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A B S T R A C T   

Partial shifts from animal-based to plant-based proteins in human diets could reduce environmental pressure 
from food systems and serve human health. Grain legumes can play an important role here. They are one of the 
few agricultural commodities for which Europe is not nearly self-sufficient. Here, we assessed area expansion and 
yield increases needed for European self-sufficiency of faba bean, pea and soybean. We show that such pro-
duction could use substantially less cropland (4–8%) and reduce GHG emissions (7–22% current meat produc-
tion) when substituting for animal-derived food proteins. We discuss changes required in food and agricultural 
systems to make grain legumes competitive with cereals for farmers and how their cultivation can help to in-
crease sustainability of European cropping systems.   

1. Introduction 

It is widely understood that global food systems need to be trans-
formed to reduce their substantial adverse environmental impacts, e.g., 
methane emission from livestock and N2O emissions from fertilizer use 
at crops (Campbell et al., 2017). The production of meat-sourced pro-
teins is of particular concern, as their environmental impact is around 
ten times greater on a mass basis and has CO2 emissions around 30 times 
more than those of plant-based proteins (Poore and Nemecek, 2018). At 

the same time, there is currently increased interest in plant-based pro-
teins, due to awareness that a protein transition from animal-to plant--
based would enhance healthy and sustainable diets (Aiking and de Boer, 
2020; Willett et al., 2019). Grain legumes are protein-rich and a good 
source of nutrients (Curran, 2012; Erbersdobler et al., 2017). It is esti-
mated that European consumers would be willing to replace around a 
quarter of the meat consumption with grain legumes (Henn et al., 2022). 
The European-Commission (2020) is promoting EU-grown plant pro-
teins within the Farm to Fork strategy as part of the European Green Deal 
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in recognition of the environmental and health benefits associated with 
production and consumption of plant protein. 

Currently, European demand for grain legumes, specifically soybean, 
is high and the European Union together with the UK imports about 14 
million tonnes (Mt) of soy beans and 18 Mt of soy meal (Eurostat, 2023; 
FAO, 2023). Over 95% of the imported soybean is used for animal feed, 
and this is considered unsustainable from an environmental perspective 
because of the conversion inefficiency involved in animal production 
and because of (in)direct land use change in the soybean exporting 
countries. Domestic production of grain legumes should therefore in-
crease (Zander et al., 2016). For the purposes of this analysis, we 
consider Europe to be all European countries west of Russia and Turkey. 

Sufficient internal European production of grain legume crops is 
amongst the first steps in the protein transition. Faba bean (Vicia faba 
L.), pea (Pisum sativum L.) and soybean (Glycine max (L.) Merr.) are, by 
far, the three most widely grown grain legumes in Europe (Eurostat, 
2023; Kezeya Sepngang et al., 2020). Yet, current harvested areas of 
those legumes are small, only ~2% of the European cropland is used for 
soybean cultivation and ~1% for pea and faba bean jointly (FAO (2023), 
average 2015–2020). This is in sharp contrast to cereals which cover 
46% of the European cropland (FAO (2023), average 2015–2020). 
Increased European legume production could be realised by both 
intensification and/or area expansion. Intensification of current pro-
duction has the advantage that it will not lead to competition for land 
use with the production of other food crops (although legumes can also 
be grown on marginal land (Gogoi et al., 2018)) nor to expansion into 
natural ecosystems. Initial estimations for soybean suggest relatively 
low production efficiency of grain legumes (51% of potential yields) in 
comparison to cereals (58% of potentials) in Europe (Schils et al., 2018; 
van Ittersum et al., 2023; Watson et al., 2017). At the same time, area 
expansion of legumes will lead to more diverse cropping systems, which 
is advocated by many (Francis and Clegg, 2020; Nemecek et al., 2008; 
Preissel et al., 2015). Additionally, due to climate change, significant 
areas may become more suitable for soybean production in the future 
due to climate change (Fodor et al., 2017; Nendel et al., 2023). 

As a consequence, we devise two scenarios to increase grain legume 
production, (1.) narrowing the yield gap, i.e., the difference between 
what farmers actually produce (Ya) and the potential yield (Yp) in 
irrigated systems or the water-limited potential yield (Yw) in rainfed 
systems; and (2.) expanding the areas of grain legumes at current yield 
levels. In this study we will investigate how increased European grain 
legume (i.e., faba bean, pea, soybean) production, through either Sce-
nario 1 or 2, could contribute to greater supply of plant-based protein 
and substitution of consumption of meat-based proteins, together with 
impacts on their land footprint and GHG emissions. We consider a 
relatively short time horizon in potential production scenarios, 
assuming no major genetic changes or climate change effects. 

2. Materials and methods 

The two scenarios for consideration are yield gap closure and area 
expansion. In Scenario 1 we assume that the yield gap of the three 
legume crops (i.e., faba bean, pea, soybean) will be narrowed to 80% of 
the yield potential. This level is the exploitable yield gap and is generally 
indicated as the upper limit of the attainable yield due to diminishing 
returns and increasing inefficiencies (Van Ittersum et al., 2013). In this 
scenario, it is assumed that legume production will take place only on 
the area where these three crops are currently grown. In Scenario 2, we 
assume that current yields are maintained, and that 1/12th or 1/6th of 
the total cropland area is used for the three grain legumes. 

2.1. Scenario 1: 80% yield gap closure 

Potential yields for grain legume crops in Europe were estimated 
using two methods, i.e., Method 1) running simulations with a crop 
growth simulation model together with following the bottom-up 

approach of the Global Yield Gap Atlas (GYGA, www.yieldgap.org; 
Grassini et al., 2015; Van Bussel et al., 2015) and Method 2) employing a 
regression model that uses the potential yield outputs of the crop growth 
simulation model as input to extrapolate simulated yields to other 
countries. Method 1 uses a number of sites explicitly chosen to best 
represent the spatial distribution of the current crop production area, so 
it was used for the main producing countries. The method employs local 
weather, soil and agronomic data in a spatial framework capturing key 
production areas, as input for crop growth modelling to estimate the 
potential yield (Yp) in case of irrigated systems and the water-limited 
potential yield (Yw) in case of rainfed systems. This approach with 
relatively high data requirements (e.g., local agronomic data such as 
sowing dates, harvest dates, cultivar used) relied on involvement of local 
experts and was feasible for a limited number of countries, therefore 
Method 2 was also required to get complete coverage for Europe. Details 
are provided in Table S1.1 on which method was used for which crop x 
country combination. 

2.1.1. Method 1) yield potential estimation – Global Yield Gap Atlas 
methodology 

First, we selected those countries that best represent the dominant 
spatial distribution of crop production area (see Table S1.1 for the crop- 
country combinations where Method 1 was used and Table S1.1.1 for 
data sources of harvested area selection). With those country areas we 
covered 69%, 62%, 97% of the total area in Europe of faba bean, pea and 
soybean, respectively. Next, key climate zones (CZ; defined by a com-
bination of growing degree days, temperature seasonality, and aridity 
index (Van Wart et al., 2013)) for each country and crop combination 
were selected based on harvested area and information from local 
agronomic experts. Within those key CZs, weather stations were iden-
tified to provide weather data characterising the climate zone. Next, a 
100-km radius ‘buffer’ surrounding each weather station was created 
and clipped by the borders of the key CZs and country to ensure that the 
buffer zone is located within a unique CZ and country. Reference 
weather stations (RWS) were selected based on harvested area of crop 
area masks. For faba bean and pea, crop area masks were generated 
based on national statistics at the finest spatial scale available (NUTS3) 
for the average harvested area in the five most recent years available. 
For soybean, the crop area mask of SPAM2010 (IFPRI and Dataverse, 
2019) was employed in combination with information from national 
agronomic experts and, if required, national statistics at the finest spatial 
scale available (NUTS3) were also used (Table S1.1.1). 

Daily observed weather data was collected for each RWS 
(Table S1.1.1). If suitable weather stations with adequate data were not 
available, gridded weather data were used (Table S1.1.1). For missing 
precipitation values, gap filling was carried out, while for other vari-
ables propagation of weather data was used to fill data gaps following 
the method of Van Wart et al. (2015). 

For each of the RWSs with their 100 km radius, cropping system 
information was obtained via national agronomic experts about the 
water regime (rainfed, irrigated), period of sowing and harvest, planting 
density and main maturity type of cultivars. 

Soil data were obtained for rainfed systems only and consisted of the 
three dominant Soil Map Units (SMUs) within the buffer of each RWS, 
based on the generated (faba bean, pea) and available (soybean) crop 
masks. Each SMU comprises a varying number of Soil Type Units (STUs) 
of which the soil parameters (Table S1.1.1 for data source) were used as 
input to the crop growth model. 

Finally we carried out simulations of Yw for faba bean, pea and 
soybean for each STU within a RWS buffer and of Yp for each RWS buffer 
for pea and soybean. The Simple Simulation Model, SSM-iCrop2, (Sol-
tani, 2012; Soltani et al., 2020; https://ssm-crop-models.net/ss 
m-icrop2/) was used as the crop growth model. Model calibration and 
validation was done using European datasets, for details see Table S1.1.2 
and Fig. S1.1.1. 

The simulation results were up-scaled successively to SMU, RWS, CZ 
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pandemics and warfare. The substitution of mineral nitrogen fertilisers 
through biologically fixed nitrogen by grain legumes will also lower 
GHG emission in agriculture (Magrini et al., 2016; Rosa and Gabrielli, 
2023). 

Substantial extra environmental benefits can be achieved when le-
gumes are directly used for human consumption, instead of indirectly by 
conversion through feed into livestock. We estimated the GHG savings to 
be ca. 25–74 Tg CO2 eqv. (7–22% reduction in emissions from meat 
production), and land savings ca. 6–11 M ha (4–8% of current cropland) 
depending on the production scenario chosen. Such dietary changes 
require significant changes in the food system, human nutrition and 
associated behaviour, which will require substantial time and 
incentives. 
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