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Abstract
This study evaluated the most significant physical, chemical and biological soil properties from a group of organic olive
farms located in a typical olive-growing area of Andalusia, Spain, after 5 or more years since the shift from conventional
to organic farming, and compared soils with those in nearby undisturbed (U) natural areas. Two soil management
systems implemented in these organic olive farms to control weeds, tillage (T), characterized by non-inverting-shallow
tillage in spring, and mechanical mowing (M), were compared and evaluated against the U areas. Organic olive orchards
showed similar productivity (average fruit yield of 3130kgha−1yr−1) as the conventional, rain-fed olive groves in the
same area, with no significant differences due to soil management systems. Soil properties in the olive orchards (i.e.
texture, pH, organic carbon (C), organic nitrogen (N), C:N ratio, cation exchange capacity (CEC) and exchangeable
potassium) were in the suitable range for olive farming in both soil managements, although organic C and N, saturated
hydraulic conductivity and available water-holding capacity (AWC) of the soil were lower than in the U areas. A
principal component analysis (PCA) for soil properties in topsoil (0–10cm depth) distinguished the T from M olive
orchards and U areas, and determined organic C and N as the most significant soil properties to characterize
them. Average values of soil organic carbon (SOC) stocks for the surface layer (0–10cm depth) were 18.6, 59.3 and
67.8Mgha−1, for T and M soil management systems and U areas, respectively. This indicates that the sustainability of
organic olive orchards could be significantly improved by shifting to M soil management to decrease soil erosion and
depletion of SOC.
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Introduction

Andalusia, the southernmost region of Spain, is the main
olive-growing area in the world, producing more than
one-third of the world’s olive oil1,2. Olive groves dominate
the landscape of Andalusia on approximately 1.5 million-
ha or 17% of the total surface area of the region. Despite a
recent trend toward new intensive olive groves in valley
areas, almost half of the olive farms are located on
slopes steeper than 15% and 80%of the olive grove acreage
is rain-fed1,3. Traditional olive orchard management is
based on low tree densities (<140treesha−1)3, tree crown
size is controlled by pruning, and weed control through
repeated tillage and/or herbicide use, in order to
sustain production in areas where rainfall is limited
and highly variable from year to year. The combination
of aMediterranean-type climate with periodical torrential

rainstorms, sloping areas and management practices that
fail to provide ground cover year-round, is associated with
severe problems of soil erosion in many olive-farming
areas of Andalusia, accompanied by soil fertility
depletion, biodiversity loss and environmental degra-
dation4,5.
In the past decade, a growing number of olive farmers

in Andalusia have shifted from conventional to organic
farming. In 2011, there were over 56,000ha of organic
olive groves1, with 40% located in the province of
Córdoba. This shift to organic olive production in
Andalusia has accelerated the adoption of sustainable
management practices aimed at soil conservation, in
addition to the prohibition of synthetic fertilizers and
pesticides. Milgroom et al.6 reported that the shift to
organic olive production in the province of Córdoba
was accompanied by a reduction in tillage and an increase
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in grazing livestock or mechanical mowing to control
weeds, which decreased the risk of soil erosion, based on a
visual assessment of erosion6,7. However, little is known
about the effects of shifting from conventional to organic
farming on soil properties based on different soil manage-
ment practices in olive orchards of Andalusia, where
organic farming was officially regulated in 1991. Álvarez
et al.8 showed that organic olive orchards in a mountai-
nous area in the north of Córdoba had soil properties
(i.e., bulk density, macroaggregate stability, saturated
hydraulic conductivity, phosphorus (P), potassium (K),
cation exchange capacity (CEC), soil respiration and
bacterial population) similar to those in natural adjacent
areas, although generally lower in the tilled than in the
grazed organic olive groves, but organic carbon (C) and
nitrogen (N) tended to be higher in natural areas than in
organic olive groves. However, these olive groves were in
mountainous areas characterized by steep slopes and low
productivity, where farmers have traditionally employed
very low-intensity management systems6,8.
In Andalusia, where olive tree cultivation is of great

socio-economic importance, the most representative olive
groves occupy about three-quarters of the total olive-
grove area, and are located on hills and rolling plains with
level to moderate slopes (below 20%)3. In these intensified,
traditional rain-fed olive groves, farmers typically manage
weeds throughout the year through repeated tillage and/or
herbicide application with the primary goal of reducing
weed competition for scarce water resources. In Campiña
(natural region, in the southern part of Córdoba province,
characterized by a rolling landscape), the shift to organic
olive production has resulted in a decrease in tillage intensity
without herbicides, and in an increase in mechanical
mowing to control weeds6. The objective of this study was
to evaluate soil properties in organic olive groves under
different soil management systems in Campiña, more than
5 years after conversion from conventional to organic
farming, comparing them with soil properties in nearby
undisturbed areas with natural vegetation.

Materials and Methods

Study site and organic olive farm
characteristics

The study area was located in Campiña, south Córdoba,
(between 37.75°−37.20°N and 4.67°−4.17°W). The
climate in the area is typically Mediterranean, with an
average annual rainfall of around 560mm, concentrated
between November and April, an average mean annual
temperature of 16°C, and an average annual reference
evapotranspiration (ETo) of 1250mm. Elevation in the
study area ranges from 230 to 593m.
Twenty rain-fed organic olive farms were selected

in Campiña for the study. Organic olive farms were
characterized based on the number of years since the
farms were certified as organic. The main soil types on

the farms were Calcaric Regosol and Calcic Cambisol9.
Two soil management systems to control weeds were
identified: tillage (T) and mechanical mowing (M). Five
olive farms were selected for each soil management system
in each soil type. Additional conditions for a farm to be
selected included at least three decades of olive production
and use of their current soil management system for at
least the five preceding years. Information about organic
olive farms was collected from the Andalusian Committee
of Ecological Agriculture (CAAE; a control, certification
and training organization) database. Six undisturbed (U)
areas with natural vegetation typical of theMediterranean
maquis (i.e., sclerophyll and aromatic perennial shrubs)
were selected to serve as benchmark soils for U areas. U
areas are not frequent in the study area; so three U areas
adjacent to the olive groves were selected in each of the
two soil types.
Each farmer was interviewed for a complete description

of their olive-farming practices and fruit yields over the
past 3 years. Soil management prior to organic mana-
gement was bare soil, controlling weeds by tillage and/or
spraying with herbicides. The T system, defined as non-
inverting-shallow T, consisted of three passes of a chisel-
plough and/or cultivator (10–20cm depth) in the spring,
after rainfall events andweed growth; and usually one pass
of a tine-harrow in the summer.Weedmanagement with a
mechanical mower (usually a reel mower) was performed
one to three times a year during the spring, depending on
weed growth. Therefore, the cover remained during the
winter. Fertilization of olive orchards was similar regard-
less of the soil management system, providing generally
3–4kg of organic fertilizer (14.3% N, 0.65% P and 4.41%
K; N-plus, Nitrorganic S.L., Cabra, Spain) per tree per
year. In general, olive pruningwas completed every 2 years
and the pruning residues were chopped and incorporated
into the soil (*1.2Mgha−1). Pruning consisted of
thinning of branches using hand tools to improve lighting
inside the tree, and the shortening of the upper branches.

Field measurements, soil sampling and
analysis

Fieldwork was conducted in late spring 2006. On each
farm, a sampling area, considered representative of the
olive orchard, was selected. Within each sampling area,
olive tree planting density was determined by measuring
tree distances (between and inside rows). Olive tree crown
volume was determined by measuring the crown major
axes in five representative olive trees, and calculated
assuming an ellipsoidal shape. Tree crown cover was
calculated as the product of the mean horizontal crown
area and olive tree density. A representative sampling area
was also selected in each natural area.
Soil sampling and measurements were carried out

outside the canopy of the tree. Slope was measured at
five random points with a pocket inclinometer. Vegetative
and stone ground covers were measured by the visual
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method of Herweg10 in ten random areas (0.5m×0.5m
each).Water infiltration rate wasmeasured at five random
points using single rings (21.5cm diameter) inserted 5cm
into the ground, in tests lasting 1.8h with constant water
depth of 4cm. Field-saturated hydraulic conductivity
(Ks) was calculated from the data obtained in the water
infiltration rate tests11. Soil bulk density was measured
at eight random points using a cylindrical core sampler
(5.0cm diameter, 5.0cm high) at two soil depths (0–10 and
10–20cm).
Soil samples for laboratory analyses were collected at

five random points in each sampling area, at two soil
depths (0–10 and 10–20cm) (Table 1). Soil structure was
determined visually24 in each of the two soil depths. Soil
samples were air-dried, and passed through a 2-mm sieve
before chemical and physical analyses. Samples for the
determination of soil biological properties were collected
at five random points (0–10cm depth) in all sampling
areas during the same day, July 12, 2006; soil was sieved
through a 2-mm screen, and refrigerated at −20°C within
24h of the sampling.

Energy consumption

Energy consumption in mechanical operations (non-
inverting-shallow T or mechanical M) for weed control
included energy consumption of machinery and im-
plements (tractor and cultivator/chisel-plough or mech-
anical mower) and human labor. Basic data for
calculating the energy consumption of machinery and
implements were obtained from Guzmán and Alonso25.
The diesel fuel energy (content plus industrial manufac-
ture) was 43.33MJl−1, and estimated average of diesel
fuel consumption for tractor was 0.15 lkW-h−1.
With regard to human labor, a value of 2.2MJh−1 was
used25,26. Thus, the total energy requirements were
approximately 644MJh−1 for both weed control strat-
egies (tractor 4×4, 90kW; and mechanical mower or
cultivator of similar weight, 700kg, and hours of useful
life, 2500h)25, of which 91% (585MJh−1) was attribu-
table to diesel fuel consumption. Although the total time
required for each weeding operation was variable,
depending on the specific tractor and farm implements

Table 1. Soil physical, chemical and biological properties analyzed, and analytical methods used.

Parameters Method

Laboratory analysis
Particle size distribution (%)1 Hydrometer method12

WS aggregates (gkg−1)2 Protocols of Barthès and Roose13

Organic C (gkg−1) Walkley–Black method14

Organic N (gkg−1) Kjeldahl method15

Extractable P (mgkg−1) Olsen method16

Exchangeable K (mgkg−1) Ammonium acetate method17

CEC (cmolkg−1) Ammonium replacement method18

pH (H2O) 1:2.5 suspension in water
pH (KCl) 1:2.5 suspension in KCl
Soil microbial respiration (mg CO2 kg

−1day−1)3 OxiTop control method19

Bacterial population (cfug−1)4 Plate dilution method
Soil microbial functional diversity (H′)5,6 Biolog-GN2 MicroPlate system20

Calculated parameters
Kerod

7 (t h (MJ mm)−1) Renard et al.21

AWC8 (mm−1) Difference in SWC9 at −33 and −1500 kPa
C:N ratio Ratio organic C to organic N
SOC10 (kg organic C m−2) Calculated from soil organic C content

1 Coarse sand (2.0–0.1mm) and fine sand (0.1–0.05mm) were separated by wet sieving.
2 Water-stable aggregates separated into WS-microaggregates (<0.02mm), WS-mesoaggregates (0.02–0.2mm) and
WS-macroaggregates (>0.2mm) on a basis free of coarse sand (>0.25mm).
3 100g of soil (dry weight) moistened to 50% of soil water-holding capacity and 50-ml beaker filled with a 1M NaOH solution in
an incubation cabinet (WTW, Weilheim, Germany) at darkness and 20°C for 1 day.
4 Suspension of 5g soil in 50ml of 0.85% w/v NaCl solution, shaken for 60min, centrifuged at 150g for 3min, diluted from 10−1

to 10−4, and inoculated in duplicate using 0.1ml onto nutrient agar (Difco, Detroit, MI, USA) plates; viable bacterial colonies
(colony-forming units, cfu) were counted after 4 days, incubation at 22–24°C.
5 Calculated using the Shannon diversity index (H′)22.
6 Biolog GN2 MicroPlate system (Biolog Inc., Hayward, CA), containing a water-blank well and 95 different C sources for
identification of aerobic Gram-negative bacteria; each of 96 wells of microplates inoculated with 120μl suspension of 2ml from
1:10 dilution (5g soil in 50ml of 0.85% w/v NaCl solution) in 18ml of 0.85% NaCl solution, and incubated at 25°C; colour
development measured every 12h up to 312h by reading absorbance at 595nm.
7 Soil erodibility estimated from field measurements and soil analysis.
8 Available water-holding capacity of the soil.
9 Soil water content, estimated using particle size distribution, bulk density, stone volume, organic C and CEC measurements23.
10 Organic C stocks in any soil layer taking into account bulk density and stone volume.
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used and soil conditions (e.g., slope, stoniness), in organic
olive farms in this study it reached 2hha−1 for the most
unfavorable conditions (i.e., 1.29GJha−1 of energy
consumption).

Statistical analyses

Separate one-way analyses of variance (ANOVA) of soil
properties were performed for each soil depth, with soil
management system and soil type as factors. To satisfy
ANOVA assumptions, field-saturated hydraulic conduc-
tivity and bacterial population data were log-transformed
by log(x+1) and log(x), respectively, before analysis27.
Statistical results (P values) relate to transformed data.
To investigate the effects of soil management system

and soil type on soil properties at farm level, a standard-
ized principal component analysis (PCA)28, based on a
correlation matrix, was performed for the topsoil layer
(0–10cm depth), using untransformed data. Soil type and
management system effects on specific soil properties were
assessed using standardized scores of the most significant
principal components (PCs) for each individual olive
orchard and U area.

Results

Olive orchard characteristics

The organic olive orchards evaluated averaged 3130kg
ha−1yr−1 in olive fruit yield for 2003–05, with no sig-
nificant differences due to soil management system
(Table 2), although the relatively high farm-to-farm
variability in yield suggests that in order to detect possible
differences at the level of the values observed, a larger
sample, if possible, should be included in future studies.
The average yield was similar to the average value for
rain-fed olive groves in the study area (3211kgha−1yr−1

for 2003–05)1. Tree density was relatively low (average of
106 treesha−1), similar to that in the traditional rain-fed
olive groves in the study area (112 treesha−1)3; however,
the trees have two or three trunks, forming relatively large
canopies (average crown volume of 66m3tree−1), which
covered 25% of the ground (Table 2). Exposed stones
covered 11% of ground surface. The vegetative ground
cover in late spring was 61% in the mowed orchards, as in
U areas, compared with 9% in tilled orchards (Table 2).

Soil properties

There were no differences for any of the soil physical and
chemical properties analyzed (Table 3) in the soil surface
(0–10cm depth) between the two soil types (P>0.1;
Table 3). In the soil sub-surface (10–20cm depth), similar
results were obtained (Table 4). A comparison of values
between surface and sub-surface values showed a decrease
in available water-holding capacity (AWC) of the soil,
organic C content and soil organic carbon (SOC) stocks,
nutrient content (N, P and K) and C:N ratio, and an

increase in bulk density, affected by soil management, and
pHw, with depth. Soil structure was generally blocky, at
both soil depths, and showed a characteristic cracking due
to the presence of expansible clay minerals (smectite)
typical of soils in Campiña29. Soil texture ranged from
loam to clay, with a predominance of clay-loam (USDA
classification30), with the sampled areas displaying no
differences in particle-size fractions between the two soil
depths.
Bulk density values were significantly lower in the

surface layer of tilled orchards. The mowed olive orchards
were significantlymore compacted than the tilled orchards
or the U areas at the two soil depths (Tables 3 and 4). The
water-stable (WS) macroaggregate values were high, with
a trend towards higher values in the U areas. This high
stability of the WS-macroaggregates, and the developed
soil structure observed in the field, are correlated with the
high values ofKs for these soil textures

23, whichweremuch
higher in the U areas compared with the olive orchards.
AWC was higher in the U areas (at both soil depths) with
similar values between the T and M orchards. Olive
orchards had an AWC average value (0–20cm depth) of
0.18 and 0.17mm−1 for T and M soil management,
respectively, while U areas showed higher values of
0.23mm−1 (Tables 3 and 4).
Organic C content in soil was clearly affected by the soil

management system. Average organic C contents in the
olive orchards were 19 and 39gkg−1 in the top 10cm of
soil, and 10 and 12gkg−1 in the sub-surface layer, for T
and M soil management, respectively, which were lower
values than those measured in the U areas (62 and
31gkg−1, in surface and sub-surface layer, respectively).
As a result, the average values of SOC stock in the top
20cm of soil were 31 and 74% of that in the U areas for

Table 2. Characteristics of the organic olive orchards studied, as
per soil-management system (mean values±standard error).

Organic olive orchard
characteristics

Soil-management
system

ANOVA
P-valueTillage Mowing

Farm area (ha) 12.4±3.1 11.4±2.5 0.787
Olive fruit yield
(kgha−1 yr−1)1

3354±719 2906±370 0.586

Olive tree density
(treeha−1)

99±10 113±16 0.492

Tree crown cover (%) 27.4±2.3 22.1±2.8 0.158
Tree crown volume
(m3 tree−1)

69.8±6.9 61.9±14.5 0.631

Slope steepness (%) 21.0±1.9 18.4±1.2 0.257
Vegetative ground
cover (%)2

9±2 61±4 0.000

Stone ground
cover (%)

11±5 11±1 0.948

1 Average, years 2003–05.
2 Measured in spring.
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T and M olive orchards, respectively (Tables 3 and 4).
Nevertheless, values of organic C content in T orchards
were in the upper range of the values reported for rain-
fed agricultural soils in the same study area29 and for
traditional olive groves in the region31. Organic N content
in soil followed a similar pattern to that of organic C
(Tables 3 and 4). Organic N content in soils in olive
orchards was in the medium range of values rec-
ommended for olive cultivation32. The C:N ratio was
within normal values (9–12) for agricultural soils33, with
no differences between soil management systems. There
were no differences in extractable P and exchangeable
K content among the U, M and T areas. Extractable
P content was lower than recommended values for
olive cultivation in soils of a similar texture32,34, while
exchangeable K content was within recommended values
for olive farming in soils with high clay content32,34. CEC
values were in the adequate range for agricultural soils
with high clay content34, with U areas having higher
values (Tables 3 and 4).
Biological activity (microbial respiration and bacterial

populations) were higher in the M orchards compared
with the T orchards and U areas (Table 5). This could be
influenced by the mowing operations in M orchards,
carried out 6–7weeks before sampling, and by subsequent
decomposition of weed residues, left on the soil surface,
by soil micro-organisms. Soil microbial respiration and
bacterial populations were linearly correlated (P<0.001).

Functional microbial diversity values (Shannon index, H′)
ranged from a maximum of 4.42 to a minimum of 4.02,
with no differences due to soil management (Table 5).
Results (eigenvalues) from the PCA showed that the

first two PCs explained over 50% of the variance of
total data set (PC1: 28.1%; PC2: 22.7%) (Fig. 1). The first
PC (PC1) separated T from M orchards and U areas
(ANOVA P-value <0.005), (U=M>T), and was com-
posed of soil chemical properties (organic C and N
contents, and SOC stock; Tables 3 and 6), which were
affected by the soil management system. This separation
at the farm level reflects differences in soil properties
related to SOC stock, which had higher loads in PC1
(Table 6). These values tended to be higher in the U areas,
and lowest in the T orchards (Table 3). However, there
was a relatively high variability from farm to farm within
the same soil management system, probably reflecting
specific farm conditions such as differences in topo-
graphy, soil management and farming practices or
previous management history in that particular farm.
There were no significant soil type effects on PC1 scores.
PC2 included soil properties that related to soil parent
materials (i.e., sand content and associated AWC, pHKCl

and CEC; Table 6) and was also affected by soil
management (Table 3). PC2 scores showed significant
differences (P<0.005) between farms due to soil manage-
ment system (U=T>M; Fig. 1), reflecting management
system effects on some physical and chemical soil

Table 3. Physical and chemical soil surface properties (0–10cm depth) in organic olive orchards under current soil management
systems and in U areas in Campiña (southern Córdoba), (mean values±standard error for the two soil types combined). Different
letters within a row indicate significant differences (Fisher’s LSD test; P<0.05).

Parameters

ANOVA P-value1 Soil management system

Soil Manag. Tillage Mowing Undisturbed

Physical parameters
Bulk density (gcm−3) 0.412 0.000 0.99±0.03 c 1.52±0.04 a 1.10±0.03 b
Clay (%) 0.236 0.641 35.9±4.1 a 33.5±2.2 a 31.4±1.6 a
Sand (%) 0.570 0.109 16.5±2.4 b 25.1±3.2 a 20.8±3.3 ab
Fine sand (%) 0.658 0.318 3.8±0.3 a 5.4±1.4 a 3.4±0.6 a
WS-microaggregate (gkg−1) 0.600 0.082 0.087±0.012 a 0.055±0.008 b 0.063±0.011 ab
WS-macroaggregate (gkg−1) 0.344 0.070 504±40 ab 472±40 b 614±16 a
Kerod (th (MJ mm)−1) 0.400 0.160 0.033±0.004 a 0.027±0.002 a 0.024±0.002 a
Ks (mmh−1) 0.202 0.001 86.7±28.3 b 54.2±10.5 b 365±80 a
AWC (mm−1) 0.788 0.000 0.196±0.006 b 0.188±0.008 b 0.252±0.014 a

Chemical parameters
Organic C (gkg−1) 0.818 0.000 18.6±3.6 c 39.2±5.4 b 61.6±7.5 a
Organic N (gkg−1) 0.778 0.000 1.7±0.3 c 3.5±0.5 b 5.6±0.6 a
Extractable P (mgkg−1) 0.206 0.634 8.8±2.3 a 13.0±4.2 a 10.6±2.3 a
Exchangeable K (mgkg−1) 0.300 0.401 366±49 a 285±48 a 284±49 a
CEC (cmolkg−1) 0.874 0.046 20.6±1.9 ab 17.3±1.3 b 25.4±3.3 a
pH (H2O) 0.547 0.703 8.36±0.05 a 8.41±0.06 a 8.34±0.05 a
pH (KCl) 0.228 0.257 7.50±0.06 a 7.62±0.04 a 7.48±0.11 a
C:N ratio 0.446 0.863 10.8±0.4 a 11.0±0.4 a 11.2±0.6 a
SOC (kg organic C m−2) 0.841 0.000 1.86±0.37 b 5.93±0.78 a 6.78±0.86 a

1 P-value for separate one-way ANOVA for soil-type and soil-management system factors.

87Soil properties in organic olive orchards of Andalusia, Spain

https://doi.org/10.1017/S1742170512000361 Published online by Cambridge University Press

https://doi.org/10.1017/S1742170512000361


properties related to soil fertility and productivity (e.g.,
AWC and CEC). However, it was not possible to separate
effects based on the two soil types (P>0.5) (Fig. 1), due to
the similarity between both soil types in the sampling
areas in this study (Table 3).

Discussion

Olive orchard characteristics

The organic olive orchards studied in Campiña presented
similar productivity as the average of conventionally
managed, rain-fed olive groves in the area, with the T
orchards presenting a numerically higher average yield
(3354kgha−1yr−1), which was not statistically signifi-
cant. The amount of water transpired by the olive trees is

the key factor that determines the yield of rain-fed olive
groves in this region35. Thus, organic farmers in the study
area have been able to increase soil protection without
increasing weed competition for soil water resources,
particularly when weeds are left to grow during the rainy,
cold season (autumn–winter), when ETo is low and soil
surface remains wet for a considerable number of days.
This mitigates the differences between soil water use by
the weeds and that directly evaporated from the soil
surface in the unvegetated areas. Studies in Andalusia
have shown that olive groves with a vegetative cover
tended to have greater potential to reduce run-off
losses36,37, due to increased surface roughness and a
higher infiltration rate due to greater effective macro-
porosity. Thus, organic olive yields in Campiña suggest
that conventional rain-fed olive orchards that are at a

Table 4. Physical and chemical soil sub-surface properties (10–20cm depth) in organic olive orchards and in U areas evaluated in
Campiña (southern Córdoba), (mean values±standard error for the two soil types combined). Different letters within a row indicate
significant differences (Fisher’s LSD test; P<0.05).

Parameters

ANOVA P-value1 Soil-management system

Soil Manag. Tillage Mowing Undisturbed

Physical parameters
Bulk density (gcm−3) 0.069 0.000 1.39±0.03 b 1.54±0.05 a 1.20±0.04 c
Clay (%) 0.837 0.640 37.3±3.1 a 35.6±2.2 a 33.5±2.0 a
Sand (%) 0.329 0.095 14.4±2.2 b 22.3±2.5 a 20.4±3.8 ab
Fine sand (%) 0.868 0.277 3.1±0.4 a 4.4±0.7 a 3.9±0.6 a
WS-microaggregate (gkg−1) 0.352 0.137 0.121±0.022 a 0.073±0.012 a 0.077±0.023 a
WS-macroaggregate (gkg−1) 0.902 0.013 514±32 a 403±34 b 557±34 a
Kerod (th (MJmm)−1) 0.681 0.142 0.034±0.004 a 0.031±0.002 a 0.024±0.003 a
AWC (mm−1) 0.412 0.000 0.163±0.004 b 0.148±0.004 b 0.202±0.014 a

Chemical parameters
Organic C (gkg−1) 0.202 0.000 9.7±2.4 b 12.2±0.8 b 31.3±6.9 a
Organic N (gkg−1) 0.235 0.001 1.0±0.2 b 1.2±0.1 b 2.9±0.7 a
Extractable P (mgkg−1) 0.758 0.280 4.4±1.5 a 5.4±1.0 a 8.8±3.5 a
Exchangeable K (mgkg−1) 0.048 0.504 230±34 a 175±30 a 192±49 a
CEC (cmolkg−1) 0.160 0.195 19.8±2.1 a 16.1±1.0 a 22.6±4.5 a
pH (H2O) 0.866 0.723 8.46±0.05 a 8.52±0.04 a 8.50±0.08 a
pH (KCl) 0.074 0.503 7.49±0.06 a 7.60±0.04 a 7.53±0.15 a
C:N ratio 0.197 0.120 9.5±0.4 b 9.9±0.4 ab 11.0±0.6 a
SOC (kg OC m−2) 0.124 0.002 1.36±0.34 b 1.86±0.10 b 3.68±0.74 a

1 P-value for separate one-way ANOVA for soil-type and soil-management system factors.

Table 5. Biological soil surface properties (0–10cm depth) in organic olive orchards under current soil management systems and in U
areas in Campiña (southern Córdoba province), (mean values±standard error for the two soil types combined). Different letters within
a row indicate significant differences (Fisher’s LSD test; P<0.05).

Parameters

Soil-management system

Tillage Mowing Undisturbed

Soil microbial respiration (mg CO2 kg
−1day−1) 162±24 b 604±141 a 237±54 b

Bacterial population [(cfug−1)×10−3] 360±108 b 3415±1628 a 234±29 b
Soil microbial functional diversity (H′) 4.23±0.03 a 4.28±0.03 a 4.23±0.05 a
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similar production level, should consider shifting from
herbicide-based weed management to a soil management
system based on a vegetative cover during autumn and
winter, without incurring yield losses. Nevertheless,
further studies in different bioclimatic areas in the region
are required to validate that hypothesis for each area, and
to develop the technical advice that should be provided
to the farmers to prevent excessive weed growth in early
spring.

Soil properties

The T orchards studied had a lower SOC level, possibly
associated with increased weed biomass in the M
orchards, and the acceleration of the mineralization of
the soil organicmatter (SOM) caused by tillage.Nevertheless,
in the T orchards, the organic C content was higher
than the minimum levels in the topsoil of olive groves
recommended by the regional authorities to prevent
severe soil degradation (1% SOM, or 5.8gkg−1 organic
C)38. The organic C measured in the soil surface (0–10cm
depth) of the T orchards (19gkg−1; Table 3) was much
higher than traditional rain-fed olive orchards with a soil
management based on conventional tillage (10gkg−1), or
bare soil from herbicide use (6gkg−1), in a similar olive-
growing area of Andalusia39. However, soil organic C and
N content in the organic olive orchards (even in the M
orchards) was less than the U areas. The organic olive
orchards studied maintained high WS-macroaggegate
values regardless of soil management system. This can
be related to their relatively high clay content, and the
relatively high organic C content for an agricultural soil

under Mediterranean conditions. This also indicates a
high resilience for the type of tillage performed in the
organic olive orchards studied. The olive orchards also
showed relatively high Ks values due to high WS soil
aggregates. The organic olive orchardsmaintained similar
(T orchards) or higher (M orchards) values of microbial
respiration rates, soil bacterial populations and functional
microbial diversity than those measured in the U areas.
Thus, comparison with the U areas suggests that overall
the soil management systems maintained in the organic
orchards (either M or T) has helped to preserve the
biological activity of these soils under olive farming.

Sustainability of traditional olive groves

The evaluation of soil properties in organic olive groves
can provide some insight into the potential for conven-
tional olive groves located in the same landscape that have
started cover-crop-oriented soil management to increase
their soil quality. In Andalusia, more than half of the
olive groves are located on slopes less than 15%3, and are
therefore not subjected to the compulsory CAP regu-
lations. A significant reluctance to extend cover crop
management in olive groves in the less steep areas, as
well as some open questions about its viability, especially
on intensive farms, remain in the region. In the olive
orchards located in areas steeper than 15%, the compul-
sory implementation under CAP regulations40,41 of
permanent cover crop management can result in a sig-
nificant increase in soil organic C content, compared with

Figure 1. Soil-management and soil-type effects on the first
and second principal components (PC1 and PC2) derived from
standardized PCA using overall data sets for topsoil (0–10cm
depth). Symbols represent the PC scores of individual olive
orchards (T or M) or U areas located in the Calcaric Regosol
(RGca) and Calcic Cambisol (CMcc) soil types. Circles show
mean scores for each soil management or soil use, and bars
represent the standard error of the mean.

Table 6. Factor loadings for the two PCs (>50% of PC’s
explained variance) from standardized PCA for all soil variables
measured in the topsoil layer (0–10cm depth).

Variable or factor PC1 PC2

Bulk density (gcm−3) 0.123 −0.245
Clay (%) −0.133 0.216
Sand (%) 0.182 −0.305*

Fine sand (%) 0.184 −0.214
WS-microaggregates (gkg−1) −0.262 0.099
WS-macroaggregates (gkg−1) 0.111 0.230
Kerod (th (MJmm)−1) −0.069 −0.196
Ks (mmh−1) 0.140 0.278
AWC (mm−1) 0.247 0.314*

Organic C (gkg−1) 0.376* 0.120
Organic N (gkg−1) 0.361* 0.121
Extractable P (mgkg−1) 0.283 −0.103
Exchangeable K (mgkg−1) 0.034 0.154
CEC (cmolkg−1) 0.127 0.373*

pH (H2O) −0.225 −0.145
pH (KCl) −0.011 −0.362*

C:N ratio 0.131 0.008
SOC (kg organic Cm−2) 0.385* 0.011
Microbial respiration (mg CO2 kg

−1) 0.251 −0.237
Bacterial population (cfug−1) 0.276 −0.203
Microbial functional diversity (H′) 0.092 −0.162

* Variables are considered significant for loadings > |0.3|.
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the compulsory alternative of conservation tillage man-
agement, or soil management based on herbicides39. This
modification of soil management should also result in a
significant decrease in soil losses by water erosion, one of
the objectives of such implementation. Although not
addressed in this study, the results obtained in other
modeling and experimental studies in olive orchards in
Andalusia4,37 indicated that soil erosion rates at hill-slope
scale can be reduced to 28 or 12% for M and T
management systems described in this study, respectively,
compared with bare soil management based on year-
round tillage. The results obtained in this study suggest
that tillage can be used occasionally between early spring
and early autumn to control weed growth without severe
erosion. Further studies aimed at improving soil erosion
estimations in the study area are needed to reduce
uncertainty over erosion predictions, and, therefore, any
discussion about the long-term sustainability of organic
olive farming in the area.
Although the environmental sustainability of

Andalusian olive groves has to be through the adoption
of sustainable soil management practices, in the endeavors
to prevent soil loss and soil degradation, these alternative
managements could contribute to the reduction of non-
renewable energy consumption. The total energy invested
in weed control practices in traditional rain-fed olive
groves was around 5.65 and 5.32GJha−1yr−1 for
conventional and organic olive groves, respectively25.
Energy consumption in each mechanical operation for
weed control (T orM) reached 1.29GJha−1 (1.17GJha−1

of fuel consumption), in organic olive farms in this study.
Therefore, the adoption of soil management systems that
reduce the number of mechanical operations in the olive
groves, as presented in this study (non-inverting-shallowT
andmechanical M), could also reduce the consumption of
non-renewable fossil-fuel energy, which in turn would be
an additional contribution to the environmental sustain-
ability of traditional olive groves in Andalusia.
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