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ARTICLE INFO ABSTRACT

Handling Editor: Yvan Capowiez The use of vegetation suppression, such as herbicide application and mechanical plowing in olive orchards can
exacerbate soil erosion. Maintaining understory vegetation can mitigate erosion and enhance soil fertility.
Although prior research has assessed the soil management impact on erosion, knowledge gaps persist regarding
dominant erosion processes across spatial scales and management effects on soil microenvironments (tree can-
opy, wheel ruts, vegetation strips). This study systematically evaluates how soil management (herbicides,
plowing, no intervention) and spatial scales (microplots, hillslope plots) affect erosion dynamics, soil properties
and their interactions with rainfall, ground cover, and orchard characteristics in Alentejo, Portugal. Over two
years, seven orchards with varying management practices were monitored for erosion rates, ground cover, and
soil properties. Soil management strongly influenced erosion, with herbicides inducing the highest hillslope-scale
erosion (average 11.3 t ha™! yr 1) and plowing dominating microplot erosion, while untreated plots exhibited
minimal erosion (up to 99 % lower than the herbicide treatments). Wheel rut areas increased hillslope erosion
through runoff concentration and bare soil, while vegetation strips suppressed it completely. Tree canopy areas
varied: plowing mobilized new sediments, whereas untreated/herbicide microplots showed no erosion due to
vegetation cover or stone-lag armoring. Hillslope erosion stemmed from cumulative runoff, while microplots
were influenced by soil properties like roughness or bulk density. Our findings highlight the need to consider
scale effects in erosion modelling and policy. Future research should explore longer-term trends, expand un-
derlying conditions (e.g. soil types, climatic zones or management practices), and refine soil erosion models to
support sustainable soil conservation.
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1. Introduction

Olive tree cultivation is particularly vulnerable to soil erosion due to
intensive agricultural practices, with commercial orchards experiencing
significantly higher soil degradation than traditional or semi-natural
systems (Vanwalleghem et al., 2010). These practices increase soil
exposure to erosive forces, leading to significant soil losses, often
exceeding 20 t ha™! yr~! (Oliveira et al., 2024), while also promoting
organic carbon depletion and water pollution through sediment
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transport (Marquez-Garcia et al., 2024). The Mediterranean region,
including major olive-producing areas such as Andalucfa (Spain) and
Alentejo (Portugal), faces severe erosion due to steep slopes, shallow
soils, and high-intensity rainfall events (Rodriguez Sousa et al., 2023).
Additionally, two distinct factors may amplify erosion: the sparse can-
opy cover of traditional groves and the intensive soil management in
high-density orchards. However, the exact role of olive intensification,
achieved either by reducing the distances between rows or between
plants, remains understudied (Rodriguez Sousa et al., 2021).
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Olive groves are frequently cultivated on marginal lands with poor
soil structure and low water retention capacity, making them particu-
larly vulnerable to erosion (Vanwalleghem et al., 2010; Pareja-Sanchez
et al., 2024). Conventional tillage and herbicide applications compact
the soil, reducing infiltration and accelerating runoff (Prats et al., 2020;
Cerda et al., 2021). Furthermore, the suppression of ground cover in
both traditional and intensive systems leaves soil exposed, facilitating
rill and gully formation, which accounts for over 80 % of total soil loss in
Mediterranean regions (Nachtergaele et al., 2001).

The Alentejo region of Portugal serves as a paradigmatic example of
the challenges facing Mediterranean agriculture and related rural
landscapes and territories. Situated at the forefront of climate change
and socio-demographic challenges, the region is experiencing a dual and
paradoxical process of desertification and rapid agricultural intensifi-
cation (Rodriguez Sousa et al., 2023). The shift from traditional, low-
density olive groves to highly mechanized, super-intensive orchards
accounts for a representative example of land-use and landscape change
occurring across many similar regions (Gonzalez-Rosado et al., 2021; De
la Rosa et al., 2022). Therefore, it is to be expected that these findings
from the Alentejo prove to be not just of local or regional relevance,
offering crucial insights into the dynamics and impacts of soil erosion
and land degradation affecting other Mediterranean areas with similar
climatic conditions, soil types, and land management systems.

Cover crops, which provide vegetation cover over the soil surface,
are widely recognized as an effective erosion control measure,
improving soil structure, organic carbon retention, and water conser-
vation (Keesstra et al., 2018). Studies demonstrate that cover crops be-
tween olive trees can reduce erosion from > 250 t ha ' yr ™! to < 25 t
ha™? yr’1 in olive orchards (Beniaich et al., 2023), with similar benefits
observed in vineyards (Novara et al., 2011). Spontaneous or sown
vegetation enhances soil organic carbon (SOC) accumulation (1.1 t ha™!
yr~Y; Vicente-Vicente et al., 2016) and reduces sediment losses by over
90 % compared to bare soil (Keesstra et al., 2016). However, farmers
often restrict vegetation to non-competitive zones near tree lines,
balancing erosion control with water and nutrient competition
(Gonzalez-Sanchez et al., 2012). In addition, the intensification of the
olive plantations, ranging from extensive (100 trees/ha), to intensive
(300) to super-intensive (1,000-2,000) systems, which is driven by
market demands, has been associated with increased soil erosion and
soil degradation (Nunes et al., 2011). However, emerging evidence is
refining this understanding. For instance, in a study of Alentejo orchards
that investigated this question, Rodriguez Sousa et al. (2023) found that
erosion rates were more strongly influenced by soil and vegetation
management than by tree density itself, with some integrated systems
exhibiting high erosion due to localized herbicide use. This underscores
the need for further research on the role of vegetation cover manage-
ment for erosion control in olive groves.

Despite the benefits of cover crops, the prevalent management sys-
tems in intensified olive orchards are often characterized by high levels
of soil disturbance through either soil tillage or chemical weed control
(herbicides), both of which result in a high percentage of bare soil. While
tillage temporarily increases soil roughness, promoting infiltration, this
effect is often short-lived, with rapid breakdown of aggregates leading to
severe post-tillage erosion (Marquez-Garcia et al., 2024). Similarly, the
long-term and widespread use of herbicides often results in surface
crusting and sealing, greatly enhancing inter-rill and splash erosion (Liu
et al., 2016). Techniques such as reduced tillage, minimum tillage, or
mechanical weed removal are recognized conservation alternatives for
mitigating soil erosion by enabling minimal soil disturbance and per-
manent soil cover (Carretta et al., 2021; Fishkis and Koch, 2023). Other
benefits arising from the implementation of these techniques include the
enhancement of soil structure stability and biological activity, the
improvement of soil fertility and micro-climate, and the enhancement of
water infiltration (Berger et al., 2010). These management practices
resulting in bare soil conditions demonstrate the critical need for
empirical studies to investigate how different methods of bare soil
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management affect erosion rates and processes.

In managed olive orchards, the landscape is functionally divided into
distinct soil microenvironments, each with unique characteristics that
govern erosion processes. The area under the tree canopy is directly
influenced by management practices (e.g., herbicide or plowing), can-
opy cover, and litterfall. In contrast, the wheel rut, the zone of repeated
machinery traffic, is characterized by soil compaction, which reduces
infiltration and increases surface runoff, making it a critical area for rill
initiation and sediment transport (Shaheb et al., 2021). The vegetation
strip between tree rows often acts as a sediment sink, promoting infil-
tration and disrupting runoff pathways (Rodriguez Sousa et al., 2023).
The spatial arrangement and connectivity of these microenvironments
within a plot fundamentally control its overall hydrological response
and erosion rates.

The assessment of soil erosion is scale-dependent due to fundamental
shifts in dominant hydrological processes (Cammeraat, 2004; De Vente
et al., 2013). At the microplot scale (<1 m2), processes are confined and
dominated by rain splash detachment and sheet flow (interrill erosion),
where soil properties like surface cover and resistance directly control
particle detachment. In contrast, at the hillslope scale (>100 mz), runoff
from upslope areas converges, leading to the development of concen-
trated flow and rill erosion, which typically accounts for the majority of
sediment yield (Thomaz and Vestena, 2012; Martinez-Mena et al.,
2020). This shift is governed by the concept of sediment connectivity,
the physical linkage of different parts of the landscape that determines
the efficiency of sediment transport (Neumann et al., 2022). In managed
olive orchards, these scale effects are further mediated by the distinct
soil microenvironments (tree, rut, vegetation strip), whose spatial
arrangement critically controls runoff pathways and connectivity.
Therefore, understanding erosion requires a multi-scale approach that
captures this process transition, a core complexity our study addresses.

Despite this growing body of knowledge, a critical empirical gap
remains in simultaneously quantifying how different vegetation sup-
pression practices affect soil erosion across the distinct microenviron-
ments of an olive orchard and across different spatial scales.
Understanding these scale and microenvironment dependent processes
is essential to accurately assess the total erosion risk of an orchard and to
develop targeted, effective mitigation strategies. Our study directly ad-
dresses this gap by providing an integrated, multi-scale, and multi-
microenvironment field assessment.

This work addresses the overarching question: How do management
practices and spatio-temporal scales influence erosion rates in olive
orchards? As a follow-up to Rodriguez Sousa et al. (2023), this study
assessed olive orchards in the Alentejo region, Portugal, over two years.
The main goal was to evaluate how vegetation management practices
(herbicides, plowing, no intervention) affect erosion processes across
soil microenvironments (areas under the tree canopy, wheel rut area,
vegetation strip) and spatial scales (1 m? microplots versus 100-300 m?
hillslope plots). The specific objectives were to: i) Quantify the temporal
erosion patterns from seven olive orchards in both microplots and hill-
slope plots under different management practices (herbicide, plowing,
no intervention); ii) Assess the soil physical (soil roughness, resistance to
penetration, soil bulk density) and hydraulic responses (infiltration) to
management; iii) Identify key factors explaining the variability of soil
erosion (rainfall, cover, microenvironment extent, soil properties).

2. Material and methods
2.1. Study areas

The study areas (commercial olive orchards) were located in the
Alentejo region (Fig. 1). The climate of the region can be classified as
Mediterranean temperate with a rainy winter and a dry and hot summer
(Csa in Koppen classification) with 9-24 °C annual temperature range
and an annual rainfall range of 400 to 750 mm (Fraga et al., 2020). The
seven study areas include different types of suppression of the vegetation
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Fig. 1. Location map of olive orchards for the northern (1Herb, 2Herb, 3Plow) and the southern clusters (4Plow, 5Plow, 6Cut, 7None). The small aerial photographs
show the hillslope plots (red polygons) installed in the 3—4 sites selected within each study area.

growing directly under the tree rows, in the so-called “tree microenvironment™: 2 groves applied herbicide, 3 applied plowing, and 2

Table 1
Details of each olive grove, regarding the herb suppression treatment applied under the tree canopy (tree microenvironment), tree density, soil management, number

of hillslope plots and mean plot size, slope and percentage of plot surface occupied for each microenvironment (“tree”, “rut” or “vegetation” (Veg.)). Abbreviations are:
Super: super-intensive, Int: Intensive, Ext: Extensive olive orchard.

Area Herb Tree density Soil Hillslope plots Slope Tree Rut Veg. Dry biomass (t Olive production (t
clearing (tree/ha) management (n; size m?) ©) surface (%)  surface surface (%) ha lyr1) hatyr )
(%)

1Herb  Herbicide super/1925 Integrated 4; 432 7 51 33 17 0.6 new

2Herb Herbicide int/272 Integrated 3; 322 13 66 15 19 2.2 14.2

3Plow Plowing int/284 Organic 3; 295 8 33 43 24 3.3 9.0

4Plow  Plowing super/1186 Organic 3; 107 7 46 24 30 4.8 new

S5Plow  Plowing int/238 Organic 3; 111 9 62 17 21 1.8 7.0

6Cut Cutting int/339 Organic 3; 176 8 65 16 19 1.5 2.5

7None None ext/104 Organic 3; 481 12 0 0 100 3.8 0.8
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groves remained with low disturbance of vegetation and soil (Table 1).
The amount of herbicide was consistent across all groves, with two
annual glyphosate treatments (autumn and spring) to manage weed
proliferation in the tree microenvironment. The plowing treatments in
4Plow and 5Plow were very similar, with two shallow plowings (10-15
cm depth) conducted in autumn and spring under the tree microenvi-
ronment to suppress herb growth. However, the area 3Plow underwent
only one shallow plowing in year 1 (May 2021) and a second plowing
and strong grading in year 2 (May 2022). A crawler tractor equipped
with a grading implement was used to ensure soil reconsolidation and
protective coverage of the olive root zone, which was being affected by
wild boar uprooting. The low-intensity vegetation management strate-
gies included two treatments: 6Cut —a biannual (autumn and spring)
vegetation cutting regimen without biomass removal— and 7None, a
control group with no vegetation management interventions (Table 1).
While the three main vegetation suppression strategies (herbicide,
plowing, no intervention) were clearly defined, operational details such
as timing, frequency, and intensity of interventions varied between or-
chards within the same treatment category. A detailed chronological
summary of all management actions per orchard is provided in Sup-
plementary Table S1.

Soil management was either integrated, which allowed herbicide use
in the tree microenvironment (2 groves) or organically grown, which
does not allow herbicide (5 groves). Tree densities ranged from 100
trees/ha (extensive), 300 trees/ha (intensive) and 1000-2000 trees/ha
(super-intensive). Areas 1Herb and 4Plow were both super-intensive and
were being planted in October 2021. All groves were irrigated except for
the extensive 7None, which was rainfed. The soil texture was mainly
sandy clay loam, except for area 4NEW, which was sandy loam
(Rodriguez Sousa et al., 2023). The parent material consists mainly of
either igneous granite (1Herb), metamorphic schists (2Herb, 3Plow),
and ultramafic rocks (4Plow, 5Plow, 6Cut, 7None). Other ancillary
characteristics were previously described by Rodriguez Sousa et al.
(2023).

2.2. Soil erosion and soil properties assessment

One microplot and one larger hillslope plot was installed in each of
the three sites selected within each olive grove area (Table 1). A total of
21 bounded microplots (1.4 x 0.7 m) and 22 hillslope plots were
installed following Prats et al. (2022). The microplots were bounded
with woven fabric fixed with wood stakes and nails, and a sediment
fence was constructed at the bottom of the plot to allow runoff water to
filter and the sediments to deposit. The hillslope plots collected the
natural runoff flowing out from between two olive tree lines and thus
had larger sediment fences (3-4 m length, 1-2 m width, 40-50 cm
height). The plot contours were delimited by either natural ridges of the
hillslopes, roads, or by digging trenches at the top of the plot. The
microplots were installed below the olive tree canopy to account for the
direct effect of soil management on the tree microenvironment, whereas
the hillslope plots included the three microenvironments naturally
present in each line: tree, rut and vegetation microenvironments. Thus,
all the hillslope plots consistently collected the runoff water flowing
from two tree lines, two wheel ruts and one vegetation strip between
them. The relative area occupied by each microenvironment (tree, rut,
vegetation strip) varied across orchards depending on tree spacing, row
width, and management layout (Table 1). This natural variability re-
flects real-world orchard design, but it means that hillslope erosion in-
tegrates differing contributions from each microenvironment. All plots
were installed in May-June of 2021 (except for 1herb and 4Plow, two
new super- intensive orchards which were being planted and had to be
installed in October 2021) and soil erosion was monitored for 2 hy-
drological years, from June 2021 until July 2023. The sediments
deposited in each plot were collected at roughly bimonthly intervals, or
depending on the rainfall occurrence, accounting for a total of 9 read-
outs (“RO”). All the wet sediments were collected and weighed in the
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field and samples were later dried in the laboratory (60 °C, until weight
stabilization). Additionally, sediment and soil samples from RO2, RO3
and RO7 were sent to a commercial laboratory to assess C, N, P, K and
organic matter content using a CHNS elemental analyzer (LecoTruSpect
Micro).

The soil properties were measured during a single campaign between
October-November 2022. Dry bulk density, stone content and soil
texture were determined by taking three soil samples from the tree
microenvironment using a metal core of 5 cm height (Rodriguez Sousa
et al., 2023). Infiltration, roughness and soil resistance were measured
for all microenvironments (tree, rut, vegetation) of each one of the three
hillslope plots in each area. Infiltration rate was estimated using a Mini
Disk Infiltrometer (MDI; Metergroup company, Inc., Pullman, WA, USA)
to determine the unsaturated hydraulic conductivity (K, mm h™). The
suction rate was set at —2 cm according to the soil texture (n = 3 on each
tree/rut/veg. microenvironment). Soil roughness was estimated by
using a 1-cm link, 70 cm-long roller chain (Saleh, 1993), by placing it
carefully following the microtopography along the soil surface and
subtracting this length from 70 c¢m (n = 3 on each microenvironment).
Soil resistance was determined using a Gilson pocket penetrometer
(Gilson Company, Inc., Lewis Center, OH, USA) and the compressive
strength of the soil against pressure (range 0-6; +0.1 kg/cm?; n = 10 on
each microenvironment).

Soil cover percentage was quantified with a 1-m? quadrat subdivided
into a 10 x 10 cm grid cell placed directly over the microplot, while in
the hillslope erosion plots nine systematic placements of the grid were
made to account for microenvironment variation (tree, rut, vegetation)
and slope position (bottom, middle, top). Four cover classes were
considered: green vegetation, bare soil, stones > 1 cm, and litter. The
surface of each microenvironment differed between areas, and the
contribution to the whole plot cover was calculated accordingly. For
example, the surface of the tree microenvironment of 2Herb was
maximum at 66 %, while the extensive 7None area consisted entirely of
the vegetation microenvironment (Table 1). Cover descriptions were
carried out for all the 9 read-outs (RO) in the microplots, and only for the
RO2, RO3 and RO4 in the hillslope plots. For the remaining RO in the
hillslope plots only the green vegetation cover was estimated, by
correlating NDVI values with the vegetation cover values of RO2, RO3
and RO4 using linear regressions. NDVI values were obtained using a
Google Earth Engine script (https://code.earthengine.google.com/),
which utilized Sentinel-2 satellite imagery to provide one NDVI value
per 10x10 m grid cell per month. Rainfall amount and 60-min intensity
(160)in the Evora northern cluster (1Herb, 2Herb, 3Plow) were gathered
from an automatic rainfall gauge installed in the 3Plow area, which was
also validated with SNIRH rainfall data (R2 = 0.83) from the Sao Mancos
meteorological station (38.460°N, —7.751°W; 5-20 km from the Evora
northern areas; Portuguese National System for Water Resources Infor-
mation; SNIRH, 2024). For the southern cluster near Serpa (4Plow,
5Plow, 6Cut, 7None), SNIRH data were used from the Serpa meteoro-
logical station (37.942°N, —7.603°W; 6 km apart).

2.3. Statistical analysis

Pearson’s correlation coefficients (r) were calculated between soil
erosion and rainfall characteristics (amount, 60-min intensity 160), soil
properties (roughness, resistance and infiltration in each microenvi-
ronment, as well as bulk density and stoniness), orchard characteristics
(plot slope, tree density, surface of each microenvironment) and cover
(NDVI, vegetation, vegetation + litter, bare soil cover, stone cover,
stone + vegetation cover). This was conducted either statically (for soil
properties) or dynamically (for each year), and the significance of the
correlation was stated at the 0.05 and 0.01 levels.

Multiple linear regression models were used to assess the relation-
ships between erosion and various environmental predictors, including
rainfall variables (amount, 160), ground cover (NDVI, all cover cate-
gories for microplots and hillslope plots), soil properties (roughness,
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resistance, infiltration of different microenvironments, stoniness, bulk
density) and orchard characteristics (slope, tree density, microenviron-
ment surface). These models were selected for their interpretability in
identifying significant drivers and the direction of their effect, with the
primary goal being factor screening rather than achieving high predic-
tive accuracy. To evaluate the relative importance of different predictor
variables, a series of hierarchical regression models were constructed. A
forward-stepwise selection procedure was used; variables were retained
if they contributed significantly (p < 0.05) to explained variance. Model
fitting was evaluated using R, adjusted R2, and p-values. To provide a
more robust assessment of model performance, the Nash-Sutcliffe Effi-
ciency (NSE) and the Mean Absolute Error (MAE) were also calculated.
Multicollinearity was checked through variance inflation factors (VIF),
ensuring no strong correlations between predictors.

A linear, mixed-effects statistical model with repeated measurements
was conducted for soil erosion, with time (year 1 and year 2), treatment
(herbicide, plowing, none), and plot size (micro, hillslope), and their
interactions as the fixed factors. The olive grove and the erosion plot
were considered the random factors and erosion plots were the subject of
the repeated measurements (Roy and Khattree 2007). Covariates were
also tested and included (e.g., rainfall, 160, slope, cover, soil properties,
microenvironment area proportions) if significant (at p < 0.05) to
examine their potential influence on soil erosion. Soil erosion data was
normally distributed according to Kolmogorov-Smirnov (Massey, 1951)
and Shapiro-Wilk (Shapiro and Wilk, 1965) statistical tests, and trans-
formations were not needed. Similarly, one-way ANOVA models were
constructed for soil resistance, roughness and infiltration for all avail-
able microenvironments (tree, rut, veg.) and areas (7 areas). The post-
hoc Tukey-Kramer method (Kramer, 1956) was used to rank the dif-
ferences between all the levels of the factors, and results were reported
at a level of significance of p < 0.05. Statistical analysis was carried out
with IBM SPSS Statistics 25 software.

3. Results
3.1. Rainfall characteristics and sediment yield

In the first hydrologic year, rainfall amount was slightly lower in the
Evora northern areas (423 mm) than in the Serpa southern areas (466
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mm). However, in the second hydrologic year, rainfall increased in
Evora (490 mm) and decreased in Serpa (389 mm; Fig. 2). On the other
hand, maximum rainfall intensity in 60 min (I60) was much higher in
the Evora areas for both years 1 and 2 (32 and 19 mm/h, respectively)
than in the Serpa areas, which only reached 10.6 mm/h. The highest 160
values in the Evora area corresponded to intense rainfall periods of
autumn 2021 (100 mm) and autumn 2022 (85 mm). The more abundant
periods of spring 2022 (RO05) and winter 2023 (RO08) resulted in
copious rainfall volumes of 200-250 mm, but with comparatively much
lower 160 values.

The herbicide treatment in the microplots showed moderate erosion
(1.5-2.8 tha™? yr’l), with minimal annual variation (Table 2). Plowed
treatments exhibited higher erosion, particularly in year 1 (0.3-10.7 t
ha™! yr_l), but rates declined in Year 2 (2.0-6.5t ha™! yr_l). The 6Cut
and 7None groves had the lowest erosion (0.2-1.0 t ha™! yr™!) during
the two years (Fig. 2). On the other hand, the herbicide treatment in the
hillslope plots showed the highest erosion in year 1 (11.0-22.6 t ha™!
yr 1) and halved by year 2 (5.1-6.3 t ha~! yr ). Conversely, erosion in
the hillslope plots under the plowed treatment showed lower erosion,
although increasing in year 2, especially in the 3Plow olive grove (0.1 to
5.0 t ha™! yr™!). Cut and None treatments consistently maintained
minimal erosion (<0.139 tha™! yr’l), reinforcing their sustainability. In
fact, the mixed effects statistical models showed a significant effect of
the interaction between plot size and treatment to control herbs growth
in the tree microenvironment (F = 19.25; Table 3). However, the pres-
ence of a significant triple interaction between plot size, monitoring year
and treatment suggests that some of the levels of these factors played an
important role in sharpening the soil erosion response. Detailed model
outputs, including parameter estimates with 95 % confidence intervals,
are provided in Table S2.

3.2. Soil physical properties and ground cover

Soil infiltration was higher in the tree microenvironments, particu-
larly in 1Herb (1067 mm/h) and 5Plow (563 mm/h), especially
compared to the rut microenvironment (Table 4). The two recently
planted super-intensive olive groves (1Herb and 4Plow) had the highest
infiltration rates in the rut microenvironment (251-106 mm/h), which
differed significantly from the other areas (80-20 mm/h). Vegetation

20
Emmm Evora (mm) —O0— 160 (mm h) A
18 | ®eese Serpa (mm) O 160 (mm h-) mRO1 04/10/2021
500 mRO2 18/11/2021 | T
16 4 400 ORO3 02/02/2022 + §
300 ORO4 06/04/2022 | >
~ 141 200 BRO5 19/05/2022
B 100 mRO6 10/10/2022 |
=12 4 N
= mRO7 26/10/2022 -
2 40 1 mRO8 16/01/2023 L
g mRO9 06/07/2023 .
o
= 8 1
o
2

Microplots

Big plots

Fig. 2. Mean soil erosion (t/ha) in each readout period for the microplots and big erosion plots of each olive orchard. The inside figure shows rainfall amount (mm,
left axis) and maximum rainfall intensity in 60 min (160 mm/h, right axis) for the olive groves near Evora (1Herb, 2Herb, 3Plow) and the ones near Serpa (4Plow,

5Plow, 6Cut, 7None) during each assessment, read-out (RO) period.
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Table 2

Mean annual soil erosion measured during the 2 hydrologic years in the
microplots (1 m?) and hillslope plots (ca. 300 m?) as well as the dimensionless
scale ratios (erosion on the hillslope plot divided by erosion in the microplot).
Standard deviation is shown between brackets. Different letters indicate sig-
nificant differences in soil erosion between the seven areas within the same year
and plot size at p < 0.05.

Area; plot size Soil erosion (t ha ! yr™1)

Year 1 Year 2

Microplot soil erosion
1Herb 2.8 (0.4)%° 2.8 (0.7)*°
2Herb 1.5 (0.2)° 2.0 (0.5)*
3Plow 10.7 (3.6) 6.5 (3.0)®
4Plow 0.3 (0.1)° 3.0 (1.0)™
5Plow 4.4 (1.0)® 2.5 (1.1)*
6Cut 0.3(0.1)° 1.0 (0.3)°
7None 0.2 (0.1)° 0.5 (0.2)°
Hillslope plot soil erosion
1Herb 11.0 (5.0)* 5.1 (1.8)™
2Herb 22.6 (5.0) 6.3 (1.9)™
3Plow 0.1 (0.4)¢ 5.0 (2.1)™
4Plow 0.4 (0.2)* 1.1 (0.5)*
5Plow 0.051 (0.01)° 0.121 (0.2)°
6Cut 0.139 (0.1)° 0.035 (0.005)°
7None 0.003 (0.001)° 0.005 (0.001)°
Scale Ratios (hillslope plots/microplots)
1Herb 3.93 1.82
2Herb 15.07 3.15
3Plow 0.01 0.77
4Plow 1.33 0.37
5Plow 0.01 0.05
6Cut 0.46 0.04
7None 0.02 0.01

Table 3

Summary of the mixed-effects repeated-measures ANOVA for soil erosion (t ha™!

yr~1) with plot size, year, and vegetation suppression treatment as fixed factors
Abbreviations: df = degrees of freedom; F = F-value; p = p-value; n? = partial eta
squared (effect size). Bold p-values indicate significance at p < 0.05. Marginal R
for the model = 0.298.

Fixed factor Soil erosion (t ha' yr’l)

df F-value p-value n?

Plot size 1 7.76 < 0.05 0.023
Year 1 3.51 0.062 0.01
Treatment 2 5.39 < 0.05 0.031
Plot size * Year 1 2.69 0.102 0.008
Plot size * Treatment 2 19.25 < 0.05 0.103
Year * Treatment 2 5.68 < 0.05 0.033
Plot size * Year * Treatment 2 6.56 < 0.05 0.038
Best covariate

160 1 9.96 < 0.05 0.029

microenvironments displayed moderate rates, peaking at 1Herb (762
mm/h) but dropping sharply in 6Cut (22 mm/h). Soil roughness was
highest in plow orchards, especially 3Plow (14.9 % under Tree). Ruts in

Table 4
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2Herb (14.9 %) and the tree microenvironment in 4Plow (7.6 %) also
showed elevated roughness, whereas minimal values occurred in the
vegetation microenvironment of 6Cut (2.0 %; Table 4). As expected, soil
resistance was consistently higher in the rut area, followed by the
vegetation area, and finally the tree area. The orchard 7None had a very
high resistance to penetration, while the lowest resistance was recorded
in 1Herb and 3Plow, the two recently installed super-intensive orchards.

The bare soil fraction in the second read-out period (Nov 2021) was
highest in the two recently established orchards, 1Herb and 4Plow,
especially when considering the rut microenvironments (Fig. 3). Bare
soil percentage reached 36 % in the rut area of the 2Herb orchard, which
had a steepness of 13° (Table 1), but remained lower than 10 % for any
other instances. The sum of litter and vegetation cover in the microplots
was very low for the herbicide orchards (1Herb, 2Herb), it varied
broadly, from 27 to 88 % cover for the plowed sites (3Plow, 4Plow,
5Plow) and it was consistently high for the two orchards with low
vegetation and soil disturbance (6Cut and 7None). Litter and vegetation
showed similar patterns in hillslope plots for the tree and rut microen-
vironments, but not for the vegetation microenvironment, where cover
exceeded 80 %. Stone cover was highest in the 2Herb and 4Plow
microplots, and also reached 50 % in the rut microenvironments of the
steeper 2Herb and 7None orchards, and in 3Plow and 6Cut (Fig. 3).
Notably, the high stone cover in the rut of the 2Herb orchard did not
prevent significant erosion, suggesting that the stone pavement may
have been discontinuous or that concentrated flow in the compacted rut
was sufficient to mobilize sediment from the remaining bare soil
patches.

Vegetation cover, assessed via NDVI, was lowest in 1Herb and 4Plow
at the beginning of the study but recovered much faster in the latter
(Fig. 4). There were clear seasonal variations, with maximum vegetation
cover in January-February of the two monitored years and drops to
virtually no vegetation during summer. 3Plow showed a strong drop in
vegetation cover for RO5 (May 2022) which recovered slowly after
summer 2022. The areas in the Serpa region showed similar evolution,
although the 7None showed lower vegetation cover than neighboring
areas.

3.3. Main factors affecting soil erosion processes

The performance of the multiple regression models revealed a
fundamental contrast in erosion drivers between the two plot scales
(Table 5). For the microplots, all models exhibited very low explanatory
power, with R? values < 0.046 and Nash-Sutcliffe efficiency (NSE)
values around or below zero. The decline in NSE for the most complex
microplot model, despite a slight R? increase, indicates issues with
overfitting and confirms that a simple linear approach is unsuitable for
capturing the dominant, likely stochastic, processes at this scale. The
low explanatory power at both scales, particularly for microplots, un-
derscores that additional unmeasured factors (e.g., microtopography,
antecedent soil moisture, biological activity) influence erosion, and the
models should be interpreted as tools for identifying influential drivers

Mean soil infiltration, roughness, resistance for each area in each tree, rut and vegetation (Veg.) microenvironments, as determined in the second assessment period
(RO2; 18/11/2021). Different letters indicate significant differences within each variable and microenvironment at a p-value < 0.05. The area 7None has only

vegetation microenvironment.

Area 1Herb 2Herb 3Plow 4Plow 5Plow 6Cut 7None Mean
Infiltration (mm/h) Tree 1067 68 30* 205% 563% 391% . 387
Rut 2517 80° 20° 106" 40° 42¢ . 90
Veg. 762° 469° 1432 165% 96° 222 215° 267
Roughness (%) Tree 2.64 4,3 14.9° 7.6" 5.6 3.94 . 6.5
Rut 8.3 14.9° 3.14 10.2% 3.5% 3.34 . 7.3
Veg. 5.43b¢ 8.0° 2.7¢ 3.1%¢ 4.3%b¢ 2.0 7.1 47
Resistance (kg/cm?) Tree 0.9% 1.9% 2.5% 0.8% 0.9% 2.3% . 1.5
Rut 1.44 2.34 5.0% 3.6° 3.9%¢ 3.8 . 3.4
Veg. 1.0 1.6° 3.9% 2.1%¢ 4.0 3,73 5.1% 2.7
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rather than as predictive equations.

In contrast, the models for hillslope plots showed progressively and
consistently better performance. R? increased from 0.15 to 0.30, the NSE
improved substantially from 0.16 to 0.55, and the Mean Absolute Error
(MAE) decreased from 1.16 to 0.40. Microenvironment area proportions
were considered in the analysis but did not emerge as significant pre-
dictors, underscoring the primary role of rainfall, cover, and soil prop-
erties in driving hillslope erosion. This coherent improvement across all
three metrics confirms that the identified drivers—rainfall intensity
(160), vegetation cover (Veg), and soil surface properties (roughness and
resistance)—are meaningful and collectively explain a substantial
portion of the erosion variance at the hillslope scale. These findings
emphasize the primary role of vegetation and rainfall intensity in con-
trolling hillslope-scale erosion, while orchard characteristics played a
more limited role.

Correlation coefficients exhibited contrasting trends across the two
scales (Table S3). Hillslope erosion was positively correlated with
rainfall intensity (160; r = 0.523**), while the microplots were not
significantly affected by rainfall characteristics. The same was observed
in the correlation between soil erosion and vegetation and litter cover.
They were significantly and negatively correlated with the erosion in the
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hillslope plots, underscoring vegetation’s protective role (vegetation
cover: r = -0.439%%; litter + vegetation cover: r = -0.390**; Table S3). In
contrast, stone cover in hillslope plots showed a significant positive
correlation with erosion (r = 0.465**), while its combination with
vegetation was not significant. In microplots, neither stone cover alone
(r = 0.100) nor its combination with vegetation (r = -0.040) showed a
significant relationship with erosion (all p > 0.05; Table S3). However,
these correlations were weaker and insignificant for the microplots. This
suggests that erosion drivers, such as rainfall intensity and vegetation
cover, have a stronger influence on the whole hillslope scale, while
microplots capture local runoff-driven processes. Additionally, rough-
ness in the rut and vegetation strip microenvironment showed positive
and significant associations with erosion (r = 0.752** and 0.587**,
respectively), while resistance had negative relationships (r = -0.553**
and —0.555%%).

4. Discussion
4.1. Effects of the treatments on soil erosion and soil properties

Herbicide-managed orchards (1Herb and 2Herb) exhibited the
highest erosion rates in hillslope plots, which is consistent with their
reduced vegetation cover in the tree microenvironment, a direct
consequence of herbicide application, and the significant correlation
between erosion and rainfall intensity (I60) in our models. The rela-
tionship between diminished vegetation cover and elevated erosion is
well-documented in Mediterranean olive groves in Spain (Cerda et al.,
2021) and Portugal (Nunes et al., 2023; Santos et al., 2023) as well as
other land uses (Prats et al., 2016; 2021; 2022; Nunes et al. 2020). Our
measured hillslope erosion under herbicide (11.3 t ha™! yr™!) aligns
with other findings reported for intensively managed, bare-soil olive
orchards in similar regions, such as soil losses around 7 t ha™! yr~!
(Gémez et al., 2009), 8 t ha™! yr™! (Cerda et al., 2021) or above 10 t
ha™! yr~! (Taguas and Gémez, 2015), confirming the high erosion risk
of this practice.

Plowed orchards were associated with the highest erosion in the
microplots (3Plow and 5Plow). Notably, the hillslope plots were
impacted mostly in the 3Plow orchard, where the intensive soil distur-
bance of mechanized grading operations in May 2022 led to erosion
rates of 5 t ha™! yr~! during year 2, a threshold with significant impli-
cations for soil conservation (Verheijen et al., 2009). Grading sharply
reduced vegetation without improving soil infiltration, conditions that
make the soil prone to erosion (Parsakhoo et al., 2009). Tillage practices
limit vegetation growth, reduce infiltration, and ultimately increase
erosion risk (Palese et al., 2014; Marquez-Garcia et al., 2024). Consis-
tently, the other plowed orchards, 4Plow and 5Plow, only showed
erosion in the microplots for some years and areas. This is likely related
to the timing of the plowing, which was highly variable across both time
and orchards (Table S1). The time of the intervention is crucial, as the
tilled soil became highly erodible after the plowing, and soil stability
increases with time, due to vegetation development (Malvar et al., 2017)
but also depending on soil stone cover and the presence of a stone lag
(Verheijen et al., 2009; Nunes et al., 2020).

The orchards without vegetation suppression treatments showed the
lowest erosion rates, which has typically been described as a conse-
quence of organic management. For example, Zuazo et al. (2020) found
conventional systems to have higher erosion than integrated or organic
systems. However, sometimes organic practices alone, while promoting
weed growth and ground cover, are insufficient for erosion control
without supplemental measures (Arnhold et al., 2014). In our study,
organic-intensive and extensive management with vegetation cutting or
no treatment (6Cut, 7None) yielded lower erosion rates across plot
scales. The vegetation management in 6Cut underscores an effective and
strategic erosion control measure, whereas the lowest erosion in 7None,
despite steep slopes and sparse vegetation, may reflect prior soil
degradation, as evidenced by high stoniness (Table S4) from previous
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symbols denote recently installed and planted olive orchards (1Herb, 4Plow).

fine-particle loss and the low soil organic matter content, indicating soil
exhaustion (Verheijen et al. 2009). This concept of soil exhaustion is
further supported by the significant positive correlation found between
stone cover and hillslope erosion (r = 0.465). This counterintuitive
relationship may indicate that in our study system, high surface stone
cover is not a stabilizing factor but rather could reflect a severely
degraded state where the erodible fine soil fraction has already been
removed, leaving behind a stone lag that is linked to historically high
erosion rates and continued vulnerability. The near-zero erosion rates in
our 6Cut and 7None plots (<0.14 tha~! yr™!) are lower than those often
reported for organically managed groves with spontaneous cover, such
as 0.7-0.8 t ha™! yr’1 (Gomez et al., 2009; Zuazo et al., 2020). This is
potentially due to the specific climatic conditions of our study years or
the advanced state of soil exhaustion in 7None.

Our results did not reveal a clear correlation between soil erosion
and tree density, suggesting that vegetation suppression methods likely
drove the observed differences in erosion rates across sites (Cerda et al.,
2021; Rodriguez Sousa et al., 2023). This finding supports the idea that
for erosion control, the specific management of the inter-row space (i.e.,
vegetation suppression method) is more critical than the absolute
number of trees per hectare or their specific in-row spacing. This is also
consistent with erosion being primarily driven by runoff detachment
and transport in these systems, rather than by splash detachment, which
would be more directly mitigated by tree canopy cover. For example,
under super-intensive management, erosion outcomes varied markedly
between orchards: the integrated 1Herb orchard exhibited high erosion

rates, whereas the organic 4Plow showed low erosion rates. Although
this effect was only partial in these areas, the recent establishment of
these two orchards may have increased erosion rates, as observed in
prior studies (Nunes et al., 2020). This reinforces the conclusion of
Rodriguez Sousa et al. (2023) that management is a stronger determi-
nant of erosion than planting density in modern Alentejo orchards.

Vegetation suppression treatments were associated with differential
soil properties across microenvironments (tree, rut, vegetation). Infil-
tration rates tended to be highest in the tree microenvironments,
possibly due to the absence of machinery passages and organic matter
accumulation from olive canopy litterfall. Conversely, rut microenvi-
ronments had the lowest infiltration (except for the recently established
1Herb and 4Plow), reflecting porosity loss from tillage and compaction
by wheel traffic in the rut area, which is consistent with studies linking
plowing to long-term compaction (Bombino et al., 2019). Plowed soil,
while initially loosened, can compact over time, reducing its capacity to
absorb water (Gomez et al., 2009). The extremely high infiltration in the
tree zone of the recently planted 1Herb orchard (>1000 mm h™)is
atypical and likely due to soil disturbance during planting. It contrasts
with the much lower values (<100 mm hfl) found in established or-
chards by Bombino et al. (2019), highlighting how initial conditions can
temporarily override typical management effects.

Soil roughness peaked in the tree and rut microenvironments, which
could reflect that herbicide use and mechanical disturbance increased
surface irregularity, potentially concentrating overland flow and pro-
moting the detachment of soil particles by runoff, which in turn
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Table 5

Multiple forward-selection regression models for soil erosion (SE) as explained
by rainfall intensity, ground cover categories as well as soil roughness, resistance
and infiltration; both in the tree area, in the case of the microplots models, as
well as in the vegetation strip area, in the case of the hillslope plot models.
Abbreviations are: 160: Rainfall intensity at 60 min; Bare: bare soil cover; Veg:
vegetation cover; Ro: soil roughness; Re: soil resistance; Inf: soil infiltration; St:
orchard steepness.

Multiple Regression n R? F
models value

p-value NSE MAE

Microplot erosion
models
SE = 0.829 - 0.016*160 189  0.006 1.0 0.319 -0.03 0.6
SE = 0.715 - 0.02*160 + 189 0.022 1.9 0.160 0.02 0.58
0.007*Bare
SE = 0.267 - 0.022*160 + 189  0.046 2.0 0.097 -0.36 0.56
0.01*Bare — 0.051*Ro
+ 0.04*Re
Hillslope plots erosion
models
SE = -0.533 + 0.153*160 198 0.152 28.8
SE = 0.957 + 0.15*160 — 198 0.204 20.5
0.033*Veg
SE = 0.697 + 0.125*160 - 198  0.292  13.0
0.028*Veg + 0.264*Ro
- 0.264*Re — 0.001*Inf
SE = -0.134 + 0.125*160 198 0.304 11.4
—0.028*Veg +
0.136*Ro - 0.365*Re —
0.001*Inf + 0.193*St

< 0.001 0.16 1.16
< 0.001 0.38  0.47

< 0.001 0.51 0.41

< 0.001 0.55 0.4

facilitated the appearance of rills (Gomez et al., 2009). In contrast, and
to a lesser extent, roughness in the vegetation strips also peaked in the
orchards with uncut vegetation (1Herb, 2Herb, and 7None), but in this
case it should be attributed to the higher vegetation growth, thereby
promoting surface stability, and potentially reducing erosion (Lann
et al., 2024). The roughness values measured in our wheel ruts (up to 15
%) are comparable to those reported for compacted traffic lines in other
orchard systems (Leys et al., 2010), confirming their role as flow paths.

Soil resistance was generally highest in rut and vegetation strips, due
to compaction from machinery passage, and minimal in tree-line areas,
likely a consequence of organic matter enrichment and limited ma-
chinery impact (Gomez et al., 2009; Oliveira et al., 2024). However, it
was also high in some instances, such as 7None, likely due to the poor
soil conditions of this area (Table S4) where the high stoniness and low
carbon content may promote high soil resistance (Shaheb et al., 2021).

Based on our results, we can rank the studied orchards from most to
least erosive at the hillslope scale: the herbicide-managed orchards
(1Herb, 2Herb) presented the highest erosion risk (11.3 t ha! yr’l),
followed by the plowed orchards with significant disturbance (3Plow; 5 t
ha™! yr’l), while the low-disturbance treatments (6Cut, 7None) were
effectively non-erosive (<0.14 t ha~! yr~1). This ranking offers clear,
evidence-based guidance: minimizing vegetation suppression is the most
effective strategy. For sites where suppression is necessary, our data
suggests a hierarchy of practices. For herbicide-treated sites, the priority
should be to minimize the number of applications and maintain vege-
tation cover in wheel rut areas to disrupt runoff concentration, poten-
tially supplemented by mulch from organic residues (Prats et al., 2016;
Bombino et al., 2021). For plowing treatments, adopting reduced or no-
tillage practices is critical to avoid the high detachment observed at the
microplot scale (Martinez-Mena et al., 2020; Carretta et al., 2021), with
alternatives like mechanical weed control (Fishkis and Koch, 2023) or
phytotoxic biochar (Canedo et al., 2025) offering non-chemical options.
The confirmed benchmark for sustainability is the low-disturbance
practices (6Cut, 7None), which demonstrate that erosion can be virtu-
ally eliminated without intensive intervention, though complementary
measures to improve soil health may be warranted in exhausted soils
like 7None.

To translate these findings into farm-scale management, erosion
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mitigation should be integrated with olive productivity goals. Main-
taining partial ground cover, especially in wheel ruts and between tree
rows, can reduce runoff connectivity while minimizing water competi-
tion (Gomez et al., 2009; Cerda et al., 2021). Confining machinery traffic
to permanent lanes reduces rut formation and compaction (Leys et al.,
2010; Shaheb et al., 2021). Optimizing the timing of weed-control op-
erations to avoid wet periods can lower erosion risk without sacrificing
crop performance (Keesstra et al., 2018). Such strategies, tailored to
local soil and climate conditions, enable farmers to balance soil con-
servation with olive yield in Mediterranean intensification contexts.

4.2. The effect of plot size on soil erosion

Our results showed that hillslope plots treated with herbicide
showed higher erosion rates than microplots, while the opposite was
found for most of the other treatments. This scale-dependent response
can be explained by the shift in dominant erosion processes and sedi-
ment connectivity. Herbicide management, by creating bare and com-
pacted wheel ruts, appears to have promoted hydrological connectivity
and rill formation at the hillslope scale, contributing to higher sediment
transport (Gomez et al., 2009b; Cerda et al., 2021). In contrast, plowing
was associated with maximized soil detachment at the microplot scale
via rain splash and sheet flow (Gomez et al., 2009), but this mobilized
sediment seems not to have been efficiently connected for transport at
the hillslope scale, potentially due to disruptors like vegetated strips
(Keesstra et al., 2018; Lopez-Vicente et al., 2021). The significant three-
way interaction between plot size, year, and treatment (Table 3) further
indicates that these scale and management dependent responses varied
between years. In Year 1, characterized by higher rainfall intensity,
herbicide-driven hillslope erosion was most pronounced, while in Year
2, with lower intensity, plowing-induced microplot detachment
remained relatively higher. This suggests that both management prac-
tice and interannual hydroclimatic variability help shape erosion risk
across scales.

These scale-dependent responses underscore why multi-scale
assessment is essential for effective erosion management in olive or-
chards. Interventions that only address micro-scale detachment (e.g.,
reducing tillage) may still allow connected rill erosion at the hillslope
scale if wheel-rut connectivity is not disrupted. Conversely, practices
that maintain vegetation strips can trap sediment locally but may not
prevent splash erosion under the tree canopy. Therefore, successful soil
conservation requires integrated strategies that target both detachment
and transport processes across spatial scales, matching the scale of the
intervention to the dominant erosion mechanism (De Vente et al., 2013;
Bagarello et al., 2018).

Previous research with similar plot sizes in wildfires showed the
opposite trends, with scale ratios lower than one (i.e., the microplots
produced more erosion than the hillslope plots; Prats et al., 2016), and
the authors attributed this to the lack of rill erosion. In fact, hillslope
plots have been used because they include rainsplash, interrill, and rill
erosion processes, whereas the microplots only accounted for the splash
and interrill erosion processes (Thomaz and Vestena, 2012; Prats et al.,
2016; Bagarello et al., 2018; Neumann et al., 2022). In our study, her-
bicide showed evidence of riling and rendered scale ratios slightly
higher than one, while plowing remained in a medium position and no-
cutting treatments attained no rills and the highest enrichment ratios.
Notably, the plots exhibiting rills were the only ones where significant
erosion occurred, supporting the view that rill erosion, driven by runoff
detachment and transport, is likely the dominant mechanism in these
Mediterranean environments. These trends were previously observed by
others (Martinez-Mena et al., 2020; Zuazo et al., 2020; Majewski et al.,
2023; An et al., 2024; Marquez-Garcia et al., 2024) and were reflected in
different key factors explaining soil erosion (Fig. 5): rainfall amount for
the herbicide-rilling areas, with an immediate and fast response, inde-
pendent of rainfall intensity, and rainfall intensity for areas with some
buffer effect of the surface, either from mulch or vegetation, in which a
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higher rainfall intensity was needed to produce a mild and modest
erosion response (Prats et al. 2016).

Our findings have implications for erosion modelling. The contrast in
both erosion rates and controlling factors between microplots and hill-
slope plots underscores a fundamental scaling challenge: models
parameterized with data from one scale may perform poorly at another
(De Vente et al., 2013; Nunes et al., 2018). Specifically, our results
suggest that models applied to managed olive orchards should explicitly
account for the role of management in altering sediment connectivity
between microenvironments. For example, a model that only in-
corporates the high detachability of plowed soil (as observed at the
microplot scale) could overpredict hillslope erosion if it does not also
simulate the disconnectivity caused by vegetated strips (Lopez-Vicente
et al., 2021). Conversely, a model not accounting for the creation of
bare, compacted wheel ruts by herbicide management might fail to
capture the rill-driven connectivity that leads to high hillslope-scale
losses (Gomez et al., 2009). Therefore, accurately scaling erosion pre-
dictions in these systems would benefit from models that can simulate
the shifting dominance of processes (splash vs. rill) with plot size
(Wainwright et al., 2000) and the management-driven connectivity of
orchard microenvironments, which our data indicates as the primary
control on scale-dependent responses. Physically based models that
structure the landscape into functional units (e.g., WEPP, SWAT) may be
better suited to this task than purely empirical approaches (Alewell
etal., 2019), but they require high-resolution input data on management
practices and their spatial implementation (Panagos et al., 2014; Ke and
Zhang, 2024).

The influence of plot size on erosion highlights that effective con-
servation strategies should be scale appropriate. Our findings demon-
strate that processes dominating at one scale (e.g., detachment in
microplots) may not govern outcomes at another (e.g., connected rill
transport at hillslopes), necessitating a nested, multi-scale approach.
Localized, plot-scale measures such as contour farming (Mondaca et al.,
2024) and mulching (Prats et al., 2016) can be effective for controlling
interrill processes, but broader strategies are required to mitigate the
connected rill erosion that drives major hillslope losses. These include
maintaining vegetation strips (Zhang et al., 2024), adopting no-till
systems (Skaalsveen et al., 2019), and implementing watershed-scale
planning that explicitly considers sediment connectivity (Silva et al.,
2024). Such combinations could work synergistically to limit sediment
transport across scales (Keesstra et al., 2018). Consequently, erosion
control policies and agricultural subsidies should be designed within a
multi-scale framework, incentivizing practices that address both
detachment and connectivity, and should be adapted to local contexts as
no single solution is universally applicable.

When interpreting these results, key methodological aspects should
be considered. Soil properties (infiltration, roughness, resistance) were
characterized during a single campaign, providing a snapshot of these
dynamic characteristics and thus not capturing their potential temporal
variability across the two-year study period. Furthermore, microplots
were installed under the tree canopy to isolate the management effect in
that specific microenvironment; consequently, the microplot-scale data
are not directly analogous to the integrated processes captured by the
hillslope plots, and our analysis was confined to the plot scale without
watershed-level assessment. Additionally, while the three main vege-
tation suppression strategies were clearly defined, operational hetero-
geneity in timing, frequency, and intensity of interventions existed
within treatment categories (Table S1), reflecting real-world farming
conditions but limiting fine-scale comparability across orchards. The
varying proportions of tree, rut, and vegetation microenvironments
across orchards (Table 1) could also influence cross-site comparisons.
However, our multi-scale data indicate that management-induced
changes in rut connectivity, not microenvironment area, governed
erosion responses. This is evidenced by the reversal in erosion domi-
nance between scales (plowing highest in microplots, herbicide highest
in hillslope plots), pointing to activated ruts as the primary driver
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regardless of their proportional area. Finally, the moderate explanatory
power of the regression models (R2 < 0.30) indicates that other un-
measured factors, such as microtopography, soil moisture, or biological
interactions, also influence erosion rates. Our analysis therefore high-
lights key drivers but does not capture the full complexity of erosion
processes. These inherent constraints of the field-based design are
balanced by the study's strength in quantifying erosion responses under
real, working agricultural conditions.

5. Conclusions

The conclusions regarding the effects of different vegetation sup-
pression treatments (herbicides, plowing, no intervention) on soil
erosion processes in the different soil microenvironments (tree, rut,
vegetation) at the scale of the microplots of 1 m? and hillslope plots of
100-300 m? in olive orchards of the Alentejo region during a two-year
period are summarized as follows:

e Herbicide application on the tree microenvironment resulted in an
average erosion of 2.3 t ha™! yr~! on the microplots, while the
plowing treatment doubled this erosion (4.6 tha~! yr™!), and the low
vegetation and soil disturbance treatments decreased erosion by 78
%.

e At the scale of the hillslope, herbicide application in the tree area
resulted in an average erosion of 11.3 t ha™! yr™!, while plowing
reduced this erosion by 90 %, and low vegetation and soil distur-
bance were still 99 % lower, compared with the herbicide treatment.

e The two plot sizes allowed us to understand the degradation pro-

cesses in each management:

o Herbicide treatment: Showed low erosion at the microplot scale
due to already depleted soils (stone armoring), but the highest
erosion at the hillslope scale, indicating strong rill erosion driven
by high roughness and bare soil in the rut areas.

o Plowing treatment: Resulted in maximum erosion at the microplot
scale due to the loosening and detachment of soil particles, making
them readily available for transport by rain splash and sheet flow,
but low erosion at the hillslope scale, indicating a lack of sediment
connectivity or rill formation.

o Low vegetation and minimal soil disturbance treatments: Resulted
in the lowest erosion rates at both scales, confirming them as the
most effective practices, though some sites may require additional
measures to improve infiltration and organic matter.

Rainfall intensity, bare and vegetation soil cover as well as roughness
and resistance in the rut and vegetation microenvironments were key
factors explaining erosion in the hillslope plots. In the case of the
microplots, soil roughness and resistance exerted a stronger effect
than the ground cover, indicating local factors affecting the specific
conditions of the tree area microsite.

Future research should expand upon these findings by validating
plot-scale effects across diverse conditions to improve model calibration
and scale-impact assessments. Investigations at the watershed level
would provide a more complete understanding of spatial variability in
erosion processes, particularly when coupled with the analysis of high-
resolution Digital Elevation Models (DEMs) to accurately map micro-
topography, rill formation, and sediment redistribution pathways.
Additionally, incorporating conventionally managed sites would allow
for more robust comparisons. Finally, the results of this study could
serve as a foundation that ultimately supports more informed decision-
making in soil conservation.
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