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Abstract. Olive groves are a defining feature of the Mediterranean landscape, economy, and culture.
However, this keystone agroecosystem is under severe threat from soil erosion, a problem exacerbated by
10 the region's unique topographic, climatic conditions and agricultural practices. Although soil erosion in
olive groves has been extensively studied, significant uncertainties remain due to the high variability of
scales and measurement methods. Knowledge gaps persist regarding the average soil loss rates and runoff
coefficients as well as the effects of different management approaches and the influence of triggering factors
on soil erosion rates. So far, an effort to quantify this effect on Mediterranean olive cultivation has not been
15 made comprehensively. Therefore, the aim of this literature review is to discern clearer patterns and trends
that are often obscured by the overall heterogeneity of the available data. By systematically analysing the
data according to measurement methodology, this review provides clear answers to these knowledge gaps
and reveals a consistent narrative about the primary drivers of soil loss. While natural factors like
topography, rainfall intensity and soil properties establish a baseline risk, this review shows that agricultural
20  management, particularly the presence of groundcovers, is the pivotal factor controlling soil degradation.
The long-standing debate on erosion severity is largely reconciled by the finding that reported rates are
highly dependent on the measurement methodology, and hence on the spatial and temporal scale.
Conservation practices consistently reduce soil loss by more than half, an effect far more pronounced for
sediment control than for runoff reduction. Ultimately, the path to sustainability requires a shift away from
25 conventional tillage and bare-soil management towards the widespread adoption of
vegetation/groundcover, driven by effective policies and a commitment to multi-scale and multi-proxy
research to improve predictive models.

1. Introduction

Soil erosion is widely recognized as one of the most significant forms of soil degradation worldwide. The

30 Mediterranean region is particularly vulnerable due to a confluence of natural and anthropogenic factors.
Natural drivers such as sparse vegetation cover, low soil structural stability, steep slopes, and intense
rainstorms are compounded by human activities including land cover change, forest fires, intensive grazing,
and soil tillage practices, all of which exacerbate erosion risks.

Among Mediterranean agricultural systems, olive groves (Olea europaea) stand out both economically and

35 culturally, with more than 95% of global olive production concentrated in the Mediterranean basin.
However, these groves are frequently situated on marginal, low-fertility, and steeply sloping land, where
soil erosion constitutes a major threat to their long-term sustainability (Goémez et al., 2009b; Vanwalleghem
et al., 2010). It is essential to recognize that the primary driver of this degradation is not the olive tree itself
or the local conditions, but the conventional soil management practices associated with its cultivation. Both

40 traditional and modern olive farming has been characterized by the systematic removal of competing
vegetation through frequent mechanical tillage (Figure 1), which degrades soil structure and leaves the
ground surface bare and vulnerable (Alvarez et al., 2007; Goémez et al., 2004). This practice is deeply rooted
in a cultural identity where a "clean" tilled, weed-free field is perceived as signs of diligent farming, while
the presence of groundcover is seen as neglect (Rodrigo-Comino et al., 2020; Sastre et al., 2017). When

45 this practice of maintaining bare soil is combined with the common siting of olive groves on steep, erodible
slopes, the conditions for severe soil erosion are perfected.
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Figure 1 Image of an olive orchard under conventional tillage bare-soil management (systematic removal
of competing vegetation through frequent mechanical tillage) on steep slopes in Montefiio (Granada).
50 (photo by A. Pefiuela)

Accurate, evidence-based knowledge of erosion rates is essential for defining effective soil conservation
policies. However, the scientific literature on soil erosion in olive groves is marked by significant debate
and seemingly contradictory findings. A frequently cited soil loss estimate of 80 t ha™'yr™! for south Spain
groves is based on USLE model estimates (Lopez-Cuervo, 1990). This very high soil loss rate estimate are
55 supported by long-term estimates based on tree mound measurements in Jordan, 132 t ha'yr™! (Kraushaar
etal., 2014), and in South Spain, 184 t ha 'yr ! (Vanwalleghem et al., 2010) and on fallout radionuclides in
Spain, 75 tha—1 y—1 (Garcia-Gamero et al., 2024) and runoff plot studies in Greece, 56 t ha 'yr ! (Koulouri
and Giourga, 2007) and in Spain 60 t ha 'yr ' (Gémez et al., 2017). These figures paint an alarming picture
of an agroecosystem in crisis. In contrast, (Fleskens and Stroosnijder, 2007) argue that average rates rarely
60 exceed 10 t ha™ yr'. In response, (Gomez et al., 2008) criticized Fleskens and Stroosnijder's (2007)
incomplete interpretation and conclusions drawn from short-term plot-scale experiments. In any case,
erosion rates far exceed natural soil formation rates, depleting this vital resource (Huber et al., 2008)

Understanding soil erosion in olive groves is complicated by the wide array of methods used for its
quantification, each with inherent strengths, limitations, and, most critically, different spatial and temporal
65 scales of operation (Figure 2). These methods can be broadly classified into field measurements and
predictive models. Field measurements provide direct empirical data but vary significantly in what they
measure. A crucial distinction must be made between methods that estimate gross soil loss, i.e. the total
amount of soil detached and transported from a specific area, and those that estimate net soil loss, which
accounts for both erosion and deposition within a larger landscape unit. Additionally, some methods focus
70 on sediment yield, which quantifies the amount of eroded soil that actually exits the catchment or watershed,
typically measured at the outlet. Field measurements can be divided into runoff simulations (Palese et al.,
2015; Repullo-Ruibérriz De Torres et al., 2018), runoff plots (Espejo-Pérez et al., 2013), soil truncation
studies using soil loss estimates derived from fallout radionuclides (FRN) (Gdiri et al., 2024; Mabit et al.,
2012) and tree mound measurements (Kraushaar et al., 2014; Vanwalleghem et al., 2010), and sediment
75 yield measurements at the catchment outlet (Gomez et al., 2014; Taguas et al., 2013). Small-scale studies,
such as rainfall simulation and runoff plots, tend to miss key large-scale erosion processes such as rill and
gully formation, tillage erosion, and sedimentation within fields. Long-term historical methods, such as tree
mound measurements and fallout radionuclide-based estimates, can capture cumulative effects, such as the
long-term effects of land use change or soil conservation practices, but are inadequate for capturing the
80  temporal variability and episodic high-intensity events typical of Mediterranean climates. No single method
provides a complete picture; rather, each offers unique insights depending on the scale and timeframe of
analysis (Table 1).
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85 Figure 2 Spatial and temporal scale of application for different land measurements methods applied in the
literature to estimate soil loss rates and runoff coefficients in olive grov
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Models can provide with long-term and large-scale predictions and temporal and spatial resolutions that
are beyond the reach of field experiments. However, their reliability is strongly tied to input data quality.
90 Improper calibration and evaluation, or application beyond a model's original scope, often lead to
misleading results, highlighting the "garbage in, garbage out" principle. For instance, the most widely used
model for studying soil erosion is the Revised Universal Soil Loss Equation (RUSLE), however it was
designed to be applied at the plot scale and hence, it only estimates gross soil loss. When its application is
upscaled to larger areas the accuracy of its predictions can be significantly compromised. Model
95 validation/evaluation is particularly challenging due to scale mismatches and the scarcity of long-term,
high-quality data. Moreover, the inconsistency in field measurement results significantly limits the
evaluation of models, making it difficult to ascertain if a model behaves as expected or if its outputs align
with real-world observations under comparable conditions. Therefore, investing in long-term monitoring
and consistent data is not just an academic pursuit but a prerequisite for developing reliable, policy-relevant
100 modelling tools.

This review analyses existing studies on soil erosion in Mediterranean olive groves, grouping them by
measurement methodology, and hence in similar spatial and temporal scales. The aim is to discern clearer
patterns and trends that are often obscured by the overall heterogeneity of the available data, thereby
addressing a significant challenge in the current scientific literature. This will provide general findings to

105 evaluate model performance and assess the effectiveness of current management practices, ultimately
contributing to more robust conservation strategies. This systematic approach will also address key research
questions, including: What are the typical soil loss rates and runoff ratios in Mediterranean olive groves?
What is the influence of factors such as topography, soil, vegetation, and climate on soil loss and runoff
generation? What is the impact of soil conservation practices?

110 2. Methods

2.1. Data collection

A dataset of erosion rates and soil loss measurements was constructed from published literature focusing
on Mediterranean olive groves. For each entry, the following variables were collected where available:
erosion rate (t ha'yr™") or soil loss per mm of rain (t ha 'mm™"), runoff coefficient (%), spatial location

115 (country), spatial scale (microplot, plot, catchment), measurement method, temporal scale (minutes, hours,
event, years, decades), slope gradient (%), soil texture (sand, silt and clay %) and soil organic matter content
(%) and soil conservation practices

To ensure comparability, data were categorized. Spatial scale was classified as: microplot (<2 m?), plot (2—
1000 m?), and catchment (>1000 m?). Measurement methods were grouped into: (i) rainfall simulation (RS),

120 (i) runoff plot (RP), (iii) flow and sediment gauge (FG), (iv) soil truncation (ST) such as FRN-based
estimates and tree mound measurements, and (v) modelling (MOD). Soil conservation practices were
classified as: (i) no-soil conservation practices (No-CP), including conventional tillage and no-tillage with
herbicides/bare soil and (ii) soil conservation practices (CP) including cover crops (CC), reduced tillage
(RT) and mulching (M) with materials like pruning residues.

125 2.2. Statistical analyses

Given the large variability in the collected data, statistical analyses were applied to identify the main trends
regarding the effects of slope gradient, soil texture, organic matter, rain intensity and vegetation cover on
soil loss and runoff. To reduce the uncertainty of comparing data from different methodologies, analyses
were applied separately to data derived from distinct measurement methods (e.g., RS vs. RP). Ordinary
130 least square linear (OLS) regression was used to examine the contribution of individual explanatory
variables on the response variable. For this purpose, we used the Python library statsmodels
(www.statsmodels.org) to fit the model and examine the resulting coefficients (R?) and their significance
(p-values). A higher coefficient (when standardized) means the variable has a greater impact on soil loss.
In cases where model assumptions were violated, in particular when residuals are not normally distributed,
135 a log-transform was applied to the dependent variable (soil loss rates or runoff coefficient).
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In cases of low R? values (<0.5), where variability between studies might obscure the effect or when
residuals are not normally distributed a log-transform was applied to check if the R? increases and/or the
residuals get normally distributed. Multiple linear regression (MLR) models were also used to test the
combined ability of several explanatory variables to predict the response variable. The coefficients from

140  the model will indicate the relative influence of each variable. For all analyses, a p-value < 0.05 was
considered statistically significant. We also checked for multicollinearity (when independent variables are
highly correlated).

3. Results and discussion
3.1. Description of dataset

145 The literature search revealed that the vast majority of studies are concentrated in Spain, with far fewer in
Italy, Greece, Portugal, Jordan and Syria (Table 2). The most frequently employed measurement method in
the compiled literature is the runoff plot (RP), and the most common experimental design compares
conventional tillage (CT) against various forms of soil conservation practices (CP), particularly
groundcovers. This focus in the literature underscores the scientific community's recognition of soil

150 management as a critical variable. The most used model is RUSLE (Renard, 1997), followed by
AnnANGPS (Bingner and Theurer, 2001), WaTEM/SEDEM (Van Oost et al., 2000) and SEDD (Ferro and
Minacapilli, 1995).

For comparison reasons, soil loss rates in rainfall simulations (RS) are expressed per mm of simulated
rainfall. It must be also noted that some runoff plot (RP) studies report soil loss rates at the event scale

155 instead of yearly rates. For this reason, these rainfall simulation and event scale values are only used for
relative comparisons, such as assessing soil loss and runoff reduction between No-CP and CP practices and
should not be interpreted as representative of average annual soil loss.
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3.2. Average soil loss rates and runoff coefficients

In Table 3 average erosion rates and runoff coefficients are grouped by method and type of soil loss

165 measured. This table highlights the wide range of values obtained by different approaches, reflecting
differences in measurement scale, time period, and the distinction between gross, net soil loss and sediment
yield.

The average annual soil loss rates vary by more than an order of magnitude, from as low as 1.8 tha'yr!
to as high as 72.3 t ha 'yr™!. This is not a contradiction but a reflection of what each method measures. RP

170 measure gross erosion (soil detachment and transport) from a small, defined area. It primarily captures
interrill and some rill erosion. The average rate of 5.51 t ha 'yr ! is in line with Fleskens and Stroosnijder's
(2007) who argue that soil loss in olive groves is generally below 10 t ha 'yr™!. However, the large standard
deviation (+11.1) highlights the extreme variability based on site-specific conditions like slope, soil type,
and rainfall patterns. Notably, average soil loss without conservation practices (No-CP) is 7.51 tha 'yr!,

175 but this value is reduced by about half when CP are implemented. In any case, these values are unsustainable
and well above the tolerable soil loss rate, 0.3-1.4 t ha 'yr!, in Europe (Verheijen et al., 2009).

In ST studies, the exceptionally high value of 72.3 tha'yr! represents the long-term net soil loss at a
specific point on a hillslope, accumulated over decades or even centuries. This figure captures the
cumulative impact of all major erosion processes, including both water erosion (interrill and rill) and,
180 critically, tillage erosion, the progressive downslope movement of soil caused by repeated plowing. Such a
high rate reflects the total historical degradation of the soil profile at that location, which explains why
"alarming" values can appear in the literature. Importantly, this underscores the need to distinguish between
gross and net soil loss, as well as to account for the substantial role of tillage erosion—often underestimated
or overlooked in soil erosion research—even though it can surpass the effects of water erosion in many
185 cultivated landscapes (Van Oost et al., 2006).

In FG, the relatively low value, 3.2 t ha 'yr™!, measures sediment yield, the actual amount of eroded soil

that exits an entire catchment. The vast difference between the average soil truncation rate (72 t ha 'yr ! of
net soil loss) and the sediment yield (3.2 t ha 'yr!) indicates that while a massive amount of soil is being
moved around within the olive grove landscape, much of it is redeposited at the bottom of slopes or in other

190 landscape depressions and never reaches the stream network. This phenomenon is particularly pronounced
in Mediterranean catchments due to the prevalence of ephemeral stream networks that consist primarily of
gullies and dry channels, which only become hydrologically connected during high-intensity rainfall events
(Goémez et al., 2014; McLeod et al., 2024; Taguas et al., 2009).

In MOD studies, gross soil loss (RUSLE) estimates of nearly 35 t ha™'yr ™! (47.7 t ha'yr™! with No-CP and
195 21.1 tha'yr ! with CP) align more closely with the high rates of landscape degradation suggested by soil
truncation methods (e.g. (Vanwalleghem et al., 2011) rather than rates reported by runoff plots. The higher
RUSLE value often stems from the model's application at broader scales with input parameters that may
not perfectly reflect the conditions of a specific plot. For instance, topographic factors derived from digital
elevation models can overestimate slope length and steepness, and the model's management factors (C and
200  P) are notoriously difficult to calibrate accurately without site-specific data, often leading to an
overestimation of erosion potential (Goémez et al., 2003). Indeed, some studies have explicitly found that
theoretical models like USLE overestimate erosion rates when compared to direct empirical measurements
in olive groves(Rodriguez Sousa et al., 2023). This gap between modelled potential and measured reality
underscores a critical need for robust model calibration and validation using high-quality, long-term field
205 data to improve predictive accuracy.

It is crucial to interpret the average values presented in Table 3 with caution, especially for those derived
from ST, FG, and MOD studies. The body of literature reporting quantitative erosion and runoff rates using
these specific methods in Mediterranean olive groves is still quite limited. Consequently, the averages are
calculated from a small number of studies and data points. This scarcity means the mean values can be

210 heavily skewed by single, site-specific results and may not fully represent the broader reality. Therefore,
these figures should be seen as a preliminary snapshot, highlighting the need for more research to establish
more robust and representative average rates.
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Table 3 Average erosion rates and runoff coefficients for Mediterranean olive groves, as reported in the
literature. Values are grouped by method and type of soil loss measured. Standard deviations are shown in
215 parentheses. Empty cells (-) = Not Applicable or Not Reported.

Erosion Runoff
Rate coefficient
Type of soil loss  (tha'yr) (%)
Method measured
Runoff Plots (RP) Gross soil loss 5.51 (£ 11.1) 5.91 (£ 4.8)
Soil truncation (ST) Net soil loss 723 (£45.7) -
Flow and sediment gauge (FG) Sediment yield 3.2 (0.9 6.4 (+3.1)
Gross soil loss 34.92 (£ 33.8) -
Modelling (MOD) Net soil loss 25.7(£9.5) -
Sediment yield 1.79 (= 1.1) 5.3 (£4.0)

The considerable variation in average soil loss rates reported across the different measurement methods
reflects not only the diversity of processes captured but also the methodological limitations inherent to each
approach. RP artificial setup, bounded plots with restricted flow interactions, can lead to underestimation

220 of actual runoff, since the contributing upslope or lateral flows are excluded. Moreover, the relatively short
monitoring durations of many RP studies may miss rare but significant erosive events or overemphasize
the conditions during a limited period. Despite these limitations, the wide use of RP in the literature provides
a relatively robust, though still partial, representation of gross soil loss under plot-scale conditions.

ST estimates are associated with high uncertainty due to several critical assumptions. FRN reliable

225 application depends on identifying a truly undisturbed reference site, often a challenge in Mediterranean
landscapes (Garcia-Gamero et al., 2024). Similarly, for tree mound methods, estimating the original soil
surface (e.g., the germination point) and tree age involves potentially uncertain assumptions. Moreover, a
reduction in soil depth by soil compaction can misinterpreted as erosion. FG offer no insight into the
specific sources of sediment: the measured material may originate from olive groves, but also from

230 unrelated sources such as gully erosion, bank collapse, or landslides. Additionally, the small number and
limited duration of FG studies heighten uncertainty, especially in Mediterranean landscapes with highly
variable rainfall regimes.

MOD results are contingent on the quality and resolution of input data and the rigor of calibration/validation
procedures. Given the limited availability of empirical data specific to olive systems, many models rely on

235 generalized or regionally interpolated parameters that may not adequately reflect site-specific conditions.
Moreover, the use of average weather data can obscure the impact of extreme events, which play a crucial
role in Mediterranean erosion dynamics. As such, model results should be interpreted as approximate,
order-of-magnitude estimates rather than precise measurements.

Runoff coefficients are fairly similar (~5-6%) across the various methods. This suggests that the fraction

240 of rainfall becoming surface runoff is moderately low in Mediterranean olive groves, consistent with soil
infiltration capacity and episodic storms. It also implies that differences in erosion rates are not due to
differences in runoff volume, but rather in how much soil is detached per unit runoff (influenced by cover,
tillage, slope, etc.). In practice, extreme storm events can drive much higher instantaneous runoff and
erosion than these average coefficients indicate.

245 This data also highlights the profound effectiveness of conservation practices (CP). In terms of how
effective CP are in reducing soil loss and runoff generation, RS show the highest reduction rates, 89% for
soil loss and 66% for runoff. These controlled, small-scale experiments are able to isolate the direct
protective effect of a ground cover against raindrop impact (splash erosion), which is the first stage of
erosion. The nearly 90% reduction in soil loss underscores the immense potential of CP to shield the soil

250 surface. RP, which measure erosion under natural rainfall over longer periods, show a still massive, but
slightly lower, reduction: 68% for soil loss and 34% for runoff. This reflects real-world conditions where
factors like variable rainfall and larger-scale water flow come into play. A key insight is that CP is

10
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significantly more effective at reducing soil loss than it is at reducing runoff volume. This indicates that the
primary benefit of ground cover is preventing soil particles from being detached and carried away. While

255 it also improves infiltration (reducing runoff), its main role is to protect the soil and slow the water flow,
drastically reducing the water's capacity to transport sediment. The vegetation shields the soil and slows
the water, drastically diminishing its capacity to transport sediment.

3.3. Statistical analysis of erosion drivers

The analysis of factors influencing soil loss and runoff generation was restricted to the RS and RP

260 treatments. For the other treatments (ST, FG, and MOD), the available data was insufficient to perform a
robust statistical analysis. This limitation arises from both the small number of published studies and the
low total number of observations, even accounting for the fact that a single study can report multiple
observations from different locations or experiments.

Table 4 Summary of Ordinary Least Squares (OLS) and Multiple OLS regression results showing the
265 influence of different factors on soil loss rate and runoff coefficient. The table presents the coefficient of
determination (R?) for models based on data from Rainfall Simulation (RS) and Runoff Plot (RP) studies.
‘ns' denotes a non-significant result. The number of observations (obs) is given in parentheses. An asterisk
(*) indicates a that log-transformation was applied to the dependent variables (soil loss rate or runoff
coefficient) to ensure normally distributed residuals. Empty cells (-) = Not Applicable or Not Reported.

270

275

280

285

Rainfall simulation (RS) Runoff plots (RP)
Runoff Runoff
OLS regression Soil loss rate coefficient Soil loss rate coefficient
Slope 0,17* (36 obs) ns ns ns
Vegetation cover 0,42* (29 obs) ns 0,73* (30 obs) 0,55 (20 obs)

Rain intensity

0,5% (36 obs)

0,52 (33 obs)

Multiple OLS regression

0,65* (29 obs)
0,75* (29 obs)
0.54* (22 obs)

0,41 (32 obs) ns ns
0,62 (33 obs)
0.81* (25 obs) ns ns

Slope + Veg. cover

Rain intensity + Veg. cover
Clay + OC

3.3.1. Slope

The only statistically significant correlation (p-value<0.05) was observed in RS and only with the soil loss
rate (per mm of rain). The OLS regression analysis confirmed a low positive relationship between erosion
rate and slope gradient. The model took into account for 30% of the total variance (R?=0.30 with 36
observations). However, several diagnostic tests (Omnibus, Jarque-Bera, Skew) indicated that the
assumptions of the OLS model have been violated, specifically the assumption of normally distributed
errors. Therefore, a log-transform of the soil loss variable (dependent variable) was applied. The log
transformation successfully addressed the violation of the normality assumption. However, the model's
explanatory power decreased, explaining only 16.7% of the variance in the log of soil loss. Despite this, the
relationship between slope and soil loss remained statistically significant.

Olive groves are often on steep slopes, which inherently increases the risk and rate of erosion. On very
steep slopes, the gradient can be the dominant factor, overriding management effects. However, these
findings do not indicate this strong influence, at least by considering the slope alone. By combining slope
with vegetation cover, the model's predictive power dramatically improved. The new MLR model explained
75.3% for RS of the variation in soil loss. After a log-transform to address non-normal residuals, the model
explained 65% (RS) of the variance in the log of soil loss. Both slope and vegetation cover were highly
significant predictors.

This strong influence of the combined effect of slope and vegetation cover highlights their synergistic
control on soil loss. The initial model, which only considered slope, was statistically weak because it

11
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290 omitted the crucial protective role of vegetation. Vegetation intercepts rainfall, reducing its erosive energy,
and increases infiltration, which reduces the volume of runoff. By increasing surface roughness, it also
reduces the velocity and shear stress of the runoff that does occur. The result is that for the same slope and
storm, the erosive force is drastically lower on a vegetated plot compared to a bare one. This explains why
a simple model considering only slope is insufficient; the effect of slope is contingent on the condition of

295 the surface. While this interaction indicates a statistical synergy, the strong correlation is likely driven
heavily by the influence of vegetation cover.

3.3.2. Vegetation cover

In the rainfall simulation (RS) studies, vegetation cover on its own explained 42% of the variance in the
log of soil loss (R?=0.42 after log-transform; 29 observations). This moderate negative but significant

300 relationship highlights the immediate, local effects of vegetation. At this scale, the primary mechanism is
the reduction of raindrop impact energy by the plant canopy, which minimizes the detachment of soil
particles (splash erosion), a foundational step in the erosion process (Panagos et al., 2015). Interestingly,
vegetation cover showed no statistically significant influence on the runoff coefficient in these experiments.
This is likely due to the nature of rainfall simulators, which apply high-intensity rainfall over a small area

305 for a short duration. These conditions can quickly saturate the topsoil, causing infiltration capacity to be
exceeded regardless of cover, thus generating similar runoff volumes across different plots.

The results from runoff plot (RP) studies are even more compelling. Here, vegetation cover alone accounted
for a remarkable 73% of the variance in the log of soil loss (R?=0.73 after log-transform; 30 observations;
Figure 3a). This demonstrates that over larger areas and under natural rainfall conditions, the cumulative

310 effects of vegetation become much more pronounced. Furthermore, at this scale, vegetation cover also
explained 55% of the variance in the runoff coefficient (R?=0.55; 20 observations; Figure 3b). This contrasts
sharply with the RS results and shows that vegetation cover is effective at reducing the total volume of
runoff. This is because, over time, groundcover and its associated root systems improve soil structure,
enhance aggregation, and increase macroporosity, all of which significantly boost the soil's overall

315 infiltration capacity (Keesstra et al., 2018; Gomez et al., 2009). More water entering the soil profile directly
translates to less water available to generate surface runoff. The need for a log-transformation for the annual
soil loss model indicates a right-skewed distribution which is in line with previous studies that suggest that
there is a critical threshold of vegetation cover (Liu et al., 2020; Sastre et al., 2017; Zhang et al., 2022).
Below a certain percentage of cover, the soil is highly vulnerable. Above this threshold, erosion rates can

320 decrease dramatically. The RP data indicates that this threshold is 30-40%, below which the soil loss rate
is above the tolerable rate in Europe, 1.4 t ha 'yr™! (Verheijen et al., 2009).

12
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Figure 3 Runoff plot studies - Relationship between vegetation cover and: a) soil loss rate and b) runoff’
325 coefficient. Each point represents a single plot measurement. The red line represents the best fit line. The
dashed line represents the tolerable soil loss rate in Europe (Verheijen et al., 2009)

Analysing vegetation cover as a standalone variable confirms its decisive role in controlling soil erosion.
Combining vegetation cover with other factors improved the model's predictive power, particularly with
slope gradient in RP (see section 3.3.1) and rain intensity in RS. For RS, the MLR model explained 75% of
330 the variance in the log of soil loss per mm of rain (R>=0.75 after log-transform; 29 observations) and 62%
of the variance in the runoff coefficient (R?>=0.62; 29 observations). These results demonstrate that the
published data represent the fundamental conflict between the erosive force of rainfall and the protective

13
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resistance of vegetation. While high-intensity simulations can mask the influence of vegetation on runoff
when viewed in isolation, combining it with the intensity variable reveals its persistent and significant role
335 in mitigating both the volume of runoff and, most critically, the detachment and transport of soil particles.
This highlights the necessity of a multi-factor approach to accurately model hydrological and erosional
responses under the specific conditions of rainfall simulation. Moreover, these results also demonstrate the
resilience and protective effect of vegetation cover even under extreme high-intensity conditions of RS.

Studies show that soil erosion (total sediment yield) is reduced much more effectively by plant covers than

340 is runoff volume (Carceles Rodriguez et al., 2021). This disparity means the sediment concentration in
runoff is significantly lower under conservation practices, even if runoff volume is not completely
eliminated. The physical protection offered by the cover crops is a primary mechanism for reducing
sediment detachment, while infiltration/runoff processes are more complex and site-dependent.

3.3.3. Rainfall intensity

345 The rainfall intensity is factor only considered in RS, this factor can be controlled, and it is usually kept
constant during the rainfall simulations. In contrast, in RP the rainfall is natural and hence, highly variable
during the period of study. The regression analysis confirmed a positive relationship (R?>=0.36 with 36
observations) between erosion rate and rain intensity of the rainfall simulations. However, the diagnostic
tests indicated that the assumption of normally distributed errors is not correct. Applying a log

350 transformation created a more accurate and statistically valid model. The conclusion remains the same, that
higher rainfall intensity leads to more soil loss, but now nearly 50% of the variability in the log of soil loss
per mm of rain can now be explained by rainfall intensity.

The statistical result is a direct reflection of the kinetic energy of rainfall. Higher intensity rainfall has
significantly more kinetic energy, which dislodges a greater volume of soil particles, a process known as

355 splash erosion. Moreover, more intense rain generates runoff more quickly and in greater volumes. A study
by van Dijk et al. (2002) reviewed various rainfall erosivity models and confirmed that kinetic energy and
rainfall intensity are the most effective predictors of splash detachment and interrill soil erosion. They
highlighted that the relationship is often non-linear, which aligns with why a log transformation improved
the statistical model in this analysis.

360 As shown above (see section 3.3.2.), by combining rain intensity with vegetation cover the model's
predictive power showed the best results.

3.3.4. Soil texture and OC

For both, RS and RP the soil texture factors (sand (%), silt (%), clay (%)) and OC (%) did not show

statistically significant results in the regression analysis. However, for RS when these factors were
365 combined in a MLR model the results drastically improved. The best results were obtained when combining

clay and OC. The model was then highly significant and explained 53.9% (R?=0.54 after log-transform

with 25 observations) of the variance in the log of soil loss (per mm of rain) and 80.8% (R?>=0.81 after log-

transform with 25 observations) of the variance in the runoff coefficient. The results indicate that increased

'clay' content is associated with a percentage increase in soil loss and runoff (positive relationship), while
370 increased 'OC' is associated with a percentage decrease in soil loss and runoff (negative relationship).

Soil texture influences properties like saturated hydraulic conductivity (Ksat) and compaction potential
(Bombino et al., 2021). Clayey soils low in organic matter, often found in Mediterranean olive groves, can
saturate quickly and have low Ksat, making them prone to runoff, especially on steep slopes. Bare soil
conditions and conventional tillage can exacerbate these issues by degrading soil structure, leading to

375 increased compaction and surface sealing, which reduces infiltration in soils regardless of texture, but
particularly impacting clayey soils (Gomez et al., 2009b; Palese et al., 2015).

This shows that soil composition has a significant impact on soil loss: higher clay content increases erosion
and runoff, while higher organic carbon content dramatically reduces them. Mediterranean olive soils often
have low OC, so improving organic matter significantly lower erosion. Again, an increase in vegetation
380 cover (e.g. through cover crops) can initiate a positive feedback loop by directly increasing the soil's organic
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carbon content. Therefore, promoting vegetation cover is not just a surface-level protection strategy; it is a
fundamental method for rebuilding the soil's intrinsic health and resilience from within.

34. Final thoughts and future challenges

Soil erosion is an inherently scale-dependent process, and no single method or metric can capture its full

385 complexity. The ongoing debate between "alarmist" and "non-alarmist" interpretations (Fleskens and
Stroosnijder, 2007; Gomez et al., 2008) of erosion severity is, at its core, a debate about the scale of truth.
Different measurement methods target different parts (Figure 4) of the erosion—transport—deposition
continuum, leading to seemingly conflicting figures that are, in fact, complementary. To develop a realistic
and comprehensive understanding of soil erosion, particularly in agricultural landscapes, it is essential to

390 adopt a multi-method, multi-scale approach. Each method provides a partial view, thus reveals a different
"truth", emphasizing different spatial and temporal aspects of erosion dynamics:

e Runoff plots measure what’s being mobilized. Runoff plot studies are ideal for capturing gross soil
loss in upslope areas where contributing areas are small and deposition minimal (Francia Martinez et
al., 2006; Goémez et al., 2004). These plots are valuable for comparing land management practices and

395 assessing soil susceptibility to detachment. However, they only represent the initial phase of the
erosion process and typically underestimate the cumulative effects of long-term processes like tillage
erosion or gully expansion.

e  Soil truncation methods measure what’s lost or displaced over time. They provide spatially distributed,
long-term estimates of net soil loss across entire hillslopes or catchments (Kraushaar et al., 2014;

400 Vanwalleghem et al., 2011). These techniques capture both water and tillage erosion and are
particularly suited for detecting cumulative soil displacement over decades. While they may miss
short-term events like extreme gully formation, they offer a more realistic picture of landscape-scale
degradation and on-site impacts.

e Sediment and flow gauges at the catchment outlet measure what’s exported, the final output of the

405 erosion system and final stage of the erosion cascade (Taguas et al., 2013). These data integrate all
upstream erosion processes but often register lower values than total soil loss because much of the
mobilized sediment is trapped within the landscape, stored in footslopes, depressions, gully systems,
and floodplains, before it can exit the catchment. This scenario, however, changes dramatically during
high-intensity rainfall events (Gomez et al., 2014), which can connect the drainage network and trigger

410 severe gully erosion, leading to major sediment export. Sediment yield is critical for evaluating off-
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site impacts, such as reservoir siltation or pollutant transport, but it does not reflect the full extent of
on-site soil degradation.

Runoff plots

Soiltruncation

Flow and sediment
gauge at the
catchmetoutlet

Initial Final
stage stage
Figure 4 Conceptualization of a typical catchment hillslope and what parts and stages are characterized
415 by the different soil erosion measurement methods.

Models, when properly calibrated, can bridge these scales and are useful for scenario analysis, but they
must be interpreted with care, as they often blend assumptions from multiple processes. The apparent
contradiction between moderate and high erosion figures dissolves when viewed through this lens. The
"alarmist" estimates often stem from soil truncation methods that highlight the severe and unsustainable

420 cumulative impacts of erosion, including tillage translocation and gully expansion. These high values may
not apply uniformly across every square meter each year but do reflect the net outcome of persistent
erosional forces acting over time.

Ultimately, embracing a multi-scale, integrated approach is not just a methodological choice, it’s a
necessity. It allows us to capture both the localized detachment and the landscape-level sediment delivery

425 and is critical for the design of effective soil conservation strategies and for the calibration and validation
of erosion models. For example, in areas close to the catchment limit, where deposition and the upslope
contributing area are minimal, we can consider combining runoff plot estimates (representing gross soil
loss due to water erosion) with soil truncation estimates (representing net soil loss due to both water and
tillage erosion). The difference between the net soil loss (derived from soil truncation methods) and the

430  gross soil loss (derived from runoff plots) in the same location could provide an inference of the tillage
erosion contribution. This is because soil truncation methods inherently capture the cumulative effects of
both water and tillage erosion over longer timescales, while runoff plots primarily isolate the detachment
and transport by water. Therefore, the equation could be conceptually represented as:

Tillage Erosion Contribution = Net Soil Loss (Soil Truncation) - Gross Soil Loss (Runoff Plots)

435 This would help to disentangle the significant, yet often overlooked, role of tillage in overall soil
displacement within agricultural landscapes as well as to calibrate and evaluate tillage erosion models. Only
by acknowledging the complexity and scale-dependency of soil erosion can we resolve inconsistencies in
the literature and move toward more sustainable land management.

Yet, this scientific understanding uncovers a critical paradox in olive cultivation, a "silent crisis" where
440 olive yields have increased (mainly driven by the mechanization of cultivation and the increase of tree
density) despite alarming rates of long-term soil loss and ongoing degradation. The ability of deep soils to
buffer initial losses, combined with management practices such as enhanced fertilization, pruning, and pest
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control, has effectively masked the unsustainability of current practices (Tubeileh et al., 2014). This absence
of a negative impact on yield has meant there's been no immediate or direct incentive for farmers to adopt

445 soil management practices that prioritize conservation, allowing prolonged unsustainable practices to
continue. The current system is drawing down a vital natural capital, soil, without immediate visible
consequences, but with severe long-term implications for future generations. This situation urgently calls
for a fundamental paradigm shift in how agricultural success is defined and measured, emphasizing long-
term ecological resilience alongside productivity. Therefore, policy and farmer education must move

450  beyond short-term yield metrics to incorporate and prioritize long-term soil health indicators such as the
Soil Footprint (Garcia-Gamero et al., 2024).

The evidence overwhelmingly supports that increasing vegetation/ground cover between olive trees as the
most effective strategy for erosion control in olive groves. Their multifaceted benefits, including significant
erosion reduction, enhanced infiltration, increased organic matter content, and improved soil aggregation,

455 simultaneously address several key drivers of degradation (Gomez et al., 2009a, 2009b; Marquez-Garcia et
al., 2024; Repullo-Ruibérriz De Torres et al., 2018). Despite the acknowledged challenge of water
competition, the magnitude of erosion reduction achieved suggests that the benefits often outweigh the
risks, especially with careful species selection and adaptive management (Gémez et al., 2009a). This
implies that soil conservation practices such as cover crops are not merely "an option" but represent a

460 fundamental requirement for achieving long-term sustainability in Mediterranean olive groves (Bombino
et al., 2021). Therefore, policy incentives and research efforts should prioritize the widespread adoption
and optimization of soil conservation strategies, including the development of drought-tolerant cover crops
species and adaptive management strategies designed to minimize water competition during critical dry
periods.

465 Further research integrating multi-scale or multi-proxy field monitoring with robust model calibration and
validation across a wider range of environmental and management conditions is essential to accurately
quantify erosion risks and develop effective and sustainable soil management strategies for Mediterranean
olive groves. The path to sustainable olive cultivation lies in a paradigm shift towards evidence-based
management strategies. Prioritizing soil conservation strategies, minimizing intensive tillage and

470  maximizing vegetation/ground cover are paramount. These practices not only effectively reduce soil and
nutrient loss but also enhance soil health and resilience. However, successful adoption hinges on addressing
socio-economic barriers, including perceived water competition, management costs, and traditional biases
(Rodrigo-Comino et al., 2020; Sastre et al., 2017).

In this context, policy support becomes a decisive factor in shifting current management paradigms toward
475 more sustainable practices. Conservation Agriculture (CA) (Gonzalez-Sanchez et al., 2015), through its
emphasis on permanent groundcovers and no tillage (FAO, 2022), offers a robust framework for mitigating
erosion and restoring soil functionality in Mediterranean perennial systems such as olive groves. However,
widespread adoption of soil conservation practices would remain limited without adequate training,
incentives, regulatory support, and integration into agricultural subsidy frameworks. The successful
480 implementation of CA requires not only technical knowledge but also institutional alignment and policy
coherence at local and national levels. Public policies that reward farmers for maintaining soil cover,
avoiding tillage, and enhancing soil organic matter, such as through eco-schemes under the Common
Agricultural Policy, are essential to overcome inertia and scale up proven practices. In regions where olive
cultivation is dominant, promoting CA through targeted programs can serve as a powerful lever to reduce
485 erosion, combat desertification, and strengthen the resilience of rural landscapes.

4. Conclusions
This literature review has synthesized a diverse body of research on soil erosion in Mediterranean olive

groves, leading to several key conclusions that clarify the scale of the problem and point toward a
sustainable future. These are the main conclusions:

490 - While natural factors such as topography, rainfall and soil properties establish a baseline risk, the
evidence is unequivocal that agricultural management is the pivotal factor controlling soil
degradation.
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- A central finding is that the magnitude of soil erosion is highly dependent on the measurement
methodology, a reality that reconciles much of the debate in the literature.

495 - Plot-scale studies, which measure gross soil loss, report average rates that are often under 10
tha 'yr . However, these figures stand in stark contrast to the extremely high net soil loss rates
of 72.3 tha'yr! on average derived from long-term soil truncation studies. This vast difference
strongly indicates that plot-scale methods fail to capture the significant contributions of processes
like tillage erosion and concentrated flow in rills and ephemeral gullies. Furthermore, the limited

500 duration of runoff plot studies may not reflect the contribution of exceptionally extreme erosion
events captured by long-term soil truncation studies. Both gross and net soil loss rates are clearly
unsustainable.

- Conversely, sediment yield measured at the catchment outlet is often low, suggesting that under
non-extreme rainfall conditions, Mediterranean catchments have low sediment connectivity. This

505 means that while a massive amount of soil is being redistributed within the landscape, much of it
is redeposited and does not have immediate off-site impacts.

- There is a critical need for multi-scale and multi-proxy approaches studies, as no single method
can capture the full complexity of erosion in agricultural catchments.
- The data consistently show that while steep slopes, intense rainfall, and soil properties (texture

510 and organic carbon content) create the potential for erosion, the presence of vegetation cover is
the decisive control. Conservation practices, such as cover crops, reduce soil loss by more than
half. This effect is far more pronounced for soil loss than for runoff.

- The data indicates that there is a vegetation cover threshold of 30-40%, below which the soil loss
rate is above the tolerable rate in Europe, 1.4 t ha 'yr ! and increases exponentially.

515 - The average runoff coefficient remaining relatively low and consistent at 5-6% across different
measurement methods. This indicates that the primary benefit of ground cover is protecting the
soil surface and preventing particle detachment, rather than solely reducing water volume.

- While vegetation cover is the most important management factor, the inherent properties of the
soil are a primary driver of how it responds to rainfall. A soil with low organic carbon and a texture

520 prone to surface sealing (like degraded clay soils) is at a much higher baseline risk of severe
erosion and runoff.

- Finally, this review highlights a significant gap between modelled potential and measured reality.
Models like RUSLE simulate considerably higher soil loss rates than those measured in runoff
plots. This discrepancy underscores the urgent need for better model calibration and validation

525 using robust, long-term field data to improve the accuracy of our predictive tools.

In summary, the path to sustainability for this iconic agroecosystem is clear. It requires a shift away from

conventional bare-soil management towards the widespread adoption of conservation practices that

maintain permanent ground cover. The challenge is not a lack of technical solutions but one of

implementation, which must be driven by effective policies, farmer incentives, and a continued
530 commitment to integrated, multi-scale research.
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