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Abstract

Context Olive groves are key features of Iberian
Mediterranean landscapes. With the intensification of
olive grove production, some negative environmental
impacts on soils must be considered to achieve farm
sustainability.
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Objectives To estimate, theoretically and empiri-
cally, soil erosion in olive groves of Alentejo (Por-
tugal) considering different planting densities and
soil managements (i.e. conventional, integrated,
organic), and related impacts on soil loss and farm
sustainability.

Methods Soil erosion was empirically calculated
using sediment traps. Soil loss was modelled using
the Universal Soil Loss Equation (USLE) model. The
impact of erosion on farm sustainability was assessed
by simulating future projections to 100 and 500 years.
Results An overestimation of theoretical erosion
rates for all olive management models compared
to the empirical results was observed. Plant cover
strongly contributed to reduce soil loss. Tempo-
ral simulations based on experimental data showed
a longer sustainability of intensive groves than
expected according to theoretical values.

Conclusions Despite the negative impacts of inten-
sive agriculture, this study highlights that it is essen-
tial to consider soil management impacts on erosion,
an aspect that influences farm sustainability, regard-
less of planting density. Future studies should expand
our experiments across a wider sample and locations
of olive groves, to better discern how olive sustain-
ability is impacted by different agricultural manage-
ment options and decisions.

Keywords Agro-ecosystems - Land management -

Semi-arid agriculture - Scenario planning -
Simulation and modelling
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Introduction

The European Union hosts circa 175 million hec-
tares (M ha) of Land in Agricultural Use (LAU),
with 5 M ha devoted to olive groves (EUROSTAT
2021). These groves occupy more than 2.90 M ha
in the Iberian Peninsula (Fregapane and Salvador
2019; Rodriguez Sousa et al. 2020). Olive groves are
multifunctional farming and land-use systems, con-
tributing, through multiple ecosystem services (ES,
considered the benefits that an ecosystem brings to
society), to human well-being and resulting in social,
economic and environmental benefits (Fleskens et al.
2009). In the Iberian Peninsula olive groves occupy
3 M ha, specifically exceeding 350,000 ha in Portu-
gal, forming heterogeneous landscapes (Fraga et al.
2020; Villa et al. 2020; Rodriguez Sousa et al. 2021).
Olives and olive oil in Portugal have lately become an
emergent sector, economically contributing to 1.36%
of the national farm income; promoting the social
dimension linked to the generation of employment;
and typically associated with a positive environmen-
tal dimension, potentially hosting abundant biodiver-
sity (Pizzolotto et al. 2018; Rey et al. 2019; Santos
et al. 2007a, b). Olive oil production in Portugal has
risen up to 270,000 t of oil (INE 2022a, b). In addi-
tion to provisioning ES (i.e. food production), olive
groves also deliver regulating ES (i.e. atmospheric
carbon sequestration or erosion mitigation) (Mal-
donado et al. 2019; Rodriguez-Entrena et al. 2012).
Finally, these farming systems also deliver multiple
and valuable cultural ES, contributing to rural devel-
opment through oleo tourism (D’Auria et al. 2020).

51% of the olive-growing area in Portugal is in
Alentejo (Southern Portugal) (INE 2022a). The prox-
imity of the Alqueva reservoir (surface area of 250
km? and capacity of 4150 hm?) allows a great source
of water to regional agriculture, with 53.26% of olive
groves benefitting from irrigation infrastructures,
with the remaining 46.74% being rainfed (Rodriguez-
Cohard et al. 2019; Fraga et al. 2020). To respond to
the social demands of the Portuguese society towards
agriculture about a stable food supply, extensive olive
groves are undergoing a gradual intensification pro-
cess to maximize their yields in the long term (EC
2020).

Olive intensification is directly associated with an
increase in tree density (Pastor et al. 2007; AEMO
2020). By applying this criterion, highly-intensive
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(1000-2000 trees ha™') and intensive groves (i.e.
200-800 trees ha™') in Alentejo account for 63.80%
of the olive-growing area (responsible for 75% of
olive production) (INE 2022a). Intensive groves are
affected by widespread perceptions of negative envi-
ronmental connotations, related to the fact that many
of them have applied the removal of herbaceous
under-cover, which leads to a greater risk of erosion
(Caraveli 2000; de Graaff et al. 2010). However, sev-
eral studies have shown how planting density is a sec-
ondary agronomic character that does not necessarily
determine farm sustainability (i.e. lifespan), a concept
closely linked to landscape ecology through the adop-
tion of agricultural management models that guaran-
tee the socio-economic profitability of the systems,
along with a minimum environmental impact (Rod-
riguez Sousa et al. 2019a; Camposeo et al. 2022). In
contrast, soil management seems to be a key determi-
nant of farm sustainability (Metzidakis et al. 2008).
Thus, olive groves with high planting densities can
present different forms of soil management. Intensive
and highly-intensive olive groves, as well as extensive
groves, can present a conventional soil management,
where the use of chemical fertilizers and machinery
is allowed; integrated, where the addition of chemi-
cal inputs is controlled; or organic, where only natu-
ral fertilizers can be applied (De Gennaro et al. 2012;
Romero-Gamez et al. 2017). Each one of these mod-
els applies different strategies to control soil veg-
etation, ranging from the maintenance of the original
grass vegetation to removing, partially or completely,
plant cover. Maintenance of herbaceous plant cover
is an agro-environmental measure that enhances soil
fertility and minimize soil losses (Zuazo and Plegue-
zuelo 2009). In addition, organic groves may be man-
aged using a biodynamic approach, a circular-econ-
omy system where only fertilizers from the farm itself
are allowed, guaranteeing their protection against
cross-contamination from neighboring farms (Santoni
et al. 2022).

Considering the increasingly rapid expansion of
olive groves in Portugal, numerous studies have been
carried out looking at the negative repercussions of
soil erosion on agricultural productivity (Rodriguez
Sousa et al. 2021, 2022), and on how different man-
agements models can help increase or mitigate soil
loss in crops (Guerrero-Casado et al. 2021). In this
sense it is essential to quantify the implications of
increasing the tree density and the impact of soil
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management practices on erosion. Soil erosion is a
key threat to farm sustainability due to the impacts on
soil fertility and agricultural productivity (de Graaff
et al. 2010). The main aim of this study is to evaluate,
through the combination of theoretical models and
empirical measurements, how different management
practices (i.e. conventional, integrated and organic)
in olive groves with variable planting density can
modify soil loss rates, affecting farm sustainability.
The specific objectives were: (a) to estimate, empiri-
cally, the annual erosion of olive groves in Alentejo,
in 7 experimental plots; (b) to calibrate according to
the Universal Soil Loss Equation (USLE) the poten-
tial for erosion of each model of olive grove manage-
ment and check the degree of adequacy between the
model and empirical data; and (c) to implement a
simulation model that evaluates how erosion affects
the medium and long-term sustainability (lifespan) of
crops through 100- and 500-year time projections.

Methods and data processing
Study area

Central and Southern Alentejo (NUTS-3 adminis-
trative units, which in Portugal are termed as Dis-
tricts) was chosen as the study area, where olive
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groves exceed 170,000 ha (INE 2022a). To conduct
our empirical research 7 study plots were selected
to monitor erosion in the field for one year. This
region is characterized by a Mediterranean climate,
with an average temperature between 9 and 24 °C
and a rainfall of up to 550 mm (Fraga et al. 2020).
Olive groves in Alentejo are mainly located over
igneous (granite) and metamorphic rock parent
materials (schist) with 20 to 150 cm deep and clay
to loamy texture, at altitudes of 200-600 m above
sea level (m.a.s.].) (Rodriguez Sousa et al. 2021).
From a planting density point of view, a distinction
is widely accepted between extensive (<200 trees
ha™'), intensive (200-800 trees ha™!) and highly-
intensive groves (1000-2000 trees ha™') (Coper-
nicus Land Monitoring Service 2018; Fig. 1). As
aforesaid, each of these types can be managed con-
ventionally, integrated or organically (with only
a minority of plots yet under biodynamic man-
agement). Although near 47% of the olive groves
in Alentejo are rainfed, all management models
allow the incorporation of irrigation, being mostly
through deficit irrigation (i.e. addition of up to 1500
m? ha~! in times of water stress) (Pérez et al. 2010).

- Highly-intensive olive groves
- Intensive olive groves

\:| Extensive olive groves

@ 1-7:Studyplots

Fig. 1 Location of Central and Southern Alentejo (Portugal) and the study plots, specifying the types of olive groves according to

planting density: extensive, intensive or highly-intensive
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Characterization of the study olive groves

The seven olive groves of our study, corresponded to
5 different management models: (a) highly-intensive
groves managed as integrated or organically (biody-
namic); (b) intensive groves managed as integrated
or organically; and (c) extensive and organic olive
groves (Table 1). All crops were irrigated, except
the extensive grove, which presented 100% vegeta-
tion cover, while the remaining ones presented cover
percentages between 15 and 57%. Only two groves
with highly -intensive and intensive densities used
herbicides to control vegetation. While three groves
(i.e. highly-intensive and intensive olive groves) used
plowing along the tree rows, 2 of the same groves,
along with another one with intensive and organic
management also cut the grass in the interrow. The
plots showed variable slopes (between 12.28 and
23.09%). The different structural characteristics of the
groves resulted in high variability in terms of the risk
of erosion, thus serving the sample units as a refer-
ence to determine whether soil management is a con-
ditioning factor for erosion.

Erosion measurements and soil analysis

Soil erosion was monitored during 2021-2022 imple-
menting 3 to 4 plots in each of the seven olive groves
in Table 1 (i.e. final sample size of n=22 plots). Soil
loss was quantified through the implementation of a
sediment collection trap (plot) designed to retain soil
particles removed from the crop through erosion (i.e.
laminar and rill erosion) (Lima-Cueto et al. 2018).

Each sediment fence (3—4 m length, 1-2 m width,
40-50 cm high) consisted in a collector that was fixed
to the ground using a geotextile fabric, wooden stakes
and nails (Prats et al. 2016). These traps allowed the
water to settle and the sediments to deposit (Prats
et al. 2016). The installation was completed in May
of 2021 (Fig. 2), the quantification of the sediments
followed on a monthly basis or immediately after
each heavy rainfall event for a one-year period. The
amount of wet sediments in the traps was collected
and weighed in the field, being able to determine dry
soil losses in each sampling time after determine the
dry weight (de Graaff et al. 2010; Gémez et al. 2009,
2018).

In each grove, three soil samples were taken using
a metal core of 5 cm height (141.37 cm’), to deter-
mine soil physical parameters (stone content, dry bulk

Fig. 2 Design of one of the sediment collection traps imple-
mented in the experimental olive grove in Alentejo (Portugal)

Table 1 Experimental olive groves numbered according to Fig. 1, specifying the olive tree density (trees ha™'), soil management,
slope (°/%), and their main management practices: presence/absence of irrigation, herbicides, plowing or herbaceous cutting (cutting)

Grove Type of olive grove

Main management practices

Egn— Tree density (trees ha™')  Soil management Slope (°/%) Trrigation Vegetation  Herbicides Plow lines Cutting
strip cover
(%)

1 Highly-intensive (1925) Integrated 7°/112.3% Yes 24.1 Yes No No

2 Highly-intensive (1186) Organic (Biodynamic)  7°/12.3% Yes 56.1 No Yes Yes

3 Intensive (272) Integrated 13°/23.1% Yes 19.3 Yes No No

4 Intensive (284) Organic 9°/15.8% Yes 159 No Yes No

5 Intensive (341) Organic 7°/112.3% Yes 37.1 No Yes Yes

6 Intensive (339) Organic 8°/14.1% Yes 18.7 No No Yes

7 Extensive (104) Organic 12°/21.3% No 100 No No No
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density, soil texture and soil organic matter). Sam-
ples were firstly dried to obtain their dry bulk density
value (Eq. 1, Gémez et al. 2009):

DSW

DBD = ,
Ve M

where DBD; dry bulk density (g cm™); DSW; dry
soil weight of the sample (g); Vc; core sample collec-
tion volume (cm?).

After sieving the soil samples with a 2 mm mesh,
the stone content was determined, and the fine frac-
tion was used to obtain the soil texture following the
Bouyoucos method (sands: particles of 2 mm-50 pm;
silts: 50-2 pm; clays: particles smaller than 2 pm)
(Bouyoucos 1962). Existing mapping was used to
estimate the average soil depth of each of the plots
(DGT 2022), and the soil weight per unit area was
estimated according to Eq. 2 and 3 (soil weight corre-
sponding only to the fraction lower than 2 mm) (Gis-
bert Blanquer et al. 2012):

W =100 - Sd - DBD, 2

W < 2mm = (W - (100 — %Stones)) - 1007, 3)

where W; soil weight (t ha™'); Sd; soil depth (cm);
DBD; dry bulk density (g cm™); W<2 mm; soil
weight for the soil fraction lower than 2 mm (t ha™!);
%Stones: representativeness of soil particles larger
than 2 mm.

Finally, we estimated the organic carbon content
of the soil samples through an indirect colorimetric
method using K,Cr,0,, the organic matter content, as
shown in Eq. 4 (Aranda et al. 2011):

OM = 1.724 - [C], @)

where OM; soil organic matter content (%); 1.724;
Van Bemmelen’s factor for conversion of organic car-
bon to organic matter; C; organic carbon content of
sample (%).

Modelling soil erosion

Soil erosion due to surface processes (i.e. laminar and
rill erosion) was estimated using USLE model (Wis-
chmeier and Smith 1960; Kinnell 2010). This was
done for all possible types of olive groves in Alentejo
(Portugal) (i.e. highly intensive, intensive and exten-
sive groves managed via conventional, integrated

or organic models). To cover the large variability in
terms of olive grove management systems, differ-
ent criteria were used to calibrate each USLE factor
(Eq. 5) specifically for the study area:

A=R-K-L-§S-C-P, 4)

where A; potential erosion (t ha™! year_l); R: rain-
fall erosivity (J ha™!); K; soil erodibility (Mg J=');
LS; length and degree of slope (dimensionless and in
degrees or %); C; soil vegetation cover (dimension-
less); P; implementation of soil conservation agricul-
tural practices (dimensionless).

For the calibration of the R-factor, the specific
criteria, that had previously applied in Alentejo
by Santiesteban et al. (2005) and Rodriguez Sousa
et al. (2021, 2022), were followed, where a value of
95 J ha™! was assumed. The K-factor was calculated
using the criteria of Gisbert-Blanquer et al. (2012),
estimating this parameter according to soil texture,
organic matter content, structure and permeability
(these values were estimated according to the nomo-
grams of Wischmeier et al. (1971) and the criteria of
Auerswald et al. (2014), assuming general values of 2
and 4 respectively).

Considering that the steeper the slope, the greater
the risk of erosion, the criteria of Moreira-Maduefio
(1991) was adapted to estimate erosion equiva-
lently with the experimental plots, generating 4 ero-
sive intervals: (a) moderate slopes up to 10% (5.71
degrees); (b) slightly severe slopes up to 15% (8.53
degrees); (c) severe slopes up to 20% (11.31 degrees);
and (d) very severe slopes up to 25% (14.03 degrees).
The LS factor was estimated following the crite-
ria of Renard et al. (1997) and Eqgs. 6-7 (LS factor
was estimated through the multiplication of L and S
subfactors).

L= (Slopel . 22.13)((Sin Slope-sin 5.143)~(sinSlope0'8+0.56)"
(6)
S = (16.8 - sin Slope — 0.5), @)

where L; slope length dependent subfactor (dimen-
sionless); Slopel; slope of the territory (constant
assumption of 100 m); sinSlope: sine of the slope of
the territory in degrees; S; subfactor corresponding to
the magnitude of the slope (dimensionless).

The C Factor, according to Gémez et al. (2003)
and Russo et al. (2016), can be modified according
to: (a) the planting frame, higher in extensive groves
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(7X7 m or 8x8 m), while in intensive and highly
intensive groves such frames are reduced to 6 X5 m
and 2X2 m respectively, resulting in an increase in
the C-factor; (b) tree crown radius, related to tree age,
a parameter that acquires higher values in extensive
groves, with crown radius of 2.5 m, contributing to
minimize C-factor. In intensive and highly intensive
groves, olive trees are usually younger, with crowns
of 1.5 m (AEMO 2020; Romero-Gamez et al. 2017),
resulting in higher values of the C-factor; and (c) the
presence of herbaceous plant covers that are very
common in extensive groves, being more patchy in
those groves managed conventionally, more dense
and continuous in integrated groves, and presenting a
total cover in organic agriculture (reducing C-factor
and erosion) (Zuazo and Pleguezuelo 2009). Highly
intensive and intensive groves under integrated or
organic management maintain the soil vegetation,
but conventional groves partially remove the vegeta-
tion (Metzidakis et al. 2008). According to Rodriguez
Sousa et al. (2019a) C-factor values of 0.25, 0.16 and
0.06 were used for, respectively, extensive groves
with conventional, integrated and organic manage-
ments. The intensive and highly-intensive conven-
tional groves C-factor was 0.41 and 0.50 (Rodriguez
Sousa et al. 2022). Finally, P-factor varies between
a range of 0 and 1, but the absence of any structural
characteristic that minimize the impact of tillage
practices led to the selection of a conservative value
of 1 (Sanchez-Escobar et al. 2018).

Model calibration and validation strategy

To apply the USLE model to all types of olive groves
in Alentejo, main soil data for extensive-conventional,
extensive-integrated and  intensive-conventional
groves were retrieved from Rodriguez Sousa et al.
(2021) (Fig. 3). Based on these data (synthesized
as the mean values of 4 groves in each group, and 3
samples per grove), key soil variables were extracted,
resulting in statistical indicators across all four soil
erosion levels (moderate to very severe). These were
subsequently adapted to reflect the conditions of all
remaining types of olive management models pre-
sent in our case study area (Table 2). For extensive
and organic olive groves, following the criteria of
Gomez et al. (2009) and Romero-Gamez et al. (2017),
it was assumed a higher fertility and lower compac-
tion in soils (i.e. dry bulk density). The concentration
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of clays was increased in line with decreases of sands
and silts, due to a greater stability and quantity of col-
loidal aggregates than in integrated groves (Plegue-
zuelo et al. 2018). Following Rodriguez Sousa et al.
(2019b), using published data on extensive organic
olive grove as a proxy, it was assumed a higher depth
in these groves, and thus we could estimate the weight
of soil. The permanent plant cover for the intensive
integrated and organic groves was modelled using
the values of Rodriguez Sousa et al. (2021), which
was higher than in the intensive conventional groves,
with higher organic matter content and less soil com-
paction (Russo et al. 2016; Zuazo and Pleguezuelo
2009). According to Caraveli (2000) and Duarte et al.
(2008), soil texture was maintained, with a predom-
inance of loam textures due to the increase in clays
together with the decreases in sands and silts, due to
the influence of these types of agricultural manage-
ment on the increase of soil stability. The research of
Gomez et al. (2009) was used to calculate soil depth
and weight in conventional and intensive groves with
integrated and organic management.

To calibrate the highly-intensive olive grove pro-
jections, the calibrated data for intensive olive groves
were used as a starting point. For highly intensive
conventional groves, a greater dry bulk density was
assumed (Goémez et al. 2009). It was also assumed a
reduction in the clay soil content and soil depth, as
well as a decrease in the organic matter content, fol-
lowing the trend and data in Rodriguez Sousa et al.
(2022), which supports, from a pool of 80 plots, a
lower soil fertility of highly intensive and conven-
tional olive groves regarding to intensive and exten-
sive, conventional groves. For integrated and highly
intensive groves, starting from its equivalent coun-
terpart in intensive groves and following the criteria
by Rodriguez Sousa et al. (2019a), downgrades were
made in the dry bulk density, organic matter, soil
depth (conditioning soil weight) and clays. Finally,
for organic and highly intensive olive groves, the
same criteria described above were applied, with a
baseline in organic and intensive olive groves.

The calibration of the USLE was obtained from
Rodriguez Sousa et al. (2021, 2022) for extensive
conventional, integrated and organic groves, as well
as for highly-intensive and intensive conventional
groves. Although the LS factor was calibrated for
different slopes following MAPAMA (2017), the LS
values were modified according to the slopes of the
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Table 2 Type of olive grove type to generate the modelled soil data, specifying the increases (A) and decreases (V) of each variable

with respect to that reference grove

Type of olive grove

Reference olive grove

Soil parameters

Tree density Soil management DBD Sands (%) Silts Clays (%) Sd (cm) OM (%)
(gem™) (%)
Highly-intensive Conventional Intensive conventional A 5% A25% A25% V5% V10% V5%
(800-2000 trees ha™)  [peegrated Intensive integrated A 2.5% A125% A125% V25% V25% V25%
Organic Intensive organic A25% A125% A125% V25% V25% V25%
Intensive (200-800 trees Integrated Intensive conventional V 5% V5% V5% A 10% A10% A 10%
ha™") Organic V10% V10% V10% A20% A20% A20%
Extensive (up to 200 Organic Extensive integrated ~ V 5% V5% V5% A 10% A5%  A5%

trees ha™!)

DBS dry bulk density (g cm™), Sd soil depth (cm), OM soil organic matter (%)

experimental groves, to make equivalent comparisons
between the erosion rates estimated empirically and
the erosion rates calculated through the USLE model.
Based on these assumptions and data, for the rest of
the crop typologies, soil losses were estimated by
keeping R and P factor values constant at the regional
level, calibrating the K factor through the corre-
sponding soil data, and establishing the slopes of the
LS factor according to the categories of moderate
(10%), slightly severe (15%), severe (20%), and very
severe (25%) potential for erosion. For the C factor,
according to the same authors, a decrease of 64% was
observed between conventional and integrated groves,
along with a reduction rate of 37.5% between inte-
grated and organic groves. By applying generic ratios
amongst the diverse olive grove models, the C-factor
values in the projections generated were estimated,
resulting in greater C-factor values at higher planting
densities and reduced with the implementation of soil
cover crops characteristic of integrated and organic
groves.

Finally, to foresee the impacts of erosion on the
sustainability of olive groves in Alentejo, long-term
simulations looking at 100- and 500-year periods,
were conducted using STELLA software (STELLA
9.1.4 ® STELLA 2010). This is a modelling software
where, through a graphic interface based on For-
rester diagrams, the progressive impacts of cumula-
tive soil erosion over time can be estimated at multi-
ple timescales, and for for different crops. Due to the
uncertainty that is necessarily linked to the trends in
the expansion and spatial-temporal patterns of olive
groves over time (Fraga et al. 2020), these projections
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were calculated con the basis of a conservative sce-
nario for olive grove management changes over time
(business as usual). The simulations were made con-
sidering one assumption: the crop is assumed to be
abandoned when the soil depth reaches 20 cm, which
is the minimum useful depth for the cropland be con-
sidered profitable (Rodriguez Sousa et al. 2019b). In
other to analyze the impact of rock fragments and soil
thickness (Van Wesemael et al. 2000), we accounted
for a differential mass transport of the different soil
particles: the stones remaining in place and the soil
fraction less than 2 mm being preferentially removed
by erosion (Poesen and Lavee 1994; Ebabu et al.
2022). For the calibration of the USLE model, no dif-
ferentiation was made, but for the modelling of the
experimental groves, the simulations were carried out
both with and without considering differential mass
transport of the soil.

Results
Experimental and modelling results

Soil parameters calibrated for the different types of
olive groves are summarized in Table 2, whilst those
applied to model soil losses using USLE are summa-
rized in Fig. 4. In this figure are attached data for each
soil erosion level for the 6 olive groves according to
their planting density and management (see specific
results in Online Resource 1).

Intensive and highly-intensive groves showed
a higher dry bulk density than extensive groves
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(minimum values between 1.1 and 1.3 g cm™ in

organic management depending on the slopes of
the plots). This parameter, in addition to increasing
with erosion, increased for conventional manage-
ment, reaching maximum values of 1.6-1.8 g cm™
in groves with maximum tree density. Conversely,
soil depth was higher in organic extensive groves
(up to 154.1 cm), with intermediate situations being
evidenced in groves with high planting densities
managed in an integrated or organic manner, the
lowest depth being that of highly-intensive groves
under conventional management (38.9 cm). A simi-
lar trend was evident for soil weight, with maximum
values in extensive and organic groves on moderate
slopes (16,794.7 t ha_l), and minimum values in
highly-intensive and conventional groves (7044.5
t ha™!). There was a higher clay content in organic
management. Finally, the maximum organic mat-
ter contents were up to 4.5% in the organic man-
agement of extensive groves, decreasing to 0.8%
in highly-intensive groves managed conventionally
with very severe slopes (up to 25%).

Table 3 shows the main soil characteristics of the
experimental groves, which can condition soil loss
rates.

All plots showed a similar texture, with a pre-
dominance of sands and a low content of fine soil
particles (i.e. silts and clays). The lowest dry bulk
density was observed in the extensive olive grove,
showing less soil compaction. The most com-
pacted soils were those with intensive olive groves
managed organically, while highly-intensive olive
groves (conventional and organic) showed an inter-
mediate situation. Soil depths were also highly
variable, although soils with a depth of less than
50 cm predominated, 2 plots with intensive and
highly-intensive olive groves were the deepest, with
values of 65 cm and 75 cm, respectively. The vari-
ability observed for these two variables resulted in
very different soil weights among the groves, those
with higher soil weights (total soil weight, soil
weight <2 mm, and soil weight for the 20 cm layer)
being the plots with high planting densities man-
aged organically. All the plots showed organic mat-
ter values between 2 and 4%, being an intermedi-
ate content, except for one plot of intensive organic
olive grove, whose organic matter content was very
high, exceeding 5%.
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USLE modelling of soil erosion rates

A constant rainfall erosivity value of 95 J ha™! (factor
R) was assumed for all the groves. The slope ranges
(Factor LS) were grouped into: (a) moderate (slopes
up to 10%; b) slightly severe (10-15%); c) severe
(15-20%); and d) very severe (up to 25%). For factor
P we assumed a constant value of 1. The variability
within factors K and C gave rise to different erosion
estimates in the different olive groves. Figure 5 shows
the calibration, in each type of crop, for K and C-fac-
tors (Fig. 5a; b), additionally showing the modelled
soil erosions (Fig. 5¢) (see specific results in Online
Resource 2).

Given the constant nature of the R, LS and P fac-
tors, the differences in the potential erosion modelled
of the groves are due to variations in the K and C fac-
tors. Soil erodibility was higher in highly intensive
groves, and for higher erosive levels. Although the
C factor previously modelled in other researches was
0.25, 0.16 and 0.06 in conventional, integrated and
organic extensive groves, and 0.41 and 0.50 for inten-
sive and highly-intensive conventional groves, the
integrated and organic management of high-density
groves showed decreases in this value due to a greater
influence of soil cover. Thus, the C factor resulted in
values of 0.26 and 0.10 in intensive integrated and
organic groves, while for highly intensive groves,
these values were 0.32 and 0.12, respectively.

A higher modelled soil loss was observed at higher
plant densities. Within the extensive olive groves,
those with the lowest potential erosion were the
organically managed groves due to the usually perma-
nent and total nature of the vegetation covers, with a
maximum erosion of 32 t ha™! year‘l, 72% and 63%
lower than the conventional and integrated extensive
olive groves, respectively. Intensive groves showed
higher modelled erosion than extensive groves in
conventional management (increases of 39-7%
between the lower and higher slope territories), inte-
grated (increases of 52-57%) and organic (increases
of 47-113%), these increases being 77%, 93-133%
and 90-167% when comparing highly intensive
and extensive groves under equivalent management
systems.

Through the erosion traps implemented in each
study grove, the annual results of the quantified soil
losses for the plots under study are synthesized in
Table 4:
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Fig. 5 Theoretical estimates of factor K (a, soil erodibility,
Mg J7Y, factor C (b, soil cover; one single value per type of
olive grove, regardless of the slope of the land), and erosion
(c, t ha™! year™) for extensive, intensive and highly intensive

The highest field erosion rate, higher than 20
t ha™! year™! was observed for an intensive olive
grove with integrated management (grove 3). Field
erosion higher than 10 t ha™! year™! was evidenced
in a highly intensive integrated olive grove (grove
1). For the rest of the groves, although the exten-
sive olive grove showed the lowest erosion rate (i.e.
0.003 t ha™! year™'), the annual rates were lower
than 1 t ha™! year™!.
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olive groves managed conventionally, integrated or organically
according to the different levels of slope stipulated: moderate
(up to 10%), slightly severe (up to 15%), severe (up to 20%),
and very severe (up to 25%)

Field and modelled data showed large differences
amongst them. The field soil erosion calculated for
the highly intensive integrated and organic olive
groves were, respectively 90% and 97% lower than
the modelled erosion, corresponding to plots with
slopes between 10-15% (108 and 31 t ha™! year™").
Intensive organic groves, with slopes ranged around
15%, showed a lower erosion of 99% compared to
the USLE outputs (24 t ha™' year™!). The intensive
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Table 4 Mean soil erosion

ha-! 1 Grove  Type of olive grove Erosionrates ~ USLE ero-

rates (tha year ), number - ) - (tha™! year") sion rates (t
measured using sediment Tree density (trees ha™')  Soil management ha~! year‘l)
fence plots and estimated
usillllg the USLE H;O(li?l for 1 Highly-intensive (1925) Integrated 10.89 108.9
each experimental olive . . . g .
groves of this study 2 Highly-intensive (1186)  Organic (Biodynamic)  0.41 31.1

3 Intensive (272) Integrated 22.76 138.6

4 Intensive (284) Organic 0.11 35.9

5 Intensive (341) Organic 0.05 24.1

6 Intensive (339) Organic 0.14 24.1

7 Extensive (104) Organic 0.003 32.0

integrated olive grove (23% slope) also showed an
erosion rate lower by 81% with respect to the mod-
elled value (138 t ha™! year™!). Finally, the extensive
organic olive grove, with a slope greater than 20%,
showed 99% less erosion rates with respect to the
modelled value (32 t ha™' year‘l).

Long-term impacts of erosion on the sustainability of
olive groves

For the 36 types of olive grove obtained combining
tree density, far, management and erosion levels the
100-year and 500-year simulations were carried out
to evaluate their future sustainability. Table 5 the
lifespan at which each olive grove cease to be sustain-
able, extracted from the 100-year projections.

Highly-intensive and intensive olive groves con-
ventionally managed in slopes greater than 10%
showed a future sustainability of less than 80 years,
highlighting the low sustainability levels of this
type of olive grove in land with high erosion (i.e.
20 years). A similar trend was observed for high-den-
sity olive groves under integrated management, while
organic olive groves, regardless of their planting den-
sity, were not sustainable in the 100-year projection
(slopes of 20-25%). Figure 6 shows the trend of each
management model over the 500 years simulated.

The 36 types showed an unsustainable soil loss
at 500 years, especially those groves with slightly
severe-very severe erosion rates. Extensive organic
groves had a greater long-term sustainability, with
rates higher than 500 years. Although organic groves
increased farm sustainability rates across all densities

Table 5 Lifespan span
(years) after which

each grove ceases to be
sustainable (LS) or non-
sustainable, specifying the
olive grove classification
according to planting
density (highly-intensive,
intensive and extensive
groves), soil management
(conventional, integrated
and organic), as well as
their degree of erosion,
conditioned by the slope
(percent range)

Type of olive grove Slope (%) Erosion level LS (years)
Highly-intensive conventional 10-15 Slightly severe 80
15-20 Severe 50
20-25 Very severe 20
Highly-intensive integrated 10-15 Slightly severe 90
15-20 Severe 50
20-25 Very severe 30
Highly-intensive organic 20-25 Very severe 60
Intensive conventional 10-15 Slightly severe 60
15-20 Severe 40
20-25 Very severe 30
Intensive integrated 15-20 Severe 50
20-25 Very severe 30
Intensive organic 20-25 Very severe 80
Extensive conventional 15-20 Severe 80
20-25 Very severe 60
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Fig. 6 Projections at 500-year for the soil weight estimated for
the 36 olive grove management types considered by combining
tree density (highly-intensive, intensive and extensive), man-

(Fig. 6), the increase in this factor showed an inverse
relationship with crop sustainability. Thus, highly-
intensive and intensive groves showed low sustain-
ability under very severe erosion levels (29 and
45 years in conventional, 70 and 86 years in inte-
grated and 238 and 256 years in organic management
regarding extensive groves).

The empirical soil erosion levels for the 7 experi-
mental olive groves showed a much higher sustain-
ability and lifespan than the modelled projections
(Fig. 7). Considering total soil weight (Fig. 7a), the
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(c2) Integrated management

(c3) Organic management
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agement models (conventional, integrated and organic) and
erosion levels depending on slopes (moderate, slightly severe,
severe, and very severe)

100-year simulations showed a higher sustainabil-
ity, losing only 2 plots of intensive olive groves with
integrated and organic management (groves 3 and 4,
with lifespans of circa 30 and 80 years, respectively).
However, when stones are not considered as erodible
material (Fig. 7b), the extensive organic grove (grove
7) would also be lost, due to its soil weight being
lower than the threshold assumed for agriculture
abandonment (i.e. soil depth lower than 20 cm). The
highly-intensive integrated olive groves also reduced
their lifespan at 270 years.
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Fig. 7 Projections at 500-
year for the experimental
study plots: a considering
total soil weight; b only
considering the weight of
the soil particles lower than

————K——— Grove 1) Highly-intensive integrated olive grove
———>—— Grove 2) Highly-intensive organic (biodynamic) olive grove
——+——— Grove 3) Intensive integrated olive grove
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Differences in field vs. modelled soil erosion in the
seven experimental olive groves

Our field results show that intensive olive groves with
herbicides and vegetation stripe cover densities lower
than 20%, showed higher erosion rates. This find-
ing reflects how chemical inputs inhibit the develop-
ment of soil fauna and flora, generating weaker soils
where the dragging of surface materials is maximized
(Metzidakis et al. 2008; Banias et al. 2017). Highly-
intensive and organic groves, where the vegetation
cover was higher than 50% showed a minimal impact
of erosive processes, as well as the extensive grove,
with a 100% of vegetation cover. These findings show
how organic or biodynamic models guarantee greater
sustainability of these groves with respect to intensive
and highly-intensive groves managed in an integrated
or conventional ways (Romero-Gamez et al. 2017;
Mairech et al. 2020; Santoni et al. 2022). It is impor-
tant to highlight the role of stones as erosion mitigat-
ing agents, being non-erodible material (Rodriguez
Sousa et al. 2019b). When analyzing the experimental
olive groves assuming only soil particles smaller than
2 mm as erodible fraction, a decrease in long-term
sustainability was observed in groves whose total soil
weight was less than 6000 t ha~! and where the per-
centage of stones was higher than 28%.

Soil erosion has negative impacts on soil fertility,
decreasing production yields, potentially leading to

300 400 500 O

Years

100 200 300 400 500

land abandonment (van Leeuwen et al. 2019). There
are multiple tools available to estimate soil loss. The
most widespread method to estimate soil losses is
through the Universal Soil Loss Equation (USLE), a
model that calculates surface erosion for each grove
and region (Wischmeier and Smith 1960; Fistikoglu
and Harmancioglu 2002). Despite the widespread
applicability of this equation, its limitations, mainly
derived from the need to undertake generic agro-
nomic assumptions in response to the complexity of
calibrating structural soil parameters that vary at the
plot scale, have led to the delivery of models that
are more tightly adapted to contingent local condi-
tions, such as the RUSLE (revised USLE) or MUSLE
(modified USLE) (Benavidez et al. 2018; Sadeghi
et al. 2014) models. All these models still require to
make adjustments to specific local conditions using
field measurements.

In this research, the USLE model was calibrated
for each olive grove type, resulting in an overestima-
tion of the soil loss values, as compared to the erosion
quantified empirically through the use of sediment
fences, a pioneering test in the context of Iberian
olive groves. Some limitations are inherent to the
quantification of erosion through sediment fences,
where it is possible that the mesh size allows the fil-
tration of between 10 and 30% of fine soil particles
(Wilson et al. 2021). Other limitation is the fact that
our field results were monitored during a slightly dry
year (less than 500 mm in 2022; whilst the long-term
rainfall average is between 550 and 600 mm), which
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resulted in lower soil loss rates than in a typical year.
The application of the USLE model produced much
larger values, and were less reflective of the condi-
tions in each olive orchard than the empirical values.

In this sense, planting density is a factor that
strongly influences the calibration of the cover fac-
tor C, increasing it in highly-intensive and intensive
groves, where trees are still younger and thus smaller
than in extensive groves (Gabriels et al. 2003; AEMO
2020). Such an increase, together with the assumption
that no conservation practices or terraced crops (i.e.
P factor) are implemented on any agricultural plot,
lead to an increase in the erosion estimate for highly-
intensive and intensive groves (Rodriguez Sousa et al.
2019a). In addition to the consideration of plant-
ing density in land erosion, it is key, according to
our field results, to consider soil management as a
key driver of erosion mitigation (Kairis et al. 2013;
Goémez et al. 2018). In Alentejo, the implementation
of plant cover is a typical agronomic characteristics
of, specifically, integrated and organic management
models, even in high density groves (Fleskens et al.
2009; Gémez et al. 2009; Santoni et al. 2022). Our
results are aligned with those of other researchers, in
which cover is an essential measure that provides a
protective cover to the soil, increase water infiltration,
promotes soil organic matter (experimental values up
to 5.2%) and favors the formation of soil aggregates
that act as soil retention particles in the face of soil
loss, (Durdn Zuazo et al. 2006; Zuazo and Pleguez-
uelo 2009).

Impacts of intensification on olive sustainability in
Alentejo

Agricultural intensification is a process aimed at max-
imizing crop production (Caraveli 2000). However,
this trend is associated with negative ecological con-
notations such as an increased risk of diffuse pollu-
tion and erosion (de Graaff et al. 2010; Gémez-Limén
et al. 2012; Gémez et al. 2014). Erosion has repercus-
sions on sustainability, negatively affecting land fer-
tility and influencing the development of any grove
(Uri 2000; de Vente et al. 2013). Although this state-
ment has been widely discussed (Gémez et al. 2014;
Rodriguez Sousa et al. 2019a), it should be noted that
there are some factors hinting that intensification did
not affect sustainability (Metzidakis et al. 2008). The
negative connotations associated with agricultural
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intensification derive from the implementation of spe-
cific management practices such as the unregulated
application of chemical fertilizers, the use of machin-
ery and tillage practices, and the elimination of any
type of plant cover in order to avoid water and nutri-
ent competition with the olive tree (Mairech et al.
2020). Such agronomic practices enhance soil ero-
sion and thus reduce their sustainability (Duarte et al.
2008; Rodriguez Sousa et al. 2020). However, olive
groves with high planting densities can be also man-
aged organically, which can improve its sustainability
(Metzidakis et al. 2008; Guerrero-Casado et al. 2021).
Despite the relatively short sampling period, the
results obtained allow us to identify differences in
the estimates of erosion resulting from theoretical
models (USLE) on the one hand, and field work at
the plot scale on the other, with a focus on specific
crops (olive groves) and a geographic context (SW
Iberia). To increase the robustness of the results,
longer term monitoring schemes must be applied, in
line with previous research by Shakesby (2011), or
Prats et al. (2012; 2016), as well as expanding the
experiment to other areas of the Iberian Peninsula,
and the wider Mediterranean macro-region, where
other distinct olive grove management models can be
found. According to our results, soil management is
the key determining factor of farm sustainability, with
the increase in tree density being largely a parameter
of agronomic characterization (Kairis et al. 2013;
AEMO 2020; Camposeo et al. 2022). The differ-
ence between these two factors is responsible for the
lower sustainability evidenced by the models, where
the importance of planting density is increased, over-
estimating the loss of soil per unit of area, implying
earlier abandonment than estimated based on field
data (Figs. 6 and 7). In contrast, there are soil man-
agement practices that, according to our results, inar-
guably promote sustainability, including application
of integrated and organic agricultural practices such
as minimizing herbicides and allowing the growth of
plant cover, which prevent soil degradation (Zuazo
and Pleguezuelo 2009; Carmona-Torres et al. 2014).

Conclusions
Our main conclusions are the following: (a) our study

shows an overestimation of the soil erosion model
results as compared to the field empirical soil erosion
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values. These differences are mainly due to the gen-
eral assumptions that are required to maximize the
applicability of the models, which can lead to signifi-
cant differences with reality; (b) specifically, model
assumptions such as the removal of vegetation in
groves with high densities (i.e. C-factor) are at the
root of the high erosion rates estimated through the
USLE model; (c) results from long-term projections
clearly indicate that planting density is a secondary
factor that does not directly affect olive grove sus-
tainability, and that soil management models should
be considered as the key factor. The sustainability of
organically managed groves, which are defined by
higher soil fertility and lower soil erosion, is similar
across highly-intensive, intensive and extensive olive
groves.

Future lines of research should focus to enlarge
the empirical data series, extending the spatial and
temporal scale of the present research, in order to
standardize the classification of impacts of each soil
management and agriculture intensification on soil
erosion and consequently, agricultural productivity.
Further research should also focus at enhancing the
functionality, productivity and sustainability of soils
under conventional and integrated management.
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