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Abstract: Spain has more than 2.5 M ha of olive groves, with 60% of this area (i.e., 1.5 M ha) concen-
trated in the region of Andalusia (Southern Spain). Assuming the socio-ecological characteristics
of these crops, of which their contribution to ecosystemic services (ES) is fundamental for society,
it is highly relevant to direct their management towards practices that guarantee their durability.
Organic management of olive groves constitutes a multifunctional model that contributes to ensuring
its sustainability and represents 2.4–3.5% of the olive grove area in Spain. Taking the Protected
Designation of Origin (PDO) Estepa (Southwestern Spain) as a study model, where organic olive
groves are novel, a study of the impacts of erosion on the economic, social, and environmental
factors associated with this management was carried out in addition to estimating its impacts. The
results showed how organic management promotes edaphic fertility, keeping the levels of diffuse
pollution under the legislative limits. Although the increase in erosion has negative effects on the
sustainability/durability of agricultural holdings, organic management consolidates a sustainable
model that satisfies farmers’ demands. Therefore, organic farming is a model that focuses on the
correct use of natural resources associated with the geographical region of study, and contributes to
increasing the sustainability of olive groves.

Keywords: biological diversity; common agricultural policy; ecosystem services; diffuse pollution;
multifunctional agriculture; socio-ecosystems; soil fertility; soil loss

1. Introduction

Olive farming systems are traditional landscapes linked to Mediterranean climates that
have a deep-rooted socio-cultural tradition [1,2]. Although olive groves are represented
throughout the world, Europe, with 175 million hectares (M ha) of useful agricultural
surface (UAS), is the continent with the largest area devoted to this crop, with 5 million
hectares (M ha), representing 2.86% of the European agricultural area, according to EURO-
STAT and CORINE Land Cover data [3,4]. Specifically, the socio-economic relevance of
these crops is maximised in Southern Europe, with countries, such as Greece, with more
than 1 M ha of olive groves, Italy, with an area greater than 1.20 M ha, and Spain, where
the area with olive groves exceeds 2.5 M ha [5–7]. It is worth highlighting the relevance
of olive growing systems in Spain, where the surface area is concentrated in Andalusia
(i.e., Southern Spain), with more than 1.50 M ha [5–8]. In Andalusia, olive cultivation
represents 26% of agricultural production and 31% of plant production, forming broad
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monocultures that shape the Andalusian landscape, generating 32% of regional agricultural
employment and a contribution to agricultural income of 20% [9]. In this sense, following
data from the International Olive Council from 2015 [6], it is worth highlighting that Spain
is the leading olive oil producing country, with an annual average production level greater
than 1.20 tonnes (t) in the 2009–2015 campaigns. Specifically, Andalusia has an average
production of 1.11 t of oil per year, producing 86.38% of the national olive oil in Spain [6–10].
In addition to their productive dimension (i.e., supply ES), the multifunctional character
of these agricultural systems and their fundamental role in the provision of ecosystem
services to society (ES) must be highlighted [1,8]. Thus, olive groves, from a landscape
perspective, contribute by generating several services to society, like regulatory/regulating
ES (i.e., control of erosion, sequestration of atmospheric CO2 as a measure to mitigate
global warming and reduce terrestrial and atmospheric pollution) and cultural ES, where
olive oil tourism is a rural development measure increasingly demanded by society at
national and international levels [11–13]. Finally, olive groves also provide transversal ES
(i.e., services encompassing the ecological processes necessary for the production of other
ES), where, despite the monoculture nature of the olive grove, the boundaries between
plots and plant covers used in some crops as erosion mitigation measures act as reservoirs
for agrobiodiversity, hosting 17% of Andalusian vascular flora and a wealth of arthropods
and wintering and nesting birds [9,13–15].

Traditionally, olive groves have been extensively managed through the use of ma-
chinery being conditioned by the slope of the land (i.e., up to 20%) [16,17]; however, the
vulnerability and productive-economic instability of these systems, where meteorological
factors condition olive yields, together with the increase in demand for food products
related to the olive grove, have led to a change in agricultural management models over
the last few decades [18,19]. While there has been an agricultural abandonment of olive
groves by farmers with marginal and unprofitable farms, and an agricultural intensifica-
tion through the indiscriminate addition of chemical fertilisers and irrigation to farms to
increase production [2,20,21], in recent years, many olive-growing regions have tended
towards the adoption of management models based on multifunctional agricultural models
(i.e., MFA approach), with the aim of promoting product quality, generating a revaluation
of olive oil at source [22–24].

Within the MFA approach, integrated and organic management of olive groves stand
out, promoting the stabilisation of its productive yield together with minimum environ-
mental impacts, with laminar soil erosion being the main threat to agricultural sustain-
ability [24–27]. Although both approaches promote the multifunctionality of the olive
grove, they have different management practices. Both agricultural models allow the in-
corporation of deficit irrigation, a practice that optimises water efficiency by adding water
volumes of up to 1500 m3 ha−1 to the crop only in times of water stress [16,28]. However,
in integrated farming, the addition of chemical fertilisers is allowed to a limited extent,
whereas organic farming only allows the use of organic fertilisers; thus, promoting proper
soil maintenance and fertilisation [16,24]. Although integrated olive management has been
a widely adopted model at the European level, it is worth noting specifically how, in recent
years, there has been an increased demand for organic olive groves [29]. At the European
level, while in the early 1990s there were barely 20,000 organically managed farms, there
are now more than 350,000 farms using this management [30]. In Spain, organic olive
groves are still incipient, representing between 63,600–92,750 ha according to different
bibliographical sources (i.e., 2.40–3.50% of the national olive grove), of which approxi-
mately 55,000–80,000 ha are located in Andalusia [4,9,17,29,30]. The observed expansion of
organic olive groves is mainly due to changes in the common agricultural policy (CAP),
together with farmers’ and society’s demands [31,32]. On the one hand, the current CAP
(i.e., 2014–2020) and its future prospects (i.e., CAP post-2020) no longer shape a policy
based on subsidies directly proportional to production, instead encouraging the adoption
of agricultural practices aimed at maximising crop sustainability and rural development
on a regional scale, placing value on the contribution of non-productive ES of the olive
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grove, with the organic model being an environmentally friendly management aimed at
promoting the sustainability of these systems [8,33,34]. On the other hand, this agricultural
model can respond to farmers’ demands, based on obtaining economic stability, and to the
existing social demands towards agriculture, where the main focus is on obtaining quality
products based on food security [32,35].

In organic olive groves, agro-environmental measures such as the implementation of
living plant covers to minimise the impact of erosion processes are promoted [8,29]. This
farm practices, together with the current regulatory and legislative framework (i.e., CAP)
that regulates olive groves, make it necessary to carry out research that analyses the sus-
tainability of this agricultural model in a multidimensional way. In this way, it is possible
to highlight its advantages and vulnerabilities to farmers and decision-makers, with the
aim of being able to optimally manage any olive-growing territory [17,24]. Thus, in this re-
search, a detailed analysis of the organic olive grove of the Protected Designation of Origin
(PDO) Estepa, in Seville (Andalusia, Spain) was carried out. This region has 39,463 ha of
olive groves that extend as a monoculture over almost 70% of its agricultural area, and has
an annual production yield of approximately 30 M kg of oil, representing almost 50% of
olive production in Seville [9,36]. From a socio-economic point of view, olive growing in
the Estepa region generates the labour of 5500 farmers, and an annual income of 224 M €
(i.e., 10% of the daily wages of the province) [37]. Although integrated olive groves predom-
inate, the PDO Estepa has almost 500–550 ha of organic rainfed olive groves distributed
in isolated plots [24,35,38]. Assuming that organic management constitutes an agrarian
model towards which the crops of the study area can be transferred, thus responding to
the existing political and social demands, the study presented two specific objectives: (a) to
characterise the organic olive grove of the PDO Estepa edaphologically and to quantify the
multidimensional impacts (i.e., environmental, socio-economic and productive) derived
from erosive processes, and (b) to carry out an analysis of the sustainability and durability
of this olive grove management on the basis of long-term simulations of farm production
and profitability.

2. Materials and Methods
2.1. Study Area

The study area corresponds to the PDO Estepa, in Seville (Andalusia, Southern
Spain) (Figure 1).
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Figure 1. Geographical location of the PDO Estepa in Seville (Andalusia, Spain), highlighting the organic management of
the olive grove in this region.

Estepa region was constituted as a denomination of origin (DO) at the national level
in 2004, being recognised by the Andalusian Regional Government and the Ministry of
Agriculture, Fisheries and the Environment [39]. Subsequently, in 2010 it was recognised as
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a protected designation of origin (PDO) at the European level, leading to greater recognition
and enhancement of its food products (i.e., olive oil and table olives) [39,40]. This region,
where agriculture is highly developed and extensive as monocultures, has 39,694 ha of
olive groves together with another 20,000 ha of native vegetation [9,36,39]. This PDO is
characterised by a continental Mediterranean climate, where the average temperature is
between 17–18 ◦C, and the average annual rainfall is 477 mm [24,35,41]. Specifically, olive
groves are located on geologically calcareous soils, with loams and clays, of variable depths
(i.e., 30–150 cm), being predominantly loamy textured environments with few edaphic
aggregates that contribute to increasing their stability [42,43]. Thus, the predominant soil
types in this region are of the Albariza type, with a low water retention capacity and a high
susceptibility to laminar erosion processes, causing gullies on farms [14,42]. Olive groves
are therefore located at altitudes ranging from 200–800 m above sea level (masl), where the
pH is predominantly alkaline, with values of up to 8.62 [9,43].

In the Estepa region, olive groves have two different management models. Thus, the
majority of the olive-growing area belonging to this PDO is under a rainfed and integrated
management, with a minority of plots with deficit/drip irrigation (i.e., adding water to the
crop only in times of water stress and with a limit of up to 1500 m3 ha−1) [44,45]. Under
this management, where the use of chemical fertilisers is allowed in a controlled way, olive
groves have a planting density of 100–500 trees ha−1 and a productive yield of 350–900 L
of olive oil ha−1 [9,40,46]. In addition, it is worth highlighting the relevance of the organic
olive grove as a second management model in the PDO Estepa, considering its analysis is
the main objective of this research. Organic olive groves are novel in the study area, and
only 500 ha of olive groves are certified organic [24,39,40,43]. However, there is a trend
towards the adoption of this management model in Andalusia and Estepa regions, and
it is foreseeable that its representativeness will increase in the near future [17,29,32]. In
this management, olive groves present a planting density of approximately 200 trees ha−1,
with an average production of 700 L of olive oil ha−1 [9,40]. As general characteristics
of this agrarian model, it should be specified that, although it is possible to implement
deficit irrigation in organic olive groves, in the study area there is a predominance of
rainfed management in these farms [24,40]. Additionally, in this management, only or-
ganic fertilisers are used together with biological and integrated mechanisms, such as pest
control measures, which highlights the use of organic phytosanitary products based on
previous analyses of leaf, soil, and water quality in farms, and the use of auxiliary fauna
as a biological predator of harmful pests in the olive grove [9,30,47]. Thus, by not using
chemical agents in organic agriculture, the risk of diffuse pollution is reduced, increasing
the environmental quality of farms, and the production of safety food products is promoted
(considered one of the greatest demands of society towards agriculture [31,32]), thus avoid-
ing the possible damaging consequences of the consumption of contaminated products by
consumers [29,30,34,35].

2.2. Experimental Design and Data Collection

In order to ensure that the samples collected were representative at the PDO Estepa
level, a stratified sampling design of the study area was carried out according to the
erosive states of the territory and olive grove management, where only organic plots were
considered as sampling units. Based on the use of cadastral and land use databases [48,49],
Estepa region was classified into different erosive states. The erosion levels identified
from the mapping used were classified on the basis of the Moreira–Madueño criterion [50],
which establishes 4 erosive categories in agricultural soils (i.e., null, slight, moderate and
severe erosion). Additionally, by applying the universal soil loss equation (i.e., USLE
model, Equation (1)), the annual laminar type water erosion along the study area was
quantified [51,52].

A = R × K × LS × C × P (1)
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where A: annual erosion (t ha−1 year−1); R: rain erosivity (J ha−1); K: soil erodibility
(Mg J−1); LS: length and degree of slope (dimensionless and in %); C: ground cover
(dimensionless); P: agricultural conservation practices (dimensionless).

Following the methodology described in previous studies published for the PDO
Estepa [24,35,36,38,43,46], the USLE equation was calibrated specifically for the organic
olive grove in this region, taking into account the soil, climatological and agricultural
characteristics of the study area. In this sense, rain erosivity (i.e., R factor), and the degree
and length of the slope of the territory (i.e., LS factor) were estimated and calibrated ac-
cording to scientific and technical literature references, specific to the study area [9,53,54].
Soil erodibility (i.e., K factor) was calculated experimentally and empirically, following
the criteria of Gisbert Blanquer et al. [55], where soil texture and structure, organic mat-
ter content and soil permeability are taken into account, data previously published by
Rodríguez Sousa et al. [36]. Ground cover (i.e., C factor) was calibrated according to the
criteria of Gómez et al. [56]. Thus, C factor is intrinsically dependent on the structural
characteristics of the crop, with tree density, tree canopy diameter and the extent of plant
covers in the plots being conditioning factors. In this sense, tree density is low in organic
(200 trees ha−1) an integrated olive grove managements, being maximum at intensive or
highly-intensive orchards. Additionally, organic olive groves of the PDO Estepa are olive
groves converted from integrated agriculture, so they retain the structural characteristics
of such management, with trees having a radius of 2.5 m at the canopy. Lastly, unlike
the integrated olive grove, the organic management of the study area has living or inert
plant covers throughout the year. Bearing in mind the characteristics of the organic plots
described above, this management acquired, according to Gómez et al. [56], a value of 0.06
for C factor. Finally, for the agricultural conservation practices (i.e., P factor), was assumed,
according to the Sánchez Escobar and Rodríguez Sousa et al. criteria previously considered
for the study area [36,46,54], a constant value of 1 for all erosion levels, due to the fact that
all farms are subject to tillage practices. Table 1 shows the results corresponding to the
quantification of soil loss for the study area.

Table 1. Estimation of soil erosion (A, t ha−1 year−1) for the organic olive groves in the PDO Estepa according the USLE
equation. Units of factors R and K are in parentheses. The LS, C, and P factors are dimensionless (LS factor is also expressed
as a percentage).

Management Erosion Level
Factors A

(t ha−1 year −1)R (J ha−1) K (Mg J−1) LS C P

Organic Null 109.70 0.82 0.00 (0%) 0.06 1.00 —
Moderate 109.70 0.56 0.70 (7%) 0.06 1.00 2.58

After estimating the erosion levels in the study area, it was observed, in line with
previous studies [24], that organic olive groves existed only in areas with null or moderate
erosion. Taking into account the novel nature of organic groves in the PDO Estepa as
a limitation of this research, it should be noted that there are currently only 19 isolated
plots with this type of agricultural management. Thus, all existing plots were sampled
(i.e., 9 plots with null erosion and 10 plots with moderate erosion), obtaining a final sample
size of n = 19 plots (Figure 2).
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Figure 2. Sampling design carried out in the PDO Estepa. The classification of the territory is shown in terms of its erosion
levels (i.e., null, slight, moderate, and severe), and with respect to the existing farm managements, where rainfed and
irrigated integrated olive groves represent the majority of the territory. Additionally, isolated plots of organic olive groves
can be observed, coinciding with the sampling points.

2.2.1. Data on the Environmental Dimension of the Olive Grove

Based on specific bibliography and on data published in previous research carried out
on the PDO Estepa, soil depth, soil weight, and dry bulk density values were acquired,
as well as soil texture using the Bouyoucos method, resulting from the estimation of the
concentration of sands, silts and clays in the sampled territory [9,40,43,46,49,50]. Similarly,
published data were also obtained on the gravel content of the organic olive grove, its
porosity, moisture, pH and edaphic potassium concentration [24,43]. In order to complete
the soil characterisation already carried out for organic olive groves in the PDO Estepa, the
existence of statistical differences between these variables according to the erosion of the
territory was checked. Additionally, a 1 km long and 5 m wide transect was established
in each plot to estimate different environmental variables (i.e., edaphic and biological) to
observe the influence of erosion (i.e., null or moderate) on the crop.

From an edaphic perspective, 3 equidistant soil samples were collected in each transect.
After processing the samples (i.e., drying for 24 h at 105 ◦C), they were sieved through
a 2 mm mesh to obtain the fine fraction of the soil. From the sieved samples, soil fine
fraction was calculated (i.e., silts plus clays). Soil aeration was also quantified as a structural
edaphic parameter [57], through the difference between the values of porosity and moisture
previously consulted in specific bibliography [43] (Equation (2)).

Aeration = Porosity − Moisture (2)

where Aeration: amount of soil pores with air (%); Porosity: amount of soil pores (%);
Moisture: amount of soil pores with water (%).

As indicators of soil fertility and enzyme activity, soil carbon concentration (%) was
estimated using a colourimetric method [58], and through similar methodologies, the
edaphic concentration of β-glucosidase (µmol p-nitrophenol gr−1 h−1) and phosphatase
(µmol p-nitrophenol gr−1 h−1) was quantified [59]. pH values were complemented by
estimating soil conductivity (µS cm−1). Phosphate and nitrate concentrations (ppm) were
estimated using colorimetric methods, being indicators of diffuse contamination [60,61].

Biologically, taking into account the erosion level of the plots, 10 squares of 25 cm
side−1 were arranged along each transect to quantify the average plant cover and bare soil
in the sampled groves (i.e., 10 samples plot−1). The richness of specific plant species that
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act as mitigating agents of erosion processes, such as legumes, grasses and crucifers plants,
was also quantified (number of species) [62]. Finally, plant diversity of organic olive groves
was estimated using Shannon Index and Simpson’s Index as dominance indicator, where
values close to 1 will indicate a high dominance of a particular species, and values close to
0 will reflect a higher plant evenness [63,64] (Equations (3) and (4)).

H’= −Σpi × log2 pi (3)

where H’: Shannon diversity value (bits); pi: relative abundance of each species.

D = 1 − Σpi
2 (4)

where D: plant dominance (0–1); pi: proportional abundance of species i (number of
individuals of species i on the total number of individuals in the sample).

2.2.2. Data on the Productive and Socio-Economic Dimensions of the Olive Grove

In each sampling plot with organic olive groves in the PDO Estepa (n = 19 plots), a
survey was carried out with each owner in order to collect economic-productive and social
information on the study area corresponding to the average of the 2017 and 2018 seasons,
taking into account the different erosion levels (i.e., null or moderate) between the farms.
Through these surveys, information was collected on: (a) farm structure: plot size (ha),
plant density (trees ha−1), and productive yield (kg olives ha−1 and L of olive oil ha−1);
(b) economic parameters: farm income (€ ha−1), subsidies received through the common
agricultural policy (CAP) (€ ha−1 year−1), selling price at origin per kg of olives and per L
of oil (€ kg−1 or €l−1), and farm costs (personnel, machinery and organic inputs, € ha−1

year−1); (c) social indicators: labour force (persons year−1); and (d) degree of satisfaction
with organic olive grove management, presence or absence of organic certification, and
willingness to change agricultural management in the future.

Through the average data, differences between the erosion levels were tested. Using
Stella 9.1.4 software [65], 150-year projections were made to estimate the productive and
economic sustainability of the olive grove taking into account the influence of erosion on
production, being a reasonable time that responds to the short-term demands of farmers
regarding the management of their plots [2,10,20,26,56]. This sustainability was estimated
per ha of farm using the criteria of Rodríguez Sousa et al. [36,46] to simulate the loss of
production due to erosion over time specifically for the study area (Equation (5)).

Production(t) = Pi × (c1 +c2 × ln(Wj − Erj × t) + c3 × (ln(Wj − Erj × t))2), (5)

where Production(t): production of the management i at time t (t ha−1); c1, c2, and c3:
constants of the study area dependent on annual precipitation and soil type, being 0.7388,
−0.3471 and 0.0401 respectively; Pi: initial production (t = 0) of the management i (t ha−1);
Wj: weight of soil corresponding to the erosive state j (t ha−1); Erj: erosion rate proper to
the erosive state j (t ha−1 year−1); t: simulation time (years).

Equation (5) was calibrated on the basis of the data collected, taking into account the
following assumptions: (a) the annual yield to obtain 1 L of olive oil from olive harvest
ranges between 18–21%, taking an average yield of 19% (i.e., 5.26 kg of olives are needed to
produce 1 L of olive oil) [16,46]; and (b) a production limit of 1500 kg olive ha−1 or 300 L of
olive oil was considered, assuming the abandonment of farms with a production below
this threshold [36,66]. Accumulated production and profitability per hectare of organic
olive grove were calculated over time simulation, according to their erosion level.

2.3. Statistical Methodology

According to the experimental design carried out, we had a single factor (i.e., organic
olive grove) with two independent treatments (i.e., null and moderate erosion), and several
dependent variables. To know how these data were distributed, normality and homoscedas-
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ticity were tested by means of a Shapiro-Wilk and Levene tests (null hypothesis (H0): data
come from normal and homoscedastic populations; alternative hypothesis (H1): data are
not normal and heteroscedastic) [67]. To determine the possible existence of statistically
significant differences for the dependent variables between the erosion levels (i.e., two
treatments), a comparison of means based on Student’s T-test was performed for normal
and homoscedastic variables, contrasting the equality of means (H0) against the alternative
hypothesis on the difference between means (i.e., H0: µ1 = µ2; H1: not certain H0) [67]. On
the other hand, a Mann–Whitney U-rank test was used for non-parametric variables, testing
the null hypothesis of equality of medians, against the alternative hypothesis regarding
their differences (i.e., H0: M1 = M2; H1: not certain H0) [68,69]. It should be noted that since
there were only two treatments, it is not necessary to perform a post-hoc test for significant
differences in a variable, as their identification is straightforward. Following the same
methods, the differences in accumulated production and profitability data between organic
olive groves with null and moderate erosion were also tested. Statistical analyses were
carried out using RStudio and SPSS software, through car library and MASS and PMCM-
Rplus packages, using a significance level of α = 0.05 (p-values: p > 0.05 (non-significant
differences), p < 0.05 * (significant differences), p < 0.01 ** (very significant differences),
p < 0.001 *** (highly significant differences) [70–72].

3. Results
3.1. Influence of Erosion on Environmental Dimension in Organic Olive Groves in the
PDO Estepa
3.1.1. Previous Edaphic Results

Table 2 summarises the soil results previously published by Rodríguez Sousa et al. [43],
analysing the significant differences for each variable between the erosive states. Statisti-
cally, all variables presented a normal and homoscedastic distribution, with non-significant
p-values (p > 0.05) in the Shapiro–Wilk and Levene tests. Only the variables correspond-
ing to the clay and gravel content in the soil showed a non-normal and heteroscedastic
distribution, obtaining highly significant p-values (p < 0.001 ***), thus rejecting the null
hypothesis of normality and equality of variances. According to these results, to determine
the existence of possible significant differences between these variables and erosion levels,
a Student’s T-test was executed for the parametric variables, and a Mann–Whitney U-test
was used for clays and gravels.

Table 2. Mean (x) and standard deviation (SD) for the physico-chemical variables, specifying their
units, in the organic olive grove of the PDO Estepa estimated in previous studies. The p-values about
the means or medians comparison test performed between the erosion levels are also attached.

Variable (Unit)
Organic Olive Groves

p-Value
Null Erosion (x ± SD) Moderate Erosion (x ± SD)

Dry bulk density (g cm−3) 1.05 ± 0.02 1.14 ± 0.03 <0.001 ***

Soil depth (cm) 154.03 ± 1.12 119.70 ± 1.01 <0.001 ***

Soil weight (t ha−1) 16,173.15 ± 322.19 13,645.80 ± 154,37 <0.001 ***

Gravel (%) 15.73 ± 0.53 4.06 ± 0.08 <0.001 ***

Sands (%) 46.75 ± 0.09 49.40 ± 0.07 <0.001 ***

Silts (%) 40.84 ± 0.03 30.95 ± 0.01 <0.001 ***

Clays (%) 12.41 ± 0.07 19.65 ± 0.06 <0.01 **

Porosity (%) 68.96 ± 0.17 66.05 ± 0.12 <0.001 ***

Moisture (%) 24.73 ± 0.21 23.42 ± 0.17 <0.001 ***

pH (—) 8.60 ± 0.02 8.21 ± 0.02 <0.001 ***

Potassium (mg kg−1) 168.58 ± 3.48 161.32 ± 2.64 <0.001 ***

Soil texture (—) Loam Loam —

*** highly significant differences, ** very significant differences.
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The results showed that the level of erosion of the plots was a determining factor in the
edaphic properties, with highly significant differences being detected in all the variables
analysed (p < 0.001 ***), except for the clay content, where the differences found were very
significant (p < 0.01 **). In general terms, the increase in erosion caused the formation
of more compacted soils, resulting in an increase of 8.57% in dry bulk density. On the
other hand, the most eroded plots showed a 22.29% and 15.63% loss in soil depth and soil
weight, respectively. No textural differences were observed, with a predominantly loam
soil texture, however, sands and clays content increased by 5.67% and 58.34% in the most
eroded plots, while silt concentration decreased by 24.22%. Similarly, the gravel content
decreased by 74.19% in the plots with moderate erosion, this variable being a mitigating
agent of erosion processes. Structurally, the increase in the magnitude of erosive processes
caused a slight decrease in soil porosity of 4.22%, related to the increase in soil compaction,
together with a decrease in soil moisture (i.e., decrease 5.30%). From a chemical point of
view, the plots with less erosion had pH values up to 4.75% higher, being more basic soils.
Finally, edaphic potassium concentration decreased by 4.50% as the erosive magnitude of
the sampled farms increased.

3.1.2. Original Soil and Biological Variables

To complete the soil characterisation carried out in previous studies, Table 3 shows the
original results obtained for different soil parameters in organic olive groves of the PDO
Estepa. According to the Shapiro–Wilk and Levene tests, all variables showed a normal
and homoscedastic distribution (p > 0.05), and a parametric test for comparison of means
(i.e., Student’s T-test) could be performed. Only the content of fine fractions, β-glucosidase
and phosphatase showed a non-normal and heteroscedastic behaviour (p < 0.05 *), using in
these cases a median comparison test (i.e., Mann-Whitney U-test).

Table 3. Mean (x) and standard deviation (SD) for the new soil parameters sampled, specifying their
units, in organic olive groves in the PDO Estepa. It is also attached the p-values according to the to
the mean or medians comparison test performed between the erosion levels.

Variable (Unit)
Organic Olive Groves

p-Value
Null Erosion (x ± SD) Moderate Erosion (x ± SD)

Fine fractions (%) 53.36 ± 0.10 46.90 ± 1.24 <0.001 ***

Aeration (%) 44.26 ± 0.17 42.62 ± 0.11 <0.001 ***

Carbon in soil (%) 2.26 ± 0.03 1.55 ± 0.01 <0.001 ***

B-glucosidase
(µmol p-nitrophenol gr−1 h−1) 1.07 ± 0.09 2.30 ± 0.25 <0.001 ***

Phosphatase
(µmol p-nitrophenol gr−1 h−1) 0.29 ± 0.03 1.01 ± 0.05 <0.001 ***

Conductivity (µS cm−1) 182.44 ± 9.48 227.05 ± 10.81 <0.001 ***

Phosphates (ppm) 0.12 ± 0.04 0.44 ± 0.06 <0.001 ***

Nitrates (ppm) 2.89 ± 0.33 3.79 ± 0.20 <0.001 ***

*** highly significant differences.

Results showed highly significant differences (p < 0.001 ***) for all dependent variables
between the two erosion levels sampled. Thus, an increased representativeness of up
to 12.11% of the fine soil fractions in non-eroded soils, together with increased aeration
(i.e., up to an additional 3.71%) was observed. The higher erosion resulted in a decrease of
31.42% in soil carbon accompanied by an increase in soil enzyme activity (i.e., increases of
114.95% and 248.27% for β-glucosidase and phosphatase). Similarly, the greater magnitude
of erosion processes was related to an increase of up to 23.10% in soil conductivity, with the
most eroded soils showing a higher phosphate and nitrate content (increases of 266.66%
and 31.14%, respectively).

Additionally, new biological variables were measured, completing the environmental
perspective of organic olive groves. Table 4 summarises these results. Following the
same statistical protocol as described for the edaphic parameters, these data were normal
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and homoscedastic (p > 0.05), running a Student’s T-test. However, the species richness
(i.e., legumes, grasses, and crucifers), and Simpson’s index, were non-parametric variables
according to the Shapiro–Wilk and Levene tests (p < 0.001 ***), using a Mann-Whitney U
test to test for significant differences between the treatments.

Table 4. Mean (x) and standard deviation (SD) for the new biological variables sampled in the organic
olive grove in the PDO Estepa. The unit of each variable is indicated (sps: number of species). It is
also shown the p-values regarding the mean or medians comparison test performed between the
erosion levels.

Variable (Unit)
Organic Olive Groves

p-Value
Null Erosion (x ± SD) Moderate Erosion (x ± SD)

Plant cover (%) 71.91 ± 0.62 43.55 ± 0.39 <0.001 ***

Bare soil (%) 28.09 ± 0.62 56.45 ± 0.39 <0.001 ***

Legume richness (sps) 2.32 ± 0.52 0.98 ± 0.78 <0.001 ***

Grass richness (sps) 2.73 ± 0.52 0.67 ± 0.51 <0.001 ***

Crucifers richness (sps) 2.56 ± 0.50 0.00 ± 0.00 <0.001 ***

Shannon Index (H‘, bits) 2.15 ± 0.06 2.05 ± 0.07 <0.05 *

Simpson´s Index
(D, dimensionless) 0.84 ± 0.07 0.82 ± 0.03 >0.05

*** highly significant differences, * significant differences.

The data obtained showed the existence of highly significant (p < 0.001 ***) and
significant (p < 0.05 *) differences in all the analysed variables, with the exception of
Simpson’s index, whose results were similar in both erosion levels, reaching values close
to 1, suggesting the existence of few dominant plant species in the ecosystem. A higher
herbaceous cover was observed in the plots with null erosion, but decreased by 39.44%
as the erosion of the land increased. Conversely, the percentage of bare soil on the farms
sampled increased with erosion by 100.96%. Additionally, the quantified richness of
legumes, grasses and crucifers decreased with erosion by 57.76%, 75.46% and to 0 species
respectively. Specifically, the richest dominant plants in the farms sampled were Vicia
sativa (L., 1753) as legume, Festuca rubra (L., 1753) as grass, and Sinapsis alba (L., 1753) as
cruciferous. Finally, plant diversity values, estimated according to the Shannon Index, were
higher in plots with no erosion, decreasing by 4.65% in plots with moderate erosion.

3.2. Productive and Socio-Economic Original Results According to the Erosion Level in Organic
Olive Groves in the PDO Estepa

This subsection shows the results corresponding to two different dimensions of olive
groves, the productive dimension and the socio-economic dimension.

Firstly, the main structural and productive data collected on the basis of owner sur-
veys on organic olive groves in the Estepa region are summarised in Table 5. All these
data were non-normal and heterocedastic according to Shapiro–Wilk and Levene tests
(i.e., p < 0.001 ***), and a median comparison test (i.e., Mann Whitney U rank test) had to
be run to assess the possible existence of significant differences according to erosion levels.

Table 5. Mean (x) and standard deviation (SD) for productive variables, specifying their units, in the
organic olive grove of the PDO Estepa. The p-values regarding the means or medians comparison
test performed between the erosion levels are also attached.

Variable (Unit)
Organic Olive Groves

p-Value
Null Erosion (x ± SD) Moderate Erosion (x ± SD)

Plot size (ha) 7.63 ± 2.78 3.00 ± 1.17 <0.05 *

Plant density (trees ha−1) 277.67 ± 36.48 384.95 ± 29.90 <0.05 *

Productive yield (kg olive ha−1) 2708.08 ± 3.50 3613.04 ± 96.02 <0.001 ***

Productive yield (l olive oil ha−1) 514.84 ± 0.66 686.88 ± 18.25 <0.001 ***

*** highly significant differences, * significant differences.
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Significant (p < 0.05 *) and highly significant (p < 0.001 ***) differences were found for
the variables analysed. Plots with null erosion showed in general a larger area than those
with moderate erosion (i.e., up to 60.68% more surface area). Thus, although the largest
plots sampled were 25.65 ha and 17.29 ha under null and moderate erosion respectively, in
general the organic olive groves were located in small, isolated plots. Plots with moderate
erosion showed a higher plant density and, therefore, a higher productive yield per hectare,
reaching production values up to 33.41% more than plots without erosion. However, it
should be noted that if production per tree is analysed (i.e., yield per hectare divided by
plant density), the yield is 3.80% higher in absence of erosion processes (i.e., 9.75 kg olive
tree−1 versus 9.38 kg olive tree−1).

On the other hand, following the same methodology as for the surveys of organic
plot owners in the study area, in Table 6 socio-economic data (i.e., including farmers’
perceptions and the existence of organic certification) are compiled for organic olive groves.
Except for the variables referring to farm income and labour force, for which a Student’s
T-test was used, all data were non-parametric (i.e., p < 0.001 *** in Shapiro–Wilk and Levene
tests). Thus, a Mann–Whitney U rank test was used to check for the existence of significant
differences in the variables according to erosion levels.

Table 6. Mean (x) and standard deviation (SD) for the socio-economic variables, specifying their units, in the organic olive
grove of the PDO Estepa. The p-values regarding the means or medians comparison test performed between the erosion
levels are also attached.

Variable (Unit)
Organic Olive Groves

p-Value
Null Erosion

(x ± SD)
Moderate Erosion

(x ± SD)

Farm income (€ ha−1) 1216.47 ± 2.80 1090.43 ± 15.21 <0.001 ***

Subsidies from CAP (€ ha−1 year−1) 299.50 ± 0.00 299.50 ± 0.00 —

Selling price at origin (€ kg olive−1) 0.80 ± 0.00 0.80 ± 0.00 —

Selling price at origin (€ L olive oil−1) 4.21 ± 0.00 4.21 ± 0.00 —

Farm costs (€ ha−1 year−1) 1249.50 ± 0.00 2099.50 ± 0.00 <0.001 ***

Labour force (persons year−1) 107.00 ± 0.69 129.00 ± 0.49 <0.001 ***

Degree of satisfaction with organic management High High —

Organic certification Yes Yes —

Willingness to change the farm management No No —

*** highly significant differences.

It was impossible to statistically test these differences for the subsidies received
through the CAP (i.e., 229.50 € ha−1 year−1) and the sale prices at origin of the kg of olives
and the L of olive oil (i.e., 0.80 € kg olive−1 and 4.21 € L olive oil−1), as these values were
constant in all the surveys implemented. Means or medians difference tests could not be
carried out on the qualitative variables postulated (i.e., degree of satisfaction, existence of
certified olive groves, and willingness to change the farm management). In this sense, all
owners showed a high degree of satisfaction with the organic management, being certified,
with no predisposition to change the agricultural management model on their plots in the
short-medium term. Statistically, highly significant differences (p < 0.001 ***) were found
in the variables studied. In these sense, farm income was up to 10.36% higher on plots
without erosion (i.e., null erosion). In a similar way, plots with moderate erosion showed
more annual costs and labour force requirements, with higher values of up to 68.02% and
20.56%, respectively.

3.3. Time Projections and Cumulative Production and Benefits to Analyse Sustainability in
Organic Olive Groves

Based on the original results compiled in Tables 5 and 6 (i.e., productive yield,
farm income, subsidies from CAP, selling price at origin, and farm costs) and follow-
ing Equation (5) as a tool to simulate production loss due to erosion in the Estepa region,
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Figure 3 graphically summarises the results obtained for the 150-year projections of pro-
duction and economic benefits, understood as the difference between income and costs,
per hectare of organic olive groves at the respective levels of erosion in the PDO Estepa.
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Throughout the simulation time, there was no drop in production below the threshold
limit above which farm abandonment would be recommended at any level of erosion
(i.e., 1500 kg olive ha−1 or 300 L olive oil ha−1), ensuring the productive and economic
sustainability of the organic olive regardless of the erosion level. The productive yield per
hectare of cultivated olive grove was higher in plots with moderate erosion, due to the
higher plant density of these farms. However, in plots with null erosion, a stable production
was observed throughout the projection, while in plots with high erosion a slight decrease
in olive yield was observed due to the annual soil loss and its influence on agricultural
production. On the other hand, olive grove plots without erosion showed higher economic
benefits, while plots with moderate erosion showed a progressive downward trend with
respect to their economic dimension, derived from the decrease in productivity due to
the effect of erosion phenomena. Although the economic benefits were higher when CAP
subsidies were taken into account, there was no change in their dynamics, with more
benefits accruing to non-eroded plots. Thus, these subsidies constitute a constant value
added to the income derived from agricultural activity.

Finally, on the basis of the results shown in Figure 3, where the sustainable character of
the organic olive grove in the PDO Estepa is demonstrated, Table 7 provides the production
and profit values (without and with CAP), per hectare, accumulated during the simulation
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time. These data were non-parametric according to the Shapiro–Wilk and Levene tests
(p < 0.001 ***), and a Mann–Whitney U test was carried out to check if there were significant
differences for these variables between the erosion levels. Thus, highly significant differ-
ences (p < 0.001 ***) were observed for the yields obtained in kg of olives and L of olive
oil per hectare according the erosion level. This yield was up to 32.68% higher in the plots
with moderate erosion, due again to the high plant density in these farms compared to the
density of the plots without erosion. However, despite the higher cumulative productive
yield of the plots with moderate erosion, their benefits were significantly lower (p < 0.05 *)
by 15.49 without CAP subsidies and 11.68% when considering the CAP compared to the
plots with null erosion, due to their higher annual costs of maintaining the olive crop.

Table 7. Production (in kg olive ha−1 and L olive oil ha−1), and benefits (€ ha−1) without and
with CAP accumulated in the simulation time (i.e., 150 years) for organic olive groves in their
erosion levels.

Variable (Unit)
Organic Olive Groves

p-Value
Null Erosion Moderate Erosion

Production (kg olive ha−1) 406,212 538,962 <0.001 ***

Production (L olive oil ha−1) 77,227 102,464 <0.001 ***

Benefits without CAP (€ ha−1) 137,545 116,245 <0.05 *

Benefits with CAP (€ ha−1) 182,470 161,170 <0.05 *

*** highly significant differences, * significant differences.

4. Discussion
4.1. Influence of Erosion on the Environmental, Productive and Socio-Economic Dimensions of
Organic Olive Grove Management in the PDO Estepa

Olive farming systems are Mediterranean systems, being landscape-shaping elements,
especially in Southern Europe [1,2,12,18]. In Spain, Andalusia in particular, the represen-
tativeness of olive groves is maximised, as they provide ES to society and contribute to
guaranteeing a stable welfare state [11,19,73]. However, many studies show the intrinsic
vulnerability of these crops, as they are ecosystems that present multiple threats to their
multifunctionality. Although there are economic (i.e., low farm income) and social threats
(i.e., rural abandonment), which are particularly relevant in steep slope crops that can be
classified as marginal due to their low yield, the most important threats to the viability
of these systems are environmental [20,74]. These threats include microbial and entomo-
logical pests, which affect agricultural yields [75]; climate change, whose consequences
on temperature and rainfall will have multiple impacts on the distribution area of olive
groves [42,76]; diffuse pollution, derived from the use of chemical fertilisers [77]; and,
particularly, laminar erosion, which is the main threat to olive sustainability, affecting the
edaphic dimension of these crops, altering their agricultural production and economic
benefits [1,25–27,36,56].

Although erosion can have several impacts on agricultural systems, their intensity
depends intrinsically on their magnitude. Previous studies carried out in the PDO Estepa
have established a maximum erosion and soil loss per unit area of 36.68 t ha−1 year−1

for integrated olive groves, which are partial plant covers [9,24,36,46]. However, this
magnitude was reduced in organic plots, mainly due to the existence of total living plant
covers that minimise the loss of soil materials on surface by runoff up to 75% [25,29].
Organic olive groves were only located, from a cartographic point of view, in areas whose
slope responded to a null (i.e., LS factor of 0%) or moderate (i.e., LS factor of 7%) erosion
level according to the Moreira-Madueño criterion [50], with a maximum soil loss rate of
2.58 t ha−1 year−1. Although the intensity of erosion in organic plots was low, it was
possible to evaluate its consequences on olive cultivation compared to non-eroded plots.

From an environmental perspective and in line with previous research, erosion in
organic olive groves generated more compacted and less porous soils, hindering the root
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development of crops and plant covers as mitigating agents of erosion processes [43,46].
Similarly, soil depth and weight per unit area was lower in plots with greater erosion, due
to the loss of soil horizons derived from this process [25,26,56]. Although no changes in the
textural classification of soils in terms of erosion were observed, a higher content of gravels
was showed in plots with null erosion, constituting a mitigating agent of erosive processes,
avoiding runoff phenomena [43,55]. A lower content of edaphic fine particles (i.e., silts and
clays) was also observed in plots with moderate erosion, resulting in soils with less stability
due to the lack of edaphic aggregates that contribute to minimise soil loss [78]. Structurally,
previous findings of higher soil moisture in plots without erosion were corroborated in
this research, where soils with more humidity had a lower air pore content. Although low
soil aeration can compromise gas diffusion and nutrient uptake by plants, following the
criteria of Li et al. [79] and Ben-Noah and Friedman [80] the values measured in the study
area were not a concern that could affect crop yields. Chemically, soils with moderate
erosion were slightly more acidic, with a lower content of edaphic carbon, constituting less
fertile environments for agriculture, negatively conditioning production over time [58,78].
A higher conductivity was also detected in crops with moderate erosion, due to the higher
concentration of nitrates and phosphates in soil resulting from increased use of fertilisers
to maintain a constant production output [60,61,77]. It should be noted that in organic
farms, where only the use of non-chemical fertilisers is allowed, the nitrate and phosphate
content detected, although it did not exceed the threshold established to be considered as
contaminants, is due to the existence of diffuse pollution from nearby plots managed in an
integrated way, where chemical fertilisers are used [9,16,81]. This higher concentration of
these fertilisers resulted in higher soil enzyme activity, as there were no restrictions on the
nutrients needed for microbial growth [59,79]. Finally, considering potassium as a cation
asymptotically linked to agricultural production, its concentration decreased in moderately
eroded plots, suggesting that, despite the higher production of these plots due to their
higher plant density, the soil environment is less productive than non-eroded areas [82,83].

On the other hand, the higher plant density in plots with moderate erosion resulted
in higher productive yields. This measure aimed at mitigating the effects of erosion on
the crop are linked to an increased need for labour force for olive harvesting, constituting
a driving force for employment demand in the short term [24,35]. Economically, the
selling prices at origin per kg olive ha−1 or L olive oil ha−1 were constant, showing values
slightly higher than the selling price per kg olive ha−1 of integrated olive growing in
the PDO Estepa according to Rodríguez Sousa et al. [46] criteria (i.e., 0.69–0.79 € ha−1).
Although farm income showed values adjusted to farmers’ demands on their standard
of living [31,32], despite the higher production of moderately eroded plots their benefits
were lower than those found in farms with null erosion, due to higher annual costs per
hectare as the magnitude of erosion processes increased. These higher costs are due to the
greater need to implement energy inputs (i.e., irrigation, fertilisers) to keep production
constant for scenarios where erosion leads to a decrease in soil fertility and agricultural
productivity [8,10,19]. Finally, landowners showed a high satisfaction with certified organic
olive groves, with no willingness to modify the management of their plots in the short–
medium term, to benefit from the European subsidies granted by Pillar I and II of the current
CAP (i.e., 2014–2020) towards agricultural managements that promote soil fertility together
with rural development, objectives that will become more important in the post-2020 CAP,
where a greater demand for agricultural multifunctionality rather than productivity will
predominate [33,34,84].

4.2. Sustainability Assessment of the Organic Olive Grove in the PDO Estepa

The assessment of agricultural sustainability, understood as the long-term economic-
productive maintenance of crops without causing severe damage to nature and the environ-
ment, constitutes a complex challenge where holistic approaches based on the Triple Bottom
Line (i.e., TBL), where the economic, social and environmental dimensions of these systems
are evaluated [85,86], must be applied. Although there are multiple lines of research that
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analyse the sustainability of agriculture from different perspectives, implementing the
analysis of sub-indicators in multi-criteria decision-making analysis (i.e., MCDA) [23,24],
or performing life cycle sustainability assessment of agrosystems (i.e., LCSA) [87,88], the
present research has analysed the sustainability of organic olive groves in a specific region
using the MFA approach in agriculture and the multidimensional analysis of these crops,
due to the strong expansion of this management in Andalusia in recent years, currently
exceeding 54,800.68 ha [9,29,30].

In the PDO Estepa, organic olive groves are novel, forming isolated plots immersed
in a mosaic of groves managed in an integrated way [24,39,40]. This reality is a limitation
that must be taken into account when interpreting the results of this research, because
although organic olive groves sampled have exceeded the conversion period (i.e., 3 years)
as they come from plots under other management models and have organic certification,
the absence of a physical separation between this management and integrated farms in the
study area may result in the alteration of the biological and soil parameters analysed, due
to the risk of diffuse pollution that may exist between contiguous plots [81,89].

According to the simulations carried out over the long term (i.e., 150 years), the
sustainable of the organic olive grove in the PDO Estepa was verified from an economic
and productive point of view, in agreement with the criteria of Pleguezuelo et al. [29]. In this
sense, throughout the simulations, the farms showed an economically profitable character
(i.e., benefits in excess of 900 € ha−1 and 750 € ha−1 for plots with null and moderate
erosion respectively without including the CAP in the analysis, increasing these profits
to more than 1200 € ha−1 and 1050 € ha−1 when the CAP is taken into account), and the
production was not lower than 1500 kg olive ha−1 or 300 L olive oil ha−1 (i.e., production
threshold below which abandonment is recommended). Analysing the cumulative data,
although production was higher in plots with moderate erosion due to higher plant density,
cumulative economic benefits were higher under null erosion, again demonstrating the
sustainable character of organic agriculture in the study area. Thus, organic management
consolidate an agricultural model that responds to the demands of farmers and society
in terms of providing a fair standard of living and producing food that meets standards
corresponding to food security [24,29,30]. However, in line with the studies of Gómez
et al. [1,25] and Vanwalleghem et al. [26], erosion has been identified as a threat to soil
degradation, with repercussions on olive production due to the generation of less fertile
and more compacted soils. Although due to the slight magnitude of erosion estimated
in the organic olive groves of the study area erosion did not pose a serious threat to their
sustainability over time from an environmental perspective (causing minor environmental
and biological impacts), it did lead to a downward trend in production, corroborating the
studies of Galán et al. [10] about the main effects of erosion on agricultural yields. On
the other hand, plots without erosion showed a higher economic yield, evidencing lower
annual costs per farm due to not having to implement measures aimed at maintaining a
stable yield [10,19,46].

In a context in which agricultural and olive grove intensification is being promoted
as a response to greater production demand [38], the results showed that organic man-
agement constitutes a sustainable alternative over time in the Estepa region, taking into
account the local character of the research carried out. Thus, organic farming is a model
that balances the environmental, productive and socio-economic dimensions of the crop,
minimising the environmental impacts of erosion through the implementation of edaphic
plant covers [24,29,36,56]. From this local perspective, organic farming in the Estepa re-
gion makes a high contribution to satisfying existing demands for agriculture, being an
alternative agricultural management that meets the multifunctional objectives set out by
the CAP and the sustainable development goals (SDGs), contributing especially to the
goals related to zero hunger, due to its stable production over time; responsible production
and consumption, guaranteeing sustainable crops; action against climate change, by using
only organic fertilisers and avoiding land and atmospheric pollution; and the conservation
of terrestrial ecosystems, promoting the agro-biodiversity of olive groves and introduc-
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ing measures to mitigate erosion processes (i.e., plant covers) that minimise the risk of
desertification [33,34,90,91].

5. Conclusions

Taking into account the social demands on agriculture, it is necessary to adopt man-
agement models that encourage its sustainability. In this sense, organic farming is a
multifunctional model that is increasingly in demand, due to their environmental benefits,
which help to ensure the durability of farming systems.

Despite the local/regional character of the research carried out in the PDO Estepa
and the reduced sample size of organic olive grove plots, the consequences of erosion as a
multidimensional threat that affects the economic and environmental dimensions of the
olive grove could be tested. In this sense, erosion caused a slight edaphic degradation on
farms, resulting in more compact soils, with higher enzymatic activity and lower content
of fine fractions. Erosion also had a negative impact on the diversity and plant covers, as
well as on the economic benefits of farms. Additionally, soil contaminants (i.e., nitrates and
phosphates) were detected in organic plots, due to diffuse pollution from nearby integrated
farms where the use of chemical fertilisers is common.

On the other hand, the simulations carried out showed the sustainability of this crop,
with organic management being a sustainable option for Estepa region, configuring an
agricultural model which responds to the farmers’ demands in terms of employment,
maintaining a fair standard of living, and causing minimal environmental impacts.

Future research should be oriented towards the exhaustive analysis of organic man-
agement. Broader studies must be carried out, to recommend this management model and
promote European subsidies granted to conserve its ES, linking the importance of organic
agriculture to the achievement of the SDGs. On the other hand, specific studies should
also be carried out, to analyse the local applicability of this management in order to make
recommendations to decision-makers on the feasibility and benefits of organic agriculture
to each study area.
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