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A B S T R A C T

Soil conservation strategies based on the mean annual value of the rainfall erosivity factor could not guarantee 
appropriate erosion control for intense rainfall events. In this paper, a new method to define soil loss tolerance at 
a regional scale, using the crop and management factor of the USLE, C, was applied for estimating the payment 
for ecosystem service (PES) of soil erosion control. PES is characterized by a target value PEStg corresponding to a 
post-intervention condition in which soil loss is equal to the tolerance value. The PES was estimated by three 
different scenarios: (1) only reducing the current C factor, or combining its reduction with that of the (2) support 
practice factor P or (3) slope length factor L. For Scenario 1, the analysis demonstrated that a drastic reduction of 
the C factor determines PES/PEStg ≥1 regardless of the investigated climatic conditions. For Scenario 2, when C 
and P factors are equally weighted, the payment is higher than the target value for slope-steepness ≤15%. 
Scenario 2 always yields a higher payment compared to Scenario 1. For Scenario 3, the reduction of the topo
graphic factor can lead the PES over the target value. Although PES is generally considered effective for envi
ronmental policy, it should be allocated by targeting erosion-prone areas, where soil conservation is a primary 
objective. These areas experience soil loss greater than tolerable value, which usually lacks a solid scientific 
basis. By contrast, the proposed method, developed for the Sicilian region, is grounded in a scientific framework 
and is useful to support policymakers and public authorities in the informed design of economic incentives for 
farmers who convert their activities in order to preserve soil resources.

1. Introduction

The European Union (EU) soil thematic strategy (EC, 2006) defined 
soil as “essentially a non-renewable resource and a very dynamic system, 
which performs many functions and delivers services vital to human activities 
and ecosystems survival”. This definition highlights that soil formation is 
extremely slow – centuries to millennia for a few centimeters of topsoil 
under normal agricultural conditions (Bazzoffi, 2009) – whereas 
degradation from erosive processes is rapid and often intensified by 
human activities (Lal, 2014; Raclot et al., 2018). The European Green 
Deal acknowledges the key contribution of soils to achieving the 2030 
Sustainable Development Goals (Bouma et al., 2019; Montanarella and 
Panagos, 2021). Within this framework, the EU Soil Strategy for 2030 
aims to mitigate climate change, preserve biodiversity, prevent desert
ification, and enhance soil monitoring and restoration to ensure healthy 
soil ecosystems in Europe (Panagos et al., 2022). The actions adopted by 
the European Commission respond to the evidence that soil erosion in 

European agricultural areas proceeds at rates roughly twice as high as 
soil formation (Panagos et al., 2016; Montanarella and Panagos, 2021). 
The associated economic impacts are substantial: Panagos et al. (2015)
estimated annual restoration costs of about $20 billion, while Panagos 
et al. (2018) reported 12 million hectares affected and €1.25 billion in 
lost crop productivity.

Land degradation costs (Sartori et al., 2019) are commonly estimated 
by considering productivity losses caused by soil erosion. These “first- 
order” costs rely on crop production losses (tons) (in-site effect) (Erkossa 
et al., 2015) and corresponding average market price ($/tons). “Second- 
round” costs derive from sediment transport along hillslopes and river 
networks, including nutrient export (Serio et al., 2020). In the EU and 
United Kingdom, water-driven erosion potentially mobilizes 135 million 
m3 of sediment each year towards river networks, with removal costs 
from reservoirs exceeding €2.3 billion (Panagos et al., 2024). Consid
ering all erosion processes (gullies, landslides, etc.), sedimentation in 
the EU’s large reservoirs exceeds 1 billion m3 annually, with removal 

* Corresponding author.
E-mail address: alessio.nicosia@unipa.it (A. Nicosia). 

Contents lists available at ScienceDirect

Journal of Hydrology

journal homepage: www.elsevier.com/locate/jhydrol

https://doi.org/10.1016/j.jhydrol.2026.136023
Received 28 August 2025; Received in revised form 11 June 2026; Accepted 11 July 2026  

Journal of Hydrology 677 (2026) 136023 

Available online 13 July 2026 
0022-1694/© 2026 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0003-2941-4664
https://orcid.org/0000-0003-2941-4664
https://orcid.org/0000-0003-0540-8788
https://orcid.org/0000-0003-0540-8788
https://orcid.org/0000-0002-5195-9209
https://orcid.org/0000-0002-5195-9209
https://orcid.org/0000-0003-3020-3119
https://orcid.org/0000-0003-3020-3119
mailto:alessio.nicosia@unipa.it
www.sciencedirect.com/science/journal/00221694
https://www.elsevier.com/locate/jhydrol
https://doi.org/10.1016/j.jhydrol.2026.136023
https://doi.org/10.1016/j.jhydrol.2026.136023
http://creativecommons.org/licenses/by/4.0/


cost estimated at €5-8 billion.
Reducing soil erosion enhances agricultural and forest productivity, 

lowers fertilizer demand and promotes more sustainable soil use 
(Grunewald and Naumann, 2015; Syrbe et al., 2018). During 
2000–2010, the Common Agricultural Policy promoted, through eco
nomic incentives for landowners, Best Management Practices to reduce 
soil loss on agricultural lands (Ricci et al., 2020) and mandatory soil 
conservation measures, named Good Agricultural Environmental Con
ditions (GAEC) (Panagos et al., 2016). In particular, the economic in
centives were related to good agricultural practices such as minimum 
tillage, erosion-limiting land management, and the conservation of soil 
organic matter (Schomers and Matzdorf, 2013; Borrelli et al., 2016; 
Panagos et al., 2022). These measures reduced soil loss by 20% in 
cultivated areas. However, the increasing recurrence of extreme rainfall 
events (Carollo and Ferro, 2015; Carollo et al., 2016, 2018, 2023a; Serio 
et al., 2019a,b) across Europe (Fekete and Sandholz, 2021; Moccia et al., 
2024; Rombeek et al., 2025) highlighted the limitations of existing 
protection measures and gaps in hydro-geomorphological risk mitiga
tion (Ferro et al., 2020).

In this context, Ecosystem Services (ES), defined as “the benefits 
people obtain due to the regulation of natural processes such as water puri
fication and erosion control”, play a key role (Kandziora et al., 2013; Lal, 
2014; Ferrarini et al., 2018; Hasan et al., 2020). ES are linked to major 
ecosystem processes including water regulation, soil erosion, soil 
organic matter decline, soil biodiversity loss, and pesticide control 
(Steinhoff-Knopp et al., 2021). Ecosystem Services help buffer abiotic 
and biotic pressures and reduce the impacts of current and future 
environmental hazards (Xu et al., 2020). “Erosion control” is a soil 
management-related ecosystem service listed in the Common Interna
tional Classification of Ecosystem Services (CICES) (Paul et al., 2020).

Soil, as a dynamic three-dimensional system, supports multiple 
functions that underpin ES delivery providing benefits that justify eco
nomic incentives for soil conservation and its ecosystem services 
(Adhikari and Hartemink, 2016; Bartkowski et al., 2018).

Payment for Ecosystem Services (PES) offers a policy instrument that 
compensates land users for implementing environmentally sound prac
tices (Van Hecken and Bastiaensen, 2010). Scholars and stakeholders 
consider PES an effective tool for environmental policy and incentive 
mechanisms (Jónsson and Davíðsdóttir, 2016; Smith et al., 2015; Zhang 
et al., 2013). The basic idea supporting PES is that “rather than to punish 
farmers for “bad behavior”, beneficiaries of “good behavior” should be made 
to pay” (Van Hecken and Bastiaensen, 2010). According to Wunder 
(2005), PES is “a voluntary transaction where a well-defined ES (or a 
land-use likely to secure that service) is being “bought” by an ES buyer from 
an ES provider if and only if the ES provider secures ES provision 
(conditionality)”.

Nonetheless, subsidies for erosion control and soil restoration remain 
debated because long-term benefits are not always evident (Breure et al., 
2012; van Leeuwen et al., 2019). PES thus represents both a cost related 
to sustainable soil use and compensation for reduced crop productivity. 
Because farmers’ property rights often constrain the adoption of ES- 
enhancing measures, PES can encourage their adoption, reducing 
onsite and offsite impacts of agricultural activities (Mikša et al., 2020).

Cost estimation for soil conservation requires spatial targeting to 
identify priority areas for soil loss reduction and PES allocation (Guo 
et al., 2020).

The need to determine a quantitative target to evaluate erosion 
mitigation strategies led to the concept of tolerable soil loss, TSL 
(Johnson, 1987; Di Stefano and Ferro, 2016). In 1962, the U.S. Soil 
Conservation Service first defined TSL as “the maximum level of soil 
erosion that will permit a high level of crop productivity to be sustained 
economically and indefinitely”. Suggested values for many US soils range 
between 4.5 and 11.2 t ha− 1 year− 1 (Wischmeier and Smith, 1978; 
Renard et al., 1997). Larson (1981) introduced a two-level definition of 
the soil loss tolerance distinguishing on-site productivity protection 
from off-site impacts, including water pollution, gully erosion, and 

reservoir sedimentation. Verheijen et al. (2009) defined TSL as “any 
actual soil erosion rate at which a deterioration or loss of one or more soil 
function does occur” and proposed to define the unsustainable conditions 
by a soil loss-formation balance. Although TSL is a generally accepted 
concept (Li et al., 2009), no robust scientific method for estimating it is 
currently shared.

The Universal Soil Loss Equation (USLE) and USLE-type models 
(Wischmeier and Smith, 1965, 1978; Renard et al., 1997; Bagarello 
et al., 2017) have the ability to reduce a very complex system to a quite 
simple one for predicting erosion by considering the main environ
mental and anthropogenic factors that affect soil erosion process. 
Conceptually, these models apply the same principle of more complex 
process-oriented models, with a driving force (rainfall erosivity), a 
resistance term (soil erodibility), and other factors representing land
scape and farming effects (i.e., topographical conformation of the field 
(LS), cropping system (C) and conservation practices (P)). While the 
original expressions to calculate the slope length L and slope steepness S 
factors were suitable for plots with a uniform slope, LS has to be cor
rected to describe a non-uniform slope condition (e.g., concave and 
convex profiles) and account for both soil erosion and deposition pro
cesses (Di Stefano et al., 2000; Fernandez et al., 2003). The USLE was 
originally developed to predict the mean annual soil loss but was also 
applied at the event scale. For example, at the Sparacia experimental 
station, in Sicily, the USLE scheme performed better with reference to 
highly erosive events as compared with low erosivity events (Bagarello 
and Ferro, 2004) and reproduced better the annual maxima than plot 
soil losses of the complete dataset available for that site (Bagarello et al., 
2017). Despite its empirical basis, the USLE formulation can be derived 
through dimensional analysis and self-similarity theory (Ferro, 2010), 
using the same variables representative of soil erosion and reference 
condition indicated by Wischmeier and Smith (1978). The widespread 
use of USLE-type models stems from acceptable accuracy and relative 
simplicity, modest data requirements, and the distinguishing availabil
ity of a worldwide distributed dataset (Risse et al., 1993; Rosewell, 
1993; Liu et al., 2001; Hann and Morgan, 2006; Salvador Sanchis et al., 
2008; Bagarello et al., 2017). For these reasons, these models have 
become standard tools in soil conservation (Morgan, 2005).

Carollo et al. (2023b) proposed a regional-scale method that iden
tifies areas where soil loss exceeds TSL, defined through the statistical 
analysis of plot soil loss measurements collected in a multi-year period in 
the Sparacia (Sicily) experimental area (Bagarello et al., 2015). The 
main novelty was a different definition of TSL compared to the constant 
value generally applied (10–13 t ha− 1). The method, developed for the 
Sicilian region, is also based on the probability distribution of the annual 
rainfall erosivity factor and the crop and management factor C of the 
USLE (Wischmeier and Smith, 1978).

The present study relates PES and the ratio between TSL, as defined 
above, and post-intervention soil loss. It aims to parameterize the pay
ment with respect to a tolerance value deduced on a scientific basis 
rather than assumed as a conventional value, as usually done. In 
particular, this study aimed to propose a new approach to estimate PES 
considering how far the soil loss will be after a land use change or a soil 
conservation strategy from a target condition, corresponding to a post- 
intervention soil loss equal to TSL and a target payment PEStg. In 
detail, the method by Carollo et al. (2023b) is combined with PES esti
mate through examination of three scenarios: (1) reducing the current C 
factor to have a more conservative condition; (2) combining C reduction 
with a reduction in the support practices factor; and (3) combining C 
reduction with a reduction in the slope-length factor.

2. Methods

2.1. Evaluating tolerable soil loss conditions

Combining the USLE and the choice of a TSL value (t ha− 1 year− 1) is a 
useful method to identify appropriate soil conservation strategies and 
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results in Wischmeier and Smith (1978): 

TSL
RKS

= LCP (1) 

in which R (MJ mm ha− 1 h− 1 year− 1) is the mean annual value of the 
rainfall erosivity factor, K (t ha− 1 per unit of R) is the soil erodibility 
factor, S and L are the topographic factors, and P is the support practice 
factor of the USLE. Eq. (1) states that a soil loss equal to the tolerable 
value can be obtained by modifying the L, C, and P factors. The design of 
soil conservation works or strategies by using Eq. (1) implies the choice 
of representing the climatic forcing of the erosion process by R, which is 
a mean annual value. This choice is unsuitable for the years in which 
relevant erosive rainfalls occur, thereby producing annual values of the 
rainfall erosivity factor higher than R (González-Hidalgo et al., 2010, 
2012).

Recently, some authors (Bagarello et al., 2010; Strohmeier et al., 
2016; Carollo et al., 2023b) suggested designing soil conservation 
practices using large storm events and soil loss values of a given return 
period T. The latter require a relation between the event-based soil loss 
and rainfall to assess the soil loss temporal distribution using long-term 
rainfall data or a sample size of historical soil loss measurements large 
enough to permit a direct and reliable frequency analysis of soil loss data 
(Larson et al., 1997; Mannaerts and Gabriels, 2000; Bagarello et al., 
2010, 2011). Using soil loss measurements carried out on bare plots 
without support practices (C = 1, P = 1) of different lengths λ (11, 22, 
33, and 44 m) at the Sparacia experimental area (Sicily) (Fig. 1), 
Bagarello et al. (2011) proposed to estimate the annual soil loss of a 
given return period T, SLa,T, as follows: 

SLa,T = Ra,TKLS = xTRKLS (2) 

where Ra,T is the annual rainfall erosivity factor, Ra, with a return period 
of T years, and xT = Ra,T/R is the quantile of the given return period of x 
= Ra/R.

Measurements of soil loss, collected from 1999 to 2012 in the 
Sparacia experimental area on bare plots varying in length from 0.25 m 
to 44 m and with a steepness of 14.9%, were used by Bagarello et al. 
(2010, 2011, 2015) to develop frequency analyses. Specifically, for each 
plot length and the most severe event of a recording year, these analyses 
were carried out by using the dimensionless variable xSL that is equal to 
the ratio between the individual soil loss and the mean soil loss, for that 
event, across all plots having the same length. Accordingly, the event 
soil loss of a given return period T was estimated by multiplying this 
mean soil loss by the quantile xSL,T. Using a database consisting of 1649 

event soil loss measurements from a monitoring period of 14 years, 
Bagarello et al. (2015) established that xSL is distributed according to a 
two-component probability law. The basic component is distinguished 
from the outlying one by xSL,To = 2, being xSL,To the quantile of xSL with a 
return period T = To = 25 years. Considering that xSL,To = 2 distinguishes 
between the relatively low and frequent xSL values (basic component) 
and the high and rare ones (outlying component), it represents the upper 
limit of the xSL values having a relatively low magnitude. Therefore, the 
corresponding event soil loss, equal to two times the mean soil loss 
measured in the most severe event of the year for a given plot length, 
was assumed as tolerable event soil loss. For the Sparacia area, Bagarello 
et al. (2015) concluded that as the annual maximum event soil loss ac
counts for a great part of annual soil loss.

The circumstance that few severe events control total annual soil loss 
and effective soil conservation strategies should be planned based on 
these events rather than average soil loss, surely holds for Mediterranean 
environments dominated by rare and high-intensity storms (Bagarello 
et al., 2010). For example, González-Hidalgo et al. (2007) demon
strated that in western Mediterranean basin, more than 50% of the 
annual erosion is concentrated in the five most severe daily erosion 
events. Many studies suggest that the majority of soil loss is often 
associated with an extremely limited number of observations (i.e., days) 
(González-Hidalgo et al., 2009) also outside the Mediterranean area. For 
the U.S., Wischmeier (1962) concluded that 1/3 of the total soil loss in a 
multi-year period was due to extreme storms having return periods 
greater than 2 years. Hjelmfelt et al. (1986) stated that the seven largest 
events of 513 events over 37 years account for 25% of the total soil loss 
in Missouri. For the Northeast Oregon (U.S.) area, Zuzel et al. (1993)
established that nearly all the total erosion over the 1978–1990 period 
was produced by only 50% of runoff events. González-Hidalgo et al. 
(2009) investigated the contribution of the most severe daily rainfall 
events to total soil erosion using the USLE database, which includes 
27,857 daily erosion events monitored at 310 erosion plots in the U.S. 
They concluded that the five most severe events account for 50.9% of 
total soil loss, independently of plot soil characteristics, plant cover, and 
tillage practices. Therefore, according to the previous literature results, 
the hypothesis of neglecting the difference between the annual 
maximum event and annual soil loss could be applicable in different 
environmental contexts.

Considering that the difference between the two temporal scales 
(event, year) can be neglected, the annual tolerable soil loss TSL was set 
equal to two times the mean soil loss measured in the most severe 
erosion event for a given plot length. Following the USLE/RUSLE 
scheme applied to a bare plot with no control practices (C = 1 and P = 1) 
to estimate the latter, one obtains: 

TSL = xSL,ToRKLS (3) 

in which xSL,To = 2 for the Sparacia area. This value was obtained under 
specific experimental conditions (bare clay soil of a typical Sicilian 
inland area and Mediterranean climate) and should be tested across 
different soil types and climates. The bare soil condition underlies the 
proposed approach and must still be maintained for testing elsewhere, 
while soil type and rainfall regime could affect the xSL,To value. More in 
general, the occurrence of a two-component frequency distribution for 
xSL should be tested and the xSL,To value then determined, by using long- 
term soil loss data that, unfortunately, are rarely available. For the 
Sparacia area, Bagarello et al. (2015) demonstrated that a commonly 
accepted TSL value of 11.5 t ha− 1 can be converted to a threshold xSL,T =

0.91 with T = 2 years, which is lower than xSL,To = 2, thus resulting in a 
comparatively reduced soil loss threshold. However, as the occurrence 
of rilling for xSL values under the two thresholds was comparable, xSL,To 
= 2 was proposed as reference value for soil conservation interventions 
able to limit rilling in the studied area.

For 28 member States of the European Union, the change of the C 
factor from 2010 to 2016 was used to estimate the effectiveness of soil Fig. 1. Aerial views of the erosion plots located at the Sparacia experi

mental area.
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conservation measures/strategies supported by the Common Agricul
tural Policy to reduce soil erosion in Europe (Borrelli and Panagos, 
2020). The C-factor assumes values ranging from 0 to 1; values close 
to zero are typical of areas with 100% ground cover, while C = 1 is 
typical of a bare plot (no vegetation) with till up and down the slope, 
which was also considered as the reference condition by Wischmeier and 
Smith (1965).

For a given crop, represented by a constant C annual value that, 
similarly to KLS, does not alter the hypothesized correspondence be
tween the return periods of SLa and Ra, Eq. (2) assumes the following 
form: 

SLa,T = Ra,TKLSC (4) 

Imposing the equality between the annual tolerable soil loss TSL, 
expressed by Eq. (3), and the annual soil loss of a given return period T, 
SLa,T, calculated by Eq. (4), one obtains: 

xSL,ToRKLS = Ra,TKLSCT (5) 

in which C = CT is a specific crop and management factor corresponding 
to a soil loss, of given T, equal to the tolerance. From Eq. (5), considering 
that xT = Ra,T/R, the following expression of CT is obtained: 

CT =
xSL,ToR

Ra,T
=

xSL,To

xT
(6) 

Areas with C > CT are characterized by soil losses greater than 
tolerance and need soil conservation interventions and strategies that 
can be implemented by reducing the cover and management factor or 
the field length, or by applying support practices.

Di Stefano et al. (2023) applied the results of the x-frequency anal
ysis, developed by Ferro et al. (1991), to estimate CT by Eq. (6). In 
particular, for the Sicilian region, Ferro et al. (1991) carried out a fre
quency analysis of Ra, calculated by the procedure of Wischmeier and 
Smith (1978), using data from 41 recording rain gauges. Their anal
ysis demonstrated that Ra is distributed according to Weibull’s law 
(Weibull, 1951), and xT can be expressed as: 

xT =
Ra,T

R
=

β(lnT)1/ε

R
(7) 

where β and ε are the two parameters of Weibull’s law. These parame
ters are estimated by the following equations derived by the method of 
moments (Ferro et al., 1991): 

R = βΓ
(

1+
1
ε

)

(8) 

σ(Ra) = β
[

Γ
(

1 +
2
ε

)

− Γ2
(

1 +
1
ε

)]1/2

(9) 

where Γ is the gamma function and σ(Ra) is the standard deviation of Ra.
Introducing Eq. (7) into Eq. (6) yields to: 

CT =
xSL,ToR

β(lnT)1/ε (10) 

For the Sicilian region, the mean annual value R (MJ mm ha 1 h− 1 

year− 1) can be estimated using recording rain gauge data and the 
following equation (Ferro et al., 1991): 

R = 183.82+1.3956
(
I1,2I6,2I24,2

)
(11) 

where I1,2, I6,2, I24,2 (mm h− 1) are the rainfall intensities with 1, 6, and 
24 h duration and a return period of two years. For a Sicilian non- 
recording rain gauge, R (MJ mm ha− 1 h− 1 year− 1) can be estimated by 
the following equation: 

R = 0.524F1.59
F (12) 

where FF is the mean annual value of the Modified Fournier Index Fa,j 
(Ferro et al., 1991) 

Fa,j =
∑12

i=1

p2
i,j

Pj
(13) 

in which pi,j is the monthly rainfall of the month i of the year j and Pj is 
the annual rainfall of the year j.

For the Sicilian region, the standard deviation σ(Ra) is estimated by 
the following equation (Ferro et al., 1991): 

σ(Ra) = − 521.63+ 1.38R (14) 

in which R is expressed in MJ mm ha− 1 h− 1 year− 1.
In a previous paper (Carollo et al., 2023b), the R values calculated for 

276 Sicilian rain gauges were used to map the R spatial distribution 
(isoerosivity map) that, with Eq. (14), allowed us to estimate β and ε by 
Eqs. (8) and (9).

Eq. (10), which shows that CT decreases as T increases, highlights 
that more cover or protection using soil conservation strategies and 
interventions is required as the return period increases (i.e., heavier 
storms). Di Stefano et al. (2023) and Carollo et al. (2023b) conven
tionally proposed to use CT values corresponding to a return period of 
1000 years, C1000, to guarantee high-safety conditions for soil conser
vation. For the Sicilian region, Carollo et al. (2023b) also obtained that 
C1000, estimated by Eq. (10) with T = 1000 and xSL,To = 2, is related to 
the mean annual value of the erosivity factor by the following strong 
relationship (Fig. 2): 

C1000 = 0.198+

(
417
R

)2

(15) 

which is applicable in the C range 0.2–1 and is characterized by relative 
mean square error of 0.018. In spite of the limitation due to the appli
cation of a local xSL,To value, equal to 2, to a regional scale, this appears 
counterbalanced by the idea to propose an approach where TSL is 
determined by an objective criterion rather than with the use of con
ventional values that, although generally accepted, are based on quali
tative considerations.

Due to the xSL,To − CT relationship expressed by Eq. (6), the uncer
tainty on xSL,To is directly reflected on CT. For example, for xSL,To ranging 
from 1.5 to 2.5, CT (and C1000 of Eq. (15) varies from 0.75 to 1.25 times 
the CT value corresponding to xSL,To = 2. The two scaled values corre
spond to more and less restrictive conditions to ensure compliance with 

0.0

0.2

0.4

0.6

0.8

1.0

0 1000 2000 3000 4000 5000

C
10

00

R (MJ mm ha-1 h-1 year-1)

Eq. (15)

RLU = 1070

C = 0.35

Fig. 2. Plot of the crop and management factor corresponding to soil loss of 
1000-year return period and equal to the tolerance, C1000, against the mean 
annual erosivity factor R. Embedded is a graphical example of the determina
tion of the R value, RLU, for which soil loss, for a land use characterized by C =
0.35, corresponds to the tolerance (cover and management factor C = 0.35 
= C1000).
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soil loss tolerance, respectively.
Fig. 2 clearly shows that, for a given soil use (for example, C = 0.35), 

the rainfall erosivity factor RLU (in the example, RLU = 1070) that defines 
the crop-climate pair corresponding to the soil loss tolerance can be 
established. For a given crop, RLU discriminates between conditions in 
which soil conservation interventions are needed (R > RLU) or not (R ≤
RLU).

2.2. Evaluation of the PES

The payment of incentives to promote soil conservation strategies/ 
interventions should be established considering how much the post- 
intervention soil loss is close to the TSL. In particular, the payment for 
a specific ecosystem service, PES (€ ha− 1), could be determined as: 

PES
PEStg

=
TSL
SLa,T

(16) 

in which PEStg (€ ha− 1) is the target payment corresponding to a post- 
intervention condition characterized by SLa,T = TSL. According to Eq. 
(16), the payment reduces proportionally to TSL/SLa,T for soil loss 
exceeding tolerance (TSL/SLa,T < 1), while it increases if more conser
vative solutions (TSL/SLa,T > 1) apply. From Eq. (5) with T = 1000 and 
Eq. (4) with C = Cd, in which Cd is the factor corresponding to the 
designed intervention, it follows: 

TLS = Ra,TKLSC1000 (17) 

SLa,T = Ra,TKLSCd (18) 

and 

TLS
SLa,T

=
C1000

Cd
(19) 

Therefore, the following equation (Scenario 1) is obtained from Eqs. 
(16) and (19): 

PES
PEStg

=
C1000

Cd
=

1
Cd

[

0.198+

(
417
R

)2
]

(20) 

In this scenario, interventions reducing C raise the PES, which rea
ches the target value when Cd = C1000. The PEStg value must account for 
the distance between the current C factor, named C0, and C1000. In other 
terms, it should increase as the difference between C0 and the optimal 
crop and management factor C1000 rises. If the target payment PEStg is 
hypothesized proportional to the distance between C0 and C1000, it can 
be calculated by the following expression: 

PEStg = CEC(C0 − C1000) (21) 

where CEC is the Cost of Erosion Control (€ ha− 1). According to Kuhlman 
et al. (2010), CEC is the cost of the application, in areas of severe erosion 
(>10 t ha− 1 year− 1), of measures such as the conversion of arable land 
into forest/pasture, terracing, buffer strips, residue management, cover 
crops, and conservation tillage. They quantified this cost at 296 € ha− 1. 
Considering that this value was quantified in 2010, it was adjusted here 
to account for the inflation and increasing costs of living, using a coef
ficient of increased value (https://rivaluta.istat.it/) equal to 1.312 and 
obtaining an updated value of 388 € ha− 1.

The intervention zones within a region should be established by 
policymakers using the actual land use map, defining the distribution of 
the current crop and management factor C0, and establishing crop factor 
values Cd corresponding to designed interventions assuring an expected 
soil loss less than or equal to TSL (Cd ≤ C1000). Within the region, priority 
could be given to areas characterized by the highest distance between C0 
and C1000 (i.e., the difference between the actual land use and that 
corresponding, for the erosivity condition of the area, to TSL). For areas 
with the same difference (C0 – C1000), priority could be reserved to 

farmers who implement the most conservative strategies (the smallest Cd 
values less than C1000). In other words, within areas characterized by a 
given PEStg (Eq. (21)), farmers implementing more conservative solu
tions (Cd ≪ C1000), who also will receive a payment greater than the 
target value (C1000/Cd ≫ 1), could be favored.

The procedure for estimating C1000 by Eq. (10) requires the estimate 
of R and Weibull’s parameters that, according to Eqs. (8) and (9), 
depend on R and σ(Ra). Given the increasing evidence of non- 
stationarity in rainfall regimes under climate change, it is expected 
that Eqs. (11), (12) and (14), which were empirically obtained (D’Asaro 
and Santoro, 1983; Ferro et al., 1991) using recording raingauge data 
collected in the period 1951–1970, can be affected by temporal changes. 
According to the results by Wischmeier and Smith (1978), the R factor 
should be calculated by rainfall data corresponding to a period of 20–25 
years, therefore the invariance of the relationships (11), (12) and (14) 
should be tested using more recent recording raingauge data measured 
in the period 2000–2025. Even if this analysis is beyond the scope of the 
present investigation, if we hypothesize that in the same range of the 
product I1,2 I6,2 I24,2 the R values for 2000–2025 are greater than those 
for 1951–1970, in the more recent period we could obtain lower values 
of C1000 and, as a consequence of the increased difference between Co 
and C1000, higher values of PEStg according to Eq. (21). Hypothesizing 
that Cd = C1000, according to Eq. (20), PES also increases.

If farmers are not willing to adopt a land use that alone ensures soil 
loss does not exceed the tolerable threshold, but are willing to shift from 
the current land use (C0) to a more conservative one (C1000 < Cd < C0), 
additional soil conservation practices, represented by the P factor of the 
USLE (Scenario 2), can be implemented simultaneously. When sloping 
soils have to be cultivated, the covering action of a crop can be coupled 
with practices that slow runoff, reducing the amount of transported soil 
particles. According to Wischmeier and Smith (1978), “the most impor
tant of these supporting cropland practices are contour tillage, stripcropping 
on the contour, and terrace systems”.

Accordingly, in Scenario 2, the PES/PEStg calculation can be obtained 
as: 

PES
PEStg

= a
C1000

Cd
+

b
Pd

=
a
Cd

[

0.198+

(
417
R

)2
]

+
b
Pd

(22) 

in which Pd is the designed P factor, PEStg is calculated by Eq. (21), and a 
and b are two coefficients. They represent the weights of the changes in 
the crop and management factor and the support practice factor. Indeed, 
Cd < C0 and Pd is lower than the initial value of the support practice 
factor. Considering that the condition a + b = 1 must be satisfied, Eq. 
(22) reduces to Eq. (20) (Scenario 1) for a = 1.

Alternatively, Scenario 3 relies on the simultaneous change of the 
current land use and slope length. Specifically, it can be implemented by 
reducing C0 to a Cd value higher than C1000 and the slope-length factor to 
a designed value, Lc,d, lower than the current one, L. By imposing the 
coincidence between SLa,T (Eq. (4) and TSL, one obtains: 

Ra,TKLc,dSCd = Ra,TKLSC1000 (23) 

where, according to Eq. (5) with T = 1000, the second member equals 
TSL. Eq. (23) leads to the following expression of the designed length 
factor: 

Lc,d =
C1000

Cd
L (24) 

Similarly to Eq. (22), the following expression can be applied to 
calculate the payment: 

PES
PEStg

= a
C1000

Cd
+

b
Lc,d

(25) 

where a and b (= 1– a) are the weights of the two terms of the second 
member of Eq. (25). Considering that when SLa,T = TSL, PES/PEStg = 1 
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and Eq. (24) is valid, introducing Eq. (24) into Eq. (25) leads to: 

1 = a
C1000

Cd
+
(1 − a)Cd

LC1000
(26) 

The a coefficient, satisfying Eq. (26), has the following expression: 

a =

Cd
C1000

−

(
Cd

C1000

)2
1
L

1 − 1
L

(
Cd

C1000

)2 (27) 

Eqs. (25) and (27) define the payment for Scenario 3, which is 
applicable when the a values calculated by Eq. (27) are positive and 
lower than 1, as 0 < a < 1 by definition. Conversely, when a falls outside 
this range, Scenario 3 cannot be applied to calculate the payment.

Since Eqs. (20), (22), and (25) include a term depending on R, the 
effect of R variability on PES should be considered. Within this vari
ability, the effect of the interpolation error due to the applied kriging 
method (Carollo et al., 2023b) on R estimate is negligible compared to 
the spatial variability of R. As an example for Scenario 1, the variability 
of PES with R, is analyzed by the following derivative of Eqs. (20) with 
PEStg calculated by Eq. (21): 

dPES
dR

=
CEC
Cd

(

− 2 •
4172

R3

)(

C0 − 2 • 0.198 − 2 •
4172

R2

)

(28) 

3. Results and discussion

For a given crop, in Scenario 1, the soil conservation strategy is 
implemented by changing the land use to more conservative crops, 
characterized by smaller Cd values. Fig. 3 shows, as an example, the 
application of Eq. (20) for arable land characterized by different Cd 
values with the increase in PES/PEStg for decreasing Cd values. Fig. 3 also 
shows that the RLU value, for which soil loss is equal to tolerance and 
PES/PEStg = 1, increases from 1070 to 1800 as Cd lowers from 0.35 to 
0.25. For Cd = 0.15 PES/PEStg > 1 regardless of the climatic condition 
investigated. In other words, the rainfall forcing is not a limiting factor 
and conditions characterized by SLa,T < TSL always occur, determining a 
PES higher than PEStg. This is a realistic condition as Cd even lower than 
0.15 regards, for example, land use characterized by fruit trees regard
less of the type of tillage, or grain corn, spring and winter cereals, sea
sonal vegetable crops, all with row tillage or no tillage (Bagarello and 
Ferro, 2006).

With respect to arable land (mainly cereals and legumes, C0 = 0.35) 
and vineyards (C0 = 0.5) in Sicily, Carollo et al. (2023b) identified areas 
with soil loss exceeding tolerance (C0 > C1000) and provided maps at the 
regional scale. The map related to arable land shows that areas with soil 

loss exceeding tolerance are located in the eastern part and in the center 
of the island, while that concerning vineyards depicts that they are 
located in western Sicily, in the south and close to Mount Etna. In all 
these areas, following Scenario 1 (Eqs. (20) and (21)), the reduction from 
C0 to Cd ≤ C1000 determines a PES (€ ha− 1) varying with R and Cd, as 
shown in Fig. 4. Due to the higher C0 for vineyards than arable lands, for 
the same designed crop and management factor Cd, a higher payment is 
made in the former case than in the second case.

The application of Eq. (22) (Scenario 2) needs a criterion to estimate 
the designed Pd factor. For example, Table 13 of the USLE Handbook 
N.537 (Wischmeier and Smith, 1978) lists the P values with the slope- 
length limits and slope ranges for contouring. The slope-length limits 
were established to ensure that, for a given slope steepness s (%), 
varying from 1 to 25%, slope is short enough for the full effectiveness of 
the control practice. Using these (s, P) data pairs, the following rela
tionship was obtained (Fig. 5): 

Pd = 0.3708+0.0228s (29) 

Fig. 6 shows, as an example for Cd = 0.35 < C0, the application of Eq. 
(22) by setting a = 0.9 and b = 0.1 (Fig. 6a) or a = 0.5 and b = 0.5 
(Fig. 6b). When the weight of the component of Eq. (22) due to the P 
factor is low (b = 0.1, Fig. 6a), the range of R in which PES/PEStg is 
greater than or equal to 1 is very limited. In particular, PES/PEStg is 
higher than 1 for low R values (no severe rainfalls), while it is less than 1 
in a wide range of mean annual rainfall erosivity. Conversely, when the 
two components of Eq. (22) have the same weight (a = b = 0.5, Fig. 6b), 
PES/PEStg > 1 for slope-steepness less than or equal to 15%. In any case, 
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Fig. 3. Variation of the ratio between the payment and its target value, PES/ 
PEStg, over the range of mean annual erosivity factor R, for different reductions 
from the initial C factor to designed Cd values (Scenario 1, Eq. (20)).

Fig. 4. Variation of the payment PES across the range of mean annual rainfall 
erosivity R for different values of the designed crop and management factor Cd 
and two land uses (cereals and legumes and vineyards).
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Fig. 6 allows for quantifying the expected increases in PES/PEStg relative 
to Scenario 1 (white dots in Fig. 6) deriving from the use of the control 
practice combined with the reduction of the crop and management 
factor. In other words, under the same Cd value, Scenario 2 allows for a 
higher payment under the considered slope range as it includes a double 
intervention of soil conservation. Table 1 lists, for an example con
cerning Cd = 0.35, the values of the rainfall erosivity factor RLU for 

which PES = PEStg under Scenario 2 and different a weights. Considering 
that PES is higher than the target for R < RLU, it is evident that these 
conditions are favoured by slope and a decrease. Additionally, PES is 
higher than PEStg over the entire range of rainfall erosivity for the lower 
slopes and a = 0.25 and 0.5, and it is confirmed the beneficial effect of a 
a double intervention compared to the single one of Scenario 1 (a = 1). 
Indeed, this last case is characterized by the minimum RLU value (1070 
MJ mm ha− 1 h− 1 year− 1) and minimum range of R in which soil loss is 
less than TSL and no conservation strategies are strictly required.

Finally, Scenario 3 (Eqs. (25) and (27)) is tested for different values of 
Cd, L, and Lc,d/L. The latter expresses the reduction of the slope length 
factor. For example, for Cd = 0.45 and L = 1.1, Fig. 7 shows that PES/ 
PEStg is almost systematically lower than 1 for Lc,d/L ≥ 0.7, while it can 
be higher than 1 under this threshold within different ranges of R. The 
extent of these ranges increases as Lc,d/L decreases and spans the entire R 
domain for Lc,d/L = 0.45.

Scenarios 1 and 3 can yield the same payment. For example, from 
Fig. 7 it is evident that the payment under Scenario 3 for Cd = 0.45, L =
1.1, and Lc,d/L = 0.8 equals that under Scenario 1 and Cd = 0.3 for R >
2500. This means that a 20% reduction of the slope length factor offsets 
the adoption of a less conservative cover and management factor. For 
1300 < R < 2500, the two scenarios provide the same payments if 0.7 <
Lc,d/L < 0.8.

Under the hypothesized Cd (0.45) and L (1.1) values, the a is positive 
and less than 1 over the entire explored range 1070 ≤ R ≤ 4500. This 
implies that Eq. (25) is always applicable. Instead, some Cd – L combi
nations yield (Eq. (27)) unacceptable a values and the possibility to 
apply Eq. (25) within limited ranges of R. For example, Fig. 8 demon
strates that, for Cd = 0.45 and L = 2 (Fig. 8a), Eq. (25) can be applied for 
R > 2600, while for Cd = 0.55 and L = 2 (Fig. 8b), its application is 
limited to R > 1600. For the common range of R > 2600 and fixed Lc,d/L, 
the lower Cd value assures a higher payment.

Contour ditches are a practically affordable intervention aimed at 
reducing the slope length factor. A more expensive intervention con
cerns bench terraces that, although they require remarkable investment, 
are widely used in agriculture to enhance crop productivity (Food and 
Agricultural Organization, 2019).

The relative magnitude of payments for the three different scenarios 
can be sensitive to the xSL,T0 value and, as a consequence, C1000. As re
ported above, for xSL,T0 ranging from 1.5 to 2.5, C1000 varies from 0.75 to 
1.25 times the C1000 value corresponding to xSL,T0 = 2. Both Scenario 2 
and 3 rely on Cd values (here denoted as Cd,2 and Cd,3) that, reasonably, 
are higher than that adopted in the Scenario 1 (here denoted as Cd,1). 

Table 1 
Values, as an example for Cd = 0.35, of the rainfall erosivity factor RLU for which 
PES = PEStg under Scenario 2 (reduction from C0 to Cd and contouring imple
mented for different slopes s) for different a values.

a s RLU

(%) (MJ mm ha− 1h− 1)

1 ​ 1070
0.9 5 1253
​ 15 1129
​ 25 1078
0.75 5 2491
​ 15 1287
​ 25 1096
0.5 5 *
​ 15 3980
​ 25 1157
0.25 5 *
​ 15 *
​ 25 1423

* Absence of RLU means that PES is higher than PEStg over the entire range of 
rainfall erosivity R.

P = 0.0228 s + 0.3708
R² = 0.9867
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Fig. 5. Plot of the (s, P) pairs, where s = slope-steepness s (%) and P = support 
practice factor for contouring, and Eq. (28).
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Fig. 6. Relationship between the mean annual erosivity factor R and ratio between the payment and its target value, PES/PEStg, under the soil conservation 
intervention implemented, for example, by both the reduction of C factor to the designed Cd = 0.35 and contouring modeled with the slope s – designed support 
practice Pd relationship (Scenario 2, Eqs. (22) and (29)) for (a) a = 0.9 and b = 0.1, (b) a = 0.5 and b = 0.5.
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This occurs because Scenarios 2 and 3 are structured to compensate a less 
conservative (i.e., higher) Cd with a second intervention by the support 
practice factor or slope length factor. From Scenario 2 (Eq. (22)) and 
Scenario 1 (Eq. (20)) one obtains: 

PESscenario2

PESscenario1
=

a
β
+

b
Pd

Cd1

C1000
(30) 

where β = Cd,2/Cd,1 is higher than 1 and C1000 is the value corresponding 
to xSL,T0 = 2. The right-side member of Eq. (30) is higher than 1 (i.e., 
PESscenario2 > PESscenario1) when 

C1000 <
Cd1b

(

1 − a
β

)

Pd

(31) 

The substitution of C1000 with 0.75 C1000 implies that, for main
taining C1000 as a single left-side term of the inequality (31), its right- 
side member has to be divided by 0.75. Accordingly, the adjusted 
inequality continues to be valid and PESscenario2 is confirmed to be higher 
than PESscenario1. Similarly, the right-side member of Eq. (30) is lower 
than 1 (i.e., PESscenario2 < PESscenario1) when 

C1000 >
Cd1b

(

1 − a
β

)

Pd

(32) 

Dividing the right-side member of the inequality (32) by 1.25, the 
adjusted inequality continues to be valid, and PESscenario2 is confirmed to 
be lower than PESscenario1. In other cases, the sign of the adjusted 
inequality (right-side member of (31) divided by 0.75 or of (32) divided 
by 1.25) is not analytically determinable a priori as depending on the 
specific values of different parameters (Cd,1, b, a, β, and Pd). Similar 
reasonings and conclusions apply when comparing the relative magni
tude of PESscenario3 and PESscenario1 (setting in the inequality (31) and 
(32), β = Cd,3/Cd,1, and changing Pd with Lc,d). Summarizing, a multi
plicative factor of 0.75 for C1000 does not determine changes on the 
relative magnitude between PESscenario1 and those of each alternative 
scenario when, in the reference condition (i.e., C1000 obtained for xSL,T0 
= 2), the latter are higher than PESscenario1. Additionally, a correction 
factor of 1.25 for C1000 does not determine changes on the relative 
magnitude when, in the reference condition, PES from each alternative 
scenario is lower than PESscenario1.

In accordance with Eq. (28), being CEC a constant, dPES/dR depends 

on C0, Cd and R, thus the analysis of the effect of R variability on PES 
requires a numerical evaluation by fixing the values of C0 and Cd. As an 
example, for C0 = 0.35 (cereals and legumes) and Cd = 0.1 and 0.2, Fig. 9
shows that dPES/dR is positive, inversely related to R and tends to 0 for R 
greater than about 3000; in other words, PES increases weakens for 
increasing R values and PES tends to become constant, confirming the 
pattern depicted in Fig. 4. This tendency is common for all the three 
scenarios because C1000, and PEStg consequently (Eq. (21)), tend to be 
invariant for R over 3000 (Fig. 2). Therefore, Eqs. (20) and (22), and Eq. 
(25) with a expressed by Eq. (27) give an almost constant PES for these 
higher values of the mean annual rainfall erosivity.

In conclusion, the suggested modeling of the PES, related to climatic, 
support practice, and slope length factors, could be a useful tool to assist 
policymakers and public authorities in economically supporting farmers 
who choose to adopt more environmentally sound land use practices. A 
point deserving further attention is establishing the weights (a and b 
coefficients) of the two components that determine the payment ac
cording to Scenario 2. This choice should be adopted by considering 
specific territorial conditions. For example, for guaranteeing the con
servation of agricultural soil vocation (e.g., wheat in the Sicilian hin
terland) or cash crops (e.g., vineyards), which significantly support the 
local economy, more weight should be given to b. Conversely, if 
changing land use is considered a priority because it allows other 
challenging objectives to be achieved (e.g., water saving), then more 
weight should be given to a. High slope steepness is another constraint 
that requires lowering of the b weight. Indeed, areas steeper than 25% 
limit contouring and Pd cannot be rigorously determined by Eq. (29). 
Finally, if there are no specific needs like those reported above, a more 
balanced weight distribution (a ≈ b ≈ 0.5) can be applied.

Within a zone characterized by C0 and C1000 values, i.e., a fixed value 
of PEStg, the policymakers could state priority by choosing the most 
conservative strategies in any case, leaving the farmers free to imple
ment to obtain the lowest Cd using Scenario 1 or to combine a reduction 
of the crop factor with additional soil conservation practices (Scenarios 2 
and 3). The farmers will choose the type of soil conservation interven
tion depending on local morphological conditions and individual 
choices such as conserving agricultural soil vocation.

4. Conclusions

This paper focused on the payment for the ecosystem service of soil 
erosion control under three different scenarios. The proposed approach 
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Fig. 7. (a) Variation of the ratio between the payment and its target value, PES/PEStg, over the range of mean annual erosivity factor R, under the soil conservation 
intervention implemented, for example, by both the reduction of C factor to the designed Cd = 0.45 and the reduction of the initial slope length factor L = 1.1 to the 
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relies on the soil loss tolerance defined by a new method using the crop 
and management factor of the USLE.

Using Scenario 1, the analysis demonstrated that a drastic reduction 
of the C factor can determine PES/PEStg values greater than 1 for any 
climatic condition investigated. The results obtained for Scenario 2 
suggested that, when the two components due to C and P factors are 
equally weighted, the use of a control practice, such as contour tillage, 
yields a higher payment than the target value for slope steepness ≤15%. 
Under the same Cd value, Scenario 2 always yields a higher payment 
compared to Scenario 1. Finally, the analysis developed for Scenario 3 
pointed out that the reduction of the topographic factor can lead the PES 
over the target value. Moreover, this reduction can offset a less marked 
reduction of the C factor compared to Scenario 1, resulting in the same 
payment between the two scenarios.

The proposed method for estimating the payment for ecosystem 
services related to climatic conditions (R factor), C, P and L factors could 
be useful to address the choices of policymakers and public authorities 
and define impartial criteria to establish economic aid for farmers who 
decide to realize environmentally sound land use.

The proposed method requires that policymakers identify zones 
within a region where conservation strategies are required defining the 
distribution of C0, and Cd values equal to or lower than C1000. Within 
each zone, characterized by a constant value of PEStg, policymakers 
could prioritize the most conservative strategies and leave the farmers 
free to implement one of the three available scenarios in regard to local 
morphological conditions and individual farmer choices, such as 
conserving agricultural soil vocation. This framework and methodo
logical aspects can be transferred to different regions, characterized by 
different climate, land use, and morphology, where the specific context 
could guide the choices of policymakers and farmers differently than in 
the Sicilian region.
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MASAF – PNRR M2C1-I 3.4 – funded by NGEU. Project “White Wine 
Identity: new horizons for an integrated and sustainable development of 
the Italian white wine supply chain”. CUP B79I21001220001. IRIS ID: 
PRJ-1058.

Data availability

Data will be made available on request.
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Mikša, K., Kalinauskas, M., Inácio, M., Gomes, E., Pereira, P., 2020. Ecosystem services 
and legal protection of private property. Problem or solution? Geogr. Sustain. 1 (3), 
173–180. https://doi.org/10.1016/j.geosus.2020.08.003.

Moccia, B., Ridolfi, E., Mineo, R., Napolitano, F., 2024. On the occurrence of extreme 
rainfall events across Italy: should we update the probability of failure of existing 
hydraulic works? Water Resour. Manage 38, 4069–4082. https://doi.org/10.1007/ 
s11269-024-03852-6.

Montanarella, L., Panagos, P., 2021. The relevance of sustainable soil management 
within the European Green Deal. Land Use Policy 100, 104950. https://doi.org/ 
10.1016/j.landusepol.2020.104950.

Morgan, R.P.C., 2005. Soil Erosion and Conservation, 3rd edition. Blackwell, Malden, 
Mass, USA, pp. 304–pp.

Panagos, P., Borrelli, P., Ballabio, C., Lugato, E., Meusburger, K., Montanarella, L., 
Alewell, C., 2015. The new assessment of soil loss by water erosion in Europe. 
Environ Sci Policy 54, 438–447.

Panagos, P., Imeson, A., Meusburger, K., Borrelli, P., Poesen, J., Alewell, C., 2016. Soil 
conservation in Europe: wish or reality? Land Degrad Develop. 27, 1547–1551. 
https://doi.org/10.1002/ldr.2538.

Panagos, P., Standardi, G., Borrelli, P., Lugato, E., Montanarella, L., Bosello, F., 2018. 
Cost of agricultural productivity loss due to soil erosion in the European Union: from 
direct cost evaluation approaches to the use of macroeconomic models. Land Degrad. 
Dev. 29 (3), 471–484.

Panagos, P., Montanarella, L., Barbero, M., Schneegans, A., Aguglia, L., Jones, A., 2022. 
Soil priorities in the European Union. Geoderma Reg. 29, e00510.

Panagos, P., Matthews, F., Patault, E., De Michele, C., Quaranta, E., Bezak, N., Kaffas, K., 
Patro, E.R., Auel, C., Schleiss, A., Fendrich, A., Lakos, L., Van Eynde, E., Vieira, D., 
Borrelli, P., 2024. Understanding the cost of soil erosion: an assessment of the 
sediment removal costs from the reservoirs of the European Union. J. Clean. Prod. 
434, 140183.

Paul, C., Kuhn, K., Steinhoff-Knopp, B., Weiβhuhn, Helming, C., 2020. Towards a 
standardization of soil-related ecosystem service assessments. Eur. J. Soil Sci. 72, 
1543–1558. https://doi.org/10.1111/ejss.13022.

C. Di Stefano et al.                                                                                                                                                                                                                             Journal of Hydrology 677 (2026) 136023 

10 

https://doi.org/10.1016/j.geoderma.2015.08.009
https://doi.org/10.1016/j.geoderma.2015.08.009
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0010
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0010
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0015
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0015
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0020
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0020
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0025
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0025
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0030
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0030
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0035
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0035
https://doi.org/10.3390/su10072447
https://doi.org/10.3390/su10072447
https://doi.org/10.1007/s10113-008-0046-8
https://doi.org/10.1007/s10113-008-0046-8
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0055
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0055
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0055
https://doi.org/10.1016/j.landusepol.2020.104467
https://doi.org/10.1016/j.landusepol.2020.104467
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0065
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0065
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0065
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0070
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0070
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0070
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0075
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0075
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0080
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0080
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0085
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0085
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0090
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0090
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0090
https://doi.org/10.1016/j.catena.2023.106945
https://doi.org/10.4081/jae.2016.560
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0110
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0110
https://doi.org/10.1016/j.heliyon.2023.e12869
https://doi.org/10.1016/j.heliyon.2023.e12869
https://doi.org/10.5194/se-6-765-2015
http://ec.europa.eu/environment/soil/index_en.htm
https://doi.org/10.3390/w13213016
https://doi.org/10.3390/w13213016
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0135
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0135
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0140
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0140
http://refhub.elsevier.com/S0022-1694(26)01120-0/optdzeDKSWJ4j
http://refhub.elsevier.com/S0022-1694(26)01120-0/optdzeDKSWJ4j
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0145
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0145
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0145
https://doi.org/10.1080/02626669109492543
https://www.fao.org/documents+/card/en/c/ca4395en
https://www.fao.org/documents+/card/en/c/ca4395en
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0160
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0160
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0160
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0165
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0165
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0170
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0170
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0170
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0175
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0175
https://doi.org/10.1016/j.geosus.2020.04.001
https://doi.org/10.1016/j.geosus.2020.04.001
https://doi.org/10.1002/esp.1353
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0190
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0190
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0200
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0200
https://doi.org/10.1016/j.agsy.2016.02.010
https://doi.org/10.1016/j.ecoser.2013.04.001
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0215
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0215
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0220
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0220
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0225
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0230
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0230
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0235
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0240
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0240
https://doi.org/10.1016/j.geosus.2020.08.003
https://doi.org/10.1007/s11269-024-03852-6
https://doi.org/10.1007/s11269-024-03852-6
https://doi.org/10.1016/j.landusepol.2020.104950
https://doi.org/10.1016/j.landusepol.2020.104950
http://refhub.elsevier.com/S0022-1694(26)01120-0/opteyXFHK9QYE
http://refhub.elsevier.com/S0022-1694(26)01120-0/opteyXFHK9QYE
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0260
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0260
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0260
https://doi.org/10.1002/ldr.2538
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0270
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0270
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0270
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0270
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0275
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0275
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0280
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0280
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0280
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0280
http://refhub.elsevier.com/S0022-1694(26)01120-0/h0280
https://doi.org/10.1111/ejss.13022


Raclot, D., Le Bissonnais, Y., Annabi, M., Sabir, M., Smetanova, A., 2018. Main issues for 
preserving Mediterranean soil resources from water erosion under global change. 
Land Degrad. Dev. 29, 789–799. https://doi.org/10.1002/ldr.2774.

Renard, K.G., Foster, G.R., Weesies, G.A., McCool, D.K., Yoder, D.C., 1997. Predicting soil 
erosion by water. A guide to conservation planning with the revised universal soil 
loss equation RUSLE. USDA Agriculture Handbook No 703. U.S. Department of 
Agriculture, Washington, DC, USA.

Ricci, G.F., Jeong, J., De Girolamo, A.M., Gentile, F., 2020. Effectiveness and feasibility 
of different management practices to reduce soil erosion in an agricultural 
watershed. Lad Use Policy 90, 104306.

Risse, L.M., Nearing, M.A., Nicks, A.D., Laflen, J.M., 1993. Error assessment in the 
Universal Soil Loss Equation. Soil Sc. Soc. of Am. Journal 57 (3), 825–833.

Rombeek, N., Hrachowitz, M., Uijlenhoet, R., 2025. Torrential rainfall in Valencia 
(Spain) recorded by personal weather stations preceding and during the 29 October 
2024 floods. Egusphere 2025, 1–29.

Rosewell, C.J., 1993. SOIL LOSS: A program to assist in the selection of management 
practices to reduce soil erosion. Technical Handbook no.11, 2nd edition Department 
of Conservation and Land Management, Sydney, Australia.

Salvador Sanchis, M.P., Torri, D., Borselli, L., Poesen, J., 2008. Climate effects on soil 
erodibility. Earth Surf. Proc. and Land. 33, 1082–1097. https://doi.org/10.1002/ 
esp.1604.

Sartori, M., Philippidis, G., Ferrari, E., Borrelli, P., Lugato, E., Montanarella, L., 
Panagos, P., 2019. A linkage between the biophysical and the economic: assessing 
the global market impacts of soil erosion. Land Use Policy 86, 299–312. https://doi. 
org/10.1016/j.landusepol.2019.05.014.

Schomers, S., Matzdorf, B., 2013. Payments for ecosystem services: a review and 
comparison of developing and industrialized countries. Ecosyst. Serv. 6, 16–30.

Serio, M.A., Carollo, F.G., Ferro, V., 2019a. Raindrop size distribution and terminal 
velocity for rainfall erosivity studies. A review. J. Hydrol. 576, 210–228.

Serio, M.A., Carollo, F.G., Ferro, V., 2019. A method for evaluating rainfall kinetic power 
by a characteristic drop diameter. J. Hydrol. 577, 123996. https://doi.org/10.1016/ 
j.jhydrol.2019.123996.

Serio, M.A., Carollo, F.G., Ferro, V., 2020. Establishing a threshold for rainfall-induced 
landslides by a kinetic energy–duration relationship. Hydrol. Process., 2020, 34(16), 
3571–3581. DOI: 10.1002/hyp.13821.

Smith, P., Cotrufo, M.F., Rumpel, C., Paustian, K., Kuikman, P.J., Elliott, J.A., 
McDowell, R., Griffiths, R.I., Asakawa, S., Bustamante, M., House, J.I., Sobocká, J., 
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