hartigan,
1985). Within the hierarchical technique, Ward's method
allowed for a better interpretation of the results. However, the
separation of some variables into specific clusters given by the
group-average method implies the need to consider a higher
number of clusters to give an interpretable solution, which in
addition inform about instabilities in the relationship between
variables.
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4. Conclusions

Land transformations carried out in the Priorat area during the
last few decades are modifying not only the landscape but also
soil physical and hydrological properties, decreasing water
availability to plants and saturated hydraulic conductivity. A
significant reduction of up to 45% in the hydraulic conductivity
and available water capacity occurs in the transformed plots. The
OM content is also up to 50% lower than in undisturbed plots.

The application of the two multivariate techniques (principal
component analysis and hierarchical clustering) and the different
aggregation methods did not give exactly the same classification.
Ward's method allowed a consistent classification with principal
component analysis. Nevertheless, it is very useful to use more
than one aggregation method, not only to confirm the number of
clusters to be retained, but also to identify groups that could be lost
if only one were used. A strong correlation was observed in both
cases between water retention capacity at both potentials and the
available water capacity, but while on the undisturbed plots these
variables were correlated with hydraulic conductivity, this
relationship was not observed in the new mechanised terraced
vineyards. In addition, the strong correlation observed between
aggregate stability and organic matter in the undisturbed plots is
not clear on the new terraced plots. Instead, water stable
aggregates and hydraulic conductivity seemed to show some
correlation, but were not well correlated with the organic matter
content. These facts confirm the changes taking place within the
different land use scenarios analysed in relation to their physical
and hydrologic soil properties.
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