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Abstract 

Climate change can have a negative impact on agricultural production and food security. Vice versa, agricultural prac‑
tices themselves contribute to climate change because of land, water, and energy use and anthropogenic emissions 
of greenhouse gasses and waste. The European Green Deal focusses on “transition to a sustainable food system that 
has a neutral or positive environmental impact, helps mitigate climate change and adapt to its impact, and reverses 
the loss of biodiversity”. Local production of feed proteins in the European Union may result in new agro-ecosystem 
services that can be integrated to maximize sustainability of agricultural practices. Feed crops with nutritional proper‑
ties that are both beneficial to functional biodiversity, biocontrol, pollination, and other ecosystem services can be 
incorporated into livestock diets. However, implementation is hampered by lack of information, embedded habits of 
specialization, profit maximization priorities, a lack of awareness about the environmental impacts of existing pro‑
duction systems, and a lack of flow of resources and services between the sectors. When economic benefits from 
investments are not immediately evident, transition can only be successful with government policies that focus on 
providing knowledge and education, and financial support. To convince agriculturists and agricultural workers to 
adopt sustainable practices, policy changes are needed with close cooperation between, and support from, all actors 
involved, including producers, non-governmental and civil society organisations, and the retail industry.
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Introduction
It is unequivocal that human influence has warmed the 
atmosphere, ocean and land [1]. The urgency of address-
ing unsustainable practices of ‘the human enterprise’ is 

well established and manifested [2]. Climate change can 
have a negative impact on agricultural production and 
food security. Vice versa, agricultural practices them-
selves contribute to climate change because of land, 
water, and energy use and anthropogenic emissions of 
greenhouse gasses and waste. Trends in EU consumer 
consumption patterns show a steady increase in the 
number of vegans, vegetarians, and flexitarians for envi-
ronmental reasons. In addition, although there is cur-
rently still a low level of willingness by consumers to 
replace meat with insects or cultured meat, they offer 
a tremendous potential for cheap mass production of 
protein with a lower environmental impact [3]. Alterna-
tively, consumers who are concerned about the environ-
mental impact of their food choices are willing to pay for 
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animal products derived from more sustainable produc-
tion processes [4]. The European Commission, under 
the umbrella of the European Green Deal, aims to help 
mitigate climate change and adapt to its impact, and 
reverse the loss of biodiversity [5]. This is accomplished 
through a series of policy initiatives, including the Cir-
cular Economy Action Plan that focusses on sustainable 
resource use, the Biodiversity Strategy for 2030 that aims 
to restore degraded ecosystems and manage them sus-
tainably addressing the key drivers of biodiversity loss, 
and the Farm-to-Fork strategy that aims to accelerate the 
transition to a sustainable food system that has a neutral 
or positive environmental impact [5]. The policy initia-
tives include fostering EU-grown plant proteins for food 
and feed to increase the self-sufficiency of EU protein 
production and decrease dependency on international 
imports. A decrease in landscape complexity results in 
biodiversity loss; instead, mixed cropping systems may 
increase landscape complexity and protect biodiversity 
through an increase in habitat diversity [6].

The present perspective focusses on protein production 
for livestock feed in the European Union. It is directed to 
stakeholders, and national and EU policy makers in par-
ticular. First, we discuss the intensification of livestock 
and feed production and its impact in a global context. 
We then discuss protein feed resources in the EU, eco-
system services incorporating legumes, grasses, and 
non-leguminous forbs, and the implications of EU local 
protein feed production for land use change. We end the 
discussion with future directions.

World population growth and intensification 
of livestock production
On June 11th 1987, World Population Day, the world’s 
population size hit the five billion people mark; the 
United Nations Population Division projects that the 
world may be inhabited by over 11 billion people by 2100 
[7]. Although the population in some countries is pro-
jected to substantially decline (e.g., in central and eastern 
Europe), other countries are forecasted to witness a dou-
bling, tripling, or even an eightfold increase by 2100 [8]. 
The number of hungry people worldwide has been slowly 
rising, but the overall purchasing power of the developing 
world has increased significantly over the last decades, 
resulting in increased amounts of food consumed per 
capita as well as a shift in consumption patterns towards 
larger amounts of livestock-derived products [9]. In 2018, 
the average supply of protein of animal origin had grown 
to 13.1  g per capita per day in Africa, compared to an 
average of 61.6 g per capita per day in Northern America 
and Europe [10]. The consumption levels exceed needs 
in the most developed countries. Following the increase 
in human population size and consumption per capita, 

Delgado et al. [11] in 1999 wrote about his vision of live-
stock to 2020: “A revolution is taking place in global agri-
culture that has profound implications for human health, 
livelihoods, and the environment. Population growth, 
urbanization, and income growth in developing coun-
tries are fuelling a massive increase in demand for food 
of animal origin”. This demand is met by an increase in 
the world production of meat from different livestock 
(including poultry) species: according to the FAO [12] in 
2020, the world’s livestock population comprised some 33 
billion chickens, 1.5 billion cattle, and 950 million pigs.

In addition to an increase in the world’s livestock popu-
lation numbers, the increase in the world’s demand for 
meat is met by intensification and technological inno-
vation of animal production systems, animal breeding 
practices that improve production yields per animal, 
and high-quality animal feeds. A study by Domingues 
et  al. [13] showed that intensification of livestock pro-
duction in France was brought about by specialization of 
land use, a reduction in the number of farms from two 
million in 1938 to half a million in 2010, an increase in 
stocking rate of approximately 170% in monogastrics and 
50% in herbivores, and a fourfold increase in the indica-
tors of mechanisation and labour productivity. In Spain, 
between 2007 and 2020 alone, the number of pig farms 
with a maximum of 25 or 1000 fattening pigs declined by 
50% and 25%, respectively, while farms with a maximum 
of 4000 or 6000 fattening pigs increased by nearly 25% 
and 50%, respectively. When permission is granted, the 
maximum number can be extended up to 7200 fattening 
pigs per farm such that one single macro farm with three 
cycles per year can fatten up to 21,600 pigs per year [14]. 
Intensification of livestock production has also taken 
place in many developed regions, closing the yield gap 
with respect to the production level that can be attained 
in the developed world [15]. Intensification of animal 
production is further supported by precision livestock 
farming (PLF), i.e., ‘a management system based on con-
tinuous automatic real-time monitoring and control of 
production/reproduction, animal health and welfare, and 
the environmental impact of livestock production’ [16].

Genetic improvement is key to increased production 
efficiency of livestock animals. Best Linear Unbiased 
Prediction (BLUP) for estimation of breeding values, 
using linear mixed models that use genetic relationships 
between individuals based on pedigree, along with vast 
advances in statistics and computing power, have pro-
vided animal breeders the tools to implement breeding 
programs that have resulted in unprecedented genetic 
improvement of production traits in farm animals over 
the past decades [17]. Currently, in genomic selection, 
estimates of the effects of all genotyped Single Nucleo-
tide Polymorphisms (SNPs) across the genome are used 
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to estimate an individual’s breeding value, with pedi-
gree-based relationships between animals replaced by 
genomic relationships. In addition, a wide range of novel 
-omics methods (e.g., transcriptomics, proteomics, and 
metabolomics) are now available that can be used to fur-
ther identify genes that are associated with phenotypic 
variation of production traits (see Rauw et  al. [18] for 
an overview). Vast genetic improvement is supported by 
heavy selection in only few selected commercial livestock 
breeds. Farm animals from highly selected populations 
require high quality, if not quantity, of feed resources to 
allow for the expression of genetically improved produc-
tion traits. This is accomplished by sourcing genetically 
selected feed crops with high nutritional and commercial 
value from international markets, including grain, oil-
meal, fishmeal and soybean meal [19]. For example, soy-
bean meal is a major ingredient in livestock feeds. It has 
a high protein content, a suitable amino acid profile, and 
can be produced year-round [20]. Furthermore, precision 
livestock feeding can provide each animal with the nutri-
ents required based on individual demand to maximize 
feed efficiency and nutrient utilization. This is accom-
plished through automatic data recording devices that 
estimate the individual nutrient requirements, and auto-
matic feeding systems that provide the adequate amount 
and precise diet formulation that maximizes the desired 
production trajectory [21].

Environmental impact of livestock production
A global increase in the number of livestock animals 
requires an increase in the resources used to grow and 
feed them. Of all the world’s land surface, approximately 
71% is ‘habitable land’; half of this land is used for agri-
culture. Currently, pastures used for grazing and land 
used to grow crops for animal feed account for 77% of 
agricultural land, thus comprising nearly 30% of the total 
land surface of the planet [22]. Although the self-suffi-
ciency of protein consumption based on animal-derived 
products in the EU is very high, this is not the case for 
plant protein inputs to the EU’s animal production indus-
try [23]. The EU, with a production of 2.6 million tonnes 
of soybeans in 2019–2020, is heavily reliant on imports, 
mostly from Brazil and Argentina [23, 24], while per year, 
Brazil with 75 million tonnes and the US with 65 million 
tonnes account for 85% of global soybean exports for bio-
fuel production, animal feed and food products, followed 
by Argentina (7.7 M tonnes), Paraguay (5 M tonnes) and 
Canada (4.4  M tonnes) [25]. Across South-America, 
direct soybean-driven deforestation reached a total of 3.4 
Mha between 2001 and 2016 [26].

Of the global available fresh and accessible runoff 
water, approximately 35% is used for agriculture. Cur-
rently, 38% of crop water consumption is attributable 

to livestock feed production while grazing involves 29% 
of total agricultural water consumption, giving cause 
for serious concern regarding the water implications of 
our food choices [27]. Furthermore, livestock produc-
tion requires fossil energy inputs for the production of 
fertilizers, farm machinery, fuel, irrigation, and pesti-
cides for grain and forage production [28]. For example, 
Todde et  al. [29] estimated that direct energy require-
ments of a conventional dairy farm located in the south 
of Italy would amount to an energy consumption of 
13,675 kg of diesel, 26,245 kWh of electricity and 115 kg 
of Liquefied Petroleum Gas (LPG); feed preparation and 
distribution, and field activities associated to crop culti-
vation accounted for 39 and 38% of diesel fuel utilization, 
respectively. Crops genetically selected for high yields 
and nutritious value require inputs of energy, equipment, 
fuel, chemicals, and other supplies. Between 1961 and 
2014, as global crop production more than tripled, the 
supply of nitrogen fertilizer increased 955% [30].

The negative implications of intensification of livestock 
and feed production have been extensively described, 
regarding losses of nutrients from fertilizers and manures 
to watercourses and contributions of gases to climate 
change. Agricultural runoff of nitrates, ammonium, 
phosphorus compounds, heavy metals, and persistent 
organic pollutants with water from irrigation and rainfall 
from farmlands affects the health and security of surface 
waters and aquatic ecosystems [31]. Since 1750, atmos-
pheric carbon dioxide increased 47%, methane 156% and 
nitrous oxide 23%, which has unequivocally been caused 
by human activities [1]. After carbon dioxide, methane is 
the second-largest driver of climate change. Represent-
ing one third of global emissions, livestock production is 
the largest anthropogenic methane source, mainly com-
ing from enteric fermentation of ruminants and manure 
management [32]. Livestock animals deposit 70%-95% 
of nitrogen intake as manure and urine, which results 
in nitrate leaching from urine, ammonia volatilization, 
nitrous oxide, nitric oxide, and N2 emissions [33]. Agri-
culture is responsible for 60% of anthropogenic nitrous 
oxide global warming potential [33].

Agricultural production also profoundly impacts diver-
sity of life on earth. Seventy-five percent of the global 
land surface is significantly altered by multiple human 
drivers [34]. According to Erb et  al. [35], in the hypo-
thetical absence of land use, potential vegetation would 
store more than double the amount of carbon (currently 
estimated at ≈ 450 Gt [36]), also highlighting the mas-
sive effect of land use on biomass stocks.  In addition, a 
decrease in landscape complexity is a main driver of bio-
diversity loss [37]. Whereas human activities halved the 
planet’s plant biomass, it resulted in a fourfold increase 
in the total mass of mammals due to the vast increase 
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of the human population and livestock animals. The 
biomass of humans (≈ 0.06 Gt C) and that of cattle and 
pigs (≈ 0.1 Gt C) far surpass that of wild mammals (≈ 
0.007 Gt C), while the biomass of domestic poultry (≈ 
0.005 Gt C) surpasses that of wild birds (≈ 0.002 Gt C) 
[36]. Livestock production is an important contributor to 
global biodiversity loss due to land use changes for graz-
ing and feed production. For example, land-use change to 
livestock grazing includes removal of biomass, trampling, 
replacement of wild animals by livestock, and conversion 
of rangelands into crop land to provide for a substantial 
part of feed in mixed and industrial production systems 
[38]. The production of soybean in Brazil, and in particu-
lar in the Atlantic Forest ecoregion, has resulted in biodi-
versity damage to mammals, birds, amphibians, reptiles 
and plants [39]. In addition, human agricultural practices 
themselves are inherently based on low biodiversity. Of 
the world’s 148 large terrestrial mammalian herbivores 
and omnivores, only 14 were domesticated, while of 
about 200.000 wild species of higher plants, only about 
100 yielded valuable domesticates [40].

Protein feed resources in the EU
Yield-centric intensification and specialization of animal 
production systems have historically led to spatial seg-
regation of crop and livestock production [41]. This is 
particularly pronounced for high quality protein crops 
in the European Union (in particular Western European 
countries) that are, for a significant part, imported from 
other continents. In the EU, cereals, maize, and oilseed 
rape in the north, and maize and sunflower in the south 
cover 92% of the arable land area [41]. Soya beans in par-
ticular, however, are imported into the EU, because the 
area of farmland dedicated to legume production in the 
EU is only ~ 2% of total arable land [42, 43]. In 2011, the 
European Parliament adopted a motion to deal with the 
unsustainability of this heavy dependency of the EU to 
soybean meal imports [44]. The motion recognized a long 
list of benefits of European-grown protein crops: eco-
nomic benefits for farmers and the feed industry; assimi-
lation and fixation of nitrogen in the soil and a reduction 
of synthetic nitrogen fertiliser use and greenhouse gas 
emissions; reduction in CO2  emissions and ozone pro-
duction, more balanced nutrient storage, reduced soil 
acidification, enhanced disease resistance, reduced prop-
agation of weeds, better soil structure, less use of her-
bicides and plant protection treatments, lower energy 
consumption, greater biodiversity, and assisting pollina-
tion when protein crops are introduced into crop rota-
tion; better water management substantially reducing the 
run-off of nutrients into groundwater in mixed cropping 
systems; and adaption to European climatic conditions 
stabilising and enhancing agricultural biodiversity within 

the production system. This was supported by the Policy 
Department on Structural and Cohesion Policies, which 
in 2013 provided, in response to a request by the Euro-
pean Parliament’s Committee on Agriculture and Rural 
Development, an overview of the development and envi-
ronmental effects of protein crop production in Europe. 
It suggested nine policy options for supporting protein 
crops, including encouragement of on-farm crop diversi-
fication measures, classification of legume-cropped areas 
as ecological focus areas, regional and coupled support 
schemes for protein crops, increased support for organic 
farming, promotion of legumes via agri-environment 
schemes, strengthening of climate protection policies 
following from reduced greenhouse gas emissions and 
increased carbon sequestration in soil, policies on the use 
of nutrients (nitrogen fertilizers) in agriculture, support 
of producer initiatives for networking and knowledge 
dissemination, and investment into research, breeding, 
and technical progress. They concluded that “increasing 
the production of protein crops would be an important 
contribution to the sustainable development of European 
agricultural and food systems”, with complementary mul-
tiple positive environmental and resource-conserving 
effects operating at field, farm, regional and global lev-
els [45]. In addition, in 2013, a Focus Group on Protein 
Crops, set up by the European Innovation Partnership 
in Agriculture, analysed the feed production potential of 
European grown soy-beans, rapeseed, sunflower, lupin, 
pea, faba beans, alfalfa and clover. They concluded that 
European protein crops have a long way to go before 
being competitive with imported feeds, but “this can 
be stimulated through different aspects of innovation, 
including technical innovations on agronomy (variety 
choice, fertilization, disease control, water use, crop mix-
tures, environmental effects and rotational aspects) and 
breeding (focusing on drought resistance, climate adapt-
ability, disease resistance, protein content and reduction 
in anti-nutritional factors)” [46].

Reintroduction of protein feed production to the Euro-
pean Union does not necessarily mean full recoupling of 
(traditional) crop and livestock systems. Instead, territo-
rial integrated crop and livestock systems can exchange 
crop and livestock products among farmers at a regional 
level [41]. Local production of feed proteins in the Euro-
pean Union may result in new agro-ecosystem services 
that can be integrated to maximize sustainability of agri-
cultural practices. For example, localization of feed pro-
duction “offers an array of economic, environmental, 
and social benefits, such as a reduced amount of energy 
used in their transport, improved economic viability of 
local farms and their communities, and decreased safety 
risks associated with decentralized production” [47]. In 
an approach called ‘ecostacking’, benefits obtained from 
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ecosystem services in a cropping system are maximized 
by stacking the beneficial services of functional biodiver-
sity, biocontrol, pollination, and other ecosystem services 
in an additive or synergistic manner [48]. Ecosystem ser-
vices to the crop can be improved by techniques such as 
cover crops and crop rotation, incorporating legumes, 
grasses, and non-leguminous forbs [48].

Grain legumes, grasses, and non‑leguminous forbs
As an example, in Spain, local protein plants that can 
be used in animal feeds include peas, lupine, common 
vetch, Narbon vetch, bitter vetch, carob, red vetchling, 
fenugreek, and black chickpeas. These varieties may 
reach a high production potential due to their adapta-
tion to the local edaphoclimatic conditions of Spanish 
soils, and their resistance to disease and the Mediter-
ranean climate [49]. Legume species have additional 
benefits to sustainable agriculture when they are used 
in intercropping and as a break crop in crop rota-
tion. Legume crops are generally perceived to be less 
competitive and less profitable than cereals, however, 
crop rotations with grain legumes may offer increased 
gross margins [43, 50]. Crop rotation is as old as the 
Egyptians, Greeks and Romans, who realized that the 
production of a single type of crop in one zone even-
tually depleted the soil of nutrients, reducing yields 
[51]. However, to date, maximum production yields 
are reached with simplified cropping systems com-
bined with the use of mineral fertilizers and chemical 
crop-protection products for weeds, pests and disease 
control, in particular over the past decades with the 
introduction of precision agriculture. Conventional fer-
tilizers, and in particular chemically produced nitrogen 
fertilizers, are very energy-intensive to produce, while 
losses of nutrients to water courses leads to freshwa-
ter eutrophication. Instead, leguminous crops have the 
ability to fix atmospheric nitrogen through symbiosis 
with rhizobia bacteria in their roots, bringing nitrogen 
into the soil, thereby reducing the need for nitrogen 
fertilizers [52]. Furthermore, crop rotation incorporat-
ing legumes improves land phosphorus uptake and use 
efficiency, reduces the risk of root diseases, and reduces 
pesticide use [43, 53]. Additional economic benefits 
of legume crop rotation follow from better time parti-
tioning of farm labour resulting in more efficient use of 
machine and manpower, cost savings for tillage because 
of improved soil structure, and higher potential selling 
price of grain legumes [43, 50]. Implementation of a 
wide variety of legume crops in agricultural crop pro-
duction systems conserves and enhances agrobiodiver-
sity that is critical for sustainable agriculture and food 
security [54]. Likewise, several legume traits enhance 
local biodiversity on farmed land, including that of soil 

organisms, plants, invertebrates, pollinators, mam-
mals, and birds [55]. For example, mass-flowering 
aids flower-feeding insects including bee-pollinators, 
nitrogen fixation aids soil organisms as well as higher 
trophic levels by providing high-quality nutrients, and 
legume-based cover aids maintenance of a greater 
range of rare plant species [55]. Also, certain bird spe-
cies, like the little bustard (Tetrax tetrax), prefer leg-
ume species in their habitat selection [56].

Currently, European (research) interest into legume 
crops is mainly dedicated to only a small number of avail-
able legume species, including pea, clover, faba bean, and 
common vetch [52]. Although local leguminous crops 
may produce acceptable to high yields, local varieties 
are generally not able to compete against highly geneti-
cally selected and commercialized crops. Indeed, with 
the exception of peas, genetic selection has been mini-
mal or inexistent for local varieties [49]. To establish the 
value of local varieties as feed crops, is it needed to assess 
their resilience and ecosystem service value, and to iden-
tify and quantify their nutrient value, bioactive compo-
nents, and anti-nutritional factors. Furthermore, analysis 
of genetic diversity plays a pivotal role in conserving and 
exploiting these genetic resources in breeding programs 
for genetic improvement in these traits [57]. For example, 
Narbon vetch is a crop that is well adapted to the Medi-
terranean climate, and has a reasonably high protein 
content (between 20 and 30%). However, the presence of 
the antinutritional sulfur‐containing dipeptide  γ‐gluta-
myl‐S‐ethenyl‐cysteine (GEC) produces a garlic-like fla-
vour in animal feeds that reduces feed intake and growth 
rate, and therefore may limit the use of Narbon vetch in 
animal nutrition. Selection for higher protein and lower 
GEC content can combine the beneficial agronomical 
properties of Narbon vetch with its value as a feed crop 
[58]. Other examples of genetic improvements include 
genetic selection for improved resilience to environmen-
tal stresses, including drought, heat, cold, salinity, flood, 
submergence and pests [59], but also for enhanced envi-
ronmental ecosystem function through selection of pol-
linator friendly varieties with better floral attractiveness 
and rewards for insects [60].

Over the past 50–100  years, industrialisation and use 
of artificial fertilizers have enabled winter fodder and 
pasture on arable lands with enormously increased pro-
ductivity, however, large numbers of species previously 
associated with semi-natural grasslands have declined 
and are now threatened by extinction [61]. For example, 
adding nitrogen to N-limited grasslands improves crop 
productivity but decreases biodiversity [62], while there 
is a clear negative correlation between mowing intensity 
and plant species richness [63]. During the last decades, 
with an increased awareness of unsustainable agricultural 
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practices and increased interest in organic grassland 
farming, non-leguminous forbs (e.g., Polygonum bistorta 
L., Alchemilla vulgaris L., and Cichorium intybus L.) have 
become a valued functional group of grassland plants 
due to their contribution to grassland biodiversity [64]. 
As reviewed by Lukač et al. [64], depending on the spe-
cies, non-leguminous forbs have high nutritive value for 
animal feeds, with high levels of nitrogen compounds, 
crude protein, energy content, minerals, and condensed 
tannins that may prevent bloat and parasite burden in 
grazing animals. For monogastric feeds, green biorefin-
ery concepts are a promising solution for the produc-
tion of nitrogen-rich protein concentrates from green 
crops [65]. Sustainable grassland management can help 
mitigate the negative impacts of modern farming prac-
tices and support a range of ecosystem services, includ-
ing soil health, pollination, natural enemy communities, 
pest control, cultural services, and biodiversity of plant 
and animal species, either directly or as source habitats 
from which pollination and pest control services can 
spill-over into cropped land [66]. In addition, multispe-
cies swards, which include complementary multiple plant 
functional groups such as grasses, legumes, and forage 
forbs, that each bring an agronomic benefit to the sward, 
can improve resource efficiency, enhance productivity 
and result in greater nutritive value as well as improved 
resilience to drought [67, 68]. For example, Hoekstra 
et al. [69] showed that mixing deep-rooted species with 
shallow-rooted species increases flexibility in nutrient 
uptake, resulting in increased drought resistance of bio-
mass production, and that adding legumes to grassland 
mixtures has a strong favourable effect on the uptake 
of nitrogen but also of other nutrients in non-legume 
species.

Land use changes for EU local protein feed 
production
Local protein feed production in the EU implies land use 
changes, i.e., allocation of new agricultural land or land 
reallocation [70]. However, finding suitable land space 
to implement this is challenging, given the competition 
between land uses, e.g., diversion of land used to grow 
food to land used to grow feed, and competition with 
land required for bioenergy production [71]. Overall, 
soil productivity in the EU is threatened by soil degrada-
tion processes including erosion, organic matter decline, 
contamination, salinisation, compaction, soil biodiver-
sity loss, landslides, and by activities involving soil seal-
ing (the permanent covering of soil with an impermeable 
material) and land take (increase in artificial surfaces, 
like residential areas, manufacturing plants, business 
centres, and public transport networks) [72]. Regarding 
the latter two activities, urban land is mostly developed 

on well drained, fertile and flat areas that are closer to 
water sources and urban areas, forcing agriculture to 
move to less productive areas [73]. In addition, histori-
cally in Europe, rapid urbanization and rural exodus, 
agricultural intensification and specialization, and real-
location of agricultural production resulting from the 
Common Agricultural Policy (CAP) that subsidizes some 
crops to the detriment of others, and required farmers 
to leave a proportion of their land out of intensive pro-
duction (‘set-aside policy’, obligatory between 1992 and 
2008), has led to high agricultural productivity in some 
areas, but agricultural land abandonment in others [74]. 
Land abandonment is projected to reach 5.6 million ha, 
or 3% of agricultural land by 2030, while around 30% of 
agricultural areas are under at least a moderate risk of 
abandonment [75, 76]. Resulting from these trends, the 
agricultural land in the EU has shown an overall steady 
decline from approximately 2 million km2 in 1970 to 1.8 
million km2 in 2000 and 1.6 million km2 in 2020 [77], 
corresponding to 51%, 46% and 41% of land area, respec-
tively [78]. Because of the diversity of landscape and cli-
matic conditions, there is large variability in agricultural 
land changes at national levels [79]. Although crop yields 
have increased over the past century requiring a lower 
land use per kg product, this may not compensate the 
overall reductions in the extent of agricultural areas, rais-
ing concern for food security [72, 80].

Agricultural production potential in the EU may be 
improved, and the negative environmental, biological, 
hydrological, geomorphological, socioeconomic and 
cultural implications may be reversed by recultiva-
tion of abandoned agricultural land [74, 81]. However, 
land abandonment affects primarily marginal, remote 
areas with unfavourable climatic or topographic con-
ditions such as mountainous regions [81, 82]. Review-
ing literature on different trajectories observed after 
agricultural abandonment, Fayet et al. [82] found cases 
reporting reconversion to intensified mono-functional 
production (cropland or grassland, most frequently 
in Eastern Europe) but no examples of low-inten-
sive organic farming or sustainable practices. Only 
a minority of abandoned lands returned to different 
forms of agricultural uses. Intensified landscape out-
comes were mostly found on fertile lands (e.g., former 
croplands) that are suitable for mechanisation and 
easily accessible, and they were driven by land man-
agement policies that provided (national or CAP) sub-
sidies and programmes for recultivation, and by access 
to markets [82]. Therefore, for the return of abandoned 
land to sustainable agricultural practices (e.g., protein 
feed production) in support of the European Green 
Deal objectives, specific policy measures are needed to 
support appropriate land management practices [71]. 
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According to Fayet et  al. [71], if abandoned lands are 
not explicitly integrated in the EU Green Deal policy 
framework, there is little chance of uptake and oppor-
tunities may be missed. In addition, Montanarella and 
Panagos [83] emphasize that the EU Green Deal has 
to consistently address soil degradation processes and 
has to include sustainable soil management practices 
for restoring soil health and soil functions as a key ele-
ment in their policy framework.

Land use for local protein feed production also 
depends on agronomic concepts that include the ben-
eficial impacts of crop rotations on cropping systems, 
in particular when increased crop yields are achieved 
from crop rotation [70, 84]. However, there is usu-
ally little data available on crop rotations at farm and 
regional scales [84]. For example, modelling showed 
that producing protein feeds locally instead of import-
ing them would increase the land needed to produce 
feed for pig production [70]. However, it would also 
reduce the estimated total yearly land use per kg of 
pig carcass because crop rotation results in increased 
wheat yields [70]. Land required for feed production 
furthermore depends on livestock feed efficiency, 
which is a major focus for improvement in selection 
programs and production systems, it depends on alter-
native animal diet scenarios, e.g., based on the use of 
agricultural residues and food waste, and on trends in 
human consumption patterns towards consumption of 
meat alternatives [85, 86].

Future directions
For successful integration of ecosystem services of live-
stock and crop production (see Fig. 1), within the appro-
priate national or regional ecosystems and in function of 
desired cropping techniques (e.g., crop rotation, mixed 
cropping, circular livestock-crop farming) crops need to 
be identified that are both beneficial to functional bio-
diversity, biocontrol, pollination, and other ecosystem 
services, and have nutritional properties that can be 
incorporated into livestock diets. This requires 1) identifi-
cation of crop varieties that thrive in the local biophysical 
environment; 2) evaluation of their production poten-
tial and nutrient and anti-nutrient content (and how 
the latter can be eliminated or reduced); 3) evaluation 
of the provision of crop and animal ecosystem services; 
4) evaluation of the production potential of (local) live-
stock breeds fed local feed resources; 5) evaluation of the 
potential to optimize agricultural production systems; 
and 6) genetic sequencing of local crop and livestock 
varieties followed by genetic improvement through selec-
tion. For example, crops can be selected for improved 
production potential and nutritional properties, soil 
improvement capacity, pollinator floral attractiveness, 
pest control, and climatic resistance. Livestock can be 
selected for improved robustness to climate change, 
functional traits, animal welfare, and improved ability to 
produce on local feed resources. Because livestock pro-
ductive output of high producing animals requires a high 
quality of feed resources, feeding feed resources of (as 

Fig. 1  Integration of ecosystem services of livestock- and crop production
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yet) unimproved local varieties may result in genotype by 
diet interaction. Therefore, optimizing production effi-
ciency of livestock on local feed may require a different 
type of animal than those currently selected in intensive 
high-quality input–output production systems [3].

The overwhelming response to the Climate Change 
Conference COP26 in 2021 and COP27 in 2022 shows 
that the young generation in particular demands imme-
diate action, not promises and future commitments. It is 
clear that there is a great interest in the European Union 
to improve agricultural sustainability. In December 2019, 
the European Green Deal was presented by the Euro-
pean Commission as “a roadmap with actions to boost 
the efficient use of resources by moving to a clean, circu-
lar economy and stop climate change, revert biodiversity 
loss and cut pollution”. These ambitions are supported 
by a series of policy initiatives, including the Farm-to-
Fork strategy (transition to a sustainable food system 
that has a neutral or positive environmental impact), the 
Biodiversity Strategy (protect nature, reverse degrada-
tion of ecosystems, and halt biodiversity loss), and the 
Circular Economy Action Plan (design and production 
for a circular economy) [5]. A circular economic prin-
cipal of production is based on “grow, make, use, and 
restore” as opposed to a linear economic principal of 
“take, make, use, and dispose” [87]. Intensive agriculture 
and livestock production is mainly linear in structure 
with high levels of external inputs and the production of 
agricultural wastes. Although sustainability of produc-
tion systems can be improved by precision agricultural 
procedures that minimize inputs and reduce waste, cur-
rent intensive agriculture is still mostly dependent on 
external inputs, including agricultural chemicals for crop 
production and imported feedstuffs for livestock pro-
duction. In addition, technification of agricultural sys-
tems is not available to the entire sector [3]. Instead, the 
circular bioeconomy aims at minimizing external inputs, 
as well as minimizing the production of wastes by reuti-
lization within the agricultural production systems (e.g., 
crop residues and manure) or to produce, e.g., bioenergy 
[87]; an illustrative example of circular agriculture is 
given by Rauw et al. [88].

In livestock production, one of the action points is to 
“examine the EU rules to reduce the dependency on criti-
cal feed materials (e.g., soya grown on deforested land) 
by fostering EU-grown plant proteins as well as alterna-
tive feed materials (…)” [89], as outlined in the EU Plant 
Protein Plan [90]. On 2 December 2021, an agreement 
was adopted on reform of the common agricultural pol-
icy (CAP) that is in effect from 1 January 2023. The CAP 
2023–2027 supports transition towards sustainable agri-
culture, reflecting higher green ambitions that contribute 

to the targets of the European Green Deal. This includes 
“the introduction of eco-schemes [with] stronger incen-
tives for climate- and environment-friendly agricultural 
practices” regarding crop diversification, maintenance of 
permanent grassland, and ecological focus areas [91]. The 
new CAP also continues more favourable conditions for 
the cultivation of legumes. However, in many cases farm-
ers lack information, e.g., on the way they should grow 
legumes to gain high performance, while value chains 
do not exist or are poorly organised [43]. According to 
Garrett et  al. [41], deeply embedded habits of speciali-
zation, farm income and profit maximization priorities, 
and a lack of understanding the environmental impacts 
of existing production systems impedes current agricul-
tural transitions. Similarly, according to Ditzler et al. [52], 
when it comes to sociotechnical lock-ins in agriculture, 
regarding crop varieties, market uses, and ecosystem ser-
vices delivered, choices made decades ago result in self-
reinforcement of specialized farms, narrowly focused 
research and knowledge support agendas, and few domi-
nant industry and market chains. Balázs et  al. [92] ana-
lyzed how EU-level policies influence the production of 
legumes in Europe, and they conclude that productivity 
of legumes in the EU has lagged behind because of a lack 
of public and private upstream investment in breeding, 
technological developments, and specialist advice from 
agricultural extension or advisory services skilled in leg-
ume-based crop system management, e.g., with respect 
to the crop types and management procedures that are 
needed to reach biodiversity- and/or environmental-pro-
tection goals.

Crop and livestock production, ecosystem services, and 
the value chain, which are mostly independently consid-
ered by policy makers, need to be closely integrated for 
successful flow of resources and services. For example, crop 
farmers may show interest in growing local feed legumes, 
however, a secure market is needed where they can sell 
their product directly to livestock producers or to feeding 
companies that implement them in livestock diets. Feed-
ing companies may show interest in developing livestock 
diets based on local legumes (e.g., [93]), however, research 
is needed that specifies at which level they can be imple-
mented. In addition, a secure supply is needed where crop 
farmers consistently deliver, and where feeds can consist-
ently be sold to livestock producers. To produce livestock 
on feeds with local feed resources, producers require a reli-
able and steady supply of feed and need to be informed on 
both desirable and undesirable implications on livestock 
production and health. In addition, when negative eco-
nomic implications apply, a specialized niche market for 
livestock products based on, e.g., local feed resources may 
be required. Retailers may show interest in selling livestock 
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products in a niche market, but, also here, a continuous 
product supply is desired. European protein food and feed 
production can be stimulated by extension services backed 
by research programs, creation of government intervention 
through policy legislation, alignment of policies for better 
inclusion of legumes in the agri-food systems, the develop-
ment of legume-supported value chains, and engagement 
of all the stakeholders and beneficiaries tackling the entirety 
of the value chain [92]. Stakeholder involvement is crucial 
for engagement and commitment, and the development 
of innovative solutions and action plans. Furthermore, the 
knowledge and knowledge-gaps, potential benefits, trade-
offs and risks of new farming methods need to be evalu-
ated with multi-level and multi-criteria assessment models 
[94]. When economic benefits from investments are not 
immediately evident, transition can only be successful with 
government policies that focus on providing knowledge 
and education, and financial support, e.g., subsidies and 
compensation for potential losses. To convince agricultur-
ists and agricultural workers to adopt sustainable practices, 
policy changes are needed with close cooperation between 
and support from all actors involved, including produc-
ers, non-governmental and civil society organisations (e.g., 
dealing with citizens’ concerns and expectations about bio-
diversity, climate change, environmental protection, and 
social justice), and the retail industry.

Acknowledgements
CSIC is gratefully acknowledged covering part of the publication charges.

Authors’ contributions
WMR, EGI, OT, MGG, EdMB, JMR, and LGR developed and discussed the 
content of this manuscript. WMR wrote the manuscript. All authors read and 
approved the final manuscript.

Funding
Open Access funding provided thanks to the CRUE-CSIC agreement with 
Springer Nature. This work was funded by INIA-CSIC [RGP2001-001 “Conser‑
vación in vivo e in vitro de doce poblaciones de razas españolas tradicionales 
de gallinas”]. Article-processing charge was partly paid by the Consejo Supe‑
rior de Investigaciones Científicas (CSIC).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 16 June 2022   Accepted: 18 January 2023

References
	1.	 IPCC. Climate change 2021. The physical science basis. Summary for poli‑

cymakers. Available: https://​www.​ipcc.​ch/​report/​ar6/​wg1/​downl​oads/​
report/​IPCC_​AR6_​WGI_​SPM_​final.​pdf. Accessed 2 Dec 2022.

	2.	 Bradshaw CJA, Ehrlich PR, Beattie A, Ceballos G, Crist E, Diamond J, Dirzo 
R, Ehrlich AH, Harte J, Harte ME, Pyke G, Raven PH, Ripple WJ, Saltré F, 
Turnbull C, Wackernagel M, Blumstein DT. Underestimating the chal‑
lenges of avoiding a ghastly future. Front Conserv Sci. 2021;1:615419.

	3.	 Rauw WM, Rydhmer L, Kyriazakis I, Øverland M, Gilbert H, Dekkers JCM, 
Hermesch S, Bouquet A, Gómez Izquierdo E, Louveau I, Gomez-Raya 
L. Prospects for sustainability of pig production in relation to climate 
change and novel feed resources. J Sci Food Agric. 2020;100:3575–86.

	4.	 Eldesouky A, Mesias FJ, Escribano M. Consumer assessment of sustain‑
ability traits in meat production A choice experiment study in Spain. 
Sustainability. 2020;12:4093.

	5.	 EU. A European Green Deal. European Commission. Available: https://​ec.​
europa.​eu/​info/​strat​egy/​prior​ities-​2019-​2024/​europ​ean-​green-​deal_​en. 
Accessed 2 Dec 2022.

	6.	 Lemaire G, Franzluebbers A, de Faccio Carvalho PC, Dedieu B. Inte‑
grated crop-livestock systems: strategies to achieve synergy between 
agricultural production and environmental quality. Agr Ecosyst Environ. 
2014;190:4–8.

	7.	 United Nations. Global Issues, Population. Available: https://​www.​un.​org/​
en/​global-​issues/​popul​ation. Accessed 2 Dec 2022.

	8.	 Ezeh A, Kissling F, Singer P. Why sub-Sahara Africa might exceed its pro‑
jected population size by 2100. Lancet. 2020;396:1131–3.

	9.	 Milford AB, Le Mouël C, Bodirsky BL, Rolinski S. Drivers of meat consump‑
tion. Appetite. 2019;141:104313.

	10.	 FOA. FAOSTAT, Suite for food security indicators. Available: https://​www.​
fao.​org/​faost​at/​en/#​data/​FS. Accessed 2 Dec 2022.

	11.	 Delgado C, Rosegrant M, Steinfeld H, Ehui S, Courbois C. Livestock to 
2020: the next food revolution. 2020 Brief 61. 1999. Available: http://​
ebrary.​ifpri.​org/​utils/​getfi​le/​colle​ction/​p1573​8coll2/​id/​126551/​filen​ame/​
126762.​pdf. Accessed 2 Dec 2022.

	12.	 FAO, Live animals, Data. Available: http://​www.​fao.​org/​faost​at/​en/#​data/​
QA. Accessed 2 Dec 2022.

	13.	 Domingues JP, Ryschawy J, Bonaudo T, Gabrielle B, Tichit M. Unravelling 
the physical, technological and economic factors driving the intensifica‑
tion trajectories of livestock systems. Animal. 2018;12:1652–61.

	14.	 Delgado A, Tudela A. La fábrica industrial de cerdos. El Diario 30 October 
2021. Available: https://​espec​iales.​eldia​rio.​es/​pac-​medio-​ambie​nte-​
espana/​macro​granj​as/. Accessed 2 Dec 2022.

	15.	 Steinfeld H, Wassenaar T, Jutzi S. Livestock production systems in devel‑
oping countries: status, drivers, trends. Rev Sci Tech. 2006;25:505–16.

	16.	 Berckmans D. Precision livestock farming technologies for welfare man‑
agement in intensive livestock systems. Rev Sci Tech. 2014;33:189–96.

	17.	 Henderson CR. Statistical methods in animal improvement: historical 
overview. In: Gianola D, Hammond K, editors. Advances in Statistical 
Methods for Genetic Improvement of Livestock. Advanced Series in 
Agricultural Sciences, Vol 18. Heidelberg: Springer-Verlag; 1990. p. 2–14.

	18.	 Rauw WM, Dekkers JCM, Gomez-Raya L. Improving animal welfare with 
genetic and genomic tools. In: Camerlink I, editor. Bridging Research 
Disciplines to Advance Animal Welfare Science: a practical guide. Walling‑
ford: CAB International Publishing; 2021. p. 190–212.

	19.	 Naylor R, Steinfeld H, Falcon W, Galloway J, Smil V, Bradford E, Alder 
J, Mooney H. Losing the links between livestock and land. Scie. 
2005;310:1621–2.

	20.	 Ruiz N, Parsons CM, Stein HH, Coon CN, Van Eys JE, Miles RD. A review: 
100 years of soybean meal. A historical look at the soybean and its use for 
animal feed. Feedstuffs. January 24, 2020. Available: https://​www.​feeds​
tuffs.​com/​news/​review-​100-​years-​soybe​an-​meal. Accessed 2 Dec 2022.

	21.	 Pomar C, Van Milgen J, Remus A. Precision livestock feeding, principle and 
practice. In: Hendriks WH, Verstegen MWA, Babinszky L, editors. Poultry 
and Pig Nutrition. Challenges of the 21st Century. Wageningen: Wagenin‑
gen Academic Publishers; 2019. p. 397–418.

	22.	 Richie H. Half of the world’s habitable land is used for agriculture. Our 
World In Data. 2019. Available: https://​ourwo​rldin​data.​org/​global-​land-​
for-​agric​ulture. Accessed 2 Dec 2022.

https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_SPM_final.pdf
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_SPM_final.pdf
https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal_en
https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal_en
https://www.un.org/en/global-issues/population
https://www.un.org/en/global-issues/population
https://www.fao.org/faostat/en/#data/FS
https://www.fao.org/faostat/en/#data/FS
http://ebrary.ifpri.org/utils/getfile/collection/p15738coll2/id/126551/filename/126762.pdf
http://ebrary.ifpri.org/utils/getfile/collection/p15738coll2/id/126551/filename/126762.pdf
http://ebrary.ifpri.org/utils/getfile/collection/p15738coll2/id/126551/filename/126762.pdf
http://www.fao.org/faostat/en/#data/QA
http://www.fao.org/faostat/en/#data/QA
https://especiales.eldiario.es/pac-medio-ambiente-espana/macrogranjas/
https://especiales.eldiario.es/pac-medio-ambiente-espana/macrogranjas/
https://www.feedstuffs.com/news/review-100-years-soybean-meal
https://www.feedstuffs.com/news/review-100-years-soybean-meal
https://ourworldindata.org/global-land-for-agriculture
https://ourworldindata.org/global-land-for-agriculture


Page 10 of 11Rauw et al. Sustainable Earth Reviews             (2023) 6:3 

	23.	 De Visser CLM, Schreuder R, Stoddard F. The EU’s dependency on soya 
bean import for the animal feed industry and potential for EU produced 
alternatives. OCL. 2014;21:D407.

	24.	 Karlsson JO, Parodi A, Van Zanten HHE, Hansson PA, Röös E. Halting 
European Union soybean feed imports favours ruminants over pigs and 
poultry. Nat Food. 2021;2:38–46.

	25.	 IndexBox. World - soya beans - market analysis, forecast, size, trends and 
insights. Walnut: IndexBox Inc.; 2021.

	26.	 Song XP, Hansen MC, Potapov P, Adusei B, Pickering J, Adami M, Lima 
A, Zalles V, Stehman SV, Di Bella CM, Conde MC, Copati EJ, Fernades LB, 
Hernandez-Serna A, Jantz SM, Pickens AH, Turubanova S, Tyukavina A. 
Massive soybean expansion in South America since 2000 and implica‑
tions for conservation. Nat Sustain. 2021;4:784–92.

	27.	 Weindl I, Bodirsky BL, Rolinski S, Biewald A, Lotze-Campen H, Müller C, 
Dietrich JP, Humpenöder F, Stevanović M, Schaphoff S, Popp A. Livestock 
production and the water challenge of future food supply: Implications 
of agricultural management and dietary choices. Global Environ Change. 
2017;47:121–32.

	28.	 Pimentel D. Impacts of Organic Farming on the Efficiency of Energy Use 
in Agriculture. Washington, DC: The Organic Center; 2006. p. 1–39.

	29.	 Todde G, Murgia L, Caria M, Pazzona A. A comprehensive energy analysis 
and related carbon footprint of dairy farms, Part 1: Direct energy require‑
ments. Energies. 2018;11:451.

	30.	 Pellegrini P, Fernández RJ. Crop intensification, land use, and on-farm 
energy-use efficiency during the worldwide spread of the green revolu‑
tion. PNAS. 2018;115:2335–40.

	31.	 Xia Y, Zhang M, Tsang DCW, Geng N, Lu D, Zhu L, Deshani Igalavithana 
A, Dulanja Dissanayake P, Rinklebe J, Yang X, Sik OY. Recent advances 
in control technologies for non-point source pollution with nitrogen 
and phosphorous from agricultural runoff: current practices and future 
prospects. Appl Biol Chem. 2020;63:8.

	32.	 Chang J, Peng S, Yin Y, Ciais P, Havlik P, Herrero M. The key role of produc‑
tion efficiency changes in livestock methane emission mitigation. AGU 
Advances. 2021;2:e2021AV000391.

	33.	 López-Aizpún M, Horrocks CA, Charteris AF, Marsden KA, Ciganda VS, 
Evans JR, Chadwick DR, Cárdenas LM. Meta-analysis of global livestock 
urine-derived nitrous oxide emissions from agricultural soils. Glob 
Change Biol. 2020;26:2002–13.

	34.	 IPBES. The global assessment report on biodiversity and ecosystem 
services. Intergovernmental Science-Policy Platform on Biodiversity and 
Ecosystem Services. 1148 pp. 2019.

	35.	 Erb KH, Kastner T, Plutzar C, Bais ALS, Carvalhais N, Fetzel T, Gingrich S, 
Haberl H, Lauk C, Niedertscheider M, Pongartz J, Thurner M, Luyssaert S. 
Unexpectedly large impact of forest management and grazing on global 
vegetation biomass. Nature. 2017;553:73–6.

	36.	 Bar-On YM, Phillips R, Milo R. The biomass distribution on earth. PNAS. 
2018;115:6506–11.

	37.	 Abdi AM, Carrié R, Sidemo-Holm W, Cai Z, Boke-Olén N, Smith HG, 
Eklundh L, Ekroos J. Biodiversity decline with increasing crop productiv‑
ity in agricultural fields revealed by satellite remote sensing. Ecol Indic. 
2021;130:108098.

	38.	 Alkemade R, Reid RS, Van den Berg M, De Leeuw J, Jeuken M. Assessing 
the impacts of livestock production on biodiversity in rangeland ecosys‑
tems. PNAS. 2013;110:20900–5.

	39.	 Garcia Lucas KR, Antón A, Ventura MU, Pereira Andrade E, Ralisch R. Using 
the available indicators of potential biodiversity damage for Life Cycle 
Assessment on soybean crop according to Brazilian ecoregions. Ecol 
Indic. 2021;127:107809.

	40.	 Diamond J. Evolution, consequences and future of plant and animal 
domestication. Nature. 2002;418:700–7.

	41.	 Garrett RD, Ryschawy J, Bell LW, Cortner O, Ferreira J, Garik AVN, Gil JDB, 
Klerkx L, Moraine M, Peterson CA, dos Reis JC, Valentin JF. Drivers of 
decoupling and recoupling of crop and livestock systems at farm and 
territorial scales. Ecol Soc. 2020;25:24.

	42.	 Roman GV, Epure LI, Toader M, Lombardi AR. Grain legumes-Main 
source of vegetable proteins for European consumption. Agro-Life Sci. 
2016;J5:178–83.

	43.	 Pelzer E, Bourlet C, Carlsson G, Lopez-Bellido RJ, Jensen ES, Jeuffroy M-H. 
Design, assessment and feasibility of legume-based cropping systems in 
three European regions. Crop Pasture Sci. 2017;68:902–14.

	44.	 European Parliament. Report: The EU protein deficit: what solution for a 
long-standing problem? (2010/2111(INI)). Available: https://​www.​europ​
arl.​europa.​eu/​doceo/​docum​ent/A-​7-​2011-​0026_​EN.​html. Accessed 2 Dec 
2022.

	45.	 PDSCP. The environmental role of protein crops in the new common 
agricultural policy. Policy Department B, Structural and cohesion policies. 
Directorate-General for Internal Policies. Agriculture and Rural Develop‑
ment.2013. Available: https://​libra​ry.​wur.​nl/​WebQu​ery/​wurpu​bs/​fullt​ext/​
262633. Accessed 2 Dec 2022.

	46.	 EIP-AGRI. Final report, EIP-AGRI focus group protein crops. 2014. Available: 
https://​ec.​europa.​eu/​eip/​agric​ulture/​sites/​agri-​eip/​files/​fg2_​prote​in_​
crops_​final_​report_​2014_​en.​pdf. Accessed 2 Dec 2022.

	47.	 Peters CJ, Bills NL, Wilkins JL, Fick GW. Foodshed analysis and its relevance 
to sustainability. Renew Agr Food Syst. 2009;24:1–7.

	48.	 Hokkanen HMT, Menzler-Hokkanen I. Insect pest suppressive soils: buffer‑
ing pulse cropping systems against outbreaks of Sitona weevils. Ann 
Entomol Soc Am. 2018;111:139–43.

	49.	 Gómez Izquierdo E, Gomez-Raya L, García Cortés LA, Ciruelos Pellón JJ, de 
Mercado de la Peña E, Martín Diana AB, Martín Pedrosa M, Rauw WM. Uso 
de legumbres autóctonas en nutrición porcina. Suis. 2020;169:12–8.

	50.	 Von Richthofen JS, Pahl L, Bouttet D, Casta P, Cartrysse C, Charles R, 
Lafarga A. Economic and environmental value of European cropping 
systems that include grain legums? Grain Legumes. 2006;45:13–22.

	51.	 Kismányoki T, Tóth Z. Role of crop rotation and organic manure in sustain‑
able land use. Agrokém Talajt. 1997;46:1–4.

	52.	 Ditzler L, Van Apeldoorn DF, Pellegrini F, Antichi D, Bàrberi P, Rossing WAH. 
Current research on the ecosystem service potential of legume inclusive 
cropping systems in Europe. A review Agron Sustain Dev. 2021;41:26.

	53.	 Tang X, Zhang C, Yu Y, Shen J, Van der Werf W, Zhang F. Intercropping leg‑
umes and cereals increases phosphorus use efficiency; a meta-analysis. 
Plant Soil. 2021;460:89–104.

	54.	 Thrupp LA. Linking agricultural biodiversity and food security: The valu‑
able role of sustainable agriculture. Int Aff. 2000;76:265–81.

	55.	 Everwand G, Cass S, Dauber J, Williams M, Stout J. Legume crops and bio‑
diversity. In: Murphy-Bokern D, Stoddard FL, Watson CA, editors. Legumes 
in Cropping Systems. Wallingford: CAB International Publishing; 2017. p. 
55–69.

	56.	 Martínez C. Habitat selection by the little bustard Tetrax tetrax in culti‑
vated areas of central Spain. Biol Conserv. 1994;67:125–8.

	57.	 De la Rosa L, López-Román MI, González JM, Zambrana E, Marcos-Prado T, 
Ramírez-Parra E. Common vetch, valuable germplasm for resilient agricul‑
ture: genetic characterization and Spanish core collection development. 
Front Plant Sci. 2021;12:617873.

	58.	 Gómez Izquierdo E, Gomez-Raya L, de Mercado de la Peña E, Cirue‑
los Pellón JJ, Rauw WM,. Feed efficiency can be sustained in pigs fed 
with locally produced Narbon vetch (Vicia narbonensis L.). Sustain. 
2020;12:3993.

	59.	 Kole C, Muthamilarasan M, Henry R, Edwards D, Sharma R, Abberton 
M, Batley J, Bentley A, Blakeney M, Bryant J, Cai H, et al. Application of 
genomics-assisted breeding for generation of climate resilient crops: 
progress and prospects. Front Plant Sci. 2015;6:563.

	60.	 Palmer RG, Perez PT, Ortiz-Perez E, Maalouf F, Suso MJ. The role of crop-
pollinator relationships in breeding for pollinator-friendly legumes: from 
a breeding perspective. Euphytica. 2009;170:35–52.

	61.	 Dahlström A, Lennartsson T, Wissman J, Frycklund I. Biodiversity and tradi‑
tional land use in South-Central Sweden: The significance of manage‑
ment timing. Environ Hist-UK. 2008;14:385–403.

	62.	 Isbell F, Tilman D, Polasky S, Binder S, Hawthorne P. Low biodiversity state 
persists two decades after cessation of nutrient enrichment. Ecol Lett. 
2013;16:454–60.

	63.	 Zechmeister HG, Schmitzberger I, Steurer B, Peterseil J, Wrbka T. The influ‑
ence of land-use practices and economics on plant species richness in 
meadows. Biol Conserv. 2003;114:165–77.

	64.	 Lukač B, Kramberger B, Meglič V, Verbič J. Importance of non-legumi‑
nous forbs in animal nutrition and their ensiling properties: a review. 
Žemdirbystė (Agriculture). 2012;99:3–8.

	65.	 Santamaría-Fernández M, Molinuevo-Salces B, Kiel P, Steenfeldt S, Uel‑
lendahl H, Lübeck M. Lactic acid fermentation for refining proteins from 
green crops and obtaining a high quality feed product for monogastric 
animals. J Clean Prod. 2017;162:875–81.

https://www.europarl.europa.eu/doceo/document/A-7-2011-0026_EN.html
https://www.europarl.europa.eu/doceo/document/A-7-2011-0026_EN.html
https://library.wur.nl/WebQuery/wurpubs/fulltext/262633
https://library.wur.nl/WebQuery/wurpubs/fulltext/262633
https://ec.europa.eu/eip/agriculture/sites/agri-eip/files/fg2_protein_crops_final_report_2014_en.pdf
https://ec.europa.eu/eip/agriculture/sites/agri-eip/files/fg2_protein_crops_final_report_2014_en.pdf


Page 11 of 11Rauw et al. Sustainable Earth Reviews             (2023) 6:3 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	66.	 Savage J, Woodcock BA, Bullock JM, Nowakowski M, Tallowin JRB, Pywell 
RF. Management to support multiple ecosystem services from productive 
grasslands. Sustainability. 2021;13:62636.

	67.	 Jaramillo DM, Sheridan H, Soder K, Dubeux Jr JCB1. Enhancing the sus‑
tainability of temperate pasture systems through more diverse swards. 
Agronomy. 2021;11:1912.

	68.	 Grange G, Finn JA, Brophy C. Plant diversity enhanced yield and mitigated 
drought impacts in intensively managed grassland communities. J Appl 
Ecol. 2020;58:1864–75.

	69.	 Hoekstra NJ, Suter M, Finn JA, Husse S, Lüscher A. Do belowground 
vertical niche differences between deep- and shallow-rooted species 
enhance resource uptake and drought resistance in grassland mixtures? 
Plant Soil. 2015;394:21–34.

	70.	 Sasu-Boakye Y, Cederberg C, Wirsenius S. Localizing livestock protein feed 
production and the impact on land use and greenhouse gas emissions. 
Animal. 2014;8:1339–48.

	71.	 Fayet CMJ, Reilly KH, Van Ham C, Verburg PH. What is the future of aban‑
doned agricultural lands? A systematic review of alternative trajectories 
in Europe. Land Use Policy. 2022;112:105833.

	72.	 Gardi C, Panagos P, Van Liedekerke M, Bosco C, De Brogniez D. Land take 
and food security: assessment of land take on the agricultural production 
in Europe. J Environ Plann Man. 2015;58:898–912.

	73.	 Ustaoglu E, Williams B. Determinants of urban expansion and agricultural 
land conversion in 25 EU countries. Environ Manage. 2017;60:717–46.

	74.	 Perpiña Castillo C, Coll Aliaga E, Lavalle C, Martínez Llario JC. An assess‑
ment and spatial modelling of agricultural land abandonment in Spain 
(2015–2030). Sustainability. 2020;12:560.

	75.	 Perpiña Castillo C, Davalov B, Ribeiro Barranco R, Diogo V, Jacobs-Crisioni 
C, Batista e Silva F, Baranzelli C, Lavalle C. Territorial facts and trends in 
the EU rural areas within 2015–2030. Publications Office of the European 
Union, Luxembourg, 2018; JRC114016.

	76.	 Schuh B, Derszniak-Noirjean M, Gaupp-Berghausen M, Hsiung C-H, 
Münch A, Dax T, Brkanovic S. The Challenge of Land Abandonment after 
2020 and Options for Mitigating Measures. 2020. Policy Department for 
Structural and Cohesion Policies Directorate-General for Internal Policies 
PE 652.238. Available: https://​www.​europ​arl.​europa.​eu/​think​tank/​en/​
docum​ent/​IPOL_​STU(2020)​652238. Accessed 2 Dec 2022.

	77.	 The World Bank. Agricultural land (sq. km) – European Union. The World 
Bank Group. 2022. Available: https://​data.​world​bank.​org/​indic​ator/​AG.​
LND.​AGRI.​K2?​locat​ions=​EU. Accessed 2 Dec 2022.

	78.	 The World Bank. Agricultural land (% of land area) – European Union. The 
World Bank Group. 2022. Available: https://​data.​world​bank.​org/​indic​ator/​
AG.​LND.​AGRI.​ZS?​locat​ions=​EU. Accessed 2 Dec 2022.

	79.	 Perpiña Castillo C, Kavlov B, Diogo V, Jacobs C, Batista e Silva F, Baranzelli 
C, et al. Trends in the EU agricultural land within 2015–2030. JRC113717. 
Brussels: European Commission; 2018.

	80.	 Manceron S, Ben-Ari T, Dumas P. Feeding proteins to livestock: Global 
land use vs. feed competition. OCL. 2014;21:D408.

	81.	 Estel S, Kuemmerle T, Alcántara C, Levers C, Prishchepov A, Hostert P. 
Mapping farmland abandonment and recultivation across Europe using 
MODIS NDVI time series. Remote Sens Environ. 2015;163:312–25.

	82.	 Fayet CMJ, Reilly KH, Van Ham C, Verburg PH. The potential of European 
abandoned agricultural lands to contribute to the Green Deal objectives: 
Policy perspectives. Environ Sci Policy. 2022;133:44–53.

	83.	 Montanarella L, Panagos P. The relevance of sustainable soil management 
within the European Green Deal. Land Use Policy. 2021;100:104950.

	84.	 Schönhart M, Schmid E, Schneider UA. CropRota – A crop rotation model 
to support integrated land use assessments. Eur J Agron. 2011;34:263–77.

	85.	 Van Zanten HHE, Meerburg BG, Bikker P, Herrero M, De Boer IJM. Opinion 
paper: The role of livestock in a sustainable diet: a land-use perspective. 
Animal. 2016;10:547–9.

	86.	 Röös E, Bajželj B, Smith P, Patel M, Little D, Garnett T. Protein futures for 
Western Europe: potential land use and climate impacts in 2050. Reg 
Environ Change. 2017;17:367–77.

	87.	 Ward SM, Holden NM, White EP, Oldfield TL. The ‘circular economy’ 
applied to the agriculture (livestock production) sector - Discussion 
paper. 2016. Brussels: Workshop on the Sustainability of the EU’s Livestock 
Production Systems; 2016.

	88.	 Rauw WM, Gomez-Raya L, Star L, Øverland M, Delezie E, Grivins M, 
Hamann KT, Pietropaoli M, Klaassen MT, Klemetsdal G, Gil MG, Torres O, 
Dvergedal H, Formato G. Sustainable development in circular agriculture: 

An illustrative bee↺legume↺poultry example. Sustain Dev. 2022. 
https://​doi.​org/​10.​1002/​sd.​2435.

	89.	 EU. Farm to Fork Strategy. For a fair, healthy and environmentally-friendly 
food system. Available: https://​ec.​europa.​eu/​food/​system/​files/​2020-​05/​
f2f_​action-​plan_​2020_​strat​egy-​info_​en.​pdf. Accessed 2 Dec 2022.

	90.	 EU. Development of plant proteins in the EU. Available: https://​ec.​europa.​
eu/​info/​food-​farmi​ng-​fishe​ries/​plants-​and-​plant-​produ​cts/​plant-​produ​
cts/​cerea​ls/​devel​opment-​plant-​prote​ins_​en. Accessed 2 Dec 2022.

	91.	 EU. Sustainable land use (greening). Available: https://​ec.​europa.​eu/​info/​
food-​farmi​ng-​fishe​ries/​key-​polic​ies/​common-​agric​ultur​al-​policy/​income-​
suppo​rt/​green​ing_​en. Accessed 2 Dec 2022.

	92.	 Balázs B, Kelemen E, Centofanti T, Vasconcelos MW, Iannetta PPM. Inte‑
grated policy analysis to identify transformation paths to more sustain‑
able legume-based food and feed value-chains in Europe. Agroecol Sust 
Food Syst. 2021;45:931–53.

	93.	 OVIespaña. Agropal y Nutecal estudian el alberjón como alternativa a la 
soja en piensos de ovino lechero. Redacción OVIespaña 2015. Available 
at: https://​www.​ovies​pana.​com/​Artic​ulos/​295844-​Agrop​al-y-​Nutec​al-​
estud​ian-​alber​jon-​como-​alter​nativa-​a-​soja-​en-​piens​os-​de-​ovino-​leche​ro.​
html. Accessed 2 Dec 2022.

	94.	 Therond O, Duru M, Roger-Estrade J, Richard G. A new analytical frame‑
work of farming system and agriculture model diversities. A Review 
Agron Sustain Dev. 2017;37:21.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://www.europarl.europa.eu/thinktank/en/document/IPOL_STU(2020)652238
https://www.europarl.europa.eu/thinktank/en/document/IPOL_STU(2020)652238
https://data.worldbank.org/indicator/AG.LND.AGRI.K2?locations=EU
https://data.worldbank.org/indicator/AG.LND.AGRI.K2?locations=EU
https://data.worldbank.org/indicator/AG.LND.AGRI.ZS?locations=EU
https://data.worldbank.org/indicator/AG.LND.AGRI.ZS?locations=EU
https://doi.org/10.1002/sd.2435
https://ec.europa.eu/food/system/files/2020-05/f2f_action-plan_2020_strategy-info_en.pdf
https://ec.europa.eu/food/system/files/2020-05/f2f_action-plan_2020_strategy-info_en.pdf
https://ec.europa.eu/info/food-farming-fisheries/plants-and-plant-products/plant-products/cereals/development-plant-proteins_en
https://ec.europa.eu/info/food-farming-fisheries/plants-and-plant-products/plant-products/cereals/development-plant-proteins_en
https://ec.europa.eu/info/food-farming-fisheries/plants-and-plant-products/plant-products/cereals/development-plant-proteins_en
https://ec.europa.eu/info/food-farming-fisheries/key-policies/common-agricultural-policy/income-support/greening_en
https://ec.europa.eu/info/food-farming-fisheries/key-policies/common-agricultural-policy/income-support/greening_en
https://ec.europa.eu/info/food-farming-fisheries/key-policies/common-agricultural-policy/income-support/greening_en
https://www.oviespana.com/Articulos/295844-Agropal-y-Nutecal-estudian-alberjon-como-alternativa-a-soja-en-piensos-de-ovino-lechero.html
https://www.oviespana.com/Articulos/295844-Agropal-y-Nutecal-estudian-alberjon-como-alternativa-a-soja-en-piensos-de-ovino-lechero.html
https://www.oviespana.com/Articulos/295844-Agropal-y-Nutecal-estudian-alberjon-como-alternativa-a-soja-en-piensos-de-ovino-lechero.html

	Future farming: protein production for livestock feed in the EU
	Abstract 
	Introduction
	World population growth and intensification of livestock production
	Environmental impact of livestock production
	Protein feed resources in the EU
	Grain legumes, grasses, and non-leguminous forbs
	Land use changes for EU local protein feed production
	Future directions
	Acknowledgements
	References


