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A B S T R A C T

Soil redistribution by water and tillage soil erosion has a profound effect on the spatial variability of soil security 
indicators. In this study, we assess the potential of estimating long-term soil redistribution rates across a Med-
iterranean olive orchard catchment using two methods: 239+240Pu and the WaTEM/SEDEM model. Additionally, 
we identify potential sources of uncertainty explain result discrepancies, and offer guidance for reducing un-
certainty. Soil sampling points were taken both in the inter-row areas and below the tree canopies and 239+240Pu 
inventories were converted into soil redistribution rates using MODERN. Sediment yield data measured in the 
catchment outlet is used to calibrate WaTEM/SEDEM. The results show a poor agreement between both methods. 
In this sense, these results indicate that both methods are considerably affected by several sources of uncertainty, 
both inherent to the methods themselves and related to the specific conditions of the study area. The latter are 
mainly related to anthropogenic changes in the soil surface related to soil tillage and rill filling practices and an 
important past land leveling effect. Despite the discrepancies, both methods convey a similar overarching 
message: soil security and olive production can be highly threatened in the Mediterranean in the next decades. 
This study demonstrates the potential advantages of combining FRN-based estimates and model simulations and 
highlights the importance of selecting an appropriate study area in this type of studies and the need to recognize 
associated uncertainties when estimating soil redistribution rates, whether employing FRN-based or modelling 
methods.   

1. Introduction

Soil security plays an important role in food security, water security,
energy security, climate change abatement, biodiversity protection, and 
ecosystem service delivery (McBratney et al., 2014). It is at the core of 
the EU Green Deal (Panagos et al., 2022) and the new EU soil strategy 
which aims to achieve healthy soils by 2050, with concrete actions by 
2030. In Europe, and in particular, the Mediterranean region with a long 
and varied history of human-induced soil erosion and agricultural land 
management, reconstructing past soil erosion is essential both to iden-
tify the main factors threatening soil security and define effective miti-
gation measures (Durán et al., 2009; Gómez et al., 2009, 2014a). 
Determining soil loss rates that encompass at least several decades can 
provide a better insight into long-term trends and the relative 

importance of climate and land management impacts. 
The use of radionuclides has the potential to estimate long-term soil 

erosion rates. However, the most used radionuclide, cesium (137Cs) is 
losing its utility because of its short half-life (T1/2 = 30.2 yr) leading to 
decreasing environmental concentrations (Percich et al., 2022). Conse-
quently, the use of longer-life radionuclides is becoming increasingly 
important. Plutonium (Pu) is present in the Northern Hemisphere 
environment due to past nuclear weapon testing, with the most abun-
dant isotopes being 239Pu (T1/2 = 24110 yr) and 240Pu (T1/2 = 6563 yr). 
Pu radionuclides (239+240Pu) have been tested and validated relative to 
other “traditional” radionuclides (e.g., 137Cs and 210Pbex) for deriving 
soil erosion rates under various upland agro-environments that have 
been carried out in Germany (Schimmack et al., 2002, 2001), 
Switzerland (Alewell et al., 2014; Zollinger et al., 2015), Australia (Hoo 
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et al., 2011; Lal et al., 2013), Northeast China (Xu et al., 2013; Zhang 
et al., 2016) and South Korea (Meusburger et al., 2016). Alewell et al. 
(2017) reviewed previous studies and listed the following advantages of 
using Pu: (i) Unlike other radionuclides, Pu inventories are not signifi-
cantly affected by nuclear power plant accidents like Chernobyl, except 
in the immediate vicinity, leading to a more homogeneous spatial dis-
tribution, (ii) the long half-lives of Pu make it suitable for use in future 
studies over the next several decades, (iii) they have higher applicability 
than other radionuclides such as 210Pbex because of their low concen-
tration in soils, (iv) they have the analytical advantage of higher accu-
racy as compared to 210Pbex (Iurian et al., 2015). On this matter, Peñuela 
et al.(2023) found that Pu isotopes and 210Pbxs can provide more ac-
curate and reliable results compared to traditional indicators such as 
137Cs. Moreover, Pu offers a higher sample throughput if inductively 
coupled plasma mass spectrometry (ICP-MS) techniques are applied. 
This method solves the analytical difficulties that have limited the use of 
Pu for dating recent sediments (Ketterer et al., 2002), who highlighted 
Pu isotopes have all the needed prerequisites and advantages to become 
one of the next anthropogenic soil radiotracers of importance to deter-
mine soil security under climate change and land use changes. 

Although radionuclides allow us to estimate long-term and spatially 
distributed soil erosion rates, this method has limitations. FRN-based 
estimations are usually unvalidated and uncertain (Parsons and Foster, 
2011) and the conversion of FRN inventories into erosion rates is a 
source of substantial uncertainty (Walling and He, 1998), as well as the 
interpolation methods used to spatialize point estimations. Moreover, it 
is not possible to unveil the contribution of specific erosion processes, 
water or tillage erosion, from these single values. Soil redistribution by 
tillage or any other mechanical force on soils, besides water erosion, 
needs to be considered as they potentially dominate soil redistribution 
patterns (Wilken et al., 2020). For this purpose, we need additional 
sources of information, such as soil erosion models. 

Previous studies combining radionuclide (mainly 137Cs) and 
modelling approaches generally use radionuclide estimations to cali-
brate (Lizaga Villuendas et al., 2022; Porto et al., 2013; Quijano et al., 
2016), validate (Walling et al., 2003) or both calibrate and validate 
(Porto et al., 2010; Walling and He, 2002) the models applied, assuming 
that radionuclide estimations are accurate. However, we should not 
forget that not only models but FRN-based estimations can be highly 
uncertain (Batista et al., 2019). Therefore, the use of FRN-based esti-
mations for calibration purposes, rather than reducing uncertainty, may 
just propagate it into the model. 

An alternative approach is to combine different independent 
methods (Meusburger et al., 2014), in particular FRN-based estimations 
and model simulations. In previous studies, FRN-derived rates of soil 
erosion typically exhibit poor agreement with model estimates (Bacchi 
et al., 2003; Belyaev et al., 2005; He and Walling, 2003; Lacoste et al., 
2014; Martinez et al., 2009; Warren et al., 2005) but it is unclear 
whether it stems from errors in FRN-based techniques or limitations in 
the modeling process (Batista et al., 2019). Nevertheless, by critically 
comparing the results of FRN-based and modelling methods we can gain 
valuable insights and guide future improvements (Martinez et al., 2009; 
Batista et al., 2019). In particular, this comparison can serve as a form of 
cross-validation. If the two methods consistently show similar trends 
and magnitudes, it increases confidence in the accuracy of the estimates. 
Conversely, if they show discrepancies, it can highlight areas of uncer-
tainty or potential issues in either approach. This acknowledges uncer-
tainty and can guide further refinement of the methods. With this 
comparison, we can also capture different aspects and scales of the soil 
erosion process. Models can represent the interannual variability of soil 
erosion processes while radionuclides multidecadal trends in soil 
erosion. In addition, the use of a model permits the discrimination of the 
contribution of water and tillage erosion. Finally, even if both methods 
show important discrepancies in the results but yield similar conclu-
sions, for instance, that past and current soil loss rates are unsustainable, 
we can then enhance confidence in the reliability of this overall 

message. 
To the best of our knowledge, no study has compared soil redistri-

bution estimates from 239+240Pu and soil erosion modelling, and in 
particular, no study has used 239+240Pu estimates to unveil soil redis-
tribution rates in cultivated soils in Andalusia (southern Spain). In 
Andalusia, soil erosion is one of the major threats to soil security, 
particularly in olive orchards because of the hilly terrain where they are 
mainly cultivated without vegetation cover (Gómez et al.,2014a). This is 
the largest olive-growing region worldwide with olive orchards covering 
19 % of the region’s surface (Ministerio de Agricultura Pesca y 
Alimentación, 2022). Therefore, there are a significant number of 
studies assessing erosion under this crop (Gómez-Limón et al., 2012). 
Based on official data 52.7 % of the olive orchard surface suffers high 
(>12 t ha− 1 yr− 1) to very high soil erosion (>100 t ha− 1 yr− 1) in this 
region (Junta de Andalucía, 2022). 

Specifically, the objectives of this study are (i) to assess long-term 
soil redistribution rates estimated from two methods: 239+240Pu and 
soil erosion modelling, (ii) to identify and gain insights into discrep-
ancies between the results of both methods and their associated un-
certainties, (iii) to guide to reduce these uncertainties and (iv) to assess 
how soil security will evolve until the end of the 21st century and 
throughout the 22nd century in the study area. 

2. Materials and methods

2.1. Study area

The study area is an olive orchard “La Conchuela” (37◦49′04.6″N 
4◦53′45.6″W) (Córdoba, southwestern Spain) (Fig. 1), with a surface of 8
ha. The climate in the area is Mediterranean. The average annual rainfall 
is 655 mm with 77 % of rain concentrated in the autumn months, i.e., 
October-March. The average air temperature is 17.5 ◦C (Gómez et al., 
2023). The dominant soil types belong to the Typic Haploxeret subgroup 
of the Soil Taxonomy (Soil survey staff, 2022) or Vertisol according to 
the FAO classification (Gómez et al., 2009). Catchment elevation ranges 
from 122 to 163 m. a. s. l. and its average slope is 10 %. The field was 
selected because it is representative of olive orchards in Andalusia 
(conventional tillage and high erosion rates) and because of data 
availability reasons: sediment yield measured data from 2006 to 2011 
necessary for the model calibration, data of past agricultural practices, 
and well-documented soil descriptions. From 1963 to 1993, cereals were 
grown in the study area. The tillage systems consisted of a scarifier with 
a working depth up to 27 mm, a disc harrow for post-harvest treatment 
to incorporate plant residue into the soil, another scarifier labor with a 
working depth up to 22 mm, and a rake. Soil fertilization and seeding. 
The seeder usually buried the fertilizer. The current olive trees were 
planted at 6 × 7 m spacing in 1993, which replaced the original cereal 
crop. Until 2008, surface tillage was performed with a disc harrow at a 
working depth up to 10 or 15 cm. Occasionally a subsoiler was also used 
at a depth of 50–60 cm to improve the drainage of the soil. Afterward, 
soil management consisted of spontaneous vegetation controlled by 
mowing and applying glyphosate, occasionally. 

The crop change from cereal to an olive orchard in the study area 
involved land leveling which was performed before the orchard im-
plantation to prevent temporary waterlogging in clay soils. This land 
leveling consisted of removing soil from the tree lanes, approximately a 
0.05 m thick layer, to form ridges on which olive trees were grown 
(Fig. 2). It resulted in a roughly additional soil loss of 16 t ha− 1 yr− 1 in 
the inter-row area and, consequently, an additional soil deposition rate 
of 40 t ha− 1 yr− 1 on the ridge. It is estimated a net difference of 56 t ha− 1 

yr− 1 between inter-row (indicated with a location icon and letter X in 
Fig. 2) and below-canopy sampling sites (indicated with a location icon 
and letter C in Fig. 2). While these estimates are based on field obser-
vations of the current topography, they are considered highly uncertain 
because of the lack of quantitative information or records of the survey 
data to validate these estimates. 
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2.2. Soil sampling 

Soil sampling took place in 2010, a total of 83 soil profiles (41 along 
the inter-row and 42 below the canopy) were collected in different 
transects across the olive orchard (Gómez et al., 2023) (Fig. 1). Sampling 
depth intervals were 0–5, 5–10, 15–20, 0–30, 30–60 and 60–90 cm. Each 
interval slice was thoroughly mixed during the pretreatment to generate 
a composite layer. For the sake of clarity, it is important to note that 90 
soil profiles were initially performed equally distributed in the inter-row 
and below canopy. However, at the time of analysis of these samples, 
2023, there was no soil sample availability at the following seven points: 

X1, X23, X24, X34, C23, C24, and C34 (Fig. 1). 
Three reference soil cores were collected at the reference site from 

the vertices of a triangle 0.5 m side length, down to a depth of 0.90 m at 
0.05 m intervals. Each of the 0.05 m slices was thoroughly mixed during 
the pretreatment to generate a composite 0.05 m layer for each interval. 
The reference location was located 1.5 km from the study catchment, in 
a nearby field on a flat surface. This area was ploughed, but given its flat 
topography, we can consider that no effective soil loss or gain has taken 
place (Govers et al.,1999; Lobb, 2006). 

In addition, a reference soil profile was analyzed with a full soil 
profile pit. This soil profile was dug near sampling point X26, in a flat 

Fig. 1. Description of the study area: A. The study site (dot in red) is located in southwestern Andalusia, Spain (grey area); B. Topography of the study area with 2 m 
contour lines (blue lines), sampling points, gauging station and gully location; C. Schematic diagram of ridge and furrow in “La Conchuela” olive orchard and location 
where samples were taken, both below-canopy (C) and inter-row (X). 

Fig. 2. Schematic diagram of ridge and furrow in “La Conchuela” olive orchard performed in 1993. Ridges to plant the olive trees were formed using a layer of soil 
approximately 0.05 m thick from the inter-row area. Sampling location below-canopy (C) and in the inter-row (X). 

V. García-Gamero et al.                                                                                                                                                                                                                       



Catena 241 (2024) 108052

4

area at the top of the hillslope. A full soil profile description was made 
following the guidelines of USDA-NRCS (Schoeneberger et al., 2012). 
The soil profile description can be seen in Table 1 in the Supplementary 
Material. 

2.3. Conversion of 239+240Pu inventories to soil redistribution rates 

For Pu analysis, composite samples of the 0–30 and 30–60 cm were 
used when available. For those cases where just the 0–30 cm layer was 
available just the upper layer was used. 

ICP-MS was used for the analysis of Pu isotopes by application of a 
methodology developed by Ketterer et al. (2002) and subsequently 
adapted as described by Peñuela et al. (2023). In brief, plutonium was 
extracted from soil ashes by leaching, and after filtration of the leachate 
and adjusting the Pu oxidation state, it was extracted by using TEVA® 
extraction chromatography. This method provides detection limits in 
the range of 5–10 mBq kg− 1 for 10–15 g of soil ashes (Peñuela et al., 
2023). One out of each five samples was used as quality control samples 
consisting of replicate sample preparation and measurements, blank 
samples (sandstone samples isolated from radioactive fallout), and the 
analysis of several aliquots of CRM samples (IAEA-384). Pu contents in 
this material are much higher than the Pu concentrations we expected in 
the fallout-level samples; hence every IAEA-384 aliquot was diluted into 
sandstone (1:350 m:m). The samples were measured at the University of 
Seville Research, Technology, and Innovation Centre (CITIUS) using an 
Agilent 8800 ICP-MS/MS coupled to a CETAC ARIDUS II nebulizer. All 
the quality control samples resulted in values within the expected ones. 
The MODERN model (Arata et al., 2016a, 2016b) estimates erosion or 
deposition rates based on the comparison (in the original reference, 
“alignment”) of the total fallout radionuclide (FRN) inventory at the 
sampling site and its depth profile at reference site; in this way, the 
model returns a solution as a thickness of the soil layer affected by 
erosion or deposition. The main assumption is that the depth distribu-
tion of the selected FRN is the same at the reference and the sampling 
sites, as could be expected for any situation where FRN-based models 
could be applied. Among the main features of MODERN are that its 
application does not require a transect sampling approach and, addi-
tionally, it does not make any assumption on the shape of the radionu-
clides profile. The soil redistribution rates are estimated for the 
1963–2010 period, i.e., the time of maximum nuclear fallout to the year 
of soil sampling. For MODERN calculations the different sampling 
depths used (30 or 60 cm) were taken into account. An additional 
MODERN advantage is the fact that it is not required that the reference 
profile and the sampling points have the same depth; the only 

requirement is that the sampling point depth is less than or equal to that 
of the reference profile. 

As described by Arata et al. (2016b), MODERN might not reach 
convergence under certain conditions: 1) when the sampling sites 
contain inventories less than that found in the last measured layer of the 
depth profile. This situation could be expected for certain sampling sites 
when the net erosion rates are high. To prevent this situation, we used 
the function “addSmoothedLayers”, which allows incorporating at the 
end of the soil profile a certain number of simulated layers. Their values 
are derived from an exponentially decreased fitting based on a certain 
number of experimental values, in this case, the last three layers of the 
experimental reference profile. 2) When sampling sites show inventories 
higher than the reference profile for a certain sampling depth (i.e., 
deposition sites). To prevent this, the function “addDepositionLayers” 
was used. This function allows adding on top of the soil core a certain 
number of hypothetical sediment layers which would be transferred and 
deposited from an upslope topsoil horizon. Our data show that this 
addition does not affect the results obtained for eroded sites. In this case, 
we added two layers of topsoil with an average of the top 10 cm, which 
would be representative of the thorough mixing of the deposited sedi-
ment during the transport and deposition processes. 

The 239+240Pu-based point estimates of soil redistribution rates were 
geostatiscally interpolated (using inverse distance weighted) to obtain a 
gridded spatial representation that matches the spatial resolution of the 
WaTEM/SEDEM model (5 m × 5 m), facilitating a meaningful com-
parison. Moreover, we evaluated the correlation between the interpo-
lated 239+240Pu-based map and different topographical variables: slope 
gradient, profile curvature, and slope length and slope gradient factor 
(LS factor), to identify the dominant erosion process. Profile curvature, 
which represents the concavity or convexity of the land surface, can 
influence the vulnerability of a slope to tillage erosion. Convex land-
forms are generally more susceptible to tillage erosion. Hence, a strong 
correlation between profile curvature and soil erosion rates can suggest 
that tillage erosion is predominant. Conversely, a strong correlation with 
the LS factor, i.e. flow accumulation area, might indicate that water 
erosion is predominant. 

2.4. WaTEM/SEDEM model 

The WaTEM/SEDEM model estimates long-term mean annual net 
soil erosion rates using an empirical spatially distributed sediment de-
livery model (Verstraeten et al., 2002). The water erosion component is 
based on the Revised Universal Soil Loss Equation (RUSLE; Renard et al., 
1991). Sediment transport by overland runoff is modeled according to a 
transport capacity equation (TC, t ha− 1 yr− 1): 

TC = ktcRK(LS − 4.1S0.8
g ) (1)  

where ktc (m) comprises the transport capacity coefficient, R, K, and LS 
are RUSLE factors and Sg (m/m) is the slope gradient. Sediment depo-
sition occurs when the transport capacity of the raster cell is smaller than 
the amount of sediment reaching it; otherwise, sediment is redistributed 
downslope (Verstraeten et al., 2007). 

Tillage erosion refers to the downslope transport of soil because of 
plowing. Tillage transport coefficient (ktill) determines the intensity of 
tillage erosion, and net flux because tillage is proportional to the slope 
gradient along a hillslope of infinitesimal length (Govers et al., 1999): 

Qs,t = ktillSg (2)  

where Qs,t represents the net downslope flux due to tillage translocation 
(kg m− 1 yr− 1), ktill is the tillage transport coefficient (kg m− 1 yr− 1), and 
Sg is the local slope gradient (m/m). 

The transport capacity parameters ktill and ktc depend on the land 
cover and are site-specific. Therefore, they need to be calibrated based 
on local data for each implementation of the model. 

Table 1 
Parametrisation of the WaTEM/SEDEM model.  

Parameter Value Unit Source 

RUSLE factors 
P 1.0 − Standard value for soil 

management without support 
practices 

C Ccereal:0.14 
Coliveorchard:0.3 

− From soil management following  
Gómez et al. (2003); Panagos et al. 
(2015b) 

R 850 MJ mm 
ha− 1h− 1 

yr− 1 

From available source for the 
location following ICONA (1988) 

K 0.035 Mg h MJ− 1 

mm− 1 
From soil data following Gómez 
et al. (2003) 

LS Variable − Calculated using 5 m DEM 
provided by the Spanish National 
Geographic Institute 

Tillage transport coefficient 
ktill 600 kg m− 1 Vanwalleghem et al. (2011) 
Transport capacity coefficient varied during the calibration 
ktc 5–3000* m   

* n = 23. 
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2.5. Model inputs 

The main input data required to run WaTEM/SEDEM are the Digital 
elevation model (DEM) of the study area and the parameters of the 
RUSLE model (Table 1). The DEM, derived from LiDAR data, with a 
resolution of 5 m, and the parcel shape were supplied in the form of 
IDRISI GIS (Clark Labs Inc.). The transport capacity coefficient, ktc, was 
fitted using measured sediment yield data, as indicated in the following 
section. 

For the study period (1963–2010), soil erosion was weighted aver-
aged according to the years destined for each crop, 30 years cereal and 
17 years olive orchard, following: 

30 yr⋅Erosioncereal + 17yr⋅Erosionolive orchard

47 yr
, (3)  

where Erosioncereal and Erosionoliveorchard are the soil redistribution rates 
calculated for the period of cereal land use (30 years) and for the period 
of olive orchard use (17 years), respectively, using their corresponding 
C-factor (Table 1). 

2.6. Model calibration 

The WaTEM/SEDEM model implementation in agricultural land-
scapes requires the calibration of the transport capacity coefficient (ktc). 
The higher the ktc, the more sediment can be transported downslope. 
The ktc coefficient is dependent on land use: lower for well-vegetated 
surfaces such as forest, grassland, and pasture, and higher for poorly 
vegetated surfaces. 

The original model was calibrated using observed data on sediment 
yield from 21 catchments for a resolution of 20 by 20 m in Belgium 
(Verstraeten et al., 2002). We used sediment yield data measured at the 
outlet of the study catchment for five years (2006–2011) by Gómez et al. 
(2014b). The sediment yield was measured using a gauging station 
equipped with an automatic rain gauge and a sediment sampler. The 
sediment sampler used a filter with a 1 mm screen mesh to capture the 
total suspended sediment load. Runoff samples were collected after 
every storm, and the samples were oven-dried to determine the instan-
taneous sediment concentration. This concentration was then used in 
conjunction with the associated instantaneous discharge throughout the 
runoff hydrograph to calculate the total soil loss from a runoff event. 

The calibration process consisted of a systematic sampling of the 
parameter ktc at discrete steps, ranging from 5 to 3000 (Table 1). For 
each value of the parameter, annual sediment yield (t) was computed for 
the catchment. This allowed a comparison of the measured and pre-
dicted values. Besides average weather conditions, it is advisable to 
ensure that the model calibration period covers a diverse spectrum of 
conditions, ranging from exceptionally high to exceptionally low pre-
cipitation periods (Daggupati et al., 2015; Mai, 2023; Zheng et al., 
2018). This recommendation is fulfilled by the presence of both a dry 
year (2008–2009) and a wet year (2009–2010) within the 5-year cali-
bration period. It must be noted that for each year of the calibration we 
used the R-factor estimated by Gómez et al. (2014b). This approach is 
similar to previous WaTEM/SEDEM studies, and we even use a longer 

calibration period than most of them (Table 2). As pointed out by Peeters 
et al. (2008), models calibrated with sediment yield data over short-term 
periods can still successfully simulate longer-term erosion rates provided 
that erosion data are correctly interpreted and integrated with a model 
that adequately describes the main processes observed. In Peeters et al. 
(2008), a 3-year calibration of the WaTEM LT model in Ganspoel 
(Belgium) was found to be successful in simulating long-term erosion 
patterns and rates derived from soil profile truncation studies. 

The Nash-Sutcliffe model efficiency (NSE; Nash and Sutcliffe, 1970) 
was used for assessing the goodness of fit of the model results according 
to the following equation: 

NSE = 1 −
∑n

i=1(Oi − Pi)
2

∑n
i=1(Oi − Omean)

2 (4)  

where Oi is the observed value, Pi is the predicted value, Omean is the 
mean observed value and n is the number of observations (n = 5). NSE 
can range from − ∞ to 1, and represents the initial variance accounted 
for in the model. The closer the value to 1, the more efficient is the model 
whereas NSE < 0 indicates that the observed mean is a better predictor 
than NS model efficiency. The statistical analysis and data management 
were performed using the R Software (version 4.2.3)(R Core Team, 
2023). 

3. Results and discussions 

3.1. Assessment of 239+240Pu soil redistribution rates 

The reference profile is shown in Fig. 3, being Pu activity concen-
trations above the limit of detection of the technique at high depths (90 
cm depth). This finding is not surprising bearing in mind that 1) 137Cs 
can be detected in Andalusian Mediterranean soils even at depths of 
55–60 cm (Mabit et al., 2012), 2) it has been shown that Pu migrates 
deeper than Cs in the Mediterranean soils (Guillén et al., 2015), and 3) 
using 15 g of soil sample per analysis (when available) allows decreasing 
the limit of detection of the technique. On the other hand, using similar 
techniques (ICP-MS) other authors detected Pu isotopes at remarkable 
depths. For instance, Ketterer et al. (2004) detected Pu isotopes at the 
deeper part of a 50 cm soil core in Colorado, USA; Raab et al. (2018) 
detected them at 70 cm depth in soils from the Sila Massif uplands 
(Italy), and Zhang et al. (2019) did it even at the maximum soil core 
focus (80 cm) in soil samples from the Loess Plateau in China. 

The value of 239+240Pu activity concentrations in the study site 
showed high spatial variability (CV = 40.3 %) ranging from 15.1 mBq 
kg− 1 to 127 mBq kg− 1 with a mean value of 59.1 ± 23.8 mBq kg− 1. 
Similarly, the 239+240Pu inventories also varied from 10.6 to 68.5 Bq 
m− 2 (CV = 41 %) with a mean value of 33.3 ± 13.6 Bq m− 2. The results 
are similar to those found by Peñuela et al. (2023) in a nearby study area 
in the Hornachuelos Natural Park in southern Spain, ranging from 1.9 to 
60.6 Bq m− 2. 

The 239+240Pu reference inventory for the study site was 52.9 Bq 
m− 2. In the reference soil profile, the 239+240Pu was concentrated not 
only in the upper soil layers but roughly homogeneous down to 0.55 m 
indicating that the soil was ploughed (Fig. 3). As mentioned above, 
surface tillage was performed at a working depth up to 10 or 15 cm but 
occasionally, a subsoiler was used at a depth of 50–60 cm to improve the 
drainage of the soil. 

As much as 88 % of the sampling points in the study site had in-
ventories lower than the reference inventory indicating a predominance 
of 239+240Pu loss. In 10 sampling points, 239+240Pu inventories exceeded 
the value from the reference site indicating that these sampling points 
have experienced soil deposition. The 60–90 cm depth layer was tested 
in 19 of the sampling points, all of them being soil erosion points, finding 
values systematically below the limit of detection of the technique. This 
is expected given that at uneroded positions locations (reference cores), 
87 % of the Pu inventory was concentrated in the upper 60 cm. 

Table 2 
Temporal extent of sediment yield data used for the WaTEM/SEDEM model 
calibration in different studies.  

Location Temporal extent 
(yr) 

Source 

Hammeveld (Bertem, Belgium) 3 Vandaele & Poesen, 
1995 

Balaton basin (Hungary) 9 Jordan et al., 2005 
Ganspoel (Huldenberg, Belgium) 3 Peeters et al., 2008 
Barasona Reservoir (Central Spanish 

Pyrenees) 
3 Alatorre et al., 2010 

Guizhou Plateau (SW China) 3 Luo et al., 2021  
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Individually, the distribution for the 239+240Pu inventories for inter-row 
(X) and below-canopy (C) points is shown in Fig. 4. The former group 
had its peak around 25–30 Bq m− 2, whereas the latter peaked at around 
30–35 Bq m− 2. The distribution of 239+240Pu inventories for inter-row 
(X) points is shifted to the left relative to the distribution of 239+240Pu 
inventories for below-canopy (C) points. This indicates that a greater 
number of points located in the inter-row area show higher soil erosion 
rates than those located below-canopy. This is mainly because we 
compare inter-row points subject to water and tillage erosion with those 
below-canopy only subject to water erosion. 

The calculated 239+240Pu soil redistribution rates show a 95 % 
Confidence Interval (CI) [− 85.4, − 54.2] t ha− 1 yr− 1 for the inter-row 
points (X) (Fig. 5 A) and 95 % CI [− 66.9, − 42.5] t ha− 1 yr− 1 for the 

below-canopy points (C) (Fig. 5 B). Overall, most sampling points (n =
73) indicated soil erosion rates with a mean value of − 75.3 ± 28.3 t 
ha− 1 yr− 1 whereas soil deposition occurred in 10 points of the study area 
with a mean value of 33.7 ± 18.7 t ha− 1 yr− 1. The interpolated 
239+240Pu maps based on the inter-row (X) and below-canopy (C) points, 
show remarkable similarity (Fig. 5A and B). However, the catchment 
exhibits higher soil erosion rates when using the interpolated 239+240Pu 
map derived from inter-row (X) points. The highest soil erosion rates, 
locally greater than 100 t ha− 1yr− 1, were found in areas of concentrated 
runoff related to the gully (Fig. 1), in areas with steeper slopes and near 
the field boundaries (Fig. 5 A and B). The catchment experiences 
deposition rates ranging from 17.7 to 71.7 t ha− 1 yr− 1, with the highest 
values occurring along the thalweg (Fig. 5 A and B). In the interpolated 

Fig. 3. Depth distribution of 239+240Pu inventory profile at the reference site. The profile shows the layers added by simulation on top of the core for the char-
acterization of deposition sites and at the bottom of the core for the characterization of sampling sites with inventories below the lowest experimental values. Please 
find details in the text. Error bars correspond to the quadratic expansion of all the sources of experimental uncertainty. 

Fig. 4. Histograms comparing the 239+240Pu inventories of inter-row (X) and below-canopy (C) points.  
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239+240Pu maps, the deposition is not continuous but rather localized at 
the inter-row (X) and below-canopy (C) points (Fig. 5A and B). The 
average net soil erosion for the catchment, calculated from the inter-
polated 239+240Pu map (Fig. 5C), is − 59.4 ± 20 t ha− 1yr− 1. This value is 
considerably higher compared to the average measured sediment yield 
data for the period 2006–2011, 16.1 t ha− 1 yr− 1 (Gómez et al., 2014b). 
Three reasons can be put forward to explain this high difference. Firstly, 
the flume observations only represent water erosion, while the loss rates 
estimated from Pu isotopes represent total erosion, including tillage 
erosion. The latter can be quite significant in Mediterranean areas with 
values up to − 57.4 t ha− 1 yr− 1 (De Alba and Van Oost, 2005). Second, 
human-induced land leveling operations during the implantation of the 
orchard, are not accounted for in the flume-based measurements. 

Lastly, a third factor contributing to this discrepancy is the disparity 
in time scales represented by the Pu-based estimations period (~50 
years) and the sediment yield measurements (5 years). It must be noted 
that the measurement period (2006–2011), covered a diverse spectrum 
of conditions, including an exceptionally dry year with a sediment yield 
of − 1.45 t ha− 1 yr− 1 in 2008–2009 and an exceptionally wet year with a 
sediment yield of − 52 t ha− 1 yr− 1 in 2009–2010 (Gómez et al., 2014b). 
While this is appropriate for model calibration purposes, these excep-
tional values greatly influence the 5-year average and can partially 
explain this difference with the Pu-based longer-term average, which is 
considerably less influenced by exceptional years (González-Hidalgo 
et al., 2009). 

The average net soil erosion obtained, − 59.4 t ha− 1yr− 1, has a better 
agreement with values obtained in catchments presenting similar 
characteristics in the province, in particular a similar average slope 
gradient. Vanwalleghem et al. (2010) estimated historical net soil losses, 
in representative olive orchards in the province of Córdoba, measuring 
tree mound heights. According to their findings, the soil loss rate was 
− 66 t ha− 1 yr− 1 at Bujalance, with an average slope of 10 %, and − 105 t 

ha− 1 yr− 1 and − 61 t ha− 1 yr− 1 at two sites in Córdoba with an average 
slope of 13 %. 

Previously, the output derived from the use of MODERN with Pu 
isotopes has been systematically compared to the results obtained by 
other models such as the Inventory method, the proportional model, the 
profile distribution model, or the diffusion and migration model (Arata 
et al.,2016a). Attending to the shape of the reference profile and the soil 
management (ploughed), the results of soil erosion or deposition rates 
obtained by using MODERN in the 60 cm depth sampling sites have been 
compared with those obtained by the proportional model (Walling et al., 
2002), where the redistribution rates are calculated according to: 

E = 10
ρdX

100tP
(5)  

where E is the soil redistribution rate (t ha− 1 yr− 1), d = 0.5 m the depth 
of the plough layer, ρ the bulk density (kg m− 3), X the percentage 
reduction or increment in total 239+240Pu inventory (%), t the time 
elapsed since the accumulation of plutonium (yr, same than for MOD-
ERN) and P a dimensionless particle size correction factor which is 
usually less than 1.0 and following (Zhang et al., 2015a) has been chosen 
as 0.65 as a commitment solution. As can be seen in Fig. 6, there is a 
good correlation obtained by the use of both models (adjusted R2 =

0.98514), although there are certain sources of systematic bias that 
should be explained. 

The independent term (b = 19.18 ± 0.90 t ha− 1 yr− 1) shows a sys-
tematic bias (overestimation) of the calculated erosion rates by using 
MODERN when the calculated values are low. Furthermore, the slope is 
not 1.0 but 0.766 ± 0.011, showing an apparent underestimation of the 
values in the case of MODERN regarding the proportional model when 
the erosion rates are high. This finding is not surprising bearing in mind 
that according to Walling et al. (2002), the estimates provided by the 
proportional model are likely to underestimate the rates of soil loss 

Fig. 5. Maps of estimated soil redistribution (net soil loss) rates. A. Soil redistribution derived from 239+240Pu at inter-row (X) points and the interpolated map; B. Soil 
redistribution derived from 239+240Pu at below-canopy (C) points and the interpolated map; C. Interpolated soil redistribution based on all 239+240Pu (X and C) point 
estimates; D. Modelled tillage erosion with a tillage transport coefficient (ktill) of 600 kg m− 1; E. Modelled water erosion (ktc: 2000 m); F. Modelled total erosion. 5 m 
contour lines (lines in grey). Study area perimeter in blue. 
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owing to the considered assumptions. In any case, what the data com-
parison reveals is that the calculated values fall within a similar order of 
magnitude as those provided by MODERN. This offers the relative 
advantage of preventing an oversimplification of the erosion and 
deposition scenario. 

3.2. 239+240Pu soil redistribution rates related to topographical features 

The results indicate weak correlations of 239+240Pu-based soil 
redistribution rates with topographical features (see Table 2 in the 
Supplementary Material). Only the slope gradient shows a significant 
but weak correlation. In contrast, different authors found a significant 
relationship between these variables and soil redistribution rates; Zhang 
et al. (2015b) found that the relationship between slope gradient and 
soil erosion rate follows a quadratic curve but not a linear fashion in 
their study of a catchment in the Loess Plateau region of China. Pennock 
and De Jong (1987) however, pointed out that the susceptibility of 
landform elements to erosion differs depending on the profile and plan 
curvature and slope gradient of a hillslope. Ritchie and McHenry (1990) 
found that erosion and deposition rates measured using the spatial dis-
tribution of 137Cs were related to slope gradient, shape, and length. Flat 
areas at the top of slopes showed little soil loss while flat areas at the 
base of slopes and concave slopes in fields often showed deposition. 
Indeed, Panagos et al. (2015a) highlighted that the LS factor has the 
greatest impact on soil loss at the European level. The absence of cor-
relation in this catchment is therefore surprising but might be attributed 
to the important land leveling during the implementation of the orchard 
and to the uncertainty associated with the Pu-based estimates. These 
results do not provide insights into the relative influence of water and 
tillage erosion on the total net erosion. 

3.3. WaTEM/SEDEM model calibration 

WaTEM/SEDEM calibration resulted in an optimal value for ktc,m of 
2000 m according to the NS efficiency (Fig. 7). The NSE value at this 
point is 0.53. Even when there is not a universally agreed-upon value for 
the NSE that is considered satisfactory, an NSE value equal to or higher 
than 0.5 is often considered acceptable for many applications (Ritter and 
Muñoz-Carpena, 2013). As mentioned above, ktc, which is dependent on 
both the land use and the DEM resolution, needs to be calibrated for each 
application of the model. In the same study area, Gómez et al. (2023) 
calibrated an optimum ktc = 175 m using a 1 m resolution DEM. How-
ever, Quijano et al. (2016), in another Mediterranean agroecosystem, 
calibrated an optimum ktc = 1.28 m using a 2.5 m DEM resolution. In 
addition, the calibration of the WaTEM/SEDEM model in these 
mentioned papers follows two different approaches: sediment yield data 
and soil redistribution rates derived from 137Cs, respectively. 

3.4. WATEM/SEDEM soil redistribution rates 

The use of FRN-based soil erosion estimates does not allow differ-
entiation between soil erosion caused by water erosion or due to tillage 
practices. For this purpose, we need a soil erosion model capable of 
simulating both processes, such as the WaTEM/SEDEM model. Fig. 5 F 
shows the spatial distribution of soil redistribution rates predicted by 
WaTEM/SEDEM for the study catchment with a mean value of − 20 ±
29.0 t ha− 1 yr− 1. The model estimates soil erosion across 78.5 % of the 
catchment, with a mean value of − 30.2 ± 21.2 t ha− 1 yr− 1 whereas soil 
deposition occurred in the remaining 21.5 % of the catchment, with a 
mean value of 18.4 ± 21.3 t ha− 1 yr− 1. The interpolated 239+240Pu map 
(Fig. 5C) reflects this trend, with 99.4 % of the catchment exhibiting soil 

Fig. 6. Comparison of the soil redistribution rates obtained by MODERN and the proportional model for the 60 cm depth sampling points. Please see the text 
for details. 
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erosion and only 0.6 % showing deposition. 
Fig. 5 D and E illustrate the long-term soil erosion modeling of tillage 

and water erosion in the study catchment individually. Fig. 5 D shows 
that the majority of sediment deposition from slopes is attributed to 
tillage erosion, with a mean net erosion value equal to − 0.7 ± 25.0 t 
ha− 1 yr− 1. The water erosion map (Fig. 5 E) shows that the majority of 
the catchment exhibits high soil erosion rates, with areas of very high 
erosion in the thalweg where runoff is concentrated, with a mean net 
erosion value equal to − 19 ± 11.6 t ha− 1 yr− 1. 

3.5. Results comparison and uncertainty reduction guidance 

The comparison between WaTEM/SEDEM and the interpolated 
239+240Pu map showed a poor correlation (Fig. 8). This can be attributed 

to the influence of the land leveling process and to the different sources 
of uncertainty that can be attributed to both methods (Bacchi et al., 
2003; Belyaev et al., 2005; He and Walling, 2003; Lacoste et al., 2014; 
Warren et al., 2005). Li et al. (2007) observed discrepancies between 
137Cs-based estimates and model simulations in a Canadian catchment 
and claimed they were likely caused by the lack of data about the his-
torical use of heavier tillage implements, and the low accuracy of his-
toric climate data. Similarly, Quijano et al. (2016) attributed the lower 
performance of the WaTEM/SEDEM model in their study site in north-
east Spain, to topographic changes in agricultural fields that were not 
directly related to water and tillage erosion. In our catchment of study, 
land leveling during the implantation of the orchard, consisting of ridges 
created along the tree lines to improve root aeration and disease man-
agement, most likely had an important impact on soil redistribution and 

Fig. 7. WaTEM/SEDEM model transport capacity coefficient (ktc, m) calibration curve for the study catchment. The optimum ktc, m value, considering the Nash- 
Sutcliffe model efficiency (NSE) is 2000 m (dot in red). 

Fig. 8. Comparison between soil redistribution rates (t ha− 1 yr− 1) modelled with WaTEM/SEDEM model and interpolated 239+240Pu map (line 1:1, in Red).  
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potentially be reflected in FRN-inventories (Bacchi et al., 2003; Lacoste 
et al., 2014; Quine, 1994) but not in the WaTEM/SEDEM simulations. 
The additional soil erosion at inter-row points due to this land leveling is 
estimated at − 16 t ha− 1 yr− 1. Nonetheless, adjusting the soil redistri-
bution 239+240Pu-based point estimates, accounting for this estimated 
erosion overestimation or underestimation because of land leveling 
(Fig. 2), and comparing with WaTEM/SEDEM results does not yield 
markedly different results (R2 = 0.13; p-value = 0.0014) from the cur-
rent results (R2 = 0.095; p-value < 2.2 • 10− 16; Fig. 8). To reduce the 
uncertainty associated with this process we need detailed records of the 
process, with quantitative information on the volume of soil removed 
from the tree lanes to form the ridges. However, this information was not 
available in the study area. Ideally, this type of uncertainty can be 
reduced by the selection of catchments of study with a simple and well- 
documented land management history, especially those without 
changes in land use since the 1960s and without anthropogenic and 
drastic, processes that are challenging to quantify and simulate. 

Another important anthropogenic source of uncertainty is the 
mechanized filling of rills in specific areas of the catchment which is a 
common practice in intensive olive orchards in South Spain. To our 
knowledge, no soil erosion model can simulate and quantify spatially 
targeted tillage practices. With FRN-based methods, we could increase 
the density of sampling points to evaluate the soil distribution in these 
specific areas of the catchment. However, due to the regular filling of 
rills or ephemeral gullies, we cannot identify their locations in the field. 
For this purpose, we can utilize model simulations, specifically the map 
of simulated net soil loss in the catchment. This map, which does not 
account for the rill-filling process, allows us to identify areas of con-
centration of high soil loss rates, which are more likely to develop rills or 
ephemeral gullies. In these identified areas, we can adjust the sampling 
strategy to accurately represent small-scale variations in FRN in-
ventories. For instance, in these areas, we can increase the sampling 
density to measure FRN inventories at both points where the develop-
ment of rills is more likely according to model simulations, and points at 
adjacent areas where the soil has been displaced to fill the rills. The 
differences between the simulated and the FRN-based soil loss rates 
would then reflect the effect of the rill filling process and provide an 
estimation of the volume of soil displaced by this process. It must be 
noted that while ephemeral gully or rill filling is a common practice, 
permanent gully filling is not allowed in the region of study. 

Another potential source of uncertainty arises from the fact that 
WaTEM/SEDEM calibration was based on sediment yield measurements 
at the outlet of the catchment, which includes contributions from gully 
erosion. However, WaTEM/SEDEM does not simulate gully erosion. If 
the gully erosion contribution was significant during the calibration 
period (2006–2011), WaTEM/SEDEM may tend to overestimate hill-
slope erosion rates. Despite this, we observe an underestimation with 
respect to the 239+240Pu estimates, suggesting that the gully erosion 
contribution may not be significant. WaTEM/SEDEM calibration could 
be improved by extending the calibration period, however, setting up 
and maintaining sediment monitoring equipment at the outlet of 
catchments is logistically challenging and the financial resources 
required for long-term operation are a limiting factor. It must be noted 
that in this study the calibration period is still longer compared to other 
studies (Table 2). Another way to improve model calibration is to use 
spatial estimates of erosion–deposition rates, such as soil truncation 
measurements (Zhidkin et al., 2023), net soil erosion estimates based on 
tree mound measurements (Vanwalleghem et al., 2010), or FRN-based 
estimates. However, we always must use this data with caution and 
acknowledge their associated uncertainties, both inherent to the method 
itself and specific to the conditions of the study area. It must be noted 
that during the calibration of the WaTEM/SEDEM model, changes in the 
parameter ktc only affected the model results in a small area of the 
catchment, the lower zone closer to the outlet. This indicates that, for 
calibration purposes, only spatial estimates of erosion–deposition rates 
in this specific area would be valuable. Therefore, for sampling 

strategies based on a grid covering the entire catchment, only a small 
part of the total number of spatial estimates of erosion–deposition rates 
would be considered during the model calibration. This opens the pos-
sibility of enhancing model calibration through the optimization of the 
sampling strategy, focusing efforts on areas where the calibrated pa-
rameters have a discernible impact on model results. 

The third reason for the observed discrepancies can be related to the 
uncertainty in the 239+240Pu estimates. This method, and FRN-based 
methods in general, rely on several assumptions that can introduce 
uncertainties into the results. These include assumptions of a uniform 
spatial distribution, strong binding to soil particles, negligible plant 
uptake, minimal leaching by water, no chemical migration, and move-
ment solely through physical processes. Additionally, the reliability of 
the results is influenced by the appropriateness of the chosen soil sam-
pling design. The conversion models of FRN inventories into erosion 
rates, such as MODERN, are also a source of substantial uncertainty. In 
this study, we consider 239+240Pu-based estimates as highly uncertain 
since the vertical profile of the 239+240Pu inventories both in the sam-
pling sites and in the reference site profile have been disturbed by tillage 
practices. It must be noted that no undisturbed profiles could be found in 
this area. The basic idea behind this MODERN is the comparison of the 
depth profile of the reference site with the total inventory of a sampling 
site. When comparing an undisturbed reference site with a ploughed 
site, MODERN assumes that the vertical distribution of FRN at the 
ploughed site is the same as in the reference site. While this assumption 
already introduces uncertainty, the level of uncertainty escalates when 
the reference site has also been ploughed (Fig. 3). In such cases, MOD-
ERN might fail to converge, presenting multiple possible solutions. The 
large uncertainty associated with 239+240Pu-based estimates indicates 
the need for further research in future studies. To reduce this uncer-
tainty, we advocate for a more careful selection of the study catchment 
and reference site that ideally have not undergone ploughing, land 
leveling, and rill filling, or at the very least, finding a nearby undisturbed 
reference site. 

Additionally, uncertainty arises from the performance of the inter-
polation method. When transforming point data, such as soil loss esti-
mates, into a map through spatial interpolation, it is important to 
consider and address the uncertainty associated with this process. A way 
to reduce this source of uncertainty is to perform cross-validation, by 
withholding a subset of your data points or by sampling additional 
points and using the interpolation method to estimate their values. Then 
compare the estimated values with the actual values to assess the ac-
curacy and reliability of different interpolation methods and select the 
one with better results. 

These uncertainties need to be considered separately and reduced 
when possible. Table 3 summarizes the possible sources of uncertainty 
causing the poor relation between WaTEM/SEDEM and 239+240Pu soil 
redistribution rates and the proposed solutions to reduce these 

Table 3 
Sources of uncertainty and proposed solutions to improve the poor relation 
between WaTEM/SEDEM and interpolated 239+240Pu soil redistribution rates.  

Sources of uncertainty Solutions 

Land leveling Select a study area with a simpler land use and 
management history. 
If available, use detailed records of the process. 

Rill filling Identification of rill filling areas using model 
simulations and increase of the density of spatial 
sampling points in this area. 

WaTEM/SEDEM calibration Spatially distributed calibration procedures by 
using reliable spatial soil loss estimates. 
Sensitivity analysis of ktc to optimize soil sampling 
strategy. 

Model MODERN assumptions Study area where the soil has not been ploughed. 
Reference site in an undisturbed zone. 

Spatial interpolation of FRN- 
based point estimates 

Cross-validation to compare different 
interpolation methods.  
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uncertainties. 

3.6. Soil security dimensions: How long till we run out of soil? 

The effect of the intense erosion rates on the evolution of a typical 
soil erosion profile in the study catchment is shown in Fig. 9. This soil 
profile has an A, B, BC, and C horizon (Table 1 Supplementary Material). 
The C horizon starts at 110 cm and is very weakly developed, with a 
massive structure. This implies that once soil erosion reaches this layer, 
an important drop in water availability and crop productivity can be 
expected. In 2010, when the soil pit was analyzed, the soil profile depth 
was 2.0 m. The soil type is a relatively fertile Vertisol. Next, the back-
ward reconstruction of the soil profile was performed until 1963, 
considering two scenarios: using the mean soil erosion rates 239+240Pu 
estimates at erosion points, − 75.3 t ha− 1 yr− 1, (Fig. 9 A) and WaTEM/ 
SEDEM modelled, − 30.2 t ha− 1 yr− 1 (Fig. 9 B). By the year 2023, be-
tween 0.30 and 0.12 m of topsoil has been lost, using the 239+240Pu 
estimates and modelled erosion rates respectively. This implies that in 
the first case, the complete A horizon has been already lost, and in the 
second case it has been reduced by half, but the olive groves are still 
being grown. Land use changes are monitored by the concepts proposed 
by Huang et al. (2018): Phenosoil and Genosoil. In Phenosoils or 
domesticated cropping soils long-term soil management jeopardizes soil 
security, exceeding the capability of soils to recover their original con-
ditions, i.e., its reference state or genosoil. Soil condition or soil status 
might be inferred from 239+240Pu estimated soil redistribution rates and 
WaTEM/SEDEM modelled soil redistribution rates. In the study zone, 
the poor management of soils influenced its capability and might 
interfere with affecting one of their main functions: food production 
(Bouma et al., 2017). Due to its high resistance to drought and ability to 
grow in low-quality soils, olive trees are suitable for growing on land 
that is unsuitable for many other crops. However, olive productivity 
might be affected as soil conditions worsen further or as drought events 
become more frequent (Molina de la Rosa, 2010). Based on 239+240Pu 
estimates of soil redistribution rates, soil loss would have been 0.70 m 
and 1.20 m by 2100 and 2200, respectively, since 1963 (Fig. 9 A). For 
the scenario considering WaTEM/SEDEM soil redistribution rates, soil 
erosion would have been 0.30 m and 0.50 m by 2100 and 2200, 
respectively, since 1963 (Fig. 9 B). Despite their discrepancies, both 
methods yield similar conclusions and indicate that the soil will have 
lost the A and B horizons, which are the most fertile layers, and the soil’s 
capability to provide different functions will be significantly degraded 
jeopardizing the viability of the olive orchard. 

To manage the soil according to its potential, individuals must be 
connected to the soil through the knowledge of its resources (Bouma 
et al., 2017). On this matter, concern about soil erosion in olive orchards 

by farmers and stakeholders is not new. Despite this, farmers can be 
reluctant to change their management practices for different reasons 
from profits to their concern for the environment (Ogieriakhi and 
Woodward, 2022). Sustainable soil management requires the codifica-
tion of specific policies. Soil sustainability concerns are included in the 
EU soil strategy for 2030 to improve soil health by 2050 (European 
Commission, 2021) and in the Common Agricultural Policy strategic 
plans for 2023–2027 (CAP, 2022). In the strategy, the Commission 
committed to adopting a new Soil Health Law to protect soils. In this 
way, the development of a suitable and simple indicator that recognizes 
soil capital value might encourage practices that are more sustainable 
and raise awareness about present and future soil loss issues. 

4. Conclusions 

In this study, we evaluate the potential of using two methods 
239+240Pu and the WaTEM/SEDEM model for estimating soil redistri-
bution rates in a Mediterranean olive orchard and evaluate the contri-
bution of water and tillage erosion. For this purpose, we compare the 
results obtained from the conversion of 239+240Pu into soil redistribution 
rates using MODERN and the results obtained from the WaTEM/SEDEM 
model calibrated with sediment yield data measured at the catchment 
outlet. We also identify possible sources of uncertainty that can explain 
the discrepancies in the results and provide guiding to reduce uncer-
tainty. Moreover, we evaluate the correlation between the interpolated 
239+240Pu map with topographical features of the catchment potentially 
related to water and tillage erosion. 

Results show important discrepancies between 239+240Pu-based and 
WaTEM/SEDEM estimates. In this sense, these results indicate that both 
methods are considerably affected by several sources of uncertainty, 
both inherent to the methods themselves and related to the specific 
conditions of the study area. The latter are mainly related to anthro-
pogenic changes in the soil surface related to soil tillage and rill filling 
practices and an important past land leveling effect performed during 
the implantation of the olive orchard in the catchment of study. This 
study demonstrates the potential advantages of combining FRN-based 
estimates and model simulations to optimize the sampling strategy, in 
particular, to improve model calibration and to evaluate the impact of 
rill-filling practices. Counterintuitively, 239+240Pu estimated soil redis-
tribution rates showed a weak correlation with the different topographic 
features and hence, no insights about the soil erosion process that con-
tributes most to total erosion. Only based on the mean values obtained 
using WaTEM/SEDEM, water erosion appears to be the predominant 
process. Despite the discrepancies, the estimated soil redistribution rates 
by both methods, Pu and WaTEM/SEDEM, convey a similar overarching 
message: soil security is highly threatened in the next decades. By 2100 

Fig. 9. Evolution of soil profile between 1963 and 2200 on an eroding position for the mean A. 239+240Pu and B. WaTEM/SEDEM soil redistribution rate. The top of 
the figure represents the change in land use from cereal to olive grove in 1993 and the uncertainty about the viability of the olive orchard beyond 2100. 
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and 2200, the soil will have lost the A and B horizons, respectively, and 
its ability to provide necessary conditions for olive production will be 
significantly diminished even jeopardizing the viability of the olive 
orchard. 

The results and guidance from this study highlight the need for 
caution when selecting the study area and when estimating soil redis-
tribution rates using FRN-based or modelling methods. Both FRN and 
modelling methods have uncertainties that need to be evaluated and 
when possible reduced. FRN-based estimates should not be assumed 
accurate for calibration or validation before the associated uncertainties 
are evaluated. Ideally, by combining the results of two uncertain but 
independent approaches, we can enhance the credibility of the study 
findings and conclusions, particularly when both methods yield similar 
results. Nevertheless, this study highlights how discrepancies between 
the approaches not only provide valuable insights but also shed light on 
the limitations and sources of uncertainty associated with each 
approach. 
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Writing – review & editing, Validation, Methodology, Investigation, 
Conceptualization. Santiago Hurtado: Writing – review & editing, 
Conceptualization. Adolfo Peña: Writing – review & editing, Valida-
tion, Conceptualization. Tom Vanwalleghem: Writing – review & 
editing, Validation, Supervision, Project administration, Methodology, 
Funding acquisition, Conceptualization. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

This work was supported by the project “Quantifying the impact of 
soil erosion and climate change on soil security by using alternative 
fallout radionuclides” (PID2019-109924RB-I00/AEI/10.13039/ 
501100011033) funded by the Spanish Ministry of Science, Innovation 
and Universities co-financed by the EU. García-Gamero, Peñuela, and 
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