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ABSTRACT

Soil erosion remains a major global concern affecting agricultural productivity and land sustainability. This study investigates
the magnitude and variability of soil erosion in a long-term experiment (LTE) established in 1963 in Colonia, Uruguay, aiming to
compare the performance of the 13’Cs tracer technique and the RUSLE model across different crop rotations. We hypothesized
that pasture inclusion into rotations reduces soil erosion compared to continuous cropping, regardless of the model. Four con-
trasting LTE treatments were selected: continuous cropping without fertilization, continuous cropping with fertilization, and two
crop-pasture rotations with 33% or 50% time under pasture. Each plot had a size of 25 X 200 m positioned along a hillslope and was
sampled at six sampling points along a transect from the hilltop towards the footslope. Soil erosion was assessed using two meth-
ods: (1) the ¥’Cs technique, estimating net soil redistribution based on deviations from a reference site, and (2) the RUSLE model,
calibrated with national agronomic and climatic data. The '3’Cs method showed erosion rates from —73 to +51 Mgha!year,
with accumulation at footslopes and highest losses in eroded gullies under unfertilized continuous cropping. RUSLE predicted
losses from —1 to —20Mgha~lyear~!, based on sheet erosion assumptions. The comparison was limited to five sampling points
where erosion processes were dominant and compatible with RUSLE assumptions. Nevertheless, results confirmed that crop-
pasture rotations substantially reduced erosion and preserved soil over six decades. We conclude that integrating pastures into
rotations is an effective erosion control strategy in sloping agricultural systems and helps maintain long-term productivity.

1 | Introduction (Zurbriggen et al. 2020), with an estimated 30% of agricul-

tural land already affected by erosion in the 1960s (Cayssials

The expansion of agricultural production and land cover
change in South America, especially in the Pampa biome, has
caused significant environmental impacts, affecting the sus-
tainable use of soil and water resources (Foucher et al. 2023).
Agricultural intensity influences soil redistribution, leading
to varying erosion and deposition processes (FAO 2019). In
Uruguay, concerns over water erosion have a long history

et al. 1978). Efforts to improve sustainability started during
the Green Revolution with the implementation of crop-
pasture systems (termed Crop-Pasture Rotation, CPR), fol-
lowed by the widespread adoption of no-tillage in the early
1990s (Garcia-Préchac et al. 2004). However, these sustain-
able practices have gradually been replaced by intensive, con-
tinuous cropping systems, with reduced pasture integration
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and increased summer crop cultivation, especially soybean
(Glycine max). Updated assessments showed that 30.1% of
Uruguay's territory still suffered from erosion in the early
2000s (MGAP-MVOTMA 2005). In response, Uruguay re-
vised its national soil conservation policies in 2008, requiring
crop production farms over 100ha to submit mandatory soil
use and management plans (Perez-Bidegain et al. 2018). The
implementation of these plans resulted in a substantial reduc-
tion of erosion rates, from 10 Mgha~!year™! prior to the law
to approximately 3 Mghalyear™ in recent years (Dell'Acqua
and Beretta-Blanco 2020).

Long-term experiments (LTE) are highly suitable to understand
how land use changes modify the dynamics in biochemical and
geophysical processes over decades, which has lasting conse-
quences for soil erodibility. The long-term beneficial effects of
CPR include the improvement of soil structure and soil water
holding capacity, and thus, overall improved soil physical prop-
erties, which contribute to increased water infiltration during
intense rainfall events (Franzluebbers and Gastal 2018). Those
positive soil quality changes are primarily driven by soil organic
carbon (SOC) derived from pasture root biomass, which acts as
a key controlling factor of soil erosion in degraded soils where
SOC has declined (Ernst and Siri-Prieto 2009; Ernst et al. 2018).
However, detecting and quantifying SOC changes and thus soil
erodibility requires decades due to the slow and gradual na-
ture of SOC changes in response to agricultural management
(Smith 2004). For the LTE studied here, topsoil SOC was 19%
higher in a crop-pasture rotation (21.2gkg™"!) compared to con-
tinuous fertilized agriculture (17.6gkg™") after 55years of an-
nual samplings (Grahmann et al. 2020).

Several methodologies exist to estimate soil erosion. The
Universal Soil Loss Equation (USLE) (Wischmeier and
Smith 1978) and its revised version (RUSLE, Renard
et al. 1991) are widely used to plan and assess the effects of
soil erosion on agricultural productivity (Alewell et al. 2019).
In its standard form, the USLE is applied to uniform slopes
over large areas that share parameterizable factors such as
land use, soil type, or conservation practices. In Uruguay,
the USLE and RUSLE models were validated and adapted to
national conditions (Garcia-Préchac and Durdn 1998; Garcia-
Préchac et al. 2016, 2017) and consequently used for the man-
datory soil use and management plans through a national
software tool (EROSION 6.0), which is continuously updated
(Pérez Bidegain et al. 2022).

The use of environmental radionuclides like Cesium (**’Cs)
and the calculation of their inventories in soil profiles collected
at contrasting sites (i.e., reference, erosion and accumulation
sites) before converting them into redistribution rates is another
widely used method in soil erosion research to determine ero-
sion/accumulation rates (Zapata 2003; Soto and Navas 2008;
Walling et al. 2011). The use of radioisotope methods for soil
erosion studies has been in the spotlight of ongoing scientific
discussions (Garcia-Ruiz et al. 2015). However, in Uruguay the
137Cs method has been successfully applied to estimate the rate
of erosion on slopes (Tassano et al. 2021) and small watersheds
(Alonso et al. 2012; Cabrera et al. 2023), thereby demonstrating
the usefulness and accuracy of 3’Cs as an indicator of land re-
distribution and erosion rates.

However, most studies using fallout radionuclides (FRNs) have
focused on field-scale applications and rarely compared long-
term annual erosion rates derived from the experimental 137Cs
approach with those estimated using RUSLE (Chen et al. 2023;
Cupi¢ et al. 2025). In the '*’Cs method, soil inventories mea-
sured by gamma spectrometry are converted into mean annual
erosion rates (Mgha!year™) using the Mass Balance Model,
which accounts for radioactive decay (year™!), a constant relax-
ation mass depth (kgm™2), a particle size correction factor, and
a known regional fallout input. This framework allows recon-
struction of soil redistribution rates over approximately the last
60years since the peak fallout in South America (1964-1972) and
assessment of land-use impacts on erosion dynamics (Walling
et al. 2011; Chaboche et al. 2021, 2022; Tassano et al. 2025).
Among the few erosion studies that applied plot-scale experi-
mentation in LTE (Porto et al. 2022), the focus on agricultural
land use change was rare (e.g., Ritchie and Rasmussen 2000),
whilst no study was found that assessed the erosion reduction
potential of CRP in the long-term.

Therefore, this study aimed to (1) estimate soil erosion using
the nuclear tracer ¥’Cs in a long-term experiment (LTE) ini-
tiated in 1963 in contrasting crop rotations; and (2) compare
the results of various !3’Cs conversion models with validated
RUSLE soil erosion estimates for Uruguay. For the first time,
the oldest cropping experiment in Latin America was inten-
sively sampled to quantify six decades of soil redistribution by
combining 37Cs isotope tracing with the validated national
RUSLE model.

2 | Material and Methods
2.1 | Study Area and Long-Term Experiment

The study area is located near Colonia, Uruguay, at the National
Institute for Agricultural Research (INIA) La Estanzuela (lat.
34°20'S, long. 57°41'W, 66ma.s.l.). The area is characterized
by a humid subtropical climate (Cfa, Koppen-Geiger classifica-
tion) with a mean annual rainfall of 1125mm and a yearly base-
line evapotranspiration of approximately 1180 (+143) mm over
the last 55years (Grahmann et al. 2020). The mean maximum
monthly temperature ranges from 15°C in winter to 28°C in
summer, and the mean monthly minimum temperature ranges
from 6°C in winter to 17°C in summer (Baethgen et al. 2021). The
soil at the experimental site is classified as a Haplic Phaeozem
(Vertic, Eutric; FAO IUSS Working Group WRB 2022) or as a
Smectic Vertic Argiudoll (USDA Soil Taxonomy, Soil Survey
Staff 2022). The slope is 2.5%-3.0%, and the topsoil (0-15cm)
texture is a silty clay loam (56% silt, 35% clay, 9% sand).

This study was carried out in a LTE established in 1963, which
is concurrent with the onset of peak radioactive fallout in the
Southern Hemisphere (Chaboche et al. 2022). A comprehen-
sive description of the LTE history and design is provided in
Supporting Information (Text S1, Table S1) and (Grahmann
et al. 2020). Four treatments were selected in this study: con-
tinuous agriculture without fertilization (CA0), continuous ag-
riculture with mineral fertilizer application (CA+), CPR with
50% crops and 50% pasture (50%P), and CPR with 66% crops and
33% pasture (33%P) using single transects in one plot each (CA+,
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33%P, 50%P), but two plots across the first (1CA0) and second
(2CA0) block for CAO.

2.2 | Soil Sampling and Laboratory Analysis

To determine the !'3’Cs reference inventory, six sites within
a 10km radius of the LTE were surveyed, ensuring similar
soil and geological characteristics to minimize variability
from precipitation-driven fallout. The selected reference site,
3km away from the LTE within the same drainage basin (lat.
34°20'24.0”S, long. 57°41'25.1"W, 66ma.s.]l.), provided six
pooled samples (2.5cm intervals to 35cm depth) and nine indi-
vidual profiles. Fine 2.5cm increments ensured accurate identi-
fication of (i) the deepest detectable 37Cs layer, (ii) the effective
plow depth inferred from the '3’Cs distribution, and (iii) erosion
and accumulation processes occurring within the upper soil lay-
ers. The average of these samples, with their coefficient of varia-
tion (CV%), defined the reference inventory (Figure 2).

For five LTE plots, soil samples were collected along a system-
atic transect with six points (5, 40, 80, 120, 160, 200m), using
a hydraulic corer (4cm diameter). At each point, six stratified
samples were taken (2.5cm intervals), with depths ranging
from 30 to 100cm depending on erosion or accumulation con-
ditions. No sampling has been conducted at 5m under 33%P due
to its location at the edge of the catchment, where water flow
reverses direction. In total, 470 samples were collected across
all plots (e.g., reference site n=76, CA+ n=2_87). Samples were
dried (40°C, 48 h), sieved (2 mm), and stored in 250 mL Marinelli
beakers.

Measurements were conducted at the “Laboratorio de
Radioquimica, Centro de Investigaciones Nucleares, Facultad
de Ciencias, UdelaR” using a high-purity germanium detector
(HPGe, 20% efficiency at 1332keV). 137Cs activity was measured
at 661.5keV (1.62% efficiency) with a minimum detectable con-
centration of 0.04 Bqkg™'. Measurement precision ranged from
+5% to 10% (95% confidence level), and all data were decay-
corrected to January 1, 2020.

2.3 | B7Cs Conversion Models

Several models convert '¥’Cs inventories (Bqm™2) into ero-
sion or deposition rates (Mgha~!year™!) for plowed and un-
plowed soils (Arata et al. 2016; Gharbi et al. 2020; He and
Walling 1997; Soto and Navas 2008; Walling et al. 2011). In
this study, the Proportional Model, Mass Balance Model II
(MBM II), and Mass Balance Model III (MBM III) were ap-
plied, as they account for fallout behavior and tillage-induced
redistribution (Walling and He 1999; Walling et al. 2002, 2011,
2014). MBM 111, in particular, allows the separation of tillage
from water erosion. Given that LTE plots are oriented across
the slope, erosion-dominant points with minimal deposition
were selected for analysis and compared to RUSLE outputs.
Model parameters, such as tillage depth, tillage constant, re-
laxation mass depth, and slope gradients, were carefully esti-
mated. Common parameters applied across all sites included a
plow layer mass depth of 167.6kgm~2, a reference profile dis-
tribution parameter (H,) of 60.6kgm™ and a mass relaxation

depth of 6.2kgm™2. No particle size corrections were neces-
sary (correction factor = 1), indicating comparable soil texture
characteristics across sampling locations.

Site-specific parameterization varied among the five study plots
(33%P, 1CA0, CA+, 50%P, and 2CA0), sampled in 2020 (33%P)
and 2021 (remaining plots). Agricultural tillage was assumed to
have started in 1954 in all plots. The proportionality factor (P),
which relates cumulative '3’Cs redistribution to net soil loss or
gain, ranged from 0.40 to 0.51 depending on local cultivation in-
tensity and landscape position. Ploughing constants, represent-
ing the annual rate of vertical soil mixing within the cultivated
layer, varied from 21 to 75.5kg m~2year~! among plots, reflecting
differences in tillage practices, equipment type, and land man-
agement history. These site-specific parameters were calibrated
to account for local pedological and agronomic conditions af-
fecting 137Cs vertical distribution and lateral transport (Walling
and He 1999; Walling et al. 2002, 2011, 2014). Additionally, the
MODERN model (Arata et al. 2016), applicable to both plowed
and no-till systems, estimates erosion by comparing disturbed
site inventories to a reference profile. It adjusts for plowing by
redistributing activity evenly above the plow layer and, un-
like mass balance models, does not require a transect-based
sampling scheme, allowing for greater spatial flexibility. A
MATLAB program in GNU Octave version 5.1 was used to apply
the MODERN model, which was supplied by: https://adam.uni-
bas.ch/goto_adam_file_641865_download.html.

2.4 | RUSLE Soil Erosion Estimation

EROSION 6.0 software (Garcia-Préchac et al. 2016) was used
to apply RUSLE in the selected treatments and plots. Two ero-
sion rate estimations were computed per sampling point taking
the R factor (rainfall erosivity in MImmha~'h~lyear™!) as the
minimum (RUSLE min) and mean (RUSLE mean) of the mov-
ing average over 20-year periods based on meteorological data
from the INTA weather station (since 1965-2020). The meteo-
rological station is situated 3km from the LTE and 0.3km from
the reference site. The K factor (soil erodibility) was considered
0.023MghMJ'mm™! and corresponds to the Vertic Argiudoll
at the LTE retrieved from the soil survey map of Uruguay
(Altamirano et al. 1976). The P factor (support practices) was set
to 1 as tillage operations were conducted from up to downhill.
Values for the C factor (cover and management) were calculated
for each rotation system and LTE period and weighted by the
number of years in the respective period (Table S2). Finally, LS
(topographic factor) was calculated for each point by taking the
average slope associated with the distance from the beginning
of the plot (topographically the highest point) to the point of in-
terest. The base maps were obtained through the IDEuy portal
(Infraestructura de Datos Espaciales del Uruguay) (https://visua
lizador.ide.uy/).! Digital elevation data were also extracted from
the IDEuy digital terrain model with a point-to-point accuracy
of 2.5m.

2.5 | Statistical Analysis

Statistical analyses and data visualizations were conducted
using dedicated scientific libraries within Spyder v. 4.1.5
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(Raybaut 2009), an integrated development environment for
Python v. 3.8.5 (Python Software Foundation; Hunter 2007;
McKinney 2010; Harris et al. 2020; Virtanen et al. 2020). Data
normality and homogeneity of variances were evaluated using
the Shapiro-Wilk and Levene's tests, respectively. Variables
that met normality and homoscedasticity assumptions (p > 0.05)
were analyzed using Pearson's correlation coefficient, while
Spearman’s rank correlation was applied otherwise. Confidence
intervals (95%) were calculated only for MBM II erosion esti-
mates, as this approach allows explicit propagation of analyti-
cal uncertainty by incorporating +1 standard error of measured
137Cs activities into the mass balance calculations. In contrast,
RUSLE provides deterministic estimates without an intrinsic
error structure. Statistical significance was defined at p <0.05.

2.6 | Classification of Sediment Processes

Sampling points were classified to support the interpretation of
soil redistribution patterns derived from !¥’Cs data. The classi-
fication is diagnostic and process-oriented, and it is used to con-
textualize the obtained quantitative erosion rates. Each point was
categorized based on field observations, topographic position,
vertical 13’Cs depth profiles, and total 13’Cs inventories relative to
the reference site. Four categories were defined: Erosion (reduced
inventories and truncated profiles), Transition (mixed export-
import signatures), Deposition (inventories exceeding the refer-
ence and deeper ¥’Cs penetration), and Gully (points affected by
concentrated flow erosion with highly disturbed profiles).

3 | Results
3.1 | Soil Erosion Estimation Using 13’Cs

Among the analyzed reference sites, only one displayed an ex-
ponential decay pattern of 13’Cs with depth. The reference site
inventory was 367.1+15.9Bqm™2 with a CV of 8.7% (n=9)
(Figure 2), a value that is consistent with previously reported
inventory levels measured during the nuclear fallout period of
the 1950s-1970s in Buenos Aires, located approximately 65km
away in a straight-line distance (Tassano et al. 2025). A sum-
mary of soil redistribution rates for each sampled plot and dif-
ferent models is provided in Table 1.

3.1.1 | Plot1CA0

Plot 1CAO corresponds to continuous agriculture without fertil-
izer application in the first LTE block, following a corn-barley/
sorghum-wheat/soybean rotation. It showed the highest erosion
rates and a steeper slope than plot 2CA0. Unlike the predomi-
nantly concave profiles observed across the LTE, the transect
displayed an overall flat morphology. A gully cutting diagonally
across the plot was identified between 90 and 140 m, with the
120m point representing the most eroded site among all treat-
ments. At 160m, 137Cs activity increased with depth, peaking at
20-22.5cm, consistent with the reference profile. Although the
total inventory was lower than the reference, low surface activ-
ities indicate deposition of 13’Cs-depleted sediments, classifying
this point as transitional. At 200m, 13’Cs was detected down to

TABLE 1 | Annual net soil redistribution rates (Mgha=year™)
estimated using different '3’Cs-based conversion models (MBM II,
MBM III, PM, and MODERN) and compared with RUSLE-derived
erosion rates under minimum and mean rainfall erosivity conditions.

1CA0 2CA0 CA+ 33%P 50%P

Net erosion (Mgha=year™)

MBMII =152 =59 -1.1 -1.1 1.1
MBMIII -154 =59 -1.5 -1.2 1.3
PM -11.4  -=5.2 -1.1 -1.1 1.3
MODERN -20.1 -10.5 -6.7 0.8 -0.2

RUSLE (min.R) -11.6 -107 -10.6 —57 —-56

RUSLE (mean -14.8 -13.6 -13.6 7.2 =71
R 1963-2020)
RUSLE (mean -214 -197 -21.3 8.2 -9.3

R 1963-1983)

MBM I1 -24.4 -11.3 74 -3.5 -2.8
Gross erosion
(Mghalyear™)

MBM II 62 52 15 30 =30
Sediment
delivery ratio

(%)
Mean slope (%) 24 2.9 2.9 2.6 2.8

Note: Gross erosion and sediment delivery ratio were calculated using the MBM
II model. Mean slope values are also shown.

60cm, and the inventory exceeded the reference, indicating net
sediment accumulation.

3.1.2 | Plot2CA0

Plot 2CAO represents the second unfertilized continuous agri-
culture treatment, under the same crop rotation as plot 1CAO.
The transect exhibited a concave profile with an inflection near
160m transitioning to convex, indicating enhanced erosion. At
5 and 40m, '¥’Cs profiles were homogeneous down to 20cm.
Despite the 5m point showing an inventory higher than the ref-
erence, most activity occurred at depth, suggesting downward
input rather than surface accumulation. In contrast, the 40m
point had an inventory below the reference and was classified
as erosional. At 80 and 120 m, inventories were also below the
reference, with the 120 m point being the most eroded along the
transect. At 160m, low surface activity increased to a peak at
22.5cm before declining, yielding an intermediate inventory
and indicating a transitional site. At 200m, a deep peak at 47.5-
50cm and an inventory exceeding the reference identified this
location as a sediment accumulation point.

3.1.3 | Plot CA+

The CA+ plot corresponds to continuous agriculture with min-
eral fertilization under the same crop rotation as 1ICA0 and 2CAO.

4
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This treatment showed moderate erosion, an average slope
of 3.0%, and a generally flat profile. Points at 5, 40, and 120m
exhibited inventories below the reference, indicating erosion.
Intermediate points at 80 and 160 m showed higher inventories
but remained below the reference, classifying them as transi-
tional. At 160m, the profile was uniform to 15cm, followed by
a secondary peak and decline by 25cm. At 200m, a pronounced
peak at 50-55cm and an inventory three times higher than the
reference indicated strong sediment accumulation.

3.1.4 | Plot33%P

Plot 33%P combines crops and pasture (66% crops, 33% pasture)
with a red clover-sorghum-wheat/soybean rotation. This treat-
ment exhibited minimal erosion, an average slope of 2.4%, and
slight surface soil loss with deposition at the lower end of the
transect. Due to its concave profile, the slope direction is re-
versed over the first 35m, with the upper point located at 40m.
At 40, 80, and 120m, '3’Cs profiles were similar, with homoge-
neous activity to 17.5cm, a peak at 10-15cm, and a sharp de-
cline below 22.5cm, consistent with plowed profiles described
by Walling and He (1999). Inventories at these points were below
the reference, indicating erosion. At 160m, the profile showed
a clear peak at 15-17.5cm and an inventory exceeding the ref-
erence, indicating accumulation. At 200m, !¥’Cs reached 35cm
with a peak at 20-22.5cm, confirming net sediment accumula-
tion at the lower transect positions.

3.1.5 | Plot 50%P

Plot 50%P integrates crops and pasture equally (50%-50%), in-
cluding three consecutive years of pasture (tall fescue, white
clover and birds'-foot trefoil). This treatment showed the high-
est conservation, with a concave profile and an average slope of
2.8%. At 5m, the inventory was close to the reference, indicating
stability. At 40m, uniformly elevated '¥’Cs activity identified
sediment accumulation. Points at 80, 120, and 160 m exhibited
inventories below the reference, indicating erosion, with the
lowest inventory at 160m. At 200 m, '3’Cs was detected down to
40cm with a peak at 35cm and an inventory above the reference,
confirming sediment accumulation.

3.2 | Comparison of 1¥’Cs Conversion Model
Performance With RUSLE

Figure 4 presents erosion rate estimates derived from the
137Cs and RUSLE approaches for selected LTE treatments.
Considering all sampling points (left panel), clear treatment-
dependent differences are observed, with the highest erosion
rates in 1CAO and 2CAO0, supporting the effectiveness of till-
age reduction and pasture inclusion in reducing soil erosion
(Terra and Garcia-Préchac 2001a; Garcia-Préchac et al. 2004).
Differences between 13’Cs-derived estimates and RUSLE out-
puts increase beyond 120m along the transect, indicating that
the two approaches capture different dominant processes as
slope length increases. This is consistent with the design of the
RUSLE framework based on runoff plots shorter than 120m
(Garcia-Préchac et al. 2016).

RUSLE minimum estimates were consistently lower than RUSLE
mean values, and the downslope increase in erosion rates was
mainly driven by higher L and S factors. Results of the 137Cs mod-
els are consistent with field observations and the process-based
point classification, showing strong agreement among models ex-
cept at two gully-affected sites (1CA0 and 2CA0), where MBM 11
produced the highest erosion estimates, reflecting differences in
model assumptions (Zhang et al. 2015; Zhang 2020).

In the upper transect section (5-80m; Figure 4, right panel),
erosion rates show general agreement within each modeling ap-
proach, with modest differences between RUSLE and '3’Cs esti-
mates at some locations. Within the CAO treatment, contrasting
responses were observed: RUSLE overestimated erosion in
2CAO but underestimated it in 1CAO relative to 13’Cs estimates,
primarily due to differences in slope and possibly influenced by
lateral sediment transport.

At points classified as deposition zones, '*’Cs results indicate
net sediment accumulation, contrasting with RUSLE outputs.
Variability among models increases at these locations, particu-
larly under continuous agriculture. MBM II generally predicted
greater deposition than other conversion models, except in the
33%P treatment.

Overall, differences among model outputs reflect contrasting
assumptions. RUSLE assumes a single uniform slope aligned
with transect management, whereas field observations indicate
additional slope components (x1.9%) producing more complex
topography (Figure 1). Moreover, RUSLE estimates only sheet
and rill erosion, while 137Cs-based models integrate total soil
redistribution. These findings emphasize the need for careful
interpretation when comparing '*’Cs and RUSLE results, par-
ticularly in relation to the sediment process classification of
sampling points.

In the forthcoming analysis, the MBM II conversion model was
chosen to further study !3’Cs, motivated by practical consider-
ations. This model's streamlined parameterization facilitates
simpler modeling processes. Preliminary findings demonstrate
a strong correlation in erosion values between MBM II and the
more complex MBM III. This is particularly evident in the as-
sessment of water erosion redistribution rates, increasing the
reliability of the MBM II model.

The scatterplot in Figure 5 organizes data based on erosion
points, defined solely by an inventory value lower than the ref-
erence, thus including both erosion and transit points (as per the
classification in Section 2.6). A noticeable trend of a direct re-
lationship (R=0.54, n=21, p<0.01) between erosion calculated
by MBM II and RUSLE is evident. In contrast, accumulation
points exhibit an inverse relationship with a well-fitted correla-
tion (R=-0.95, n=7, p<0.005).

Further categorization of points based on the criteria
(Figure 3) shows a direct relationship exclusively between
erosive points and RUSLE outputs (R=0.93, n=35, p <0.005).
Points classified as transit maintained a direct trend, albeit
with a less linear fit (R=0.62, n=16, p<0.01), underscoring
the complexity of soil processes at these points where multiple
processes may occur. This intricacy is apparent in the absence
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Argentina

FIGURE1 | Location and layout of the long-term experiment at La Estanzuela, Uruguay, showing sampled plots. The black arrow indicates the
mean slope of the site. Image: Google Earth v7.3.6.9796 2024; CNES/Airbus 2024. [Colour figure can be viewed at wileyonlinelibrary.com|

of a single process influencing soil redistribution processes
at these points, where the erosion rate exceeds the sediment
deposition rate.

Our findings indicate that 13’Cs inventories primarily record
erosion occurring shortly after the main fallout period in the
1960s-1970s (Figure 6). More recent soil loss has a reduced im-
print on 3’Cs inventories because much of the original fallout-
derived 37Cs had already been removed or redistributed by
earlier erosion events, leaving a depleted soil reservoir.

4 | Discussion
4.1 | Soil Use and Management
4.1.1 | Cropping System

This study provided strong evidence for the key role of CPR
in mitigating soil erosion over decades of agricultural activity
(Studdert et al. 1997; Wingeyer et al. 2015; Ernst et al. 2018)
(Figure 2). Incorporating pastures into rotations improves key
soil physical properties (e.g., soil structure, water holding ca-
pacity) which contribute to increased water infiltration during
intense rainfall events, making soils more resilient to climate
change (Altieri et al. 2015; Basche and DeLonge 2019). At this
LTE study site, CPR maintained significantly higher SOC lev-
els than continuous agriculture (Grahmann et al. 2020; Rubio
et al. 2021). Soil erosion processes are tightly coupled with
SOC due to its critical role for soil functions like aggregate
stability and porosity (Zhang et al. 2007; Rubio et al. 2021)
which explains the lower soil degradation in CPR where SOC
was maintained or even enhanced over time. Increasing SOC
stocks for climate protection often involves increasing carbon
inputs from belowground biomass, particularly from peren-
nial and leguminous pasture roots (Rasse et al. 2005; Martin
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(¥}
]
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Reference inventory: (367.1 = 15.9) Bq.m™
51 cv:87%
Reference date: 01/01/2020

30 -
FIGURE 2 | '¥Cs depth profile at the reference site, obtained from
pooled samples collected every 2.5cm. The coefficient of variation (CV)
was calculated from nine individual samples, and the reference inven-
tory corresponds to their mean. Black horizontal bars indicate uncer-
tainty (Bqm~™2).

et al. 2020; Poeplau et al. 2021). Pasture integration has also
been show to improve SOC quality, enhancing both the labile
and recalcitrant SOC pools when rotated with vegetables (Lin
et al. 2020) and total surface soil POM-C and POM-N when
rotated with rice (Macedo et al. 2021). On the other hand, it
has also been shown for this LTE that adequate fertilization of
crops in continuous agriculture decelerates soil degradation
compared to unfertilized continues cropping, mainly due to
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FIGURE3 | Legend on next page.
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FIGURE 3 | Topography (top) and *’Cs total inventory and depth distribution (Bqm~2; bottom) along transects at 5, 40, 80, 120, 160, and 200 m
for each plot (continuous agriculture without fertilization in the first (1)CA0 and second block (2)CAO, continuous agriculture with mineral fertilizer
application (CA+), crop-pasture rotation (CPR) with 66% crops and 33% pasture (33%P), and CPR with 50% crops and 50% pasture (50%P)). [Colour

figure can be viewed at wileyonlinelibrary.com]

higher root biomass production, crop residue cycling and in-
creased soil cover (Rubio et al. 2022).

The selected treatments are categorized into two groups: those
incorporating pasture rotations and those without pasture in-
clusion. It became evident that regardless of the conversion
model utilized for estimating erosion based on 13’Cs (i.e., MBM
11, MBM III or MODERN, (Table S3)), treatments integrating
pastures, namely 50%P and 33%P, exhibited a small range of
gross erosion from —1.8 to —3.5Mgha~!year~! whereas contin-
uous agriculture was notably higher with gross erosion ranging
from —14.2 to —17.2Mgha~'year~!. This underscores that pas-
ture integration in those plots resulted in a substantial reduction
of erosion compared to plots under continuous agriculture and
highlights its potential to combat soil erosion in degraded soils
(Wingeyer et al. 2015; Tourn et al. 2019). In this way, CPR serves
as a mitigation measure to counteract global soil erosion predic-
tions for future climate scenarios (Borrelli et al. 2020).

4.1.2 | 137Cs Depth Profile and Tillage Effects

Asillustrated in Figure 3, net erosion dominated across the tran-
sects, although localized deposition was observed at discrete
sampling points, indicating intra-plot sediment redistribution.
Detailed analysis of 137Cs depth distribution profiles revealed
that certain mid-slope positions, despite exhibiting lower total
inventories relative to the reference site, functioned as transient
sediment storage zones rather than true depositional sinks.
These locations were characterized by: (i) total 13’Cs inventories
exceeding those of upslope positions, (ii) depleted surface 3’Cs
concentrations, and (iii) multiple subsurface activity peaks,
collectively indicating episodic sediment deposition. However,
the net deficit in 37Cs inventory relative to the reference con-
firms that sediment export to downslope positions exceeded
local sediment input, precluding their classification as net ac-
cumulation zones. The occurrence of multiple subsurface 13’Cs
peaks may also reflect temporal changes in the tillage regime,
particularly the transition to no-tillage management since 2009,
which restricted soil disturbance to approximately 5cm depth
(Garcia-Préchac et al. 2004), thereby preserving stratified 37Cs
signatures from earlier depositional events. Severe erosion cul-
minating in gully formation was particularly pronounced in plots
1CA0 and 2CAO. In plot 1CAO, an active gully at 120 m (Figure 1)
was characterized by an extremely depleted 37Cs inventory of
15.6Bqm~2, indicating near-complete removal of the original
soil profile. The replicated treatment 2CA0 exhibited analogous
erosive processes at the same distance (120m), though with a
comparatively higher '3’Cs inventory of 89.6 Bqm~™2. This differ-
ence reflects the lower slope gradient in 2CAQ, which attenuated
erosion rates and delayed gully incision relative to 1CAO.

Additional depth profiles of interest include the 5m position
in treatment 2CAO and the 40m position in treatment 50%P
(Figure 3), both of which exhibited elevated 137Cs activity in the

deepest sampled layer. These subsurface peaks suggest burial
of the original 13’Cs-enriched topsoil beneath subsequently de-
posited sediment, providing evidence of substantial localized
accumulation at these positions. This phenomenon might be
attributed to the direct infiltration of soil with a high concentra-
tion of 13’Cs, potentially facilitated by cracks formed during the
dry season, particularly in expansive soils characterized by large
amounts of the smectitic clay type (Liu et al. 2012) as present at
the study site.

4.1.3 | Sediment Delivery Ratio

The datasets presented in Figure 4 were integrated with mean
sediment yield estimates obtained from mass balance models at
the plot outlets (Table S3). Plots with the lowest gross erosion
rates corresponded to treatments including pasture, with values
of —3.5% and —2.8% for 33%P and 50%P, respectively. This result
is consistent with the widely reported erosion-mitigating effect
of pasture systems and their role in reducing sediment and nutri-
ent delivery (as sediment enrichment ratio for SOC and total ni-
trogen) to downstream water bodies (Franzluebbers et al. 2014;
Grahmann et al. 2022).

The interpretation of net erosion and sediment redistribution in
this study is constrained by the absence of hydrological isolation
among plots. In the 50%P treatment, the identified deposition
point exhibited a negative sediment delivery ratio, indicating
sediment inputs from upslope areas external to the plot. The
positive net erosion values further confirm that sediment depo-
sition exceeded in-plot sediment generation (Table 1).

Although 33%P and CA+ displayed similar 3’Cs inventories at
80m and 160m (Figure 3), CA+ showed higher erosion rates at
40m and 120m, resulting in a gross erosion rate approximately
twice that of 33%P (Table 1). Despite this contrast, both treat-
ments exhibited identical net erosion rates (—1.1 Mgha~!year™),
explained by enhanced sediment accumulation at 200m in CA+
and a lower sediment delivery ratio. While this result appears
counterintuitive, given the higher pasture proportion in 33%P,
similar slope gradients (2.4% in 33%P and 3.0% in CA+) sug-
gest that topography alone does not account for the observed
differences. Instead, the higher deposition observed in CA+ is
likely influenced by its downslope position relative to plot 2CAO0,
which presented the highest sediment export and delivery ratio
(Figure 1).

4.2 | Model Comparison and Performance
4.2.1 | RUSLE Mean Versus RUSLE Min
The mean soil erosion rate estimated by RUSLE over the longer

time window (1963-1983) was higher (16.1 Mgha~!year™') com-
pared to the rate obtained for the most recent period (2009-2020;
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FIGURE4 | Legend on next page.
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FIGURE 4 | Soil redistribution and erosion rates estimated using *’Cs and RUSLE-based models for LTE plots (continuous agriculture without
fertilization in the first (1)CAO and second block (2)CAO, continuous agriculture with mineral fertilizer application (CA+), crop-pasture rotation
(CPR) with 66% crops and 33% pasture (33%P), and CPR with 50% crops and 50% pasture (50%P)). The left panel shows all transect points, while the
right panel includes only the 5, 40 and 80m positions. Blue shading indicates the 95% confidence interval of the MBM II model. [Colour figure can

be viewed at wileyonlinelibrary.com]

8.65Mgha~lyear™") for both CAO plots. This suggests a potential
reduction in soil erosion magnitude in recent decades. The de-
cline in erosion rates aligns with previous findings, indicating
that the transition from conventional tillage to no-till practices
in the 1990s resulted in lower mean annual erosion rates (Terra
and Garcia-Préchac 2001b). Recent national studies measured
yearly average soil losses under 1000 kgha~! when conservation
agriculture principles have been applied (Grahmann et al. 2022),
underpinning its effectiveness to control erosion under soil con-
servation practices using no-till, residue retention and cover
crops (Borrelli et al. 2017).

The observed changes in soil erosion cannot be solely explained
by land use changes, as cropping practices in the study plots have
remained consistent and representative of the region for the past
55-60years. Given this long-term perspective, the soil erosion
rates derived from !3’Cs measurements (1963-2020) may partly
reflect the impact of climate change, particularly shifts in rain-
fall patterns. To explore this, R-factor values were applied in the
RUSLE model using a 20-year moving average, considering both
the minimum (Rmin=3323MJmmha~'h-'year!) and mean (R
mean=4239 MImmha~'h~lyear) R values per period (Figure 4).
Importantly, erosion estimates derived from '3’Cs data align more
closely with those generated by RUSLE mean, reinforcing the po-
tential impact of changing rainfall intensity over time.

Our results suggest that higher erosivity, reflected by greater R
values, aligns better with 137Cs-based erosion models that con-
sider not only water erosion. However, for points primarily af-
fected by erosion (first 40 m), both RUSLE mean and minimum
tend to underestimate erosion in CA+ and 2CAO compared to
137Cs (Figure 4). In contrast, RUSLE overestimated erosion in
50%P. These differences are mainly due to micro-slopes within
plots causing localized accumulation or sediment transit
(Figures 2 and 4). Therefore, careful criteria are needed when
comparing models, focusing on areas where erosion is clearly
dominant, specifically sheet and rill erosion, as defined by
Renard et al. (1997).

4.2.2 | RUSLE Mean vs. MBM II

The fundamental premise to apply the 13’Cs method is that
the volume of eroded soil at each sampling point correlates
with the extent of '3’Cs depletion observed during the period
encompassed by the 137Cs measurements (Lizaga Villuendas
et al. 2022; Porto and Callegari 2022). Consequently, selecting
a conversion model capable of quantifying the reduction in the
measured inventory relative to the local reference inventory be-
comes imperative. The selection of MBM II as the 137Cs conver-
sion model was based on its well-balanced attributes, including
simplicity, accuracy, and broad acceptance within the scientific
community (Suhartini 2010; Zhang et al. 2015).

In Figure 5, where RUSLE was compared to soil redistribution
results of MBM II, we observed a direct relationship of categor-
ical points based exclusively on erosion with RUSLE mean. On
the contrary, accumulation points displayed an inverse rela-
tionship with a well-fitted correlation which was attributed to
the fact that RUSLE predicts higher erosion rates with a longer
LS and more intense land use. In turn, MBM II projects greater
deposition at lower parts of the slope, resulting from sediment
redistribution which was generated in the middle section of the
slope due to intensive land use. Those accumulations become
more pronounced at this particular study site due to the concave
shape of the slope.

The distinction observed between RUSLE and MBM II in
Figure 6 could be attributed to the greater sensitivity of 137Cs
to historic erosion processes, closely aligned with the period
following the fallout of *’Cs. This assumption is supported by
the temporal mismatch between the period of maximum soil re-
distribution, which occurred shortly after the main 137Cs fallout
under more intensive soil disturbance conditions, and present-
day erosion processes. Contemporary erosion operates on soils
where ¥’Cs inventories have already been substantially modi-
fied by prior erosion and redistribution, in combination with on-
going radioactive decay (Porto et al. 2016; Cabrera et al. 2023).

The complex interplay between fallout-derived tracers and land-
scape dynamics highlights the need for a temporal perspective
in interpreting 137Cs inventories, given their sensitivity to both
historical and recent erosion. The decay of 13’Cs affects present-
day erosion assessments, reinforcing the importance of incorpo-
rating 2!°Pb__into studies. As a naturally deposited radionuclide,
210pp_ offers valuable complementary insights, particularly for
detecting recent erosive events which are not captured by '3’Cs
alone (Renard et al. 1997; Porto et al. 2016; Cabrera et al. 2023).
Additionally, long-term soil erosion may also benefit from com-
bining repeated topographic surveys with radio-isotopic tech-
niques to refine these estimates.

4.3 | Implications for LTE Management

Over the last decades, LTEs have provided key information re-
garding sustainable land use, and they will continue to be use-
ful in the future for quantifying and modeling long-term trends
in cropping systems (Berti et al. 2016; Baethgen et al. 2021).
However, tillage practices over time redistribute the soil and
contribute significantly to the within-field (or plot) soil variation
in LTEs, affecting SOC, water retention, and bulk density among
others (Frye and Thomas 1991). One additional process observed
in this study is the lateral contribution of inter-plot sediments, as
evidenced by accumulation points at 40 m (Figure 3, 50%P, 40 m
point), where exclusively an erosion process would be expected.
The arrival of sediments could be due to the fact that the 50%P
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plot is downstream from the 2CAO plot (Figure 1), which exhib-
its the highest erosive level and sediment export among all stud-
ied plots. Although not the main focus, these results lead to the
assumption that horizontal soil displacement can impact LTE
soil sampling strategies. Lasting sediment movement between
plots may alter observed treatment effects, leading to over- or
underestimation of soil-crop responses. Apart from that, yield

assessment takes normally place in the plot center, while soil
samples are often taken from edges to avoid yield area tramp-
ing, and edges are more affected by lateral soil movement, either
erosion or deposition. Additionally, in severely eroded plots, cur-
rent topsoil samples may originate from what was originally the
B horizon when the LTE was initiated, affecting interpretation
(Grahmann et al. 2020).
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5 | Conclusions

The insights of this study contribute to an improved under-
standing of long-term erosion processes and their manifestation
in sedimentary records, thereby facilitating more precise recon-
structions of landscape evolution.

This study assessed soil erosion in Uruguay using the '37Cs
tracer in the oldest long-term experiment in Latin America,
demonstrating the significant impact of agricultural soil man-
agement practices on erosion rates. Our results confirmed that
continuous cropping systems without fertilization led to a sig-
nificant increase in soil erosion, while crop-pasture rotations
substantially reduced erosion over decades of agricultural pro-
duction, reinforcing the protective role of pastures.

Evidence from this long-term experiment highlights the critical
role of integrated crop-pasture systems in mitigating land degrada-
tion processes and reducing soil erosion under temperate agricul-
tural conditions. Results derived from '3’Cs inventories and depth
profiles clearly show that treatments including pasture consistently
exhibited lower gross erosion rates and greater sediment retention
than continuous cropping systems, confirming the long-term effec-
tiveness of vegetative cover in controlling soil redistribution.

The comparison between '3’Cs-based reconstruction and RUSLE
outputs revealed substantial discrepancies, particularly in land-
scape positions characterized by simultaneous erosion, transport,
and deposition processes. In such settings, conventional RUSLE
parameterization failed to capture the cumulative soil redistribu-
tion observed in the LTE, whereas '*’Cs provided an integrated,
time-averaged assessment of erosion and sediment connectivity.
These results emphasize that a correct differentiation between
erosive, transit, and depositional points is essential for reliable
erosion estimates in complex agricultural landscapes.

The outcomes of this study are highly relevant to South American
agricultural systems, where similar climatic conditions, soil
types, and management practices prevail, and where land deg-
radation driven by water erosion remains a major concern. The
evidence generated here supports the implementation of public
conservation policies that promote crop-pasture rotations as an
effective strategy to reduce soil degradation and enhance the
long-term sustainability of agricultural production.

Beyond the study area, this research provides a transferable
methodological framework for other long-term experiments
across South America and temperate cropping systems world-
wide. The combined application of fallout radionuclide tech-
niques and erosion models enables a robust evaluation of
decadal-scale soil redistribution processes, which is critical for
assessing the long-term effectiveness of conservation practices.
Future integration of 2°Pb__is encouraged to improve sensitiv-
ity to more recent erosion dynamics and to further strengthen
land degradation assessments in long-term experiments.
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