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Abstract
Soil erosion poses a significant threat to agricultural production worldwide, with a still-debated impact on the current 
increase in atmospheric CO2. Whether erosion acts as a net carbon (C) source or sink also depends on how it influences 
greenhouse gas (GHG) emissions via its impact on crop yield and nutrient loss. These effects on the environmental 
impacts of crops remain to be considered. To fill this gap, we combined watershed-scale erosion modeling with life 
cycle assessment to evaluate the influence of soil erosion on environmental impacts of wheat production in the Ebro 
River basin in Spain. This study is the very first to address the full GHG balance of erosion including its impact on soil 
fertility and its feedback on crop yields. Two scenarios were simulated from 1860 to 2005: an eroded basin involving 
conventional agricultural practices, and a non-eroded basin involving conservation practices such as no-till. Life cycle 
assessment followed a cradle-to-farm-gate approach with a focus on recent decades (1985–2005). The mean simulated 
soil erosion of the eroded basin was 2.6 t ha−1 year−1 compared to the non-eroded basin. Simulated soils in both eroded 
and non-eroded basins lost organic C over time, with the former emitting an additional 55 kg CO2 ha−1 year−1. This 
net C source represented only 3% of the overall life cycle GHG emissions of wheat grain, while the emissions related 
to the increase of fertilizer inputs to compensate for N and P losses contributed a similar percentage. Wheat yield was 
the most influential parameter, being up to 61% higher when implementing conservation practices. Even at the basin 
scale, erosion did not emerge as a net C sink and increased GHG emissions of wheat by 7–70%. Nonetheless, control-
ling erosion through soil conservation practices is strongly recommended to preserve soils, increase crop yields, and 
mitigate GHG emissions.

Keywords  Agricultural soils · Ebro River basin · Greenhouse gas emissions · Life cycle assessment · Soil erosion · Wheat · 
Erosion modeling · RUSLE · Soil carbon dynamics

1  Introduction

Anthropogenic greenhouse gas (GHG) emissions need to 
be rapidly curbed to mitigate climate change and achieve 
the targets set in the 2015 Paris Agreement (Smith et al. 
2016). Carbon (C) sequestration in soils has been identi-
fied as an important land-based mitigation option, which 
is at the basis of the international “4 per 1000” initiative 
aiming to increase C storage in agricultural soils in order 
to compensate for anthropogenic emissions (Minasny et al. 
2017). However, adding C to soils also requires adding 
nutrients to avoid stoichiometric imbalances (van Groeni-
gen et al. 2017). Storage can be enhanced by increasing C 
and nutrient inputs to soils via practices such as organic 
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matter amendments and establishing cover crops or agro-
forestry systems (Guenet et al. 2021). However, soil ero-
sion must also be decreased to preserve soil C and nutrient 
stocks. Consequently, flows due to soil erosion processes 
should be considered when evaluating soil C sequestration 
potential. According to the IPCC’s recent report on cli-
mate change and land (IPCC 2022) one-quarter of Earth’s 
ice-free land area is degraded, and erosion is the most 
widespread cause. Currently, agricultural soils have the 
highest soil erosion rates, which are accelerated by the 
removal of vegetation and ground cover and by soil till-
age (IPCC 2022; Van Oost et al. 2007). Soil erosion on 
agricultural land has substantial impacts on soil fertility 
and food security (Lal 2009).

The role of erosion (mainly due to water) as a sink or 
source of atmospheric CO2 is currently highly debated in 
the literature (Borrelli et al. 2017; Lal 2009; Van Oost et al. 
2007). Erosion moves soil along the cascade of hillslopes, 
floodplains, and rivers. This redistribution may lead to C 
sequestration in deposition areas such as colluvial and allu-
vial soils due to (1) the replacement of eroded C by new lit-
ter input (photosynthesis) on eroded land and (2) the burial 
of eroded C in deeper soil layers, thus reducing soil C res-
piration. However, soil decomposition can be intensified by 
soil erosion during sediment transport and after deposition 
due to aggregate breakdown, thus increasing CO2 emissions. 
Despite this uncertainty in erosion as a C sink or source, the 
studies cited showed that the effects of erosion on C emis-
sions must be addressed in C-cycle research.

Mechanistic modeling is a promising approach to esti-
mating the impacts of erosion and its drivers, and extensive 
efforts have been made in recent years to develop soil ero-
sion models (Barot et al. 2015). Nonetheless, these models 
have been generally developed to represent fine-scale pro-
cesses and may not be suitable for larger scales. Large-scale 
soil erosion is usually estimated using the Universal Soil 
Loss Equation (RUSLE) model (Naipal et al. 2018; Pana-
gos et al. 2015). The structure of RUSLE also facilitates 
connecting erosion processes to C-cycle processes on land. 
For instance, RUSLE has been coupled with soil organic 
matter models such as CENTURY (Lugato et al. 2018) and 

to land-surface models (Naipal et al. 2020). However, these 
modeling approaches still need to represent erosion-induced 
feedback on plant productivity, which may lead to over-pre-
dictions of C input to the soil in eroding regions.

Life cycle assessment (LCA) is a holistic approach widely 
used to estimate the environmental impacts of a given prac-
tice or product (Hellweg and Milà i Canals 2014). It provides 
a suitable framework for understanding the multi-faceted 
effects of soil erosion on GHG emissions and other envi-
ronmental issues. It has been used to evaluate the impacts of 
land use on soil erosion (Núñez et al. 2013; van Zelm et al. 
2017) or those of tillage practices and erosion control on the 
GHG balance of crops (Martin-Gorriz et al. 2020), but not 
on the reciprocal issue of how erosion influences environ-
mental impacts of crops. This gap is understandable since 
most LCAs of agricultural crops focus on the field or farm 
scale (Poore and Nemecek 2018), whereas the GHG balance 
of erosion flows must be represented at the basin scale to 
estimate removal and redeposition rates, for instance using 
the modeling approaches previously described.

This study is the very first to address the full GHG bal-
ance of erosion including its impact on soil fertility and 
its feedback on crop yields. Here, we combined LCA and 
erosion modeling to estimate the consequences of soil ero-
sion on the GHG balance of wheat crops at the scale of the 
Ebro River basin (85 550 km2) in Spain. This large basin 
was selected because it experiences severe erosion (Fig. 1) 
(Cantero-Martínez et al. 2007) and cropland covers one-
third of its area. A mechanistic model of soil and C erosion, 
CE-DYNAM, combining RUSLE and the C emulator of a 
land-surface model (Naipal et al. 2020), was used to predict 
net erosion (erosion losses minus deposition) from agricul-
tural land on the hillslopes of the Ebro River basin. Two 
crop management scenarios were compared: conservation 
agriculture (CA, to control erosion) and conventional man-
agement (CT, using conventional tillage). The two scenarios 
make it possible to single out the effect of erosion on the 
environmental impacts of wheat, using the large body of 
data available in the literature on CA and CT management. 
This literature also confirms that no-tillage (as part of CA) 
abates soil erosion by 80 to 90% compared to CT (IPCC 

Fig. 1   Evidence of soil erosion 
on agricultural land in the Ebro 
River basin (credit: Carlos 
Cantero-Martinez).
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2022), which justifies the association between CA and the 
no-erosion scenario. Differences in yield were considered 
explicitly using two main sources of information: field-scale 
observations or a model derived from a global meta-analysis 
that compared CA and CT historically (Cantero-Martínez 
et al. 2007; Su et al. 2021a).

2 � Materials and methods

2.1 � The Ebro River basin

The Ebro River basin is an extensive area covering more 
than 8 Mha from 200 to 3000 m asl. The dominant climate 
is continental-Mediterranean with hot and dry summers fol-
lowed by cold winters. The mean annual rainfall depends 
on the elevation and location along the east-west line of the 
basin, ranging from 200 to 1800 mm. In all locations, rain-
fall events occur in spring (April and May) and autumn (Sep-
tember and October). Rainfall intensity may reach 80–100 
mm h−1, which favors soil erosion, especially in areas with 
low precipitation and sparse plant cover. Summer droughts 
occur between the two wet periods. Mean monthly tempera-
tures range from −5 °C (with extremes down to −20 °C in 
the Pyrenees Mountains) in January to more than 30 °C in 
July and August, with extremes exceeding 40 °C in the low-
lands at the center of the basin (García-Ruiz et al. 2000; Gar-
rido and Garcia 1992; Llasat 2001; Martín-Vide and Lopez-
Bustins 2006; Peñarrocha et al. 2002; Romero et al. 1998).

The Ebro River basin is a closed sedimentary basin whose 
formation was strongly influenced by climate, tectonics, and 
soil erosion. It is a large alluvial plain surrounded by low 
mountain ranges to the north (Pyrenees) and south (Iberian 
System). Flat zones dominate its central area (200–400 m 
asl; 40% of the basin), where slopes range from 0 to 5%. 
The surrounding area (400–1400 m asl; 40% of the basin) 
has slopes ranging from 0 to 20%. The remaining area 
(800–3000 m asl; 20% of the basin) has slopes ranging 
from 0 to 40% (including high mountain peaks). Wheat and 
barley, the main crops in this basin, are cultivated below 
1400 m. The land above 1400 m asl is occupied by pastures, 
meadows, and high forests, where erosion is low because of 
the continuous soil cover.

2.2 � Erosion modeling

C erosion and deposition flows in the Ebro River basin 
were predicted using the novel large-scale and spatially 
explicit carbon erosion dynamics model, version 1 (CE-
DYNAM-v1) (Naipal et al. 2020). CE-DYNAM consists 
of a sediment budget submodel coupled with an emu-
lator of the soil C submodel of the global land surface 
model (LSM). ORCHIDEE CE-DYNAM was originally 

calibrated for the Rhine River basin, but its model struc-
ture and parameters make it applicable to other river 
basins globally. It considers hillslopes and floodplains 
with soil removal occurring in hillslopes and redeposition 
occurring in both hillslopes and floodplains. Hillslopes 
and floodplains are delineated following the gridded global 
dataset of Pelletier et al. (2016) which maps soils, intact 
regolith, and sedimentary deposit thicknesses at 5 arcmin 
resolution. The soil erosion submodel of CE-DYNAM 
uses RUSLE (Naipal et al. 2015), which calculates the 
annual mean soil erosion rate (E, expressed in g soil m−2 
year−1) following Eq. (1) as a product of a topographical 
factor (S, dimensionless), a rainfall erosivity factor (R, MJ 
mm m−2 h−1 year−1), a soil erodibility factor (K, g h MJ−1 
mm−1), and a land cover and -management factor (Cm, 
dimensionless):

The Cm factor includes the effects of vegetation cover 
and crop residues on soil erosion for tilled soil (conven-
tional agriculture). The effects of conservation practices 
on erosion are not considered. E represents the potential 
gross removal of soil from eroding hillslopes.

The daily gross C removal rate by soil erosion (Ce, g C 
m−2 d−1) is then calculated as follows (Eq. 2):

where BDtop is the bulk density of the surface layer (g cm−3), 
CER is the enrichment ratio (i.e., the ratio of the C content 
in the eroded soil to that of the source soil material, set to 1), 
and dz is the soil layer thickness (m). CE-DYNAM simulates 
the dynamics of soil organic C (SOC, g C m−2) down to a 
depth of 2 m.

A fraction (f) of the eroded soil is deposited at the foot 
of the hillslopes (colluvial deposits), depending on the 
slope gradient and the vegetation type. It is described by 
Eq. (3):

where af and bf (derived from Naipal et al. (2020)) are con-
stant parameters that relate f to the mean topographical slope 
(θ) of a grid cell in degree depending on the type of land 
cover, and θmax is the maximum topographical slope of the 
watershed (in degree).

The rest of the eroded soil is transported to the flood-
plains and water network.

CE-DYNAM has three SOC pools—active, slow, and 
passive—which differ in their C residence time, which is 
shortest for the active pool and longest for the passive one. 

(1)E = S × R × K × Cm

(2)Ce =

SOC×E

365
× 100

BDtop × dz × 10
6
× CER

(3)f = 1 − af e

(

bf �

�max

)
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Changes in each SOC pool on the hillslopes are calculated 
as follows (Eq. 4):

where I is the C input to the soil by litter decomposition; k 
is the C decomposition rate, which depends on soil physical 
parameters such as temperature; and kE is the net erosion 
rate, which equals 1 minus E × f.

Parameters I and k are specific to the land cover type and 
derived from the ORCHIDEE LSM, forming the basis of the 
SOC submodel of CE-DYNAM. See Naipal et al. (2020) for 
a more detailed description of CE-DYNAM.

CE-DYNAM was run from 1850 to 2005, with and with-
out soil erosion, with a daily time-step at a spatial resolu-
tion of 5 arcminutes (~ 8 km). This resolution was adequate 
for capturing erosion flows at basin to continental scales 
(Fendrich et al. 2022). First, the model was run to a steady 
state based on the environmental conditions of the period 
1850–1860, and then transient simulations were performed 
with changing climate and land-use conditions. The overall 
change in SOC stocks over 1850–2005 thus resulted from 
climate change, increasing atmospheric CO2 concentrations, 
land-use change, and soil erosion. The resulting net soil C 
emissions due to erosion were then calculated as the cumula-
tive SOC change over the period 1850–2005 of the eroded 
basin minus that of the non-eroded basin. We considered 
that the C flows predicted by CE-DYNAM when erosion was 
activated represented CT practices, while those predicted 
when erosion was not activated represented CA practices 
that limit erosion.

2.3 � Input data for CE‑DYNAM

The input datasets for CE-DYNAM were the same as those 
used by Naipal et al. (2020). Land cover proportions were 
derived from historical 0.25° maps of Peng et al. (2017). 
Daily rainfall data for the period 1850–2005 were derived 
from the Inter-Sectoral Impact Model Intercomparison Pro-
ject (ISIMIP) product ISIMIP2b (Frieler et al. 2017). These 
data were based on the model output of the Coupled Model 
Intercomparison Project Phase 5 (CMIP5 output of IPSL-
CM5A-LR) (Taylor et al. 2012), which were bias-corrected 
using observational data sets and the method of Hempel 
et al. (2013) and made available at a resolution of 0.50°. 
Data on soil bulk density and other soil parameters used 
to calculate the soil erodibility factor (K), available at the 
resolution of 1 km, were taken from the Global Soil Dataset 
for use in Earth System Models (GSDE) (Shangguan et al. 
2014). Finally, the slope steepness factor (S) was initially 
estimated at the resolution of 1 km, based on the GTOPO30 
digital elevation model. Datasets that were not available at 

(4)
dSOC(t)

dt
= I(t) −

(

k + kE
)

SOC(t)

a 5 arcminute resolution were regridded to this resolution 
using bilinear interpolation. To evaluate model predictions, 
we extracted data on SOC stocks from the GSDE product 
(Shangguan et al. 2014) when crops covered at least 30% of 
the area, using the land cover maps of Peng et al. (2017).

2.4 � Life cycle assessment

2.4.1 � Goals and scope

The LCA had two objectives: assess the contribution of 
soil erosion to the GHG balance of wheat and examine the 
effects of erosion-control practices on the environmental 
impacts of this wheat production in the Ebro River basin. 
To focus on the effects of soil erosion, two scenarios were 
simulated with CE-DYNAM: minimum erosion (“non-
eroded,” reflecting CA) or standard erosion (“eroded,” 
reflecting CT).

To compensate for the loss of crop productivity associ-
ated with erosion losses, fertilizer input rates were adjusted 
in the eroded scenario based on estimated rates of N and 
P losses. These rates were estimated from the net C losses 
predicted by CE-DYNAM, assuming C:N and C:P ratios of 
10 and 38, respectively, in eroded material (Xu et al. 2013). 
We did not represent the effects of soil erosion on physical 
or hydraulic soil properties (e.g., porosity or water-holding 
capacity).

We used cradle-to-farm-gate system boundaries, and the 
functional unit for this system was the production of 1 kg of 
wheat. The time frame considered in the life cycle invento-
ries (LCI) extended from the harvest of the previous crop to 
the harvest of wheat.

2.4.2 � Life cycle inventory

LCA was performed using SimaPro® software (version 
8.0.3, Pré Sustainability, Amersfoort, NL) and two LCI 
databases: AGRIBALYSE (Colomb et  al. 2015), which 
focuses on agricultural products in France, and ecoinvent 
(v3.6; ecoinvent, Zurich). AGRIBALYSE was used to model 
direct emissions of reactive N and P using generic models 
(Colomb et al. 2015), and ecoinvent, which covers Europe, 
to model background processes.

Foreground processes related to wheat production in the 
Ebro River basin were based on management and yield data 
for tillage systems at three field sites (Cantero-Martínez 
et al. 2007). A no-till system was used to represent the non-
eroded watershed, while a cropping system that included 
moldboard plowing was used to represent the eroded water-
shed. The “Agramunt” site was chosen since it grew wheat 
crops every other year from 2000 to 2005. Crops received 
organic fertilizer inputs in this study. However, since inor-
ganic fertilizers predominate in the Ebro River basin, the 
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organic input rates were converted into equivalent mineral 
fertilizer inputs based on manure and slurry fertilizing val-
ues (Table 1).

Wheat yields vary significantly over the years and spatially 
across the Ebro River basin (Cantero-Martinez et al. 2007; 
Plaza-Bonilla et al. 2018). Since yield strongly influences 
LCA results, we used multiple sources of information and 
scenarios to estimate crop yields for the CA and CT practices.

In yield scenario no. 1, the wheat yield under CT (3283 
kg grain ha−1) was calculated as the mean of wheat yields 
across each province and autonomous community in the 
Ebro River basin in Spain from 1996 to 2006. Yield data 
were taken from the annual report of the Ministry of Agri-
culture, Fisheries and Food of the Spanish Government. The 
yield under CA was estimated using a model built from a 
meta-analysis that compared the yields of CT and CA wheat 
worldwide (Su et al. 2021a), using machine learning (and a 
random forest algorithm), and a global database (Su et al. 
2021b). The model estimated their proportional difference 
in mean yield 

(

YieldCA−YieldCT

YieldCT

)

 from 1996 to 2006 as −0.010 
over the Ebro River basin, which led to an estimate of 3250 
kg grain ha−1 for the wheat yield under CA. Scenario no. 1 
had the advantage of relying on watershed-scale data and a 
global model. Nonetheless, yields vary widely as a function 
of climate, soil conditions, and crop management character-
istics. In the Ebro River basin, CA can achieve higher yields 
than CT (Lampurlanés et al. 2016), since it also increases 
the water-holding capacity of soils (Skaalsveen et al. 2019). 
Therefore, we developed yield scenario no. 2 based on the 
local observations of Lampurlanés et al. (2016). The mean 
wheat yields in this scenario were averaged over 7 years: 
2314 kg ha−1 under CA (non-eroded) and 1436 kg ha−1 
under CT (eroded).

The net effect of erosion on changes in soil C at the field 
scale was predicted by the CE-DYNAM simulations, aver-
aged over the period 1985–2005. This erosion-induced C 
sink/source term for hillslopes aggregated the following 
processes and flows: C replacement on eroding soils by 
new litter input (photosynthesis), C burial in deposition 
sites, increased decomposition of deposited SOC, and the 
C flow that leaves the hillslopes of the Ebro River basin. 
The floodplains were excluded from the analysis, and it was 
assumed that the C flow leaving the hillslopes was entirely 
respired and lost. Wind erosion was not considered in this 
study mainly because CE-DYNAM does not simulate this 
process. Moreover, wind erosion models require parameters 
such as aerodynamic roughness length, which are difficult 
to estimate at the scale of the Ebro River basin (Kardous 
et al. 2005). In addition, the erosion flows predicted by CE-
DYNAM should be considered a simplification of reality, 
since CA does not fully abate soil erosion (IPCC 2022). 
Nonetheless, CE-DYNAM has already been evaluated on 
other basins, with good performance indicators (Fendrich 
et al. 2022; Naipal et al. 2020), and is based on a robust 
approach to simulate erosion (Naipal et al. 2018; Panagos 
et al. 2015); thus, we considered this approach suitable for 
our purpose.

2.4.3 � Impact characterization

Environmental impacts were estimated using the IMPACT 
World+ characterization method (IMPact Assessment of 
Chemical Toxics), as integrated into SimaPro® software 
(Bulle et al. 2019). This method estimates impacts in 16 
midpoint categories: human toxicity (cancer and non-can-
cer), particulate matter formation, ionizing radiation, ozone 
layer depletion, photochemical oxidant formation, freshwater 

Table 1   Crop management data for wheat production on the non-
eroded and eroded watersheds (corresponding to conventional tillage 
(CT) and conservation agriculture (CA) practices, respectively), for 

yield scenario no. 1. The higher N and P inputs for CT compensate 
for the net loss of nutrients through erosion. a.i. active ingredient.

Non-eroded watershed (CA) Eroded watershed (CT)

Crop rotation Barley from 1990 to 2000, then wheat every other year until 2005
Yield 3250 kg grain DM ha−1 3283 kg grain DM ha−1

Tillage No-till 1 moldboard plowing (30–35 cm)
1–2 cultivator passes (15 cm)
1 cultivator pass before sowing

Sowing No-till disc drill: 500 seeds m−2

Herbicide inputs Glyphosate (0.685 kg a.i. ha−1)
MCPA (0.644 kg a.i. ha−1)
Prosulfocarb (4 kg a.i. ha−1)

Prosulfocarb (4 kg a.i. ha−1)

Fertilizer inputs (inorganic) 134 kg N ha−1

81.5 kg P2O5 ha−1

142 kg K2O ha−1

(134 + 6) kg N ha−1

(81.5 + 4) kg P2O5 ha−1

142 kg K2O ha−1

Disease and pest management No treatment
Harvest Medium-sized standard combine harvester. Straw is chopped and spread on the field.
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ecotoxicity, terrestrial acidification, freshwater acidification, 
freshwater eutrophication, marine eutrophication, global 
warming, non-renewable energy, land occupation, mineral 
extraction, and water scarcity.

3 � Results and discussion

3.1 � Evaluation of the erosion model

Erosion had a strong influence on the total predicted SOC 
stock averaged for the period 1995–2005 in crop fields to a 
depth of 30 cm, which equaled 86.5 t or 11.4 C ha−1 without 
or with erosion, respectively (Fig. 2a). This large difference 
was due in part to the fact that the maximum erosion rate 
occurred during the entire simulation (1860–2005), even 
though it had been calibrated from modern agricultural 
techniques. Thus, CE-DYNAM likely over-predicted erosion 
rates during the first several decades of the simulation since 
the mechanization of agriculture, responsible for higher ero-
sion rates, started in this region in the 1940s. The soil C data 
extracted from the GSDE product resulted in a mean stock 
of 67.3 t C ha−1 to a depth of 30 cm. This stock lay between 
those predicted by the model with or without erosion. How-
ever, CE-DYNAM simulated extreme cases that considered 
no erosion or erosion rates calibrated from CT without con-
sidering erosion-control measures that can be used locally 
in fields. We also compared the predicted erosion rates over 
the Ebro River basin to results from other studies (Lizaga 
et al. 2018; Quine et al. 1994). For instance, CE-DYNAM 
predicted a lower gross soil erosion rate (6.6–18.2 t ha−1 
year−1) than that estimated by Lizaga et al. (2018) using a 

137Cs tracer (25.4 t ha−1 year−1) (Fig. 2b). However, these 
authors estimated the gross soil erosion rate for only for 
one watershed of the Ebro River basin (23 km2, in Navarra 
province), which has a Mediterranean-continental climate 
with an Atlantic influence and receives more rainfall than 
the central Ebro River basin does. This watershed is also 
generally steeper than the central Ebro River basin. Differ-
ences between the two areas studied can thus explain the 
model’s underpredictions. However, our assumption of a 
steady state from 1850 to 1860 in CE-DYNAM simulations 
may also have contributed to the underprediction of ero-
sion. It is important to consider past changes in climate and 
land use to be able to better predict current soil erosion. 
However, the lack of knowledge about previous land use 
and land management makes this task difficult. Furthermore, 
SOC was derived from predictions of ORCHIDEE simula-
tions at a coarse resolution, while plant cover was derived 
from a global map, which may also have contributed to the 
differences. Finally, net soil erosion rates predicted by CE-
DYNAM were also compared to those derived from obser-
vations of Lizaga et al. (2018) and Quine et al. (1994). CE-
DYNAM predicted net soil erosion rates of 1.7–4.7 t ha−1 
year−1 (equivalent to 43.0–95.5 kg C ha−1 year−1), which 
were lower than those derived from Lizaga et al. (2018) (8.3 
t ha−1 year−1). This pattern was expected since CE-DYNAM 
had already underpredicted gross soil erosion rates. Quine 
et al. (1994), also using a 137Cs tracer method, estimated 
net soil erosion rates of 16–25 t ha−1 year−1 for a small 
sub-basin of the Ebro River basin of 0.52 km2. The small 
area of these sub-basins compared to the entire Ebro River 
basin may make them less representative. Finally, model 
predictions seemed reasonable since CA practices were not 

Fig. 2   Evaluation of the ero-
sion model for (a) soil organic 
carbon (SOC) stocks at 30 cm 
vs. data from the Global Soil 
Dataset for use in Earth System 
Models (GSDE) (Shangguan 
et al. 2014), (b) gross soil ero-
sion rate vs. observations of 
Lizaga et al. (2018), and (c) net 
soil erosion rate vs. observa-
tions of Lizaga et al. (2018) 
(light gray) and Quine et al. 
(1994) (dark gray). In a, data 
were filtered to represent only 
the cropland area, while data in 
b and c represented the entire 
basin. Error bars represent 1 
standard deviation across the 
simulation pixels.
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represented in CE-DYNAM, which can simulate only no 
erosion or maximum erosion in each grid cell. CE-DYNAM 
may underpredict net soil erosion rates, but the lack of data 
for the entire Ebro River basin makes evaluating model pre-
dictions difficult.

3.2 � Contribution of soil erosion to the GHG balance 
of wheat

Cropland soils emerged as net sources of CO2, with an esti-
mated emission of 215 and 249 kg CO2 ha−1 year−1 for the 
non-eroded and eroded watersheds, respectively. Despite the 
large effect of erosion on soil C stocks (Fig. 2), the losses 

experienced since 1860 in the eroded basin were still more 
than compensated by the rates of C burial at sites experienc-
ing net deposition. Indeed, erosion drastically influenced the 
spatial distribution of SOC, with higher SOC stocks in the 
floodplain and lower SOC stocks on hillslopes. Ultimately, 
this sink effect was no longer active in the non-eroded basin.

Per kg of wheat grain harvested, these soil C sources repre-
sented only 5% of life cycle GHG emissions of wheat produc-
tion for yield scenario no. 1 (Fig. 3). Their value is consist-
ent with the range of 0–1700 kg CO2 ha−1 year−1 reported by 
Goglio et al. (2018) in their survey of the life cycle GHG bal-
ances of wheat crops worldwide, although some studies based 
on direct field observations of changes in SOC indicated larger 

Fig. 3   Relative life cycle 
impacts of producing 1 kg of 
wheat in non-eroded (dashed 
line) and eroded (solid line) 
watersheds of the Ebro River 
basin for (a) yield scenarios no. 
1 (i.e., eroded yield 1% higher) 
and (b) no. 2 (i.e., non-eroded 
yield 61% higher). For a given 
impact category, the system 
with the highest impact equals 
100%.
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sinks or sources (−3.5 to 5.0 Mg CO2 ha−1 year−1). In gen-
eral, CA favors soil C sequestration, and Álvaro-Fuentes et al. 
(2011) estimated that it could store 200–500 kg C ha−1 year−1 
(i.e., 730–1830 kg CO2 ha−1 year−1), whereas CT systems were 
simply neutral. The fact that CE-DYNAM erosion simulations 
began before 1985 (the first year of the 20-year sequence used 
to calculate changes in SOC) and that the SOC contents of CA 
and CT systems differed significantly at that time (reflecting the 
“legacy” of past erosion processes) mitigated the sink capacity 
of CA. Factoring in the past (1860–1985) differences in SOC 
between the two systems simulated by CE-DYNAM would 
amount to an additional sink of 480 kg C ha−1 year−1 for the 
CA system. This sink would offset 40% of the life cycle GHG 
emissions of the CA systems (i.e., 1210 kg C ha−1 year−1).

Along with potential soil C sink terms, N2O emissions 
(which made up 85% of direct field emissions of GHG) and 

the use of inorganic fertilizers strongly influenced the GHG 
balance of wheat (Fig. 4). N fertilizers contributed the larg-
est impact, followed by P and potassium fertilizers. The 
contribution of these inputs to the total GHG balance (35%) 
was similar to that (30%) reported by Poore and Nemecek 
(2018). From the perspective of fertilizer use, another con-
sequence of erosion is the need to compensate for nutrient 
losses. This adjustment increases off-farm emissions due to 
the production and transportation of additional inputs and 
field emissions of N2O derived from fertilizer N. Compared 
to the non-eroded basin, both sources of emissions increased 
by 3% for the eroded basin, resulting in 6% higher GHG 
emissions overall (Table 2).

Wheat production with CT practices required more fre-
quent use of agricultural machinery (e.g., plowing, fertiliza-
tion), which increased CO2 emissions slightly. Indeed, die-
sel consumption was 3 times as high under CT than under 
CA, but contributed only a small percentage (< 10%) of the 
emissions. Erosion also increased impacts for certain impact 
categories due to pollution of surface water through runoff 
of nutrients, organic matter, and chemicals. This was particu-
larly apparent for freshwater eutrophication and ecotoxicity, 
which were 25% lower under CA (Fig. 3, Table 2). Con-
versely, the loss of soil under CT mitigated to a minor extent 
(5%) the impact of CA wheat on human toxicity (non-cancer) 
due to reduced exposure of humans to contaminated soils.

We assumed input of only inorganic fertilizers, although 
organic fertilizers may influence the productivity and SOC 
dynamics of cropland. For instance, Larney and Janzen (1997) 
showed that organic fertilizers supplied P to crops more effec-
tively in eroded areas than inorganic phosphate fertilizers, 
which were immobilized by calcium carbonate. Comparing 

Fig. 4   Contribution analysis for the global warming impact of pro-
ducing 1 kg of wheat in non-eroded (CA) and eroded (CT) sections 
of the Ebro River basin for yield scenario no. 1 (i.e., eroded yield 1% 
higher). Direct emissions include field emissions of CO2 and N2O.

Table 2   Midpoint life cycle 
impacts of producing 1 kg of 
wheat in the non-eroded (CA) 
and eroded (CT) sections of 
the Ebro River basin for yield 
scenario no.1 (i.e., eroded 
yield 1% higher). Key to units 
(see Bulle et al. (2019) for 
more details): CTUh, CTUe 
comparative toxic units for 
humans and ecosystems, 
respectively, NMVOC non-
methane volatile organic 
compounds.

Impact category Unit Non-eroded 
watershed (CA)

Eroded watershed (CT)

Human toxicity (cancer) CTUh 2.87 × 10−9 2.76 × 10−9

Human toxicity (non-cancer) CTUh 3.23 × 10−8 3.40 × 10−8

Particulate matter formation kg PM2.5 eq. 4.12 × 10−4 4.19 × 10−4

Ionizing radiation Bq C-14 eq. 1.8 1.9
Ozone layer depletion kg CFC-11 eq. 5.37 × 10−8 6.08 × 10−8

Photochemical oxidant formation kg NMVOC eq. 3.10 × 10−3 3.63 × 10−3

Freshwater ecotoxicity CTUe 59.2 95.8
Terrestrial acidification kg SO2 eq. 1.18 × 10−5 1.25 × 10−5

Freshwater acidification kg SO2 eq. 1.09 × 10−8 1.25 × 10−8

Freshwater eutrophication kg PO4 P-lim eq. 1.13 × 10−4 3.20 × 10−4

Marine eutrophication kg N eq. 1.63 × 10−4 1.74 × 10−4

Global warming kg CO2 eq. 1.42 1.51
Non-renewable energy MJ primary 5.56 6.29
Land occupation m2org.arable 0.206 0.204
Mineral extraction kg deprived resource 1.00 × 10−2 1.13 × 10−2

Water scarcity m3 world eq. 24.4 26.1
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inorganic and organic fertilizers to maintain crop productivity 
on eroded land could bring further insight into the environ-
mental impacts of cereals in eroded watersheds.

3.3 � Erosion and crop yields

When the wheat yield under CT was only 1% higher than 
that under CA (yield scenario no. 1), soil erosion generally 
caused higher emissions to the air and water, and resulted in 
10–25% higher impacts under CT for all categories except 
human toxicity (Fig. 3a). In contrast, since yield scenario no. 
2 was based on cropping system experiments that compared 
CA and CT, differences in impact between them and their 
associated erosion configurations were much larger, reach-
ing 60–80% higher under CT (Fig. 3b). This magnitude of 
the difference was expected due to the 61% higher yield of 
CA wheat compared to that of CT wheat (Table 1) and the 
differences in environmental impacts observed previously, in 
which CA outperformed CT due to the latter’s soil erosion.

Overall, experiments on the effects of soil erosion on 
crop yields have been inconsistent, but a recent meta-anal-
ysis highlighted that they were negative except when “the 
remaining A horizon depth was greater than 25 cm or when 
the erosion depth was less than 5 cm” (Zhang et al. 2021). 
In the Ebro River basin, the soil losses predicted by CE-
DYNAM in the eroded watershed (mean = 1.5 t ha−1 year–1) 
indicated rapid depletion of the topsoil and a depth of ero-
sion greater than 10 cm year−1 (Fig. 1). This unfavorable 
effect on crop productivity is backed by the field data used 
for yield scenario no. 2, with the additional benefits of con-
servation practices for the non-eroded basin configuration. 
These benefits are known to be greater under semi-arid con-
ditions (Su et al. 2021a), even though the model derived by 
Su et al. predicted only a marginal effect. The discrepancy 
between the yields estimated from the local field trial (in 
scenario no. 1) and the model trained on a global data set 
(collating ca. 4000 datapoints from such trials worldwide) 
in scenario no. 2 questions the relevance of comparing these 
two approaches. While most agricultural LCAs rely on local 
field data (Poore and Nemecek 2018), practitioners have also 
pointed out the need to produce regional averages (Hellweg 
and Milà i Canals 2014). Such data would be particularly 
suitable to represent a large river basin. However, it is dif-
ficult to test the reliability of the global model of Su et al. 
(2021a) at such an intermediate scale and to replace its 
results directly with local field data. Scaling up agroecosys-
tem models that better represent the Ebro River basin would 
be a good option for deriving regional estimates, similar 
to the approach taken by Plaza-Bonilla et al. (2018). CA 
also had less intensive management practices than CT due 
to the absence of tillage and lower fertilizer inputs. No-till is 
known to incur trade-offs with other practices such as weed 

management, and management data representative of the 
study area need to be collected to produce reliable results.

Finally, CE-DYNAM erosion predictions did not consider 
feedback between erosion and primary productivity. CE-
DYNAM simulates only C, but erosion also removes N and 
P in reality, which influences factors such as soil physical 
structure and water infiltration capacity. Thus, CE-DYNAM 
predictions of higher SOC loss due to erosion over the 
1985–2005 period may be underestimated because simulated 
erosion does not influence primary production and thus C 
inputs into the soil. Therefore, these predictions of the influ-
ence of erosion on SOC should be considered conservative.

3.4 � The overall GHG balance of erosion

We demonstrated that soil erosion increased the GHG emis-
sions of wheat through its impact on SOC dynamics, nutrient 
losses, inorganic fertilizer use, crop management practices and, 
most importantly, crop yields. The difference ranged from 0.1 
to 2.5 kg eq. CO2 kg−1 of wheat grain produced, depending on 
the yield scenario. This value was higher than the global mean 
of 1.1 kg eq. CO2 kg−1 reported by Poore and Nemecek (2018) 
for wheat, and the range of 0.9–1.1 kg eq. CO2 kg−1 for wheat 
in France in the AGRIBALYSE database (Colomb et al. 2015). 
Compared to the non-eroded basin, erosion alone increased on-
field emissions of CO2 (related to SOC losses) and indirect emis-
sions from inorganic fertilizer use, while diesel consumption was 
higher under CT than under CA. This resulted in a compounded 
increase of 7% in the GHG emissions of wheat production, not 
considering the yield effects. On the other hand, eroded soil 
buries SOC and represents a net sink (Van Oost et al. 2007). 
CE-DYNAM predicted this sink to be 6.7 g C m−2 year−1, cor-
responding to 5.5% of the wheat’s life cycle GHG emissions. 
Factoring in this sink to obtain the overall GHG balance of the 
eroded scenario, the effect of C burying by eroded soil is similar 
to the GHG emissions due to other erosion-related processes 
(7%). To consider the uncertainties in modeling erosion, the 
LCA results estimated with the baseline model configuration 
were compared to those estimated with configurations that mini-
mized or maximized soil erosion in the Ebro River basin. This 
uncertainty analysis yielded relative differences of less than 5% 
for all indicators except human toxicity (differences of 5–10%), 
freshwater eutrophication (20–40%), and freshwater ecotoxicity 
(10–20%). Thus, the uncertainty in erosion modeling had little 
influence on the life cycle impacts overall.

Whether erosion is a net sink or a source of C is still 
debated (see Doetterl et al. (2015) for a review), but its effects 
on the life cycle impacts of crops had not been considered 
until now. We show that in the Ebro River basin, even though 
some soil C ends up buried in river sediments through ero-
sion, this fraction is similar to the GHG emissions directly 
caused by erosion and is much smaller than the overall life 
cycle emissions of wheat, making erosion C-neutral at best.
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4 � Conclusion

This study aimed to address the full GHG balance of erosion, 
including its impact on soil fertility and its feedback on crop 
yields. It is the very first one to encompass watershed-scale 
processes in the life cycle assessment of wheat production and 
to address trade-offs between soil and nutrient losses on the 
one hand and C burial in sediments on the other. Soil erosion 
had mixed effects on agricultural GHG emissions over the 
Ebro River basin since it was both a source of emissions and 
a C sink. Because these two flows had a similar magnitude, 
erosion appeared as a C-neutral process, a robust conclusion 
despite the uncertainties involved in modeling erosion and 
C flows. The effect of mitigating soil erosion through con-
servation-oriented crop management practices had a much 
larger effect than soil erosion on the environmental impacts 
of wheat due to the benefits on wheat yields. With such man-
agement, the non-eroded watershed outperformed its eroded 
counterpart, with 60–80% lower life cycle impacts per kg of 
wheat produced. These differences were again little influenced 
by uncertainties on erosion fluxes, except for freshwater eco-
toxicity and eutrophication. Regardless of the difference in 
yield, soils in the eroded watershed had lost a large amount 
of C by the beginning of the period investigated (1985–2005), 
potentially offsetting 40% of wheat’s GHG balance. Factor-
ing in this legacy of past land-use changes and management 
practices is a complex task in retrospect. However, this model-
based assessment shows that it is essential to control erosion 
and adopt conservation practices to preserve soil structure and 
crop productivity, as well as to mitigate the environmental 
impacts of crops in the context of climate change. The latter 
may indeed enhance water-related erosion processes in the 
future, especially in the Mediterranean area (IPCC 2022).
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